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Editorial

High-Voltage Engineering and Applications in Our
Modern Society

Issouf Fofana 1,* and Bo Zhang 2

1 Modelling and Diagnostic of Electrical Power Network Equipment Laboratory (MODELE),
Department of Applied Sciences, Université du Québec à Chicoutimi, Chicoutimi, QC G7H 2B1, Canada

2 Department Electrical Engineering, Tsinghua University, Beijing 100084, China
* Correspondence: ifofana@uqac.ca

1. Introduction

Electrical energy is polymorphic, with voltage levels varying between a few volts
to MVs and frequencies from a few Hz to MHz. This variability offers flexibility of use.
For engineering applications, the choices of electrical parameters are dictated by technical
and/or economic criteria. For example:

- In aviation, frequencies from 400 Hz to a few kHz are used.
- Energies produced at power stations are increased to kV levels with the step-up trans-

formers to reduce Joule losses in long-distance transportations [1,2]. Consequently,
many AC–DC transmission line projects up to 1200 kV have been constructed or are un-
der way in many countries [3–15]. The application of high voltage in electrical power
transmission is the most common, but electrical engineers also use this know-how in
many other fields (e.g., [15–21]). Table 1 lists some of the main applications.

Table 1. A few of the main fields of high-voltage applications.

Field Applications

AC and DC
transmission grids

Transmission lines, cables insulators, instrument transformers, distribution/power
transformers, generators, reactors, circuit breakers, disconnectors, surge arresters,
capacitors, rectifiers, gas-insulated switchgears (GIS), substations, groundings,
electromagnetic compatibility, etc.

Lightning Danger of explosion and fire, disturbances of sensitive electronics, lightning capture,
protection against lightning (lightning rod, spark gaps, lightning arrester, ground
wire), aviation, etc.

Geomagnetic
disturbances

Protection of transmission lines, antenna protection, protection of electronic devices,
armored cages, etc.

Electronics Cathode ray tube, piezoelectric generators, electric ignition, electronic flash,
discharge lamps, UV bacteriological filter, etc.

Physics Electronic microscopy, particle accelerators, laser printers, electromagnetic induction,
etc.

Medicine Biological effects of electric fields, X-ray diagnosis, X-ray therapy, ozone therapy,
dielectrophoresis, heaters, etc.

Agro-food Elimination of bacteria using high-voltage pulses (electroporation), plant growth, etc.

Aerospace and
defense applications

Taser, lighting, laser weapons, all-electric aircraft, unmanned aerial vehicles (UAVs),
light tactical vehicles, etc.

Materials processing Treatment of water, sludge, medical waste, cleaning of gas pipes, melting by inertial
confinement, treatment of nuclear waste, etc.

Mining engineering Selective fragmentation of minerals using high-voltage pulses, etc.

Static electrification Electrostatic generators, electrostatic motors, electrostatic filters, xerocopy,
electrostatic printers, electrostatic paint, etc.

Energies 2022, 15, 8341. https://doi.org/10.3390/en15228341 https://www.mdpi.com/journal/energies1
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This Special Issue, in its final form, focuses the theoretical and practical developments
in high-voltage engineering and applications pertaining to electrical engineering.

2. An Outlook of the Special Issue

The 2020 IEEE International Conference on High-Voltage Engineering and Application
(ICHVE 2020) was organized by the by Tsinghua University, Beijing (China), and endorsed
by the IEEE Dielectrics and Electrical Insulation Society (DEIS). The conference, chaired
by Prof. Jinliang He, was held in Beijing, China, from September 6–10, 2020. It was the
seventh of a series of successful conferences after Chongqing, China, in 2008; New Orleans,
USA, in 2010; Shanghai, China, in 2012; Poznan, Poland in 2014; Chengdu, China, in
2016, and Athens, Greece, in 2018. This conference attracted a great deal of attention from
international researchers in the field of high-voltage engineering. It not only provided an
excellent platform to share knowledge and experiences on high-voltage engineering, but
it also provided the opportunity to present the latest achievements in power engineering,
including topics of ultra-high voltage, smart grids, new insulation materials, and their
dielectric properties. Due to the impact of the COVID-19 pandemic, this event was held
online for the first time. However, it is worthwhile to mention that this conference was
by far the largest international one on high-voltage engineering. The conference received
1132 abstracts. Since the pandemic affected some research activities, 730 full texts were
received, and 695 papers were finally accepted after review processes by the conference.
More than 5000 experts, scholars, and graduate students from all over the world from
20 different countries had the opportunity to attend 52 oral sessions (including 3 keynote
speeches and 23 invited speeches), along with 13 open forums through the online platforms
Zoom, Weibo, and Bilibili and the opportunity to become acquainted with the trends in
high-voltage research. The main research areas covered by the conference papers are shown
in Figure 1, which provides a graphical overview of the proportion of papers on each topic.

Figure 1. Proportion of papers by topics.

The conference also announced the two winners of the 2020 IEEE Sun Caixin–Stan Gez-
bosky Awards. Recipients are outstanding researchers recognized for their important contri-
butions to the field of high-voltage engineering. Professor Xingliang Jiang from Chongqing
University was the winner of the Lifetime Achievement Award, and Dr. Chuanyang Li
from the University of Connecticut was the winner of Young-Professional Achievement
Award. Both gave lectures. The conference also selected the 10 best student papers.
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This Special Issue includes sixteen (16) high-quality papers presented during the 2020
IEEE International Conference on High-Voltage Engineering and Application (ICHVE 2020)
spanning the above research areas. The papers were enriched with additional research
outcomes, and the number of submitted papers increased in size by 50% compared to the
original conference. The Special Issue was welcomed with great interest, as ICHVE attracts
recent advancements in all fields of high-voltage engineering and applications. The editors
would like to thank all contributors to this Special Issue.

3. Closing Remarks

The papers published in this Special Issue report on the progress made in various
high-voltage applications. A mix of experimental and modelling/simulation investigations
are reported. The outcomes will doubtlessly contribute to improving power system design
and condition diagnosis/monitoring and, consequently, improve the reliability of these
technologies. The articles published in this Special Issue also indicate that research in this
field of engineering is very active and that the applications are quite diversified.

Faced with the continuous modernization of our society, more high-voltage applica-
tions are expected in various areas: “Things are getting smaller and more powerful”. With
the years to come, many exciting applications are therefore expected.

Author Contributions: Conceptualization, I.F. and B.Z.; writing—original draft, I.F. and B.Z.; writing—
review and editing, I.F. and B.Z. All authors have read and agreed to the published version of the
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committed engagement. Both guest editors would also like to thank all the authors for contributing to
this Special Issue. Thanks are also extended to the blind reviewers for helping improving the content
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Abstract: Flashover of contaminated insulators is a major problem for power systems at high altitude.
Laboratory experiments have shown that the optical diagnostic method can provide extensive
information on the physical process of contamination flashover. In this paper, a study of the local arc
on a wet polluted surface under low pressure by using the optical diagnostic method is presented.
The thickness of the continuous spectrum, spectral line intensity and the spectral composition varies
significantly in different stages of the local arc development. Thermodynamic parameters of the local
arc (including electron temperature, electron density and conductivity) are obtained by analyzing the
spectra. Both the electron temperature and the conductivity increase with the increase in leakage
current and air pressure. Although the electron density does not change significantly with an increase
in leakage current, it increases significantly with an increase in air pressure. The findings of this
work could be used as supplementary information for the investigation of local arc parameters, thus
providing a reliable reference for the calculation of contamination flashover at high altitude.

Keywords: contamination flashover; the local arc; low pressure; optical diagnostic method

1. Introduction

Line insulators are some of the most widely used components in transmission lines,
and their performance directly affects the safe operation of power systems. When con-
tamination that has accumulated on the surface of the insulators contains a conductive
medium, it might cause a contamination flashover accident in the fog and drizzle [1–3].
The contamination status of insulators and the climate circumstance are very close in the
same area [4,5]. When contamination flashover occurs on a single insulator string, other
insulators in this area are also on the edge of flashover [6]. It is known that contamina-
tion flashover of insulators often causes massive blackouts, resulting in huge economic
losses [7–9].

Contamination flashover of outdoor insulators remains a major problem for transmis-
sion lines [10,11]. Especially in high-altitude areas, the contamination flashover voltage of
the line insulators is greatly reduced due to the lower air pressure [12,13]. Additionally,
transmission lines inevitably have to pass through high-altitude areas [14,15]. There-
fore, the study on the flashover process on the insulator surface under low pressure is
of great significance for predicting the flashover voltage and preventing contamination
flashover accidents.

Energies 2021, 14, 6116. https://doi.org/10.3390/en14196116 https://www.mdpi.com/journal/energies5
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Contamination flashover is the process in which the local arc develops on the surface
of the insulator, until the high-voltage electrode and ground electrode are connected [16,17].
Hence, it is helpful to understand the physical process by obtaining the thermodynamic
parameters of the local arc. Until now, former researchers mainly focused on the electrical
parameters of the local arc. However, as a special kind of plasma, the local arc is mainly
composed of free electrons and charged ions and has special properties quite different
from resistance.

The thermodynamic parameters that characterize plasma mainly include electron
temperature, excitation temperature, rotation temperature, electron density, thermal con-
ductivity and electrical conductivity. It has been found that these parameters of the local
arc play a very important role in the calculation of contamination flashover. M. Slama,
from the Ampère Laboratory of the Central University of Technology, proposed a dynamic
mathematical equation describing the relationship between the resistivity of the local arc
channel and the arc temperature [18,19]. Based on the law of conservation of energy, W.
Sima, from Chongqing University, obtained the mathematical expressions of the contami-
nation flashover voltage and arc temperature [20]. It can be concluded that thermodynamic
parameters of the local arc play a very important role in calculating the arc characteristics
and predicting the flashover voltage.

However, there are relatively less experimental studies on the measurement of ther-
modynamic parameters of the local arc. A. Nekahi, from the University of Quebec, used
fiber optic spectrometers to obtain the emission spectra of AC and DC of the local arcs
on iced surfaces. By fitting the three molecular spectra of OH (A-X), NH (A-X) and N2+

(B-X), the relationship between the rotation temperature of the local arc and the leakage
current was obtained, and the results show that the local arc rotation temperature increases
with the increase in the leakage current amplitude [21,22]. S. Li of Tsinghua University also
designed a spectral temperature measurement system to obtain the emission spectrum of
the local arc in the critical flashover stage [23]. However, there is a lack of research on the
thermodynamic parameters of the local arc on the wet contaminated insulation surface
under low pressure.

In this paper, an optical diagnostic system is designed for investigating the character-
istics of the local arc on the polluted surface under low pressure. A special tracing element
is employed to obtain the spectrum of the local arc. Typical parameters including electron
temperature, electron density and conductivity are obtained by analyzing the spectra of
the local arc. This work can enrich the investigation of the local arc under low pressure
and may provide useful parameters for the calculation of flashover voltage.

2. Experimental Arrangements and Methods

2.1. Test Facilities

In this paper, an optical diagnostic platform of the local arc under low pressure
was established, as shown in Figure 1. The experiments were carried out in the QD660
artificial climate room of Xi’an Jiaotong University. The climate chamber had a cylindrical
structure with a diameter of 4 m and a height of 5.2 m. Its size met the requirements of the
artificial contamination flashover test for insulator strings of AC 110 kV and below. The
artificial climate chamber could be used to achieve any environmental parameter between
−50 ◦C + 60 ◦C and 0.05 MPa~0.1 MPa. The power was provided by a 160 kV/4 A, 600 kVA
transformer with a short-circuit impedance less than 5%. The leakage current was measured
by a power-frequency Rogowski coil.

The spraying system consisted of high-pressure water pumps, pipes and atomizing
nozzles. The deionized water was pressurized by a high-pressure water pump, and sent
through a pipeline to atomization nozzles, installed at multiple locations around the wall
of the artificial climate chamber. By changing the size of the nozzle, the diameter of the
droplets ranging from 15 to 2000 μm could be obtained. The polluted specimen was
installed horizontally in the center of the chamber, and the spraying system was then used
to wet the specimen before the test.
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Figure 1. Spectrum diagnostic platform.

The spectrometer was used to record the spectra of the local arc. The wavelength range
of the optical fiber spectrometer was 250–880 nm, which meets the spectral measurement
requirements. In order to increase the light intensity coupled into the spectrometer, a fiber
collimator with a diameter of 45 mm was used to convert the arc radiation light into parallel
light, and then the parallel light was coupled into the fiber through a light collector, as
shown in Figure 2. A four-channel digital delay pulse signal generator (DG535) was used
to trigger the spectrometer to acquire waveform and spectra synchronously.

 
Figure 2. Spectral acquisition device.

2.2. Specimen and Test Methods

The development of the local arc over the insulator was random, resulting in low
efficiency and poor repeatability of experimental measurement. Hence, a triangle glass
plate was employed in our experiment, as shown in Figure 3a. The electric field intensity
around the top corner of the triangular glass plate surface was higher than the rest of the
region, as shown in Figure 3b, from our previous study. The local arc developed from
the ground electrode and gradually developed to the high-voltage electrode. The glass
triangular plate was polluted with a 2-cm narrow band for convenient measurement.

 
(a) (b) 

Figure 3. Triangular glass plate and its surface electric field distribution, (a) triangular glass plate used
as test sample, (b) simulation results of the electric field distribution of the triangular glass surface.
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The solid layer method was used to pollute the specimens artificially, according to
IEC 60,805 [24]. The artificial contamination was a mixture of sodium chloride, kaolin and
de-ionized water. The equivalent salt deposit density (ESDD) was chosen as 0.1 mg/cm2,
and the non-soluble deposit density (NSDD) was chosen as 0.1 mg/cm2. In the initial stage
of the local arc, only a single spectral line could be found for the same element, i.e., Na I
and K I, which did not meet the requirement of the spectral line relative intensity method,
which requires “at least two atomic spectrum lines of the same element”. Therefore, under
the premise of not affecting the characteristics of the arc discharge, a trace amount of
lithium was added as a tracer element to the artificial pollution for the occurrence of the
useful spectral lines.

2.3. Calculation of Plasma Parameters

(1) Electron temperature

The electron temperature (Te) of the local arc can not only characterize the state of the
particles in the plasma, but also be used to calculate the conductivity of the local arc. In
this paper, Te of the local arc was calculated based on the spectral line relative intensity
method. Using the two different excited state parameters of the same atom, s and t, the
formula for Te is obtained:

Te =
−5040(Es − Et)

log(λI/gA)s − log(λI/gA)t
(1)

In the formula, Es and Et are the energy of two different excited states of s and t. Taking
the atomic excitation energy as the independent variable and the formula log(λI/gA) as
the dependent variable, the Boltzmann diagram is obtained. The relationship between the
slope k of the straight line in the Boltzmann diagram and Te is:

Te = −5040
k

(2)

In order to ensure high accuracy of the results, the energy level difference between the
two spectral lines should be as large as possible, usually greater than 2 eV. The difference in
excitation energy between the two spectral lines of Li I 610.4 nm and Li I 670.8 nm is 2.63 eV,
which meets the requirements of the spectral line relative intensity method. Therefore, Li I
610.4 nm and Li I 670.8 nm were chosen as the characteristic spectral lines, and Boltzmann’s
diagram was employed to calculate the Te of the local arc.

(2) Electron density

Electron density (ne) measurement methods include the Stark broadening method,
Saha equation method, continuous spectroscopy method, Inglis–Teller method, etc. This
paper chose the Stark broadening method with its high accuracy and simple measurement
method to measure ne. The relationship between the broadening value of the spectral line
Δλ and ne can be expressed as:

Δλ = wne + 1.75αn1/4
e (1 − 1.2ρ)w (3)

where w is the Stark stretching factor; ρ is the Debye shielding factor; and α is the broaden-
ing factor. According to reference [25], the equation above can be changed into:

ne =
ΔλNaStarkFWHM

4.854
T0.126 (4)

where ΔλNaStarkFWHM is the width at half maximum (FWHM) of the Na I 568.8 nm spectral
line, broadened by the Stark effect in nanometres.
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(3) Electric conductivity

Because there are a large number of electrons and ions in the arc plasma, it has a
certain electrical conductivity (σs). The Spitzer formula is not suitable to calculate the
conductivity of low-temperature plasma. R. Mohanti and J. Gilligan, from North Carolina
State University, conducted theoretical research on the conductivity of low-temperature
plasma and modified the Spitzer formula [26]. The conductivity σs can be calculated with
Te and ne, as shown in our former research [27]:

σs =
3.1 × 10−2Te

3/2

ln
(
1 + 2.2 × 1014T3

e /ne
) (5)

3. Typical Emission Spectrograms of the Local Arc

The flashover development process can be divided into four stages: initiation, devel-
opment, critical flashover and flashover. Assuming that the creepage distance is L, in the
initial stage, the local arc length is shorter than 1/10 L and the leakage current amplitude
(im) is less than 50 mA. In the development stage, the local arc length is between 1/10 and
1/2 L and im is between 50–150 mA. During the critical flashover stage, the local arc length
is between 1/2 and 2/3 L and im is between 200 and 300 mA. The optical fiber spectrometer
was set to continuous acquisition mode to acquire the emission spectrum of the local arc
from the initial stage to the flashover occurrence. The time-resolved emission spectrum of
the local arc was obtained, as shown in Figure 4.

(1) The initial stage

In the initial stage of the local arc, im is less than 50 mA. In the spectrum shown in
Figure 4a, no continuous spectral components can be observed; only the linear spectral
lines of lithium, sodium and potassium atoms with a low relative intensity value can
be found.

(2) Development stage

As im continues to increase, the magnitude of the radiation spectrum line increases
significantly. The energy injected into the arc channel continues to increase, and the
collision between electrons and atoms becomes more intense, leading to the appearance of
the atomic line of nitrogen in the spectrum, as shown in Figure 4b.

(3) Critical flashover stage

In the critical flashover stage, the copper atoms participate in the arc discharge, and
three copper atomic lines Cu 510.5 nm, 515.8 nm and 521.8 nm appear in the spectrum.
The dramatic increment in injection energy in the arc channel broadens the continuous
spectrum thickness in the radiation spectrum, which leads to the increase in the ionization
degree of particles in the channel, especially the alkali metal particles. Therefore, the K II
397.3 nm line spectrum was detected in the line, as shown in Figure 4c.

(4) Flashover stage

After the occurrence of flashover, the arc channel penetrates between the high-voltage
electrode and the ground electrode, resulting in the energy of the power supply injecting
into the arc channel almost instantaneously. The enhancement of the collisions between
electrons and atoms/ions in this channel accelerate the ionization process of oxygen and
nitrogen molecules. Therefore, oxygen ion line O II 485.7 nm and nitrogen ion line N II
began to appear in the spectrum, as shown in Figure 4d.
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(a) (b) 

 
(c) (d) 

Figure 4. Typical spectrum of the local arc in different stages, (a) spectrum of local arc in initial stage,
(b) spectrum of local arc in development stage, (c) spectrum of local arc in critical flashover stage,
(d) spectrum of local arc in flashover stage.

4. Parameters of the Local Arc under Low Pressures

Spectral diagnosis of the local arc on a wet contaminated insulation surface under
low pressure was carried out in this section. Several vital parameters, such as electron
temperature, electron density and conductivity were obtained.

4.1. Electron Temperature of the Local Arc

According to the actual altitude of the transmission line, four typical low-pressure
values of 0.06, 0.07, 0.08 and 0.09 MPa were selected for the experiment in this paper.
The experimental results show that the emission spectra of the local arc under different
pressures are almost the same, similar to Figure 4. However, there is a significant difference
in the ratio of the relative intensity of the discrete spectral lines. Li I 610.4 nm and Li I
670.8 nm were chosen as the characteristic spectral lines. The Boltzmann diagram method,
mentioned in Section 2.3, was used to calculate the local arc electron temperature. The
Boltzmann plots of the local arc emission spectra under different air pressures at 0.1 A are
shown in Figure 5. The slope k of the straight lines can be obtained for Equation (2) to
calculate Te.

Because the statics of Te show a large dispersion, the mathematical expectation value
of the data was used to represent Te at a specific leakage current peak. Te of the local arc
under different pressure is shown in Figure 6.
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Figure 5. Boltzmann plots of the local arc emission spectra under different air pressures at 0.1 A.

Figure 6. The value of Te at different air pressures.

It can be seen from the figure that when the air pressure is 0.06 MPa, Te is between
3150 K and 3450 K, and when the air pressure is 0.09 MPa, Te rises to the range between
3400 K and 3700 K. It can be concluded that Te increases with the increase in im at a certain
pressure. When im increases, the injection energy of the arc channel also increases, resulting
in the enhancement of collisions between electrons and atoms/ions. Hence, Te increases
rapidly with the increase in im.

Moreover, it can be concluded that Te increases with the increase in air pressure. Our
previous research results show that the voltage gradient of local arc (E) in a high-pressure
environment is higher than that in a low-pressure environment when im is the same [28].
The injection energy per unit length of the local arc in a high-pressure environment is
relatively higher. In such cases, the movement of electrons in the arc channel intensifies
due to higher energy. In other words, the migration speed of electrons increases. With
the increase in air pressure, the number density of air molecules increases, resulting in
the enhancement of inelastic collisions of electrons. Therefore, excitation and ionization
collision frequencies are higher at a higher pressure, resulting in an increase in Te.

4.2. Electron Density of the Local Arc

As mentioned above, the Stark broadening method was adopted to calculate ne. In
the critical flashover and flashover stages, the local arc radiation spectrum contains strong
continuum components. In order to obtain the broadening value, the Lorentz linear
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function was used to perform the Na I 568.8 nm fitting. The value of ne under different air
pressure is shown in Figure 7.

Figure 7. The value of ne under different air pressures.

When im is between 50 mA and 500 mA, and the air pressure is between 0.06 MPa
and 0.09 MPa, the ne of the arc channel is between 5.2 × 1017 cm−3 and 6.3 × 1017 cm−3.
With the increase in im, the ionization degree of gas particles increases, resulting in the
increase in free electrons. In addition, the radius and volume of the local arc increase
correspondingly. Therefore, ne does not change much during the development stage of
the local arc. It can also be deduced that ne increases with the increase in the air pressure.
When the outside air pressure increases, the energy of the arc channel increases and the
local arc channel shrinks, leading to the increase in ne.

4.3. Conductivity of the Local Arc

Conductivity is one of the basic electrical parameters of the local arc, and it is also
one of the critical parameters for calculating the voltage of the local arc. Compared with
the “three-electrode” method [28], the non-contact spectroscopy method makes it much
easier to obtain σs of the local arc propagating over the polluted surface. The σs of the
arc channel can be calculated from Equation (5) by substituting Te and ne with the values
in Figures 6 and 7. Figure 8 shows the relationship between σs and im under different
pressure. Since the index value of Te is larger than ne in Equation (5), σs and Te have the
same changing trend.

Figure 8. The value of σs at different air pressures.

12



Energies 2021, 14, 6116

Additionally, σs can also be obtained by the calculation of electrical parameters of
the local arc. The calculated results are compared with the spectral diagnosis results in
the following part. In Rizk’s former study, the relationship between E and im under low
pressure was obtained, as shown in the following equation [29]:

E = 716(p/p0)
0.77i−0.56

m (6)

where p is the actual pressure, p0 is the ambient pressure. The relationship between σs and
E can be expressed as follows:

σs =
im

πEr2 (7)

where r is the arc boundary radius, and the relationship between r and p has been revealed
by Rizk in Reference [29]:

r ∝ p−0.465 (8)

and the radius rd of the arc channel in ambient pressure is also a function of im [30].

rd =

√
im

1.45π
(9)

Thus, we obtain:

σs =
i0.56
m

494(p/p0)
−0.16 (10)

By solving Equation (10), σs at a different pressure could be obtained, as shown in
Figure 9. Compared with Figure 7, the calculated value of σs is smaller. Since the plasma
inside the local arc is not completely uniformly distributed, the true value of r is not the arc
boundary radius measured by actual experiments. The local arc channel is populated with
high-density charged particles and the outer area of the channel is a heated and luminous
area consisting of neutral atoms. It is generally believed that the maximum radial light
intensity gradient of the channel is at the intersection of the ionization zone and the neutral
atomic zone. That is, the radius corresponding to the maximum value is taken as the true
radius value of the conductive area of the arc channel. Hence, the value of r in Equation (7)
is larger than the true value, resulting in a smaller value of σs. However, the deviations of
σs between the true value and the calculated value is trivial, within an order of magnitude.
We can still consider our proposed approach of the spectral diagnostic method, which is
relatively effective in measuring the local arc conductivity under low air pressure.

Figure 9. The calculated value of σs at different air pressures.
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5. Conclusions

In this paper, we carried out the spectral diagnosis of the local arc on the wet contami-
nated insulation surface under low pressure. Key parameters of the local arc, including
electron temperature, electron density and conductivity were calculated by spectroscopic
measurements. The following conclusions were deduced:

(1) The spectra of the local arc are quite similar, even though the air pressure is different.
The spectral characteristics of the different development stages of the local arc can be
easily distinguished.

(2) Thermodynamic parameters of the local arc (including electron temperature and
electron density) are obtained by analyzing the spectra. Electron temperature increases
significantly with the increase in leakage current and air pressure, while, the electron
density does not change much with the increase in leakage current, but it increases
significantly with the increase in air pressure.

(3) The conductivity of the local arc is also calculated by employing the value of electron
temperature and electron density in this paper. The conductivity increases with the
increase in leakage current and air pressure. The deviation of conductivity between
the true value and the calculated value is trivial.

Former researchers have used thermodynamic parameters of the local arc to predict
the contamination flashover. In our further study, the obtained parameters of the local arc
under low pressure will be used for the calculation of contamination flashover voltage of
on-line insulators. This will be explored in our following paper.
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Abstract: Gas insulated switchgear equipment (GIS) is widely used in power system, and more
attention has been paid to discharge defects than mechanical defects. However, since mechanical
defects are a major cause of the failure in GIS, it is of great significance to carry out relevant research
on mechanical defects. Detection and diagnosis methods of mechanical defects based on vibration
signal are studied in this paper. Firstly, vibration mechanisms of GIS are analyzed. Due to structural
differences between single phase insulated type GIS and three phase insulated type GIS, there are
big differences in vibration mechanisms between the two types of GISs. Secondly, experimental
research on mechanical defects is carried out based on a 110 kV GIS equipment and a self-developed
vibration detection system; results show that mechanical defects can be diagnosed by analyzing
signal amplitude, frequency spectrum and waveform distortion rate, and a large current is more
beneficial for diagnosing mechanical defects. Lastly, field application has been carried out on 220 kV
GIS equipment, and a poor contact defect is found, demonstrating that abnormal diagnosis can be
realized by method proposed in this paper. Experimental research and field application demonstrate
the feasibility and effectiveness of detection and diagnosis method for mechanical defects based on
vibration signal and provide experience for subsequent engineering application.

Keywords: gas insulated switchgear; mechanical defect; vibration; detection and diagnosis

1. Introduction

Gas insulated switchgear (GIS) contains many components, including circuit breaker,
isolating switch, CT, PT and busbar. In recent years, as the power grid develops rapidly,
increased GIS equipment has been widely used due to many advantages, including compact
structure, less occupied space, reliable operation and less maintenance work [1]. It is
necessary to discover the hidden danger and potential defects of GIS equipment in a timely
and effective manner.

Although the failure rate of GIS is relatively low, it is hard to ignore the fault of GIS
with extensive use of GIS equipment. Statistics show that GIS defects mainly include partial
discharge (PD) fault, mechanical fault and overheating fault; the mechanical fault of GIS
occupy the largest proportion. Mechanical fault includes loose contact of the conductor,
loose shield and loose bolts, which may cause abnormal vibration [2]. The continuous
abnormal vibration may result in SF6 leakage and result in insulation decrease in GIS.
Abnormal vibration may also cause PD fault and even breakdown event t. There are many
research studies on detection and diagnosis of GIS, including UHF method [3], ultrasonic
method [4], chemical method [5] and infrared temperature measurement method. While
they are mainly used for studying PD faults and overheating faults, there is relatively little

Energies 2021, 14, 5507. https://doi.org/10.3390/en14175507 https://www.mdpi.com/journal/energies17



Energies 2021, 14, 5507

research work of mechanical faults [6,7]. Thus, it is important to study monitoring and
diagnosis technology for mechanical faults.

With the advantage of high sensitivity, non-intrusive and anti-electromagnetic inter-
ference, a vibration test is a good detection and diagnosis method for the mechanical faults
of power equipment, and it has been widely applied on circuit breaker [8], transformers
and high voltage reactor [9]. In recent years, vibration test for GIS mechanical faults de-
tection has been studied and applied. Evaluation method on contact faults by measuring
vibration signals on the enclosures of GIS is reported in literature [10], demonstrating the
feasibility of this method. Under the action of alternating electric field force in GIS, the
vibration signal caused by mechanical fault is different from that of the normal situation. In
order to detect and diagnose mechanical fault in GIS, it is important to study the vibration
characteristics of GIS in depth. Vibration signals of a bus are studied, and the ratio between
1400 Hz component and 100 Hz component is used as characteristic quantity for loose
defect in literature [11]. Time domain characteristics and power spectrum are used to
analyze vibration signals. It was found that 200 Hz component of GIS equipment with
abnormal noise is very big in literature [12]. The influence of air pressure, electrode shape
and electric field intensity on vibration spectrum of GIS equipment is studied. However,
the research mainly focuses on PD fault and not about mechanical fault in the literature [13].
Time domain and frequency domain features of vibration signals of the switch contact
under different contact state are studied in literature [14], it is found that there are obvious
300 Hz and 600 Hz components when the contact condition is poor. The empirical mode
decomposition is used for analyzing nonlinear and nonstationary time series in the litera-
ture [15]. It provides a reference for the GIS vibration signal. A new algorithm based on
the neighbor algorithm and FCM algorithm was adopted to evaluate mechanical condition
of GIS in the literature [16]; the key is to calculate cluster centers. A correlation function
is adopted to extract characteristic quantity, and a multilayer classifier was adopted to
evaluate condition in the literature [17]; however, intelligent detection technology is based
on massive data, and a lot of research is needed to enrich the expert database. In summary,
it can be observed that the above documents have made significant contributions to the de-
tection and diagnosis technology on mechanical fault in GIS. However, due to the complex
structure of GIS and the complicated excitation and transmission of vibration signals in
GIS, it is difficult to obtain a general diagnostic process, including characteristic quantity
selection and extraction and fault identification. Most of the research studies are carried out
in laboratory, and there is less field application. It is necessary to study vibration detection
and diagnosis technology for GIS in depth, and carry out field application.

In this paper, research on detection and diagnosis method of mechanical defects based
on vibration signal is studied. Section 2 analyzes the characteristics of circulating current
and vibration mechanism of GIS and analyzes the vibration character of single phase
insulated type GIS and three phase insulated type GIS. Section 3 introduces experimental
research on mechanical defects, including GIS platform, detection system, detailed exper-
iments and vibration signal analysis. Section 4 presents field application on 220 kV GIS
equipment. Lastly, the full paper is summarized in Section 5.

2. Vibration Mechanism of GIS Equipment

Alternating electrodynamic forces caused by AC current and magnetostriction effect
in core coil equipment, such as a voltage transformer, are main reasons for the mechanical
vibration of GIS. However, due to structural differences, the characteristics of circulating
current in the three-phase insulated type GIS’s enclosure and single-phase insulated type
GIS’s enclosure are completely different, resulting in different vibration mechanisms. Thus,
the characteristics of circulating current in GIS’s enclosure is analyzed firstly in this section,
and the vibration mechanism is then analyzed with two methods: electrodynamic force
and magnetostriction.
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2.1. Characteristics of Circulating Current

Equivalent circuit diagram of GIS is shown in Figure 1 [18]. When AC current flows
through an inner conductor, a circulating current is formed in GIS.

 
Figure 1. Circuit model of GIS.

In the equivalent circuit, Z1 stands for leakage impedance of primary side (i.e., inner
conductor), Z2 stands for leakage impedance of secondary side (i.e., enclosure of GIS)
and Zm stands for excitation impedance. i1 refers to as primary side current, i2 refers to
as secondary side current and im stands for excitation current. As the electromagnetic
coupling between primary side and secondary side is relatively poor, this results in i2 being
smaller than i1; however, i2 and i1 are in the same magnitude [18]. Literature [19] points out
that the circulating current of 500kV GIL enclosure is about 75% of the conductor current.

Single-phase insulated type structure is often used in GIS equipment with high voltage
levels (for example, 500kV GIS equipment) under normal operation conditions, and the
circulating current is generated in the closed loop formed by the enclosure of GIS, frame
and grounding grid. The loop includes two kinds: one is composed of the enclosure and
grounding grid as illustrated in Figure 2; and one is composed of the enclosure of different
phases and grounding grid as illustrated in Figure 3 [20]. In this case, i2 is on the same
number order as i1, as analyzed above.

Figure 2. Loop composed of enclosure and grounding grid.
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Figure 3. Loop composed of different phase and grounding grid.

Three-phase insulated type structure is often used in GIS equipment with low voltage
level, for example, 110 kV GIS equipment. In an ideal situation, the current in phase A, B
and C is balanced; this means that the sum of current vectors is nearly zero. Thus, there is
almost no circulating current. Although unbalance induced current always exists when
GIS is in operation, as shown in Figure 4, in this case i2 is still far smaller than i1 [20].

Figure 4. Circulating current of three phase insulated type GIS.

To summarize, the circulating current of single-phase insulated type GIS is in the
same magnitude as the current of the inner conductor, while the circulating current of
three-phase insulated type GIS is much less than the current of inner conductor. One can
observe that circulating current of the two types of GIS is completely different, which
results in different vibration mechanisms.

2.2. Vibration Mechanism of Single Phase Insulated Type GIS

As the enclosure of GIS possesses good shielding effects, the inner conductor is not
affected by other the two-phase conductor. This means that vibration of inner conductor
itself is very small. However, many electrical components in GIS are connected by contacts,
such as circuit breaker and isolating switch. When current flows through contacts, the
direction of current line is changed; in other words, the current line shrinks near the
contacts’ surface to generate electrodynamic force, as shown in Figure 5, thereby causing
vibrations of GIS.
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Figure 5. Force analysis of contacts.

Assuming that the current flowing through contacts is i0 = I0sin(ωt), in which ω is
current frequency and I0 is current amplitude, the electrodynamic force caused by contacts
can be expressed as Equation (1) in which a is the radius of contacts spot, D refers to the
diameter of contacts surface, F denotes electrodynamic force, Pj denotes initial pressure
acting on contact, Hb denotes cloth hardness of the material, ζ denotes the deformation
coefficient of material between 0.3 and 1, and μ0 is the permeability of vacuum [2].

F =
μ0 I0 sin2(ωt)

4π
ln

(
D
2a

)
(1)

a =

√
Pj

πζHb
(2)

On the other hand, enclosure is in the magnetic field generated by the inner conduc-
tor. As mentioned above, the circulating current in the enclosure (i.e., i1) is in the same
magnitude as the current of the inner conductor (i.e., i0); that is, electromotive force exists
between enclosure and inner conductor, as shown in Figure 6.

Figure 6. Force analysis of single phase insulated type GIS.

Assuming that radius of enclosure is R, which is far larger than the thickness of enclo-
sure, magnetic field BR in enclosure can be considered equal as expressed in Equation (3).
The electrodynamic force is shown in Equation (4) [20].

BR =
μ0i0
2πR

=
μ0 I0 sin(ωt)

2πR
(3)

F1 = BRi1L =
μ0kLI2

0 sin2(ωt)
2πR

(4)

It is observed that vibration caused by electrodynamic force consists of two parts:
contacts and enclosure. The frequency is twice of ω; that is, when frequency of the current
is 50 Hz, frequency of the vibration signal is 100 Hz. Meanwhile, experimental results show
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that harmonic components will appear in vibration signals when there is mechanical defect
in GIS equipment, such as 200 Hz, 300 Hz, 400 Hz, 500 Hz and so on [2,9–17].

2.3. Vibration Mechanism of Three Phase Insulated Type GIS

An alternating magnetic field is generated by a three-phase inner conductor, and
as mentioned above the circulating current is very small; that is, the electromotive force
between the enclosure and the inner conductor is small. However, the electrodynamic
force exists between three phase inner conductor. This is the significant difference of the
vibration mechanisms between these two kinds of GIS.

Phase A is taken as an example to analyze electrodynamic force, as illustrated in
Figure 7 [2,21]. The current of the three-phase can be expressed as Equations (5)–(7).

ia = I0 sin(ωt) (5)

ib = I0 sin(ωt + 120◦) (6)

ic = I0 sin(ωt + 120◦) (7)

lab, lbc and lac denote the distance between phase A–B, phase B–C and phase A–C,
respectively. θ is angle between f ab and f ac, and it can be obtained according to cosine
theorem, as shown below.

cos θ =
l2
ab + l2

ac − l2
bc

2lablac
(8)

Figure 7. Force analysis of three phase insulated type GIS.

The electrodynamic force of phase A is shown below.

fab =
μ0LI2

0 sin(ωt) sin(ωt − 120◦)
2πlab

(9)

fac =
μ0LI2

0 sin(ωt) sin(ωt + 120◦)
2πlac

(10)

f 2
a = f 2

ab + f 2
ac + 2 fab fac cos θ (11)

Considering the actual situation, let lab = lac = lbc = l, and the force of L length inner
conductor is shown in Equation (12). It is observed that the frequency of the electrodynamic
force is also twice of ω. Experimental results show that harmonic components will appear
in vibration signals when there is a mechanical defect.

fa =

√
3μ0LI2

0 |sin(ωt)|
4πl

(12)
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On the other hand, when current flows though inner conductor, the current line
also shrinks near the contacts’ surface to generate electrodynamic force, thereby causing
vibration of GIS.

To summarize, vibration caused by electrodynamic force consists of two parts: contacts
and inner conductor. This is the biggest difference of single-phase insulated type GIS.

2.4. Vibration Mechanism of Magnetostriction

Magnetostriction effect in core coil equipment can also cause vibration in GIS. Set
U1 = U0sin(ωt), and the magnetic flux intensity in iron core can be expressed as Equation (13)
in which N refers to coil turns and S refers to core cross-sectional area [21].

B =
U0 cos(ωt)

ωNS
= B0 cos(ωt) (13)

B0 =
U0

ωNS
(14)

Considering that the magnetic flux density varies linearly with the magnetic field
strength, the magnetic field strength can be expressed as Equation (15) in which Bs is
saturation magnetic induction intensity, and Hc is coercivity.

H =
B
μ
=

BHc

Bs
=

B0Hc cos(ωt)
Bs

(15)

When an alternating magnetic field exists, the micro deformation of ferromagnetic
material is expressed as Equations (16) and (17) in which ε and εs refer to axial magne-
tostriction rate and saturation magnetostriction ratio, respectively, and L and ΔL refer to the
original axial dimension and extension of silicon steel in the axial direction, respectively.

ε =
ΔL
L

(16)

ΔL
L

1
dH

= |H|2εs

H2
c

(17)

ΔL is shown in Equation (18), and the vibration acceleration caused by magnetostric-
tion can be obtained by Equation (19).

ΔL = L
∫ H

0
|H|2εs

H2
c

dH =
εsLU2

0 cos2(ωt)

(ωNBsS)2 (18)

a =
d2ΔL
dt2 = −2εsLU2

0 cos(2ωt)

(NBsS)2 (19)

It is observed that the frequency of vibration acceleration is twice of ω; that is, when the
frequency of the current is 50 Hz, the frequency of the vibration signal is 100 Hz. However,
due to the nonlinearity of core material, there are many higher harmonic components in
vibration signal, including 200 Hz, 300 Hz, 400 Hz and so on.

To summarize, the vibration of single phase insulated type GIS includes three parts:
enclosure vibration, contacts vibration and vibration caused by magnetostriction. The
vibration of three-phase insulated type GIS includes three parts: inner conductor vibration,
contacts vibration and vibration caused by magnetostriction. This is the biggest difference
between two type GIS.

3. Experiments and Vibration Data Analysis

3.1. Experiment Platform and Detecting System

The test is conducted on a 110 kV GIS experiment platform filled with SF6, including
two bushing, two bus and one isolation switch; all components of the platform are true
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equipment used for simulating the actual situation, as shown in Figure 8. The current
generator can generate a continuously current from 0 A to 3000 A. A vibration detection
system is developed to collect and process data, including acceleration sensor, acquisition
card and PC. PCB333B50 is selected as acceleration sensor, and its frequency response is
from 0.5 Hz to 3000 Hz, sensitivity is 1000 mV/g and measurement range is from −5 g
to +5 g. The model of acquisition card is NI9234, and it is a four-channel dynamic signal
acquisition module with a precision of 24 bits, and the sampling rate is set as 25.6 kS/s.
Vibration data are transmitted to PC for further analysis after being recorded by the
acquisition card.

 
 

(a) (b) 

Figure 8. GIS vibration experiment system. (a) Experimental setup. (b) Physical object of test platform.

In order to study the vibration characteristics under different contact states, three
types of cases are set up by changing the state of the isolation switch, including normal,
mild poor contact and serious poor contact, as shown in Figure 9. As the vibration wave is
a mechanical wave, which decays gradually in the process of propagation, it is necessary to
install the acceleration sensor closer to the defect source in order to obtain better detection
effects [22]. Thus, all vibration tests are carried out on the top of the enclosure, directly
above the defect.

   
(a) (b) (c) 

Figure 9. Mechanical defects setup. (a) Normal case; (b) mild poor contact; (c) serious poor contact.

3.2. Vibration Data Analysis
3.2.1. Time Domain Analysis

As the current affects vibration characteristics of GIS equipment seriously, four kinds
of current are set for each contact state, including 500 A, 1000 A, 1500 A and 2000 A. It
should be noted that the vibration test is susceptible to external interference, and there
exists some discreteness in the test data. External vibration sources should be excluded
during the test, and abnormal data should be eliminated. Finally, for each state, five groups
of vibration data are saved in the steady state, and the acquisition time of each group is 1 s.

The first 0.2 s part of typical time domain waveform is extracted to study vibration
characteristics under different conditions, as shown in Figure 10. It is obvious that am-
plitude of vibration signal increases with the current, and vibration signal shows strong
periodicity. When the current is 500 A, the different between three kinds of contact state
is small. When current increases to 1000 A, 1500 A and 2000 A, it can be found that the
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vibration signal under a serious poor contact state is the largest and, under normal state, is
the smallest; it is feasible enough to distinguish the contact state of GIS equipment from
the time domain waveform when the current is big.

 
Figure 10. Time-domain waveform under different case.

Considering the dispersion of vibration signal, the mean and standard deviation of
five groups of data are counted, the amplitude of vibration signal under different states is
shown in Figure 11. It is illustrated that the amplitude increases gradually with the current,
and three different contact states have the same increasing trend. When current is 500 A,
the amplitude is small and the difference is relatively small. However, when the current is
larger, it is easier to diagnose the contact state by comparing the amplitude of vibration
signal. That is, a large current is more beneficial for diagnosing mechanical defects.

 
Figure 11. Comparison of acceleration under different cases.

3.2.2. Frequency Domain Analysis

Figure 12 shows the typical frequency domain waveforms of vibration signal under
a normal case. It can be observed that, when the current is 500 A, the main energy of
vibration signal is concentrated below 600 Hz. When the current is 1000 A, there are some
higher frequency components such as 700 Hz and 800 Hz. When the current increases
to 1500 A and 2000 A, the frequency distribution becomes wider towards 1200 Hz. At
the same time, the amplitude of each frequency component increases with the current.
Figure 13 shows the frequency domain waveforms under mild poor contact case. It is
observed that frequency range is beyond 600 Hz when current is 500 A, and the frequency
distribution becomes wider towards 1300 Hz when current increases to 1500 A and 2000 A,
and there is an increasing trend in amplitude. The frequency domain waveforms under
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serious poor contact case are shown in Figure 14, and frequency distribution range and
amplitude show the same trend as the former.

  
(a) (b) 

  
(c) (d) 

Figure 12. Frequency domain waveforms under the normal case: (a) 500 A; (b) 1000 A; (c) 1500 A;
(d) 2000 A.

  
(a) (b) 

 
(c) (d) 

Figure 13. Frequency domain waveforms under the mild poor contact case: (a) 500 A; (b) 1000 A;
(c) 1500 A; (d) 2000 A.
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(a) (b) 

  

(c) (d) 

Figure 14. Frequency domain waveforms under the serious poor contact case: (a) 500 A; (b) 1000 A;
(c) 1500 A; (d) 2000 A.

To summarize, when the contact condition deteriorates, the frequency spectrum range
becomes wider, and increased energy is concentrated at higher frequency components. The
amplitude of each frequency component becomes bigger. When the current increases grad-
ually, there are more high frequency components, and the amplitude also becomes bigger.

The waveform distortion rate (THD) reflects the distortion degree of a signal wave-
form relative to the sinusoidal waveform, which can be used to describe the influence
of higher harmonics component on vibration signal waveform [23]. In this paper, THD
can be calculated by power spectrum of vibration signal, as shown in Equations (20)–(24).
In the formulas, v(t) (0 ≤ t ≤ 1 s) represents vibration signal, τ refers to displacement
variable (0 ≤ τ ≤ 1 s), F(τ) denotes the autocorrelation function of v(t) and P(f) refers to
power spectrum.

F(τ) = lim
T→∞

1
T

∫ +∞

−∞
ν(t)ν(t + τ)dt (20)

P( f ) =
∫ +∞

−∞
F(τ)e−i2π f τdt (21)

A100 = P( f )| f = 100 (22)

Ak = P( f )| f = 100k (23)

THD = 20 log

⎛
⎜⎜⎝ 1

A100

√√√√√ f 1
100−1

∑
k=2

(kAk)
2

⎞
⎟⎟⎠ (24)

Considering the dispersion of vibration signal, the mean and standard deviation
of five groups of THD are counted, as illustrated in Figure 15. THD increases with the
increase in contact deterioration degree. When current becomes large, the growth trend of
THD slows down gradually. That is, it is feasible to distinguish different contact states by
comparing THD.
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Figure 15. Comparison of waveform distortion ratio under different case.

To summarize, mechanical defects can be diagnosed by analyzing signal amplitude,
frequency spectrum and waveform distortion rate. The greater the current, the better
the effect.

4. Field Application

Vibration detection on GIS equipment was carried out in one 220 kV substation,
as mechanical defects are mainly caused by poor contact, unbalanced alignment of the
conductor and components’ looseness and so on. Thus, vibration test points are often
located near joint parts, such as the circuit breaker, isolation switch and contact. One
abnormal signal is found in an isolation switch, and on-site detection is shown in Figure 16.

 
Figure 16. The location of the vibration measuring point.

Figure 17 shows the typical time domain waveform of vibration signal of a 220 kV
isolation switch, and it can be observed that the vibration signal shows strong periodicity,
and there is a big difference between phase A, B and C. In order to eliminate the dispersion
of test results, five groups of vibration data are recorded, and the acquisition time of each
group is 1 s. The amplitudes of phase A and phase B are similar, which are smaller than
that of phase C, as shown in Figure 18. At the same time, there is obvious distortion in the
waveform of phase A and phase C, and the distortion of phase of B is relatively small. It
can be concluded that there may be abnormality in phase C.
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(a) 

 
(b) 

 
(c) 

Figure 17. Time-domain waveform of isolation switch. (a) Phase A; (b) Phase B; (c) Phase C.

 
Figure 18. Comparison of acceleration.

Figure 19 shows the typical frequency domain waveforms of a vibration signal, and it
can be observed that the main energy of phase A is concentrated at 100 Hz and 300 Hz,
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and there are some components at 500 Hz, 700 Hz and 800 Hz. The main energy of phase
A is concentrated at 100 Hz, and the amplitudes of 200 Hz, 300 Hz, 500 Hz and 600 Hz are
relatively small. However, the frequency spectrum of phase C is relatively wide, and the
amplitude is relatively large. It contains many higher components, such as 300 Hz, 400 Hz,
500 Hz and 800 Hz. The 300 Hz component is the largest, and the 100 Hz component is
larger than that of phase A and phase B. The THD of phase A, B and C is illustrated in
Figure 19d, and it is observed that phase B is the smallest (close to −28 dB), phase A is the
second (nearly −8 dB) and phase C is the largest (close to 18 dB); that is, the situation of
phase C is the worst.

As phase A and phase C are symmetrically distributed, the structure of the three-phase
is the same, and the load across all of them are similar; thus, the vibration characteristics
of the three-phases are comparable. By comparing time domain and frequency domain
waveform, it can be concluded that there is some abnormality in phase C. In the outage
maintenance test, results show that the loop resistance of phase C is obviously higher than
the other two phases, which is confirmed by vibration test results, demonstrating that
abnormal diagnosis can be realized by the method proposed in this paper.

  
(a) (b) 

  
(c) (d) 

Figure 19. Frequency domain waveform of isolation switch. (a) Phase A; (b) Phase B; (c) Phase C;
(d) comparison of all three phases.

5. Conclusions

Detection and diagnosis technologies of mechanical defects based on vibration signal
are studied in this paper, including theoretical analysis, experimental research and field
application. The results show the following.

1. GIS equipment structure lends to different vibration mechanism. The vibration
of single-phase insulated type GIS includes three parts: enclosure, contacts and
magnetostriction. The vibration of three-phase insulated type GIS includes three
parts: inner conductor, contacts and magnetostriction.

2. Mechanical defects can be diagnosed by analyzing signal amplitude, frequency spec-
trum and waveform distortion rate. When the current is small, the change of signal
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amplitude is not as obvious as the frequency spectrum and waveform distortion rate.
A large current is more beneficial for diagnosing mechanical defects.

3. Field application demonstrates the feasibility and effectiveness of detection and
diagnosis technology for mechanical defects based on vibration signal. Abnormal
diagnosis can be realized by the methods proposed in this paper. In the future, we will
carry out more field applications and accumulate data in order to lay a foundation for
applying artificial intelligence to mechanical fault diagnosis.
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Abstract: When the lightning current enters the ground through the grounding system, the impulse
dispersion performance can be observed by the phenomenon of soil spark discharge, which is
fundamentally determined by the nearby soil. At present, engineers use an empirical formula to
convert the soil spark discharge to the impulse coefficient of impulse grounding resistance. Therefore,
there is no available quantitative analysis method to evaluate soil impulse dispersion performance.
To solve this problem, this paper proposes an evaluation method for the impulse discharge efficiency
of soil by using X-ray images, define VI as the parameter, which is the ratio of the volume of the
discharge area to the peak current. Then, the rationality and validity of the method are verified.
Finally, the variation rules of impulse discharge efficiency are analyzed in different soils. Results
show that the VI can reflect the change rules of impulse dispersion performance more clearly under
different soil conditions, and this parameter provides a new idea for enhancing the impulse dispersion
performance of soil near the grounding electrode.

Keywords: high soil resistivity; soil discharge; X-ray imaging; super absorbent polymer; impulse
discharge performance

1. Introduction

Soil is the key to affect the impulse dispersion performance of grounding devices [1].
Especially, spark discharge will occur when the impulse current is injected into the ground
electrode, which significantly enhances the impulse dispersion performance of the ground-
ing device [2,3]. Therefore, the accurate evaluation of soil impulse dispersion performance
can provide a basis for the selection of soil resistance reduction measures [4].

At present, due to the lack of effective observation methods, it is impossible to carry out
accurate quantitative analysis on the real topography of soil discharge area. Reference [5]
conducted impulse breakdown experiments on the soil between spherical electrodes by
building a cylinder test tank in the laboratory, and the breakdown discharge path of soil
was obtained by X-ray film. In [6], the impulse discharge experiment of a suspended
electrode on the soil surface was carried out in a hemispherical iron pot with a diameter
of 10 cm, and the soil spark discharge channel was recorded by the conductive paper.
Reference [7] obtained the actual soil discharge channel through field test excavation. In
the above studies, due to the fuzzy measured results, the discharge channels obtained
cannot be used as a quantitative index to evaluate the soil impulse dispersion performance.
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The impulse dispersion performance of the grounding device is determined by the
structure and size of the grounding electrode, the impulse dispersion performance of the
soil, and the buried depth of the grounding electrode. However, when the impulse current
flows into the ground, the intensity of the instantaneous electric field in the ground near
the electrode will exceed the intensity of the soil’s critical breakdown field, and the spark
discharge area will appear at the end of the electrode. A large number of experimental
studies found that the soil discharge area is affected by the distribution of the electric field
in the ground and that soil discharge is unpredictable. The existence of a soil discharge
area can greatly improve the impulse dispersion capacity of the soil near the grounding
electrode [8–12]. At present, there is still a lack of a visualized index to evaluate the impulse
dispersion performance of soil, which is mainly characterized by the critical breakdown
field strength and residual resistivity of typical soil, which are not easy to be applied in
practical engineering [13–15].

However, at present, there is no unified understanding of the mechanism of soil
impulse discharge among scholars at home and abroad, and different researchers have
proposed a variety of viewpoints on soil impulse discharge based on experimental ob-
servations [16]. In reference [17], the characteristics of soil ionization were firstly taken
into account in the soil dispersion model, and it was proposed that there is an ionization
region around the grounding device under the effect of impulse current, and its structure
was considered to be an axisymmetric cylindrical structure about the electrode. Based
on the same idea, a hemispherical discharge model was proposed in reference [18]. In
reference [19], a cylindrical discharge model was proposed after considering the spatial
inhomogeneity of current in the earth. A penetrating X-ray imaging technology was first
applied in reference [20] to study the soil ionization under surge current and to calculate
the soil residual resistivity of discharge area by a finite-element method, according to
experiment parameters and a 3-D diagram of the discharge area. Reference [21] calculated
the volume of successive impulse discharge channels in the ground under various currents
and soil conditions. It also analyzed the changing law with time intervals based on the
gray information analysis method and improved the four-zone model of soil under im-
pulse current. Reference [1] proposed a four-zone soil discharge model. In the process
of impulse dispersion, the soil’s electric field intensity near the grounding pole gradually
decreases outward, which can be divided into four regions: arc region, spark discharge
region, semiconductor region, and constant conductivity region. The above soil impulse
discharge models are all based on the assumption that soil is isotropic. However, soil is
a polymorphic composite medium containing solid soil particles, liquid water, and air.
Therefore, ignoring the influence of anisotropy of the soil on the impulse discharge process
will be different from the actual situation. Reference [7] found that the actual soil discharge
area was different from the above hypothesis through field experiment excavation, but was
a channel structure with fewer branches. It can be seen that when the impulse current is
injected into the soil, the intensity of the soil’s electric field at the end of the grounding will
exceed the intensity of the critical breakdown field of the soil, and a concentrated discharge
area will be generated, forming a breakdown channel structure.

In summary, there is still a lack of suitable quantitative methods to evaluate the soil
impulse dispersion performance in the near-ground area according to the data from various
sources. To solve this problem, based on the image observation of soil spark discharge [8,9],
a quantitative evaluation index was proposed to combine the discharge area and impulse
current amplitude of soil samples. The rationality and effectiveness of the method are
verified, and the variation law of the impulse dispersion performance of grounding devices
is analyzed in soil samples with different properties. This method can quantitatively
evaluate the impulse dispersion performance of the soil near the ground electrode, which
provides a new idea for enhancing the impulse dispersion capability of the soil near the
ground electrode.
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2. Theoretical Derivation of Characteristic Quantity of Soil Impulse Dispersion
Performance

Generally, the common grounding device of transmission line towers consists of
horizontal or vertical ground electrodes [22–24]. Taking the vertical electrode structure as
an example, the process of soil dispersion is analyzed theoretically. In Figure 1, the radius
of the ground electrode is r0, the length is l, and it is buried in the ground vertically. The
soil resistivity is ρ, and the soil discharge area is a slender cylindrical channel with a bottom
radius of r’, a length of l’, and a current of I, which flows into the medium through the rod.
In this paper, a mirror electrode and discharge region with a length of (l + l’) are assumed
under the ground by means of mirroring, and the semi-infinite space in the calculation of
the current field is transformed into infinite space.
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Figure 1. A round rod-shaped ground electrode embedded in the ground vertically.

When no discharge occurs in the soil, assuming that the current density is δ at any
point in the soil, the potential of N (rN, 0, z) at any point is
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If the electrode potential u is equal to the potential up on the surface of the midpoint
along the electrode length, that is zN = l, rN = r0, then the electrode potential is:

u = up =
ρδ

4π
ln

l +
√

l2 + r2
0

−l +
√
(−l)2 + r2

0

≈ ρI
2πl

ln
2l
r0

(2)

The grounding resistance of the ground electrode in the semi-infinite medium is:
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u
I
=

ρ

2πl
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(3)

When soil discharge occurs, the residual resistivity drops to about 0.003, 62% of the
initial soil resistivity [8], which is close to the metal resistivity. The grounding resistance of
the ground electrode is:

R′ ≈ ρ

2π(l + l′) ln
2(l + l′)

r0
(4)

Grounding resistance is reduced by ΔR:
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ρ

2πl
ln

2l
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− ρ
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r′ (5)
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According to (5), the reduction of ground resistance is related to the volume parameter
of the area where soil ionization occurs. If the length of the ground electrode is 2.5 m, the
section radius is 4 mm, the length of the breakdown area is 0.5 m, and the radius r’ = 2r0,
then ΔR ≈ 0.145R, and the grounding resistance of ground electrodes is reduced by 14.5%.
It can be seen that the soil impulse diffusivity is an important factor affecting the diffusivity
of the ground electrode.

A larger discharge area leads to a more intense soil discharge process, which promotes
the release of lightning energy in the soil [25–27]. Moreover, the volume of the discharge
area increases with the rise of impulse current. VI defined as the equivalent value of soil
discharge volume per unit electric current, that is:

VI =
V
I

(6)

where, V is the volume of the soil impulse discharge area, cm3; I is the amplitude of the
ground current, kA.

A small value of VI indicates that there is a space to further improve the impulse dis-
persion performance of the ground electrode by modifying soil. Therefore, the parameters
can reflect the impulse dispersion performance of grounding device directly and clearly.

3. Test Method of Soil Impulse Dispersion near the Area of Ground Electrode

From the above analysis, it can be seen that it is necessary to put forward a method
to obtain the specific structural parameters of the soil discharge area. The soil impulse
discharge observation platform is shown in Figure 2. The impulse current is generated
and applied to the ground electrode and recorded by oscilloscope. Then, an X-ray imaging
system was used to image the discharge area in the soil; finally, the spatial structure of the
soil discharge area is obtained by image processing.

Figure 2. Sketch of the impulse current test setup: T1: Voltage regulator; T2: Voltage booster; D:
Rectifier; r: Protective resistance; C: Charging capacitor bank; G: Sphere gap; L: Wave modulated
inductance; R: Wave modulated resistance; XRG: X-ray generator; CT: Electric current transducer; ST:
Sample sandbox; GE: Grounding electrode; VD: Voltage divider; DIP: Digital imaging plate; DSO:
Oscilloscope; IPS: Image processing system.

In the experiment, glass fiber was prepared with a side length of 0.2 m and a thickness
of 0.01 m. The cylindrical vertical ground electrode was selected with a diameter of 0.0025 m
and a length of 0.15 m. Besides, the distance is 0.1 m between the electrode bottom and the
sides of the test groove. The conductive copper foil is embedded in the inside of the test
groove as the ground electrode, and the distances are equal between the ground electrode
terminal and each side of the copper foil.

According to the image of the soil spark discharge area, the three-dimensional (3D)
reconstruction algorithm of two-stage stretching is adopted to obtain the 3D structure of
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the soil discharge area [28,29]. According to the soil sample discharge image, the volume
of soil spark discharge area was calculated using the method given above, and the value of
VI of soil sample discharge area could be calculated according to (6). The measured value
of ground resistance Rch1 can be obtained by calculating the current and voltage waveform
recorded by the oscilloscope.

4. Study on the Validity of the Paper’s Method and the Main Influence Factors

It can be seen from the above analysis that it is feasible to use the equivalent value,
which represents soil discharge volume per unit electric current (VI), to describe the
evaluation index of the near-area soil impulse dispersion ability. In order to further verify
its validity and rationality, this paper carried out a comparative experiment on the near-area
soil dispersal capacity.

4.1. The Validity Analysis of the Method for Evaluating the Near-Area Soil Impulse Dispersion
Capacity

In actual engineering, the empirical formula is used by translating the soil spark
discharge effect into the impulse coefficient of grounding device, as shown in Equation (7):

Rch = αR (7)

where: R is the power frequency grounding resistance of the grounding device; α is the
impulse coefficient, and the range is 0.5~3. In engineering, α is usually based on the
geometric size of the grounding electrode, soil resistivity, and other parameters, which are
set as 0.85 [1] in this paper.

In order to verify the effectiveness of soil discharge volume per unit electric current
(VI) as an evaluation index of the dispersion capacity of grounding device, this paper
carried out a comparative test study on the near-area soil dispersion capacity. First of
all, by adding super absorbent polymer (SAP) and regulating soil water content, soil
samples with a resistivity of 50 Ω·m and different moisture content were prepared [30–32].
Then, an impulse current with an amplitude of 2.0 kA was applied to the soil samples.
The image of the soil discharge channel could be obtained by X-ray projection imaging
technology, and the structural parameters of the soil discharge area could be calculated
by using the three-dimensional reconstruction method. Finally, the value of VI of the soil
sample’s discharge area can be calculated by using Equation (6), combining the amplitude
of measured impulse current. At the same time, the oscilloscope can be used to record the
current and voltage waveform on the grounding conductor, so as to obtain the measured
value of the impulse grounding resistance Rch. Formula (7) can be used to calculate the
value of empirical impulse grounding resistance R’ch.

The images obtained in the experiment are shown in Figure 3, and the impulse current
and voltage waveform on the grounding conductor are shown in Figure 4. VI, R’ch, Rch are
shown in Table 1.

The moisture in Table 1 was determined by the experimental measurements, and
four typical results were chosen from the experiment due to space constraints. Since
that the soil resistivity of the soil sample, the grounding resistance R, and the impulse
coefficient values α of Formula (7) do not change, the calculated value of the impulse
grounding resistance Rch2 does not change, while the measured grounding electrode’s
impulse grounding resistance Rch1 decreases slightly, this is because the impulse current
applied in every soil sample was the same, but only the impulse voltage showed a slight
difference, which were 39 kV, 38.42 kV, 37.2 kV, and 35 kV, respectively. This also results in
very little difference in the values of Rch1 calculated in Table 1, but the VI of the discharge
area of the soil sample increases greatly. As can be seen, there was a large change in
resistance when the soil moisture only changed by 1.36%, which means that when the
moisture of the sample chosen was near this value, the change of impulse grounding
resistance was more sensitive, and a small change of water content would cause a large
change of impulse grounding resistance. The change of impulse grounding resistance was
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very slow before this value, so it showed that with the increase in water content, the impulse
grounding resistance changed more and more obvious, and the value of VI showed the
same rule, which proved that the conclusion is correct and that VI has a certain correlation
with the impulse grounding resistance. The results also showed that VI is better than the
impulse grounding resistance when we evaluate the impulse dispersion performance of
the grounding device because VI is more obvious than the impulse grounding resistance
calculated by the waveform recorded. Therefore, compared with the empirical formula
calculation method commonly used in engineering, the VI ’s value, which is based on the
image characteristics of soil impulse dispersion, can more clearly indicate the influence of
the change of soil medium properties and describe the impulse dispersion capacity of the
grounding equipment in the process of impulse dispersion.

  

(a) (b) (c) (d) 

Figure 3. Images of soil with the same resistivity and different water content: (a) The moisture is
23.56%; (b) moisture is 39.14%; (c) moisture is 40.50%; (d) moisture is 48.80%.

(a) (b) 

(c) (d) 

Figure 4. Current and voltage waveform of soil with the same resistivity and different water content:
(a) The moisture is 23.56%; (b) moisture is 39.14%; (c) moisture is 40.50%; (d) moisture is 48.80%.
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Table 1. VI and Rch2 of soil with the same resistivity that is 50 Ω·m and different water content.

Soil Water Content/%
Calculated Impulse Grounding

Resistance Rch2/Ω
Measured Impulse Grounding

Resistance Rch1/Ω
Soil Discharge Area

VI/(cm3/kA)

23.56 35.9 19.50 22.27
39.14 35.9 19.21 23.75
40.50 35.9 18.60 26.18
48.80 35.9 17.50 34.48

4.2. Correlation Analysis between VI and Rch

This paper also carried out the correlation analysis between VI and impulse grounding
resistance Rch. According to the analysis above, there is a negative correlation between the
two parameters. In order to facilitate the analysis, the correlation between the reciprocal of
the impulse grounding resistance and VI of the grounding device is analyzed.

In this paper, soil samples with a resistivity of 100, 300, 500, 700, and 1000 Ω·m are
selected, which are impinged a current of 2.0 kA to carry out the comparative test of near
area soil dispersal capacity. Some images obtained from the test are shown in Figure 5, the
impulse current and the impulse voltage waveform on the grounding conductor are shown
in Figure 6, and the variation rule of VI and Rch’s reciprocal is shown in Figure 7.

 

(a) (b) 

Figure 5. Image of the soil discharge channel of different soil resistivity: (a) ρ = 300 Ω·m; (b)
ρ = 700 Ω·m.

 

(a) (b) 

Figure 6. Current and voltage waveform of soil of different soil resistivity when injected into impulse
current: (a) ρ = 300 Ω·m; (b) 700 Ω·m.
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Figure 7. VI and reciprocal of Rch of different soil resistivity.

As can be seen from Figure 7, The change rule of the equivalent value of the soil
discharge volume per unit electric current is the same as that of the reciprocal of the
grounding resistance of the grounding electrode. The calculated correlation coefficient r is
shown in Table 2.

Table 2. VI and reciprocal of Rch of different soil resistivity.

The Variables Correlation
Impulse Grounding

Conduntance

VI and reciprocal of Rch
Person correlation index r 0.985

Significance (bilateral)
Number of sample M

0.002
5

According to Table 2, under different soil resistivity, the correlation coefficient r of VI
and Rch’s reciprocal is above 0.9, showing a significant correlation. Therefore, the evaluation
method of the near-area soil impulse dispersion performance proposed in this paper can
directly depict the impulse dispersion performance of soil media, it is proved to be feasible
and effective enough to enrich the evaluation system of the impulse dispersion ability of a
grounding device, complementing the evaluation method of the soil impulse dispersion
performance.

4.3. Variation of VI with the Content of SAP

In order to compare and analyze the change of the volume of the modified soil dis-
charge area under the equivalent unit current under different content of SAP, soil moisture
content was controlled to be 5% and soil density was controlled to be 1.25 g/cm3. Modified
soils with a content of SAP of 0%, 0.1%, 0.25%, and 0.5% were prepared, respectively.
The amplitude of the impulse current was 2.0 kA when the ground electrode in the soil
modified by SAP was injected. Figures 8–11 show the topography of the discharge area ob-
tained during the impact diffuser test, the impulse current and impulse voltage waveforms
flowing through the modified soil are shown in Figures 12–15.
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(a) (b) (c) (d) 

Figure 8. Image of the soil discharge channel before modification: (a) Before breakdown; (b) front
view; (c) side view; (d) top view.

    

(a) (b) (c) (d) 

Figure 9. Images of modified soil with the SAP content of 0.1%: (a) Before breakdown; (b) front view;
(c) side view; (d) top view.

    

(a) (b) (c) (d) 

Figure 10. Images of modified soil with the SAP content of 0.25%: (a) Before breakdown; (b) front
view; (c) side view; (d) top view.

    

(a) (b) (c) (d) 

Figure 11. Images of modified soil with the SAP content of 0.5%: (a) Before breakdown; (b) front
view; (c) side view; (d) top view.
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Figure 12. Current and voltage waveform of soil without SAP when injected into the impulse current.

Figure 13. Current and voltage waveform of modified soil with the SAP content of 0.1% when
injected into the impulse current.

Figure 14. Current and voltage waveform of modified soil with the SAP content of 0.25% when
injected into the impulse current.

 
Figure 15. Current and voltage waveform of modified soil with the SAP content of 0.5% when
injected into the impulse current.

Figure 16 shows that with the increase in the content of SAP in the soil, the impulse
grounding resistance of the soil decreases slightly, and the value of VI in the soil discharge
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area increases gradually. SAP changes the ratio of solid, liquid, and gas in the soil, and it
reduces the resistivity of the soil dispersion area, so it makes the soil discharge process
more intense, which is macroscopically represented by the increase in the volume of the
discharge area. When the SAP’s content was 0.5%, the value of VI of the dispersion zone in
the modified soil was 24.59 cm3/kA. Compared with the modified soil without SAP, the
value of impulse grounding resistance decreased by 10.26%, and the value of VI increased
by 3.54 times. Compared with the impulse grounding resistance’s value of the grounding
electrode, the change of the value of VI of the soil is more obvious, and it is less affected
by the test conditions. Therefore, in areas with high soil resistivity, when SAP is used
to modify the soil near the grounding electrode, the long-term effectiveness of SAP’s
resistance reduction performance can be monitored based on the size of VI’s value.

Figure 16. Curve of VI with the content of SAP.

4.4. Variation of VI with Water Content of Modified Soil

In order to compare and analyze the dispersion efficiency of the soil near the grounding
conductor under different water contents, this paper selects the modified soil with different
water contents to carry out the comparative test of the dispersion efficiency of the soil
near the grounding electrode. Keeping the mass ratio of the modified material to the
unmodified soil equal to 5:1000 and the soil density equal to 1.25 g/cm3, the water content
of the modified soil was adjusted to 10%, 15%, and 25%, respectively. The amplitude
of the impulse current is 2.0 kA when the ground electrode of modified soil is injected.
Figures 17–19 show the morphologic characteristics of the discharge area obtained during
the impulse dispersion test process. Figures 20–22 show the impulse current and impulse
voltage waveform when the current flows through the modified soil.

    

(a) (b) (c) (d) 

Figure 17. Images of modified soil with water content of 10%: (a) Before breakdown; (b) front view;
(c) side view; (d) top view.
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(a) (b) (c) (d) 

Figure 18. Images of modified soil with water content of 15%: (a) Before breakdown; (b) front view;
(c) side view; (d) top view.

    

(a) (b) (c) (d) 

Figure 19. Images of modified soil with water content of 25%: (a) Before breakdown; (b) front view;
(c) side view; (d) top view.

Figure 20. Current and voltage waveform of modified soil with the water content of 10% when
injected into the impulse current

Figure 21. Current and voltage waveform of modified soil with the water content of 15% when
injected into the impulse current.
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Figure 22. Current and voltage waveform of modified soil with the water content of 25% when
injected into the impulse current.

As can be seen from Figure 23, with the change of water content in the modified soil,
the value of VI in the spark discharge area in the modified soil increases, and the value of
impulse grounding resistance of the grounding electrode gradually decreases, indicating
that the dispersion performance of the modified soil is also continuously enhanced. In
addition, when the moisture content of the modified soil was 25%, VI was 20.10 A/cm3,
which decreased by about 55.47% compared with that of 5%. This indicates that modified
soil with higher moisture brings a discharge process with greater intensity and a better
dispersion capacity of the impulse current. This is because SAP absorbs sufficient water in
the modified soil, and a large number of water molecules fill the air gap between the soil
particles, which reduces the resistivity of the modified soil near the grounding electrode.
At the same time, with the increase in moisture in the soil, water film appears on the
contact surface between the grounding conductor and the soil, which reduces the contact
resistance, and the soil discharge process becomes more intense, which is macroscopically
represented by the increase in the volume of the soil discharge area.

Figure 23. Curve of VI with water content of modified soil.

5. Conclusions

In this paper, X-ray imaging technology is used to observe the discharge area in the
soil, and the equivalent value of the discharge volume of the soil per unit electric current
(VI) is proposed as an index to evaluate the soil impulse dispersion performance in the
near-area of the grounding device. The feasibility and effectiveness of the method were
verified by the simulation test, and the variation law of impulse dispersal capacity of soil
samples with different properties was analyzed. Specific conclusions are as follows:
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• The proposed equivalent value of soil discharge volume per unit electric current,
combined with the image characteristics of soil impulse discharge, can directly reflect
the dispersion of the impulse current in the soil, and the results of the evaluation can
reflect the change law more significantly than the results calculated by an empirical
formula and measurement waveform. However, the limitation is that other types of
soil and soil heterogeneity are not considered.

• The experimental results show that when the samples’ soil resistivity is the same
and the soil moisture content is different, the VI of the soil medium is different, and
increases with the increase of the moisture content, but the value of the empirical
formula recommended by the regulations remains unchanged.

• In the area of high soil resistivity, when the VI ’s value is small, it indicates that there
is space to further improve the impulse dispersion performance of the grounding
electrode by modifying the soil.

• With the increase in the content of SAP, the VI of the discharge zone of the soil increased
gradually. When the content of the modified material was 0.5%, the VI’s value of the
dispersion zone of the soil modified by SAP was 24.59 cm3/kA. Compared with the
modified soil without SAP, the impulse grounding resistance decreased by 10.26%,
and the value of VI increased by 3.54 times.

• With the increase in moisture content of the soil modified by SAP, the discharge process
of soil becomes more intense, and the impulse dispersion performance is better. In the
soil modified by SAP, VI is 20.10 cm3/kA when the water content is 25%. Compared
with the modified soil with 5% water content, VI increases by about 55.47%.

In this article, the sand was the only test sample to be modified, and then this paper
explored the impulse dispersion performance of modified soil. Therefore, in the future,
the modification of other types of soil is expected to be carried out to study their VI
characteristics, such as gravel soil, clay soil, frozen soil, etc. In addition, the experimental
platform is going to be updated to increase the amplitude of the impulse current, to permit
double impulse current, and to increase the size of soil samples, so as to study whether
the change rule of VI’s value under the uneven soil model is still applicable. Finally, on
the basis of all the research, the evaluation method of the impulse dispersion performance
of various existing grounding resistance reduction materials and resistance reduction
schemes will be studied, so as to select the most effective resistance reduction measurement
to minimize the grounding resistance in high soil resistivity areas and provide a safer
grounding environment.
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Abstract: Transient voltage generated in ultra-high voltage (UHV) transmission system has a severe
impact on the insulation state of gas-insulated transmission lines (GIL). In order to monitor the
transient voltage process occurring in UHV GIL during operation, this paper constructs a transient
voltage ultra-wideband (UWB) online monitoring system based on capacitive voltage division.
This system has been applied in an 1100 kilovolt (kV) GIL utility tunnel project. It can be used to
analyze the characteristics of the recorded transient voltage waveforms for distinguishing different
types of insulation failure. In this paper, through the case studies in time domain and time–frequency
domain, the case of SF6 gap breakdown and that of post insulator flashover have differentiated
characteristics in instantaneous frequency. Additionally, a case of secondary discharge is successfully
estimated through the time–frequency distribution of the transient voltage. In order to find the
malfunctioning chamber of GIL rapidly, a two-terminal TW-based fault location method based on
this monitoring system is developed in this paper. The case study validates the locating accuracy
which directly support for shortening the maintenance time of GIL.

Keywords: UHV GIL; transient voltage; on-line monitoring system; UWB voltage sensing

1. Introduction

In order to raise the efficiency of clean energy and reduce the coal consumption, a
power transmission system with large capacity is necessary to deliver electricity from
the renewable resource-rich areas to the areas with high electricity consumption [1].
Ultra-high voltage (UHV) gas-insulated transmission lines (GIL) are an excellent tech-
nology for a high-power underground transmission system with long delivering distances
and low energy losses [2]. A general structure of GIL consists of two concentric aluminum
tubes [3,4]. The inner tube is the conductor with high current-carrying capability, and the
outer aluminum enclosure offers a mechanical and electromagnetic encapsulation [5–7].
The conductor is held in the center of the enclosure by using basin-type insulators and
post insulators. A gas mixture of nitrogen (N2) and sulfur hexafluoride (SF6) is filled
in the tubes as insulating medium [8,9]. Usually, a UHV power transmission system is
constructed across every long distance, and overhead transmission lines cannot be built in
some circumstances, such as crossing a wide river, a mountain or metropolitan areas [10].
Thus, the GIL technology is tending to be used as an underground solution for UHV
transmission systems. Moreover, due to the advantage of space saving, the GIL technology
is widely used to connect large-scale hydropower plants or nuclear power plants to the
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public transmission grid [11]. In recent years, an 1100 kilovolt (kV) GIL project is built
under the Yangtze River to transmit clean energy from west to east China.

The operating reliability of GIL is directly related to the security and stability of the
power system. In highly intensive electric field inside UHV GIL, latent insulation defects
are prone to occur on the insulators, because insulators of UHV GIL require enhanced
dielectric strength and more critical manufacturing techniques [12,13]. Additionally, any
scratching or dislocation of installation during transportation and installation of GIL could
lead to latent dangers, such as electrode surface defects, insulator cracking and left inside
small metal particles [14–16]. These latent dangers inside GIL possibly lead to insulation
breakdown in the process of voltage withstand test or normal operation [17,18]. For on-site
test of 1100 kV GIL, the power frequency withstand voltage is 1100 kV (r.m.s. value), and
the lightning impulse withstand voltage is 2400 kV (peak value). Once a breakdown occurs
in GIL, transient voltage with steep change will be excited [17]. The transient voltage will
travel back and forth between the fault point and the port of the bushing, forming the
typical traveling wave (TW) process. Due to small resistance of GIL, the TW energy cannot
vanish quickly. The attenuation of transient voltage will slow down, which will threaten to
the insulation of other parts of GIL equipment. Therefore, it is important to interpret the
characteristics of transient voltage traveling inside UHV GIL.

In previous research, the characteristics of transient voltage traveling inside UHV
GIL are usually studied by simulation. However, the simulation results have limited
support for practical engineering applications. Capturing accurate transient voltage in real
operating GIL offers an alternative way to study the characteristics of transient voltage
traveling inside long-distance UHV GIL [2]. Furthermore, in order to minimize the impact
of outage, once a breakdown occurs in GIL, it is necessary to quickly and accurately locate
the discharge location [19]. A gas chamber of UHV GIL is typically 20 m, so the accuracy
of the fault location technique should keep within 20 m to recognize the malfunctioning
chamber. Previous research on TW-based fault location technology is mostly aimed at
conventional overhead lines and cables [20,21]. The accuracy is around 300 m (a typical
tower span), which is difficult to meet the requirements of the fault location for UHV
GIL [22].

This paper presents a novel structure of a transient voltage on-line monitoring system
based on ultra-wideband (UWB) capacitive voltage sensor. This system is applied in
an 1100 kV GIL project. Depending on this on-line monitoring system, a fault location
method that can satisfy the required precision of UHV GIL is developed. This method is
simple to automatically implement with respect to rapidly locating the malfunctioning
chamber of typical UHV GIL. Two real-world cases of insulation breakdown happened in
the GIL project are recorded by this monitoring system and delivered in this application
paper. Relying on these two insulation failure cases that occurred in dielectric withstand
voltage test and actual operation respectively, the time–frequency distributions of transient
voltage excited in a real UHV GIL is investigated in discussion. Additionally, in the case of
insulation flashover during operation, the fault location method is implemented in practice
to validate the accuracy of fast fault locating function of this system.

2. Materials and Methods

2.1. Construction of Transient Voltage UWB Online Monitoring System

As a part of the Huainan-Nanjing-Shanghai 1000 kV alternating current (AC) power
transmission system, the 1100 kV Sutong GIL utility tunnel laid under the Yangtze River
measured 5.4 km long and 75 m deep [23,24]. This project is a worldwide breakthrough for
UHV GIL technology with the longest distance, the highest voltage level and the largest
transmission capacity. The transient voltage online monitoring system with ultra-wide
bandwidth is designed innovatively and applied in this project. The structure of this
monitoring system is shown in Figure 1. In this system, transient voltage measurement
points are set at the ports of bushings which are located at both ends of each phase of
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the GIL tunnel. As illustrated in Figure 1, the system is divided into three levels: voltage
sensor, monitoring terminal, and storage control unit.
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Figure 1. Structure diagram of transient voltage UWB online monitoring system for 1100 kV Sutong GIL project.

2.1.1. Ultra-Wideband Voltage Sensor

The UWB voltage sensor is used to measure the voltage in an expected frequency range.
The principle is based on the theory of capacitive voltage division. Its basic components
include hand hole cover plate, induction electrode and insulating film, as described in
Figure 2a. The original cover plate on the GIL is modified to install this voltage sensor. As
shown in Figure 2b, the induction electrode is installed inside the hand hole of the GIL,
and a bespoke shield cover is added to control the electric field distribution around the
induction electrode. The structural parameters of voltage sensors are estimated according
to the detailed structure of the hand hole by finite element method (FEM). In this system, a
shield plate with 110 mm inner diameter and the 83 mm height is also fabricated to achieve
an ideal voltage division ratio. In this case, the voltage division ratio is about 1,360,000.

The induction electrode is installed in the shield cover as depicted in Figure 2a.
The induction electrode is a cylinder with 100 mm diameter and 20 mm thickness. Teflon film
with 100 μm thickness is chosen as the insulating medium between the electrode and the
hand hole cover plate [25]. The electrode and the high-voltage conductor constitute the
high-voltage arm capacitance of 0.001 pF level, and the electrode and the cover plate con-
stitute the low-voltage arm capacitance of nF level. The effective bandwidth of the voltage
sensor is verified at 2.1 Hz ~ 230 MHz calibrated by a standard resistance divider in the
calibration experiment.
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(a) (b) 

Figure 2. Ultra-wideband voltage sensor. (a) Schematic structure of the voltage sensor; (b) entity of voltage sensor and its
installation position.

2.1.2. Monitoring Terminal

A monitoring terminal includes an impedance conversion unit, a high-speed acqui-
sition unit, a power module, an isolation transformer, a GPS module and an antenna.
Figure 3a shows the schematic structure. Except for the antenna, other modules are in-
stalled in stainless steel shielding box, which provides 220 V AC power supply externally.
Through an isolation transformer, the power module converts the AC power into DC
power for acquisition unit and impedance conversion unit.

 

 

(a) (b) 

Figure 3. Monitoring terminal. (a) Structure of the monitoring terminal; (b) Entity of monitoring terminal and its
installation position.

To ensure a sufficient measuring accuracy of power frequency voltage, an impedance
conversion circuit is added at the output of the low-voltage arm capacitance. The input
resistance of the impedance conversion circuit is set at giga-Ω (GΩ) range, so that the low
cut-off frequency of the measurement system is expanded sufficiently. The output resistance
is set around 0.1 Ω to enhance the driving ability to the acquisition unit. The sampling rate
of the data acquisition unit is 250 MS/s, the analog bandwidth is 100 MHz. The acquisition
unit supports First Input First Output (FIFO) mode of continuous acquisition and storage.
Additionally, the acquisition unit supports gradient triggering mode. When a sudden
change in monitoring voltage exceeds the presupposed gradient value, the acquisition unit
will be triggered for long-term recording. The monitoring terminal is fixed on the flange
outside the voltage sensor, as shown in Figure 3b.
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A GPS module with 10 ns resolution is applied to meet the requirement of this moni-
toring system. To ensure the soundness of the power supply for the monitoring terminal,
the isolation transformer is used to suppress the interference of ground potential rise
caused by the operation of isolation switch and circuit breaker. The insulation withstand
voltage of iron core (iron core grounding) between the primary and secondary winding can
reach 20 kV. The common mode rejection attenuation characteristic curve of the isolation
transformer is shown in Figure 4. It can be found that the isolation transformer can greatly
restrain the interference signal above 20 kH.

Figure 4. Common-mode suppression attenuation characteristic curve of the isolation transformer.

2.1.3. Storage Control Unit

The storage control unit is placed in a cabinet in a relay protection room. It includes an
optical switch, control host (server) and other equipment. Twelve monitoring terminals are
connected with optical switch through single-mode optical fiber. The basic function of the
storage control unit it to store and communicate the transient voltage data. Additionally, an
automatic analysis for location of insulation breakdown fault is accomplished relying on the
storage control unit. The location accuracy is expected to attain at least 20 m. This analysis
function can realize fast location of breakdown point of the operation GIL. The applied
fault location method is based on principle of two-terminal TW theory with synchronous
UWB measurement of transient voltage.

2.2. Two-Terminal TW-Based Fault Location for GIL

TW-based fault location methods have been widely applied for adaptive auto-reclosing,
line protection and disturbance diagnosis of transmission lines. It is also applicable for
GIL in theory since the transient voltage can be accurately captured by the UWB online
monitoring system. The principle of TW-based fault location for GIL is depicted in Figure 5.
When an insulation breakdown occurs in GIL, a pair of transient voltage TWs as the same
amplitude as the breakdown voltage and opposite polarity will propagate along the GIL in
opposite directions. The distance between two UWB voltage sensors which are adjacent
to the bushings at the ends of GIL is marked as L. The distance between the breakdown
position and the sensor A in the south is denoted as d. The moments that the pair of TWs
arrive at the installing positions of sensor A and B are symbolized as ta and tb, respectively.
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Figure 5. Schematic diagram of two-terminal traveling wave location principle of GIL.

The distance L can be calculated by the following equation:

d =
L + (ta − tb)v

2
, (1)

where v represents the wave propagation velocity along the GIL. The propagation velocity
can be obtained by on-site measurement or calculation based on structural parameters of
GIL. The formula is:

v =
ω

β
=

ω

Im(
√
(R + jωL)(G + jωC)

, (2)

where ω is frequency in radians/second of the transient wave. β is called phase constant,
which is the imaginary part of the propagation constant. R, L, G and C are the line
parameters, which represent resistance, inductance, conductance and capacitance per unit
length of GIL, respectively.

Regarding the UHV GIL tunnel used in the Sutong project, the manufacturers provide
the parameters that C equals 45 pF/m, L equals 0.26 μH/m, R equals 3.33 μΩ/m and
G can be neglected. Considering high frequency components of the generated transient
voltage, the GIL is a case of low loss line ( R

ωL � 1 and G
ωC � 1). Then, Equation (2) can be

simplified as:

v ≈ 1√
LC

. (3)

Consequently, the calculated velocity is around 292.4 m/μs by Equation (3) in the
application. Based on three cases of actual breakdown positions during the dielectric
withstand voltage tests of this project, the propagation velocity is justified as 292.9 m/μs.

3. Results

3.1. Record of TW during Dielectric Withstand Voltage Test

During the dielectric withstand voltage test, a case of SF6 gap breakdown was captured
by the transient voltage UWB online monitoring system. When the test voltage reached
900 kV (effective value), a phase of GIL broke down. Figure 6 shows the record of the
transient voltage waveforms in the north and south measuring points.

Figure 6a shows that the voltage rapidly drops to zero after a short oscillation, and
then lasts for nearly 20 ms. After the arc at the fault point was extinguished, the power
supply of the test system had not been cut off. A voltage around 300 kV at the test frequency
resumed. As shown in Figure 6b, the transient voltage waveforms on both sides last nearly
400 μs. For the TW measured in the south, half a period of the initial square wave is
28.01 μs, and the half-wave steep time of this first wave is around 120 ns. After one cycle,
the regular transient voltage is distorted, due to external flashover of reactor in the test
circuit overlapped with the original voltage traveling wave. For the TW measured in
the north, half a period of the initial square wave is 10.38 μs. After nearly 52 μs, a new
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traveling wave process appears, half the period is around 1.19 μs. After 250 μs, it gradually
attenuates to zero. Additionally, this waveform head decreases from 1182 kV to −1702 kV,
taking about 180 ns, and the half-wave steep time is about 90 ns.
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Figure 6. Transient voltage waveform generated by the SF6 gap breakdown in 1100 kV GIL during dielectric withstand
voltage test. (a) Full recorded waveform within 100 ms; (b) an expanded view of the transient waveform.

3.2. Record of TW during Operation

A case of internal insulation breakdown was captured in a phase of operating GIL.
Figure 7 displays the recorded voltage waveforms of this case. Damped square waves were
generated due to refraction and reflection of the travelling wave between the breakdown
point and the connection point. For the TW measured in the north, half a period of the
initial square wave is around 26.8 μs, and the half-wave steep time is about 760 ns. For the
TW measured in the south, half a period of the initial square wave is around 12.1 μs, and
the half-wave steep time is about 640 ns. Comparing the voltage waveform in Figure 6, the
transient voltage caused by GIL insulation flashover during operation jumps much slower.
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Figure 7. Transient voltage waveform generated in a phase of operating 1100 kV GIL. (a) Full recorded waveform within
100 ms; (b) an expanded view of the transient waveform.
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4. Discussion

4.1. Time–Frequency Analysis

To further investigate the characteristics of the transient voltage excited in differ-
ent conditions, the transient voltage in time–frequency domain is discussed in this sec-
tion. The recorded waveforms are transferred by using continuous wavelet transform
(CWT) method. Figure 8 shows the time–frequency distributions of SF6 gap breakdown.
The instantaneous high-frequency components excited by the voltage mutation are framed.
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Time/us  
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(a) (b) 

Figure 8. Time–frequency distributions of the transient voltage excited by SF6 gap breakdown during dielectric withstand
voltage test. (a) Spectrum measured by sensor A (south); (b) spectrum measured by sensor B (north).

As illustrated in Figure 8a, the instantaneous frequency of the transient voltage mea-
sured in the south is near to 35 MHz at the first abrupt change. The instantaneous fre-
quency component of the next voltage abrupt change appears to be an obvious attenuation.
Then, the instantaneous frequency component, which is less than 25 MHz, is observed due
to a new transient voltage caused by the reactor flashover. Combining the observation of
Figures 6b and 8a, a high frequency component close to 35 MHz appears again after 75 μs,
and exists in the following two square half-wave periods, and the square half-wave period
is shorter at this time. It is speculated that a secondary breakdown happened between the
first breakdown point and the end of the south bushing of GIL. In Figure 8b, the instanta-
neous frequency of the transient voltage measured in the north is close to 35 MHz at the
first voltage abrupt change, and then the instantaneous frequency component gradually
attenuates. After 52 μs, a high frequency component with more than 35 MHz appears
again. It lasts for nearly 25 μs and then decays to less than 10 MHz. Similar to on the south
side, it indicates that there may be a secondary breakdown between the first breakdown
point and the north bushing. During the disassembly inspection, it was found that SF6 gap
breakdown occurred between the high voltage conductor and the shell flange at 3460 m,
4110 m and 5459 m away from the end of the south bushing. Therefore, it verified the
results of the time–frequency analysis above.

Figure 9 presents the time–frequency distributions excited by flashover in a post
insulator of an operating GIL. It can be observed that the time–frequency distributions
measured at both sides are similar. The instantaneous high frequency component excited
by the first voltage sudden change is close to 3.5 MHz. After three square half-wave cycles,
the high-frequency components are all attenuated to less than 1 MHz. From the observation
of the time–frequency spectrum, only one breakdown happened in this case. Compared
with the case of SF6 gap breakdown, the instantaneous frequency component in this case is
much lower. Consequently, it is considered that this failure case is caused by a different
type of insulation breakdown. As a result, a post insulator of this GIL broke down, leading
to this failure case.
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Figure 9. Time–frequency distributions of the transient voltage excited by flashover in a post insulator of an operating GIL.
(a) Spectrum measured by sensor A (south); (b) spectrum measured by sensor B (north).

4.2. Fault Location of GIL Insulation Flashover during Operation

Regarding to the case of GIL insulation flashover during operation, the two-terminal
TW-based fault location method is applied. The distance between these two UWB voltage
sensors installed in this phase of GIL is 5657.7 m. The time difference that the reciprocal
TWs arrive at positions of sensor A and B is estimated automatically by identifying the
abrupt moments of TW heads. Figure 10 depicts the expanded view of the recorded TW
heads, and the time difference (ta − tb) is about −7250 ns. The propagation velocity v is
approximately 292.9 m/μs. According to Equation (1), the distance d between the location
where insulation flashovers and the installation point of sensor A can be derived as follows:

d =
L + (ta − tb)v

2
= 1767.4 m.
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Figure 10. Expanded view of the recorded TW heads.

An inspection was taken after opening the suspected gas chamber of the GIL. A trace
of flashover was found near a post insulator of the GIL, as shown in Figure 11. It was
1763.6 m far away from the installation position of sensor A. Therefore, the location error
of this case is 3.8 m. The result satisfies the accuracy of fault location for recognizing the
malfunctioning chamber of the 1100 kV GIL tunnels.
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Figure 11. Inspection view of the fault location caused by flashover of a post insulator in GIL.

5. Conclusions

In this application paper, a novel transient voltage on-line monitoring system, which is
applied in an kV GIL project, is introduced. The effective measurement bandwidth ranges
from 2.1 Hz to 230 MHz. The sampling rate is 250 MS/s, and the analog bandwidth is
100 MHz. In order to fast locate the malfunctioning GIL chamber and shorten the main-
tenance time, a two-terminal TW-based fault location method relying on this monitoring
system is developed and implemented. Based on two real-world cases of insulation break-
down captured by the online monitoring system, the characteristics of the transient voltage
waveforms in both time domain and time–frequency domain are presented and discussed.
The following conclusions are drawn:

(1) The instantaneous frequency of the transient voltage caused by a SF6 gap breakdown
case during withstand test exceeds 35 MHz, whereas the instantaneous frequency
excited by post insulator flashover during operation is around 3.5 MHz, which is
much lower. Therefore, the characteristics of waveforms could indicate different types
of insulation breakdown.

(2) Time–frequency analysis, can be used to estimate whether the GIL has secondary
discharge by the time–frequency distribution of transient voltage.

(3) The accuracy of the applied fault location method is validated in the case of insulation
flashover during operation. The location error of this case is 3.8 m and successfully
recognizes the malfunctioning chamber.
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Abstract: Partial discharge of soil occurs when a lightning current enters the ground, and the strength
of partial discharge is closely related to the magnitude of its critical breakdown field strength.
Therefore, how to accurately obtain the variation law of the typical soil critical breakdown field
strength and residual resistivity is the key to realizing the safe operation of the grounding devices
and cables in the ground. This paper first selects a variety of typical soils to study the influence of
various factors on the morphology of the discharge channel, and then studies the calculation methods
of the soil critical breakdown field strength and residual resistivity under the introduction of different
discharge channel morphologies and structures, and further discusses the reason why typical soil
media factors have a small impact on the critical breakdown field. The experimental results show
that under the same conditions, the critical breakdown field strengths of different soils from small to
large are sand soil, loam soil and Yellow cinnamon soil. The largest ratio of residual resistivity to
initial resistivity of the three soils is sand soil.

Keywords: discharge channel morphology characteristics; critical breakdown field strength; residual
resistivity; X-ray imaging technology

1. Introduction

At present, people have carried out a lot of research on dielectric breakdown, lightning
protection and grounding [1–12]. In the process of studying the mechanism of soil impact
breakdown, determining the critical breakdown field strength Ec and residual resistivity
ρres of the soil is a very important goal of the research work. This is because in any transient
calculation model of grounding devices that considers soil discharge, the electrical param-
eters of soil discharge characteristics (critical breakdown field strength Ec and residual
resistivity ρres) are important and critical parameters. Summarizing the current status of
Ec research, the numerical values calculated by different scholars vary widely, ranging
from 29 kV/m to 1850 kV/m [1,3,6,13–17]. The large difference in the calculation results
is mainly due to the differences in the soil discharge models used when calculating the
critical soil breakdown field strength. The reason is mainly due to the lack of a unified
understanding of the real discharge area structure of the soil, so the soil discharge model
used in the calculation is also different, resulting in such a big difference in the calculation
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results. There are relatively few studies on the residual resistivity. In some studies, it is
found that the resistivity of the soil discharge area has dropped significantly [4,11,16].

However, there are abundant soil types in the world, and various types of power
facilities are distributed in different regions. Due to the different soil types, the impact
discharge conditions of the soil around these facilities are also different. Therefore, it is
not possible to simply use the impulse discharge characteristics of a certain type of soil to
describe all impulse discharge characteristics. At present, most experiments on the research
of soil impulse discharge use fine sand as simulated soil. However, there are differences
between fine sand and actual soil, and the experimental results need to be improved. Some
institutions have studied the comparison of impact characteristics of fine sand and red clay,
which has certain reference significance, but the selected soil type is not sufficient [18]. At
present, a large number of documents have studied the impact characteristics of grounding
devices, and equivalently replaced them with some circuit models to obtain the value of
impact grounding resistance or other parameters [19–25]. However, the number of articles
on impulse discharge research on different soil types is relatively small, so it is necessary to
study the impulse discharge characteristics of different typical soils.

The impact of soil discharge is related to many factors, the most important of which
is the water content, salt content and density of the soil. When the values of the three
parameters are different, the critical breakdown field strength and residual resistivity of
the soil are different. Obtaining the minimum critical breakdown field strength of the
soil has certain practical significance. Obtaining the influence of the three factors on the
critical breakdown field strength and residual resistivity can better study the change law
of them. At present, there are relatively few studies on the influence of these factors on
the critical breakdown field strength and residual resistivity, so it is necessary to carry out
relevant research.

In this paper, through the impulse current generator and the X-ray transmission imag-
ing platform, relying on the three-dimensional reconstruction and inversion calculation
methods, the influence of different typical soil media factors on the critical breakdown field
strength and residual resistivity is studied, and the influence rules are analyzed. The soil
breakdown mechanism is analyzed based on the experimental results.

2. Experimental Principle and Equipment

2.1. Impulse Current Generator

The schematic diagram of the soil impulse discharge observation platform based
on X-ray digital imaging technology built in this paper is shown in Figure 1. The main
equipment of the observation platform includes an impulse current generator (ICG) and an
X-ray imaging system (XIS), which are connected by a time delay control unit (TDCU). The
shortest exposure time of the X-ray machine is 1ms, and the impulse current wavelength is
tens of microseconds, so TDCU is required to delay the triggering of the impulse current
generator. When XIS is triggered, the TDCU unit gives ICG a delay signal to trigger
the ICG to generate an impulse current. The delay accuracy of TDCU can reach the
microsecond level, so the synchronous triggering of ICG and XIS can be guaranteed. The
components of the ICG in Figure 1 are: voltage regulator T2, with a voltage regulation
ratio of 380/45 kV; silicon stack rectifier D, with a maximum current of 1 A; capacitor
bank C, with a capacitance value of 30 μF; the values of wave modulating resistance R and
inductance L are 6 Ω and 32.97 μH, respectively; the current sensor CT has a maximum
current capacity of 20 kA; VD is a voltage divider with a voltage division ratio of K = 691;
a digital oscilloscope DSO with a sampling rate of 1.0 G samples/s and a bandwidth of
100 MHz; S is the ground electrode; ST is the sandbox. XRG is an X-ray generator; the
model is MILLENNIUM (SEDECAL, Madrid, Spain); the shortest exposure time is 1 ms;
the maximum output voltage is 150 kV; the output current is 500 mA; and the maximum
output power is 80 kW. The digital flat-panel detector (FPD) uses Canon CXDI-50G (Canon
Co., Ltd., Tokyo, Japan); the number of gray scales is 14-bit gray scale; the pixel size is
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160 μm; and the pixel size is 5.9 million. The image processing system PC is used to adjust
the output parameters of the X-ray generator and display the imaging results.

Figure 1. Impulse discharge and X-ray imaging test wiring diagram.

2.2. X-ray Imaging System

The X-ray imaging system (X-ray image system, XIS) is mainly composed of X-ray
source, imaging board, a control system and an image processing system. The function of
the X-ray source is to provide X-rays with suitable and stable radiation quality and transmit
X-rays to soil samples.

Based on the principle of X-ray digital imaging, when X-rays are uniformly incident,
the X-ray absorption capacity of the electrode, the simulated soil sample and the discharge
area are different, resulting in different doses of rays passing through different areas.
The flat-panel detector receives different doses of X-rays, thereby presenting images with
different gray values, as shown in Figure 2.

Figure 2. Schematic diagram of X-ray imaging of the soil discharge area.

Electrodes, discharge areas and simulated soil samples can be distinguished by differ-
ent gray-scale images, which means that images of their discharge areas can be obtained by
X-ray transmission imaging. The penetration thickness of X-rays depends on the nature of
the penetrated medium and the power of the X-ray machine, according to Beer’s law [26]

I
I0

= e−μmρy (1)

where I is the amount of radiation after penetrating the substance, I0 is the initial radiation
amount of the X-ray machine, which depends on the power parameters of the X-ray
machine itself, and μm is the attenuation coefficient of the soil. y is the thickness of the
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soil that can be penetrated, and the power of the X-ray machine is positively related to the
thickness of the soil that can be penetrated.

The X-ray imaging board is also called a digital flat-panel detector. Its main function
is to detect, collect and convert the digital signal of the X-ray irradiated on the detector.
When the X-ray generated by the X-ray source is absorbed and attenuated by the soil
sample, the remaining rays penetrate the soil and irradiate the digital flat-panel detector.
The imaging board will convert the detected X-ray dose into a digital signal and transmit
it to the image processing system, generating the corresponding gray-scale image after
numerical operation. Based on the gray value information of different regions in the gray
image, the condition of the discharge channel in the soil is obtained.

2.3. Preparation of Soil Samples

The type of experiment conducted in this manuscript is a small-scale simulation
experiment carried out in the laboratory, so the soil samples need to be prepared using
standardized methods during the experiment.

This article involves the preparation of three kinds of soils. The specific preparation
steps of the three kinds of soils are as follows:

1. Separately screen and filter three kinds of soil with sufficient amounts to control the
upper limit of the particle size of the three soils.

2. Add a sufficient amount of distilled water to the three types of soils, stir thoroughly
until the salt in the soil is fully dissolved and when the natural precipitation is
complete, pour out the water and measure the salt content with a refractometer. After
repeating the same steps 6–9 times, when the salt content of the filtered soil exudate
is less than 0.05%, it can be considered that the soil does not contain soluble salt.

3. Put the three kinds of soil into the drying box to dry. Each drying time is 5 h. After
drying, take it out to measure its quality and make a record, until the difference
between the two quality measurements is less than 0.5%, it is considered that the soil
has been dried.

4. Configure the soil with different parameters according to the needs of the experiment.

3. Introduction to the Calculation Method of Discharge Channel Morphology and
Characteristic Parameters

According to the principle of X-ray imaging, the electrode, as a solid metal, has the
largest attenuation coefficient to X-rays, so it can absorb the most X-rays, and the place
corresponding to the electrode has the highest gray value, showing a white image. The
soil attenuation ability is inferior to the electrode and stronger than the discharge area,
and its gray value will be somewhere in between. The discharge area has the weakest
X-ray absorbing ability. The more X-rays pass through, the lower the gray value of the
corresponding place and the black image is. The three views of the discharge channel are
shown in Figure 3.

Figure 3. Three views of discharge channel.

According to Figure 3, on the basis of the known three views of the soil discharge
channel, a three-dimensional reconstruction of the soil discharge channel is carried out,
and the reconstructed model is exported to finite element simulation software. There is
a more detailed description of this type of model by Luo et al. [27]. Figure 4 shows the
model after three-dimensional reconstruction.
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Figure 4. Three-dimensional reconstruction model.

The software used for simulation calculation is COMSOL Multiphysics 3.5a (COMSOL
Inc., Stockholm, Sweden).

In this paper, the injected impulse current amplitude is 2.0 kA under the simulated test
conditions, and the impulse voltage test measurement value is 23.5 kV. Using the method
proposed in this section to combine the three-dimensional morphology of the discharge
area with the finite element method, set the soil residual resistivity is 7% ρ0 in the discharge
area. The voltage value of the electrode injection point can be calculated by using the finite
element method. After a certain step length iteration, the voltage calculated value and the
actual measured value can be within the allowable 1% error range, then the value at this
time is the convergence value.

When the soil residual resistivity is iterated to 000362% ρ0, the impulse voltage
simulation calculation value is 23.4 kV, and the error is 0.5%, which meets the allowable
error requirements. At this time, take the average value of the field strength in the discharge
area as the critical breakdown field strength value of 216.21 kV/m as the soil critical
breakdown field strength value under the set of test conditions.

4. The Influence of Medium Factors on the Critical Breakdown Field Strength

Studies have shown that the soil water content, salt content and soil density have an
impact on the value of soil critical breakdown field strength. In addition, different soils
have different properties and their influence laws are also different. Therefore, in this
section, we study the variation of the critical breakdown field strength of different typical
soils under the conditions of different water content, salt content and Soil density.

4.1. The Influence Law of Water Content on Ec

In order to study the influence of the water content of sandy soil, loam soil and Yellow
cinnamon soil on the electrical parameters of soil discharge characteristics in the laboratory,
this paper, according to the actual situation, maintains the soil salt content at 0.5% and the
soil density at 1.250 g/cm3, and the water content is 3%, 5%, 7%, 9%, 11%, 13% and 15%
of simulated soil samples, which were subjected to an impulse current with an amplitude
of 2.0 kA. Soil moisture content refers to the ratio of the quality of water in the soil to the
quality of dry soil [28,29]. The electrode used in the simulation experiment is a vertical
electrode with a diameter of 3 mm and a length of 10 cm, and the following experimental
electrodes maintain this parameter. Through an inversion calculation, we can obtain the
law of three kinds of soil critical breakdown field strength with water content, as shown
in Figure 5.
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Figure 5. The influence of water content on the critical field strength of soil breakdown.

It can be seen from Figure 5 that under the condition of 3–15% water content, the three
types of soil critical breakdown field strengths all show a trend of first decreasing and then
increasing and finally becoming saturated with the increase in soil water content. The
critical breakdown field strength of sandy soil varies between 161 kV/m~251 kV/m, the
critical breakdown field strength of loam between 175 kV/m~268 kV/m and the critical
breakdown field strength of Yellow cinnamon soil varies between 195 kV/m~278 kV/m.
Additionally, under the same soil medium conditions, the relationship between the critical
breakdown field strengths of the three soils is: Ec of sandy soil < Ec of loam soil < Ec of
Yellow cinnamon soil.

The law of the critical breakdown field strength of sandy soil, loam soil and Yellow
cinnamon soil with water content is as follows:

1. When the soil water content is between 3% and 7%, due to the increase in the water
content, the salt in the soil is dissolved into conductive ions, which enhances the
conductivity of the soil, and the critical breakdown field strength decreases with the
increase in the water content.

2. When the water content is between 7% and 11%, as the soil water content further
increases, the salt has been fully dissolved. At this time, as the water content increases,
the soil ion concentration decreases, the soil conductivity becomes weak and the
critical breakdown field strength increases.

3. When the water content exceeds 11%, Ec gradually becomes saturated, and the critical
breakdown field strength tends to be stable with the change in water content.

4.2. The Influence Law of Salt Content on Ec

In order to study the influence of salt content on Ec, on the basis of maintaining soil
water content of 5% and soil density of 1.250 g/cm3, the salt contents were 0.1%, 0.3%,
0.5%, 0.7% and 1.0%, respectively. The impulse current with an amplitude of 2.0 kA was
applied to the three soil samples. Through inversion calculations, we can acquire three
kinds of soil critical breakdown field strengths with salt content, as shown in Figure 6.
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Figure 6. The influence of salt content on the critical breakdown field strength of soil.

In the case of 0.1~1% salt content, it can be seen from Figure 6 that the critical breakdown
field strengths of sand, loam and Yellow cinnamon soil are between 207 kV/m~254 kV/m,
215 kV/m~264 kV/m and 225 kV/m~274 kV/m. As the salt content increases, the Ec of
the three soils all show a change situation that first decreases and then tends to saturation.
Additionally, under the same soil medium conditions, the relationship between the critical
breakdown field strengths of the three soils is: Ec of sandy soil < Ec of loam soil < Ec of
Yellow cinnamon soil.

The critical breakdown field strength of sandy soil, loam soil and Yellow cinnamon
soil changes in the same way with the salt content, and the details are as follows:

1. When the salt content is between 0.1% and 0.5%, due to the unsaturation of salt
dissolution, as the salt content increases, the dissolved ions in the solution increase,
the soil conductivity increases and the soil critical breakdown field strength decreases.

2. When the salt content continues to increase, because the dissolution has reached
saturation, as the salt content increases, the conductivity of the solution does not
change. Therefore, in this interval, as the salt content increases, the critical breakdown
field strength no longer has significant changes.

4.3. The Influence Law of Soil Density on Ec

In order to study the influence of soil density on the electrical parameters of soil
discharge characteristics, according to actual conditions, on the basis of maintaining a soil
water content of 5% and a salt content of 0.5%, the soil density samples are 1.042 g/cm3,
1.145 g/cm3, 1.250 g/cm3, 1.354 g/cm3 and 1.458 g/cm3, respectively. Since the volume of
the experimental sandbox selected in the experiment is fixed, the density of the soil can be
changed by changing the quality of the soil filled in the sandbox of a fixed volume. After
the above-mentioned soil density is normalized, the soil density can be expressed as: 1.0,
1.1, 1.2, 1.3 and 1.4. Applying an impulse current with an amplitude of 2.0 kA, through the
inversion calculation, the variation law of the soil critical breakdown field strength with
the salt content can be obtained, as shown in Figure 7.
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Figure 7. The influence of soil density on the critical breakdown field strength.

It can be seen from Figure 7 that when the soil density is 1~1.4, the critical breakdown
field strengths of sandy soil, loam soil and Yellow cinnamon soil are 122 kV/m~240 kV/m,
128 kV/m~252 kV/m and 146 kV/m~268 kV/m, respectively. The soil density has a
significant effect on the critical breakdown field strength. As the soil density increases,
the Ec of the three soils gradually increases. Additionally, under the same soil medium
conditions, the relationship between the critical breakdown field strengths of the three soils
is: Ec of Yellow cinnamon soil < Ec of loam soil < Ec of sandy soil.

The variation law of the critical breakdown field strength of sandy soil, loam soil and
Yellow cinnamon soil with soil density is as follows:

1. When the soil density is between 1 and 1.2, as the soil density increases, the soil
becomes denser, and the gap between the particles in the soil is smaller, so that it is
less likely to break down. Therefore, in this area, the soil is critically broken down
The field strength increases as the tightness increases.

2. With the further increase in soil density, although the critical breakdown field strength
continues to increase, its influence weakens, and the increasing trend of the critical
breakdown field strength slows down.

It can be seen from Figures 5–7 that under the same soil parameter conditions, the
magnitude relationship of the critical breakdown field strength value is: Ec of Yellow
cinnamon soil < Ec of loam soil < Ec of sand soil.

4.4. Analysis of the Influence of Three Factors on the Critical Breakdown Field Strength

Soil is a complex mixture composed of three-phase media of gas, liquid and solid. The
particle size of different soils is different. This factor will affect the content of water and
air in the gaps between soil particles. The internal structure of the three soils is different.
There are many clay particles in the loam soil and Yellow cinnamon soil, which can bond
the surrounding soil particles to form larger particles [18]. The breakdown voltage between
water, air and solid is: air < water < solid. Therefore, in the process of soil breakdown,
water and solids can be regarded as insulators relative to air, and air can be regarded as
conductors. However, in an unbreakable soil medium, the conductivity of water is greater
than that of air. Therefore, whether it is broken down or not, soil particles are regarded
as dielectrics, and air and water are regarded as conductors according to breakdown and
non-breakdown, respectively.

When the impulse current flows into the soil, due to the conductivity of the water, a
certain amount of leakage current flows through the water, so that the internal temperature
of the soil rises rapidly. The temperature rise causes the air molecules in the soil to thermally
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dissociate, and electron jumps are formed under the action of the external electric field,
which causes the soil to break down.

When the salt content and soil density are constant, at the beginning, the water content
and the leakage current are small, so less heat is generated. At this time, a larger voltage
is required to make the soil break down. In the process of increasing water, the leakage
current in the soil increases, and the temperature rises rapidly, which promotes the thermal
dissociation of the air and forms electron jumps to break down the soil. Therefore, the criti-
cal breakdown field strength decreases with the increase in water content. When the water
content continues to increase, as the water content in the soil voids gradually increases,
under the same voltage, the leakage current increases, and the current is more likely to be
discharged in the form of a diffuse current rather than spark discharge. Therefore, with the
increase in the water content at this time, the critical breakdown field strength of the soil
gradually increases.

When the water content and soil density are constant, as the salt content increases, the
ion concentration and the leakage current increase, so that the heat generated in the soil is
higher, which promotes the thermal dissociation of air gap molecules, thereby promoting
the formation of the electronic bounce. However, after the salt content increases to a certain
level, the ion concentration no longer increases, and the critical breakdown field strength
no longer drops significantly.

When the water content and salt content remain unchanged, the increase in soil
density will reduce the water and air content per unit volume, thereby greatly reducing
the content of conductive substances per unit volume, so the soil critical breakdown field
strength increases.

It can be seen from Figures 5–7 that, compared with water content and soil density,
salt content has the lowest impact on the critical breakdown field strength, because its
impact is only the single factor of soil ion concentration. Compared with the water content,
the maximum and minimum difference of the critical breakdown field strength caused
by soil density is about 125 kV/m in this experiment, and under the water content factor,
the maximum and minimum difference of the critical breakdown field strength is only
95 kV/m, so the soil density has the greatest impact on the critical breakdown field strength.

5. The Influence of Medium Factors on Residual Resistivity (ρres)

For the residual resistivity of the soil discharge area, the general concern is its relation-
ship with the initial resistivity of the soil, and the initial resistivity of the soil is affected by
the soil water content, salt content, soil density and soil types. Therefore, this chapter starts
from the perspective of soil initial resistivity changes, and comprehensively considers the
influence of water content, salt content, and soil density on the relationship between ρres
and initial resistivity ρ0 under different soil conditions.

5.1. The Influence of Water Content on ρres

In order to study the influence of water content of sandy soil, loam soil and Yellow
cinnamon soil on soil ρres, this paper, according to the actual situation, maintains a soil
salt content of 0.5% and soil density of 1.250 g/cm3, and the water content is 3%, 5%, 7%,
9%, 11%, 13% and 15%, respectively. Simulated soil samples were subjected to an impulse
current with an amplitude of 2.0 kA. The electrode used in the simulation experiment
is a vertical electrode with a diameter of 3 mm and a length of 10cm, and the following
experimental electrodes maintain this parameter. Through inversion calculations, we
can obtain three kinds of soil residual resistivity changes with water content, as shown
in Figure 8.
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Figure 8. The influence of water content on ρres under different soil types.

As shown in Figure 8, the ρres/ρ of the three soils all increase with the increase in soil
water content, and the relationship between the maximum values of the ρres/ρ of the three
soils is Yellow cinnamon soil ρres < loam soil ρres < sandy soil ρres.

5.2. The Influence of Salt Content on ρres

In order to study the influence of salt content on ρres, on the basis of maintaining a
soil water content of 7% and soil density of 1.250 g/cm3, the salt content was 0.1%, 0.3%,
0.5%, 0.7% and 1.0%, respectively. Impulse currents with amplitude of 2.0 kA are applied
to the three soil samples. Through inversion calculations, the change rule of the residual
resistivity of the three soils with the salt content can be obtained, as shown in Figure 9.

Figure 9. The influence of salt content on ρres under different soil types.

As shown in Figure 9, the ρres/ρ of the three soils all increase with the increase in soil
salt content, and the relationship between the maximum values of ρres/ρ of the three soils
is Yellow cinnamon soil ρres < loam soil ρres < sandy soil ρres.

5.3. The Influence of Soil Density on ρres

In order to study the influence of soil density on soil ρres, according to actual conditions,
on the basis of maintaining a soil water content of 7% and salt content of 0.5%, the simulated
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soil density is 1.042 g/cm3, 1.145 g/cm3, 1.250 g/cm3, 1.354 g/cm3 and 1.458 g/cm3, and
the normalized soil density can be expressed as: 1.0, 1.1, 1.2, 1.3 and 1.4. Since the volume
of the experimental sandbox selected in the experiment is fixed, the density of the soil
can be changed by changing the quality of the soil filled in the sandbox of a fixed volume.
Applying an impulse current with an amplitude of 2.0 kA, through inversion calculations,
the residual resistivity of the soil can be obtained with the change in the soil density, as
shown in Figure 10.

Figure 10. The influence of soil density on ρres under different soil types.

As shown in Figure 10, the ρres/ρ of the three soils all increase with the increase in soil
density, and the relationship between the maximum values of ρres/ρ of the three soils is
Yellow cinnamon soil ρres < loam soil ρres < sandy soil ρres.

5.4. Analysis of the Influence of Three Factors on Residual Resistivity

The graphical results of the analysis show that within the experimental conditions
of this paper, with the increase in water content, the ρres/ρ of the three soils gradually
increases. The range of ρres/ρ for sandy soil is between 0.007 and 0.120, for loamy soil it
is between 0.001 and 0.129, and for Yellow cinnamon soil it is between 0.015 and 0.099.
Analyzing the reason, as the water content increases, on the one hand, water increases the
conductivity of the soil, and on the other hand, the increase in water content enables the
salt in the soil to be fully dissolved. Therefore, the resistivity of the soil gradually decreases,
and ρres/ρ gradually increases.

Similarly, when the salt content of sandy soil, loam soil and Yellow cinnamon soil
changes, the range of ρres/ρ is 0.021~0.0735, 0.012~0.066 and 0.018~0.064. The increase
in salt content increases the amount of dissolved salt in the soil, which makes the initial
resistivity of the soil decrease, and ρres/ρ gradually increases.

With the increase in soil density, the range of ρres/ρ of sandy soil, loam soil and Yellow
cinnamon soil was 0.047~0.085, 0.033~0.08, 0.04~0.0695. The increase in soil density means
that the contact between soil particles is closer, the gap between soil particles will decrease,
and the soil resistivity will increase. Therefore, it will be more difficult to generate discharge
channels in the soil, so ρres/ρ will gradually decrease.

6. Analysis of Soil Impact Breakdown Mechanism

Based on the existing research results, it can be analogous to the air breakdown
mechanism to explain the impact breakdown mechanism of the soil as follows:
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6.1. “Electron Avalanche-Streamer Discharge-Pilot Discharge” Process

1. Electron avalanche stage: When using rod-plate electrodes, the electric field distribu-
tion between the electrodes is uneven. The maximum field strength of this uneven
electric field appears near the vertical electrode with a small radius of curvature.
Under the same conditions without the radius of curvature, the smaller the electrode
curvature radius, the greater the maximum field strength, and the more uneven the
electric field distribution. The free electrons existing in the soil near the vertical
electrode are continuously accelerated along the direction of the electric field under
the action of the electric field and they accumulate kinetic energy. When the voltage
applied across the electrode reaches a certain value, the electric field near the vertical
electrode provides free electron kinetic energy equal to or greater than the free energy
of air molecules in the soil particle gap, and even the free energy of soil particle
molecules, resulting in air molecules or the soil particle molecules split into electrons
(or negative ions) and positive ions. The new electrons generated at this time, like the
original free electrons, obtain kinetic energy from the electric field, and continue to
move toward the positive electrode of the electric field to cause more collisions and
dissociation, forming an initial electron avalanche.

2. Streamer discharge: With the continuous development of electronic avalanche, the
number of electrons, negative ions and positive ions in the avalanche increases sharply
with the distance of the development of the electronic avalanche. Due to the smaller
mass of electrons, the acceleration obtained from the electric field is much greater than
that of positive ions. Therefore, when electrons move quickly to the positive electrode,
the positive ions slowly move to the negative electrode, and the positive ions can
be considered to be static relative to the electrons. When the electron avalanche
continues to develop toward the positive electrode, the positive ions remaining in the
negative electrode act as positive space charges to distort and strengthen the electric
field around the negative electrode, thereby emitting a large number of photons to the
surroundings. These photons in turn cause the nearby molecules to undergo a process
of light dissociation, generating secondary electrons. These secondary electrons form
a new secondary electron avalanche under the action of the positive space charge
distortion and the enhanced electric field. The electrons in the secondary electron
avalanche move to the positive space charge region of the initial electron avalanche,
and merge with it to form a mixed channel full of positive and negative charged
particles, forming a streamer discharge channel.

3. Pilot discharge: Due to the long distance between the positive and negative electrodes,
when the streamer discharge channel is not enough to penetrate the entire gap, the
electrons move along the streamer channel due to the collision between the electrons
and the molecules to make the temperature of the channel constantly increasing, up
to thousands of degrees or higher, so that molecules produce thermal dissociation.
This discharge process with the thermal dissociation process is called pilot discharge.
Since the pilot discharge has a stronger process than the streamer discharge, it can
promote the streamer to continue to grow until it penetrates the entire gap between
the electrodes.

6.2. “Water Evaporation” Process

Compared with the breakdown process of air, in addition to the above-mentioned
breakdown process of “electron avalanche-streamer discharge-leader discharge” in the
breakdown of soil, there is also a process in which liquid water in the soil turns into
gaseous water.

1. Under the effect of the collision of free electrons and new electrons generated by the
collision, the distance between molecules becomes larger, and the water changes from
liquid to gas.

2. Under the effect of the collision of electrons and molecules, the temperature of the
discharge channel increases sharply, and a large amount of heat energy promotes
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the evaporation of the surrounding water from a liquid to a gaseous state. The gas
moisture produced by the process of “water evaporation” acts on the soil discharge
channel, and together with the heated air, the discharge channel expands to the
surroundings. It is precisely because of the distortion and strengthening of the electric
field caused by the irregularity of the edge of the soil particles, and the existence of
the “water” evaporation process, that the critical breakdown field strength of the soil
is much smaller than the breakdown field strength of the equivalent air gap.

From the analysis of the “water evaporation” process, it can be inferred that the
discharge channel is formed in the process of developing from the top to the bottom while
also developing to the left and right. The soil impulse discharge mechanism analyzed in
this paper is based on the image characteristics of the soil impulse discharge, and there is
still a lack of direct verification results, such as the temperature change characteristics of
the discharge channel. This problem still needs further research in the future.

7. Conclusions

The partial discharge of soil that occurs when the lightning current enters the ground
through the grounding electrode poses a threat to the safety of personnel and equipment,
but the difficulty of the formation of the soil discharge channel is closely related to the
magnitude of the critical breakdown field strength, and the critical breakdown field strength
of the soil residual resistivity are two key parameters of soil discharge. In this paper,
a variety of typical soils were carried out to study the influence of soil water content,
salt content, soil density and other factors on the morphological characteristics of the
discharge channel, and then analyzed the critical breakdown field strength and the soil
critical breakdown field strength with the introduction of different discharge channel
morphologies and structures. The accurate measurement method of residual resistivity
was carried out and we further discussed the minimum critical breakdown field strength
of typical soil and its value conditions. The specific conclusions are as follows:

1. The three types of soil critical breakdown field strengths first decrease, then increase,
and then become stable with the increase in water content; with the increase in salt
content, they first decrease and then become stable; with the increase in soil density,
the increase shows the rule of first increasing and then tending to be stable;

2. The residual resistivity of the three soils increases with the increase in soil water
content and salt content and decreases with the increase in soil density.

3. Under the conditions of the same water content, salt content and soil density, the
critical breakdown field strength value relationship is: Ec of sandy soil < Ec of loam
soil < Ec of Yellow cinnamon soil.
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Abstract: In order to improve the thermal conductivity and the insulation properties of polyethylene
(PE) used as cable insulation under DC stress, hexagonal boron nitride (h-BN) and inorganic particles
have been considered as micro-filler and nano-filler, respectively. As a 2D material, the orientation
of h-BN possibly affects the insulation properties of the polymer. It is important to understand
the influence of the filler orientation on the insulation performance of the polymer. In this work, a
numerical simulation has been performed to investigate the effect of orientation of micro-h-BN on
charge transport and DC breakdown of PE-based micro/nano-composites and a comparison between
the simulation result and previous literature data has been conducted. The h-BN was designated to
be parallel, perpendicular to the normal sample surface vector (the direction of electric field in this
work) or randomly distributed in the matrix, and the charge transport behavior and DC breakdown
strength in the samples were discussed by using the bipolar charge transport (BCT) model. The
results indicated that when the h-BN was perpendicular to the normal vector, the density of trapped
charge was the largest and the DC breakdown strength was the highest among the three cases studied.
It is suggested that the charge trapping/de-trapping processes and the electric field in the sample
vary with the orientation of h-BN through tailoring the trap characteristics of the material.

Keywords: polyethylene; micro/nanocomposite; hexagonal boron nitride; charge transport; DC
breakdown; orientation; trap characteristics

1. Introduction

With the development of high voltage direct current (HVDC) transmission projects,
the demand of energy delivery with high power density through underground cable
has become an urgent issue [1]. Polyethylene (PE), as the base material of HVDC cable
insulation, is exposed to high temperatures and high electric fields during operation. Due
to the coaxial structure of a single core power cable, a temperature gradient appears across
the insulating material, which leads to serious space charge accumulation and electric field
distortion, thus threatening the safe operation of the cable [2,3]. From the viewpoint of
safety, it is very important to improve the thermal conductivity of DC cable insulation so
as to establish a compromise the thermal and the insulation performances.

Over the years, a number of investigations have been performed to improve the
thermal conductivity of polymer insulating materials. One simple method is to add
inorganic particles with high intrinsic thermal conductivity into a polymer, whereby
a composite with high thermal conductivity could be formed [4,5]. Hexagonal boron
nitride (h-BN) with an intrinsic thermal conductivity of 350–400 W/m·K has been widely
considered as the best filler to tailor the thermal properties of polymers [6], and several
studies regarding the enhancement of thermal conductivity of polymers by using h-BN
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as the filler have been reported. Zeng et al. revealed that the thermal conductivity of the
composites was increased to 1.11 W/m·K, when h-BN with the average size of 1 μm was
added into bismaleimide-triazine (BT) resin at 50 wt %, which represents a six-fold increase
compared with pure BT resin [7]. Wang et al. reported that thermal conductivity with a
value of 2.91 W/m·K could be obtained when 80 wt % micro-sized h-BN was added into
epoxy (EP) [8]. Sato et al. employed polyimide (PI) and h-BN with an average particle
size of 8 μm as the base material and filler to prepare a composite with high thermal
conductivity. A thermal conductivity of 7 W/m·K was achieved with a filler loading of
60 vol%, which was 30 times higher than that of the neat PI [9]. It should be noted that the
orientation of the added 2D material could affect the thermal conductivity of the composite.
Karolina et al. [10] prepared highly aligned graphene-LDPE nanocomposites and measured
the thermal conductivity from through plane and in-plane directions. It was found that
the thermal conductivity along the extrusion direction for samples filled with 7.5 wt % of
graphene nanoplatelets (GnP) reached 2.2 W/m·K whereas thermal conductivity measured
through the plane direction decreased slightly. Such a phenomenon was also observed in
polyimide (PI) films filled with h-BN by Tanimoto [11]. The obtained results indicated that
the PI/h-BN films with in-plane directions filler had larger thermal conductivity than that
with out-of-plane directions. In short, it is generally accepted that the addition of h-BN with
appropriate content and orientation could obviously improve the thermal conductivity of
polymer insulating materials.

However, it is also noticed that the insulation properties are usually reduced when
micro-sized particles with high intrinsic thermal conductivity are added to a polymer [12].
Attempts have been made to add nano-sized inorganic particles into the material to form
micro/nano-composites with balanced thermal and insulation properties. It was pointed
out by Donnay [13] that when the content of micro and nano h-BN in the composite
was 20 wt %, the breakdown strength could be increased by about 10%, and the thermal
conductivity of the composite was three times of that of pure EP. Wang et al. [14] reported
that EP composites co-filled with micro-h-BN and nano-SiO2 could exhibit a thermal
conductivity of 5.16 W/(m�K) and a breakdown strength of 102.9 kV/mm which was
higher than that of neat EP. In addition, ultralow DC-conductivity that prevents the risk of
thermal runaway and electrical failure is also an important insulation property, which is
affected by the addition of nano-particles [15]. A large number of investigations have been
performed with respect to this property. It was reported by Pourrahimi that the addition of
poly(3-hexylthiophene) (P3HT) at 0.0005 wt % could reduce the DC electrical conductivity
by a factor of up to 3 compared with LDPE [16]. Karolina et al. [17] studied the through-
plane conductivity of a composite of LDPE filled with GnP exposed to low relatively
low electric fields (<20 kV/mm). The results indicated that the DC conductivity in the
composite was reduced slightly compared with the pure LDPE. Although previous works
have been carried out to investigate the effect of the addition of micro/nano-particles on
the thermal conductivity and the insulation properties of composites, when an 2D material
with high intrinsic thermal conductivity like h-BN is employed, the effect of the filler
orientation on the insulation performance of the micro/nanocomposite is rarely discussed.

At present, the orientation methods of thermal conductive fillers can be divided into
two categories. One is the orientation driven by an external field including electric field
orientation [18] and magnetic field orientation [19]. The method of electric field orientation
is often applied to thermoset materials. The effect of the magnetic field orientation method
depends on the encapsulation degree of h-BN in the polyethylene matrix. The other cate-
gory is the orientation during processing, including pressure forming [20], tape casting [21],
electrospinning methods [22]. The tape casting and electrospinning methods are suitable
for thermoset polymers whereas polyethylene is a thermoplastic material. If we have the
h-BN oriented in the melting state through a pressure forming method, the crystal growth
in the cooling process may change the orientation. In summary, at this stage, it is still
difficult to achieve an ideal orientation of h-BN in a polyethylene micro/nano-composite.
Accordingly, it is worthwhile to perform numerical simulations with respect to this issue.
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In our previous work, the preliminary result that the charge transport behavior and
the DC breakdown strength in the composite is dependent on the orientation of micro-h-
BN has been reported [23]. In this paper, as a follow-up and extension of our previous
work, detailed and in-depth demonstrations about the charge dynamics and the electric
field distortion have been performed to elucidate the mechanism of the filler orientation-
dependent charge accumulation and DC breakdown behaviors through the bipolar charge
transport (BCT) model using a novel method for threshold electric field extraction.

2. BCT Model

With the purpose of describing the charge transport behavior in polymer samples in
detail during DC stressing, the BCT model [24] has been employed. The schematic diagram
of the BCT model for a polymeric material under a DC voltage is shown in Figure 1. This
figure is reproduced from [24]. The cathode and the anode are located at x = 0 and x = d,
respectively. Electron and hole in the metal electrodes have to overcome the potential
barriers between the electrode and the material to inject into the bulk. The injected charge
can trap, de-trap, migrate and recombine in the polymer [25]. The mathematical equations
of the BCT model are given in the sections that follow.

Figure 1. Scheme of BCT model of the polymeric materials, ETe and ETh are the trap energy of the electrons and holes,
respectively.

2.1. Charge Injection

Electrons and holes are assumed to be injected into the sample from the cathode and
anode, respectively, by Schottky thermionic emission [26]. The current densities induced
by the charge injection are determined by the effective injection barrier between the sample
and the electrode, electric field at the interface and temperature [27–29], as shown in
Equations (1) and (2):

jin(e)(t) = AT2 exp(

√
eF(0, t)/4πε0εr − Ein(e)

kBT
) (1)

jin(h)(t) = AT2 exp(

√
eF(d, t)/4πε0εr − Ein(h)

kBT
) (2)

where, jin(e) (t) and jin(h) (t) are the current densities caused by electrons and holes injected
from the cathode and anode in A/m2, Ein(e) and Ein(h) are the injection barriers for electrons
and holes in eV, e is the elementary charge in C, A and kB are the Richardson constant and
the Boltzmann constant, ε is the vacuum permittivity in F/m, εr is the relative permittivity
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of the sample, T is the temperature in K, F(0,t) and F(d,t) are the electric fields at the
interfaces of x = 0 and x = d, respectively.

2.2. Self-Consistent Equations

The charge in polymeric materials is governed by a set of self-consistent equations [30],
including charge continuity equation, charge transport equation and Poisson’s equation, as
depicted in Equations (3)–(6):

∂q f ree(x, t)
∂t

+
∂jc(x, t)

∂x
= S f ree(x, t) (3)

∂qtrap(x, t)
∂t

= Strap(x, t) (4)

jc(x, t) = q f ree(x, t)μ0F(x, t) (5)

∂2φ(x, t)
∂x2 = − q f ree(x, t) + qtrap(x, t)

ε0εr
(6)

where, qfree and qtrap are the free and trapped charge densities in the sample in C/m3, jc is the
conducting current density in the material in A/m2, μ is the carrier mobility in m2/Vs, F(x,t)
is the electric field in the sample. Sfree(x,t) and Strap(x,t) are charge sources and are shown in
detail below. The variation of charge in the material follows the charge continuity equations
with the consideration of charge trapping, de-trapping and recombination processes [31].
Traps in this model are assumed to be with single trap energy when charges are trapping
and de-trapping, and recombination occurs when electrons and holes encounter each other.

While solving the Poisson’s equation (6), a boundary condition should be given.
During the real DC breakdown experiment, a negative ramping voltage with a rising rate
kramp is applied to the sample until the breakdown occurs. Accordingly, the potential is set
to be zero on the anode and the same to the applied voltage on the cathode. The potential
on the cathode is proportional to the time of voltage application. The boundary condition
is expressed as follows:

φ(0, t) = Vappl(t) = kramptramp (7)

where Vappl is the applied voltage in V, kramp is the ramping rate of the voltage in kV/s, and
tramp is the time of voltage application in s. The electric field can be calculated by F = −Δφ.

2.3. Charge Dynamics

Four species of carriers, namely, free and trapped electrons and holes are taken into
account in the charge dynamics. The free carriers can hop in traps which determine the
effective carrier mobility. The traps are usually caused by physical or conformational
defects and chemical defects [17]. The trapping and de-trapping of charges are described in
this work by considering the trap of single level. When the electron and the hole encounter
each other in the material, recombination will occur. The following equations represent the
first order charge dynamics in polymeric material, including charge trapping/de-trapping
and recombination processes [28]:

Seμ = −Ptr(e)q f ree(e)(1 −
qtrap(e)

qe NT(e)
) + Pde(e)qtrap(e) − Reμ,hμq f ree(e)q f ree(h) − Reμ,htq f ree(e)qtrap(h) (8)

Set = Ptr(e)q f ree(e)(1 −
qtrap(e)

qeNT(e)
)− Pde(e)qtrap(e) − Ret,hμq f ree(h)qtrap(e) (9)

Shμ = −Ptr(h)q f ree(h)(1 −
qtrap(h)

qe NT(h)
) + Pde(h)qtrap(h) − Reμ,hμq f ree(e)q f ree(h) − Ret,hμq f ree(h)qtrap(e) (10)

Sht = Ptr(h)q f ree(h)(1 −
qtrap(h)

qeNT(h)
)− Pde(h)qtrap(h) − Reμ,htq f ree(e)qtrap(h) (11)
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where Seμ, Set, Shμ, and Sht are the charge sources of mobile and trapped electrons and holes,
respectively. Reμ ,hμ is the recombination coefficient between free electrons and free holes
in m3/C·s. Reμ ,ht and Ret,hμ are the recombination coefficient between free electrons and
trapped holes and the recombination coefficient between trapped electrons and free holes
in m3/C·s. Based on the Langevin recombination model [32], the recombination coefficient
between free electrons and free holes can be expressed as Reμ,hμ = (μe + μh)/ε0εr. μe and
μh are the carrier mobility for electrons and holes. According to the Shockley–Read–Hall
model [33], trap-assisted recombination coefficient between free electrons and trapped holes
and that between trapped-electrons and free-holes can be expressed as Reμ,ht = μe/ε0εr
and Ret,hμ = μh/ε0εr. Pde(e) and Pde(h) are the de-trapping probability of trapped electrons
and holes in 1/s. Ptr(e) and Ptr(h) are the trapping probability of free electrons and holes in
1/s. They are given by:

Pde = vATE exp(− Et

kBT
) (12)

Ptr =
qeNtμ0

ε0εr
(13)

where, Nt is the density of the trap in 1/m3, VATE is the attempt-escape frequency in 1/s,
and Et represents the trap energy in eV.

3. Parameters for the BCT Model

In this work, PE-based micro/nano-composite has been employed as the sample
for our numerical simulations. The fillers—20 nm-SiO2 and 5 μm-h-BN particles—were
selected with a weight ratio of 1 and 30 wt %, respectively, to ensure a high thermal
conductivity according to our previous work [34]. It is considered that the orientation of
h-BN in the real sample should be random, as shown in Figure 2. Three categories of the
orientation of the h-BN could be summarized, which are perpendicular, parallel to the
normal vector of the sample surface or randomly dispersed in the polymer. The normal
vector of the sample surface in this paper is defined as the direction of the electric field as
depicted in Figure 2.

Figure 2. Scheme of various filler orientations and possible charge transport mechanism within the
polyethylene micro/nano-composite.
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Figure 2 shows various filler orientations and possible charge transport mechanisms
in the material, taking the electron as an example. As discussed in [34], the de-trapped
charge could be trapped again quickly, by which the overall time for the carrier within the
trap is increased hence the trap depth would be deepened. Such an effect is strong while
the orientation of the h-BN is perpendicular to the normal vector of the test sample, but it
is weak when the h-BN is parallel to the vector. It is thereby proposed that the polymer
with perpendicular orientation of the filler has the deepest trap energy, the material with
filler distributing randomly follows, and the trap energy of a sample having a parallel
filler orientation is the shallowest. According to our previous publication [34], the trap
center of PE/h-BN/SiO2 with random filler orientation is in the range of 0.84–0.95 eV.
Therefore, the trap center used in this simulation is assumed to range from 0.7 eV to 1 eV.
In our previous work [28], to keep the emphasis on the DC breakdown regulated by charge
transport depending on trap center characteristics, the carrier mobility was set to be a
constant for all samples. However, in fact, the carrier mobility is affected by the trap energy,
namely, μmol = μ0Pde/(Ptr + Pde). μ refers to the shallow trap-controlled carrier mobility.
For electrons and holes, μe and μ0h are 1 × 10−14 and 3 × 10−15 m2/Vs, respectively [35].
Table 1 shows the values of the parameters used in the BCT model [35–39]. In addition,
the thickness of the samples used in our simulation is 200 μm, while the temperature is
298 K. It is assumed that insulation breakdown occurs when the maximum local electric
field Fmax inside the material exceeds a threshold Fc. In our previous work [23], the same
threshold value was employed to discuss the DC breakdown strength of the composite
with different filler orientations. At present, the threshold value can be extracted on the
basis of the Poole-Frenkel effect. It is generally accepted that the energy that the charge
requires to de-trap is reduced by the applied external electric field [40], which is referred to
as the Poole-Frenkel effect. The corresponding reduction is depicted by Equation (14):

ΔEPF = βPF
√

F =
√

qe3F/πε0εr (14)

Table 1. The values of the parameters used in BCT simulation [35–39].

Parameters Value

Relative permittivity, εr 2.3
Carrier mobility for electron, μemol, (×10−15 m2/Vs) 8–9

Carrier mobility for hole, μhmol, (×10−15 m2/Vs) 2–3
Trap energy for electron, ETe, (eV) 0.7–1

Trap energy for hole, ETh, (eV) 0.7–1
Trap density for electron, NTe, (1/m3 ) 6.25 × 1020

Trap density for hole, NTh, (1/m3 ) 6.25 × 1020

Ramping rate of the voltage, kramp, (kV/s) −0.5

Assuming that the applied electric field is high enough, the potential barrier for
charge de-trapping can be reduced to zero, hence the charge can migrate freely in the
material [41]. Such a special condition is herein referred to as a surpassing Poole-Frenkel
(SPF) conduction. The breakdown is considered to take place when charges localized
by the deepest trap overcome the potential barrier following the SPF conduction. The
corresponding electric field needed to reach the SPF could be regarded as the threshold
electric field Fc. When the reduction of potential barrier caused by the Poole-Frenkel effect
is equal to the deepest trap center, Fc can be calculated by the following expression:

Fc = Et
2πε0εr/qe

3 (15)

where Et is the deepest trap center in the polymer in eV.
The model of charge transport in this study was implemented using the finite element

software COMSOL Multiphysics. The partial differential Equations (3)–(6) were solved
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by selecting suitable physics modules available in the software. The coupling between
different modules was carried out so that the charge densities obtained as solutions of
equations (3) and (4) were updated in Poisson’s Equation (6) for calculating the electric
field distribution.

4. Simulation Results and Discussion

4.1. Space Charge Accumulation

Figure 3a shows the distribution of space charge in the sample with random filler
orientation at different positions varying as a function of time. The cathode and anode are
at the positions of x = 0 and x = 200 μm, respectively. There is little charge injection and the
position of accumulated space charges is near the electrode at the initial time. As the time
lapses, more charges are injected into the material and the space charge accumulation tends
to distribute in the whole volume of the composite. This suggests that the accumulation
of space charge becomes more serious over time. It is possible that most of the injected
charges can only transport to the vicinity of the electrode at the beginning while they can
migrate towards the bulk of the sample over time. Comparisons of space charge distribu-
tion as a function of time in the samples with various filler orientations are depicted in
Figure 3b. As regards to samples with parallel filler orientation, at the position of 195 μm,
the space charge density is 65.0 C/m3 at 20 s, 86.8 C/m3 at 40 s, 126.6 C/m3 at 60 s and
174.3 C/m3 at 80 s. It is obvious that the space charge accumulation becomes more serious
with time, and this feature exists in other samples. It should be kept in mind that the
polymer with perpendicular orientation of the filler is assumed to have the deepest trap
energy, the material with filler distributed randomly follows, and the trap energy of sample
having filler parallel orientation is the shallowest. It can be observed that the amount of
accumulated charge decreases with the increase of trap energy. For example, the maximum
space charge density is 530.3 C/m3 at 80 s in the sample with parallel orientation of filler
whereas that is 249.2 C/m3 when the filler orientation is perpendicular to the normal
vector of the material. When the micro-filler is distributed randomly in the composite,
the space charge density reaches its peak at 320.7 C/m3. Another interesting feature that
can be derived from Figure 3b is that the amount of accumulated holes near the anode is
larger than that of electrons near the cathode in all samples. Such phenomena should be
attributed to the lower mobility of holes.

 
(a) (b) 

Figure 3. Space charge distribution in the sample with random orientation (a) and comparisons of space charge distri-
bution as a function of time in the polymer with various orientations: parallel orientation (b1) random orientation (b2)
perpendicular orientation (b3).

The comparisons of the density of free charge and trapped charge in different samples
are illustrated in Figure 4a,b, respectively. The sample with perpendicular filler orientation
has been taken as an example. At x = 3 μm, the density of free charge is −8.3 C/m3 at
20 s, −9.9 C/m3 at 40 s, 13.2 C/m3 at 60 s and −22.8 C/m3 at 80 s. As a comparison,
the corresponding values are −54.2, −90.6, −98.6 and −99.7 C/m3, respectively, for the
trapped charge. The density of charge increases over time for both free charge and trapped
charge, which is similar to the features observed from Figure 4(a1,b1) and Figure 4(a2,b2). It
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can be seen from Figure 4 that the density of free charge and trapped charge are affected by
the trap energy. For example, at x = 5 μm nearby the cathode, the density of free and trapped
electrons in the sample with parallel filler orientation are −75.9 and −41.5 C/m3 at t = 80 s,
whereas they are −23.4 and −90.6 C/m3 in the sample with randomly distributed filler,
respectively. As for the material with perpendicular filler orientation, the densities of free
and trapped charges are −19.2 and −99.3 C/m3. As mentioned above, the probability of
charge de-trapping is inversely proportional to the trap energy in the polymer [20], thus the
charges captured by the deeper trap are more difficult to de-trap while the charges localized
in the shallower trap are easier to de-trap. Therefore, with the growth of trap energy, the
density of trapped charge increases, whereas the density of free charge decreases.

  
(a) (b) 

Figure 4. Comparisons of free charge (a) and trapped charge (b) in the polymer with various orientations: parallel
orientation (a1,b1) random orientation (a2,b2) perpendicular orientation (a3,b3).

4.2. Electric Field Distribution

It has been generally accepted that the electric field in the polymer can be distorted
due to the space charge accumulation [27]. The distorted electric field in the material is
demonstrated in Figure 5a, taking the sample with filler random orientation as an example.
At the initial moment, a uniform electric field distribution can be observed while the
electric field distorts as time elapses. It can be also noticed from Figure 5a that, at the
middle of the composite, the electric field is 268.6 kV/mm at 80 s whereas the values
of electric field are 19.5 and 14.8 kV/mm at anode and cathode, respectively. It can be
concluded that the electric field in the sample bulk is higher than that at the electrode.
Similar results can be also noticed in the other two samples, as depicted in Figure 5b.
Since homocharges are accumulated near the electrode as discussed in Figure 3 and the
equivalent electric field formed by the charges is opposite to the applied field, the field
at the electrode is weakened. As mentioned above, more positive charges accumulate
near the anode than negative charges near the cathode due to their lower carrier mobility.
According to Poisson’s equation (6), the derivative of the electric field with respect to
position is proportional to the density of accumulated charges. Therefore, the position
at which the maximum electric field appears is biased toward the anode as shown in
Figure 5b. Another interesting feature that could be derived from Figure 5b is that the
maximum superimposed electric field in the composite increases with time.

In order to compare the electric field distortion, the electric field distribution factor f
is calculated, which is defined as the radio of the superimposed electric field to the applied
electric field calculated only from the applied voltage and the sample thickness. Figure 6a
depicts the factor of electric field distortion at different times as a function of position in
the sample with random filler orientation. At the initial moment, the internal electric field
is almost determined by the applied voltage, resulting in a uniform distribution in the bulk
with the distortion of electric field only near the sample electrode. With the lapse of the
time for voltage application, the electric field in the bulk distributes unevenly. Compar-
isons of f in various samples as a function of position in different times are exhibited in
Figure 6b. For example, at 80 s, the electric field distortion factor of the material with
parallel filler orientation reaches its peak at 1.28, while the maximum of f is 1.35 in the
sample having randomly oriented filler. In addition, f maximizes at 1.38 in the composite
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with perpendicular filler orientation. It can be concluded from Figure 6b that the distortion
of electric field becomes more serious with the growth of trap energy as time goes by.

 
(a) (b) 

Figure 5. Electric field distribution in the sample with random orientation (a) and comparisons of electric field distribution
as a function of position in the polymer with various orientations (b): parallel orientation (b1) random orientation (b2)
perpendicular orientation (b3).

(a) (b) 

Figure 6. Electric field distribution factor in the sample with random orientation (a) and comparisons of electric field
distribution factor as a function of position in the polymer with various orientations (b): parallel orientation (b1) random
orientation (b2) perpendicular orientation (b3).

Figure 7 shows comparisons of the absolute value of maximum electric field in the
various samples as a function of time. The values of the assumed threshold electric field Fc
calculated by Equation (15) are 250, 302 and 383.9 kV/mm. for the sample with parallel,
random and perpendicular filler orientation, respectively. The breakdown of the sample
with parallel filler orientation takes place firstly at 81 s while the applied electric field is
202.5 kV/mm. The breakdown is most difficult to occur for the material with perpendicular
filler distribution at 106 s when the electric field with a value of 265.0 kV/mm is applied
to the composite. As h-BN is distributed randomly in the sample, the time of breakdown
occurred is 90 s and the corresponding electric field is 225.0 kV/mm. The possible charge
transport behavior in the composite with perpendicular and parallel filler orientations
is shown in Figure 8a,b. The doped particles are distributed mainly in the amorphous
region. Figure 8a shows that, when the h-BN is perpendicular to the normal vector of
the sample, the charge injection is suppressed and the amount of charge recombination
is lower compared with the sample with parallel filler orientation. As a comparison,
Figure 8b demonstrates that more charges are injected from the electrode into the material
while the density of charge recombination is higher in the sample with parallel filler orien-
tation. Meanwhile the density of trapped charge is largest in the sample with perpendicular
filler orientation, whereas that is smallest when the filler is parallel to the normal vector
of the sample as mentioned above and shown in Figure 8. Such behavior should be at-
tributed to the deeper trap energy in the composite with perpendicular orientation. It was
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generally accepted that the addition of nano-sized particles would introduce deep traps
at the interface between the polymer matrix and the particle [42] whereas the trap energy
could become shallower due to the defects introduced by micro-particles [43]. In this paper,
a synergistic effect between the micro- and nano-sized particles is considered in that the
de-trapped charge could be captured again quickly by the trap, by which the overall time
for the carrier remaining in the trap becomes longer and hence the trap depth would be
deepened. Such an effect is strong for the sample with perpendicular filler orientation, but
is weak while the h-BN is parallel to the normal vector of the material. Due to the different
filler orientations, the synergistic effect varies in the composite, which results in differenced
in trap depth in the composite, thus affecting the charge transport and breakdown behavior
of the sample. It was reported that the deep trap level was beneficial for the breakdown
strength [44], and such a phenomenon was also verified in this paper via numerical simula-
tion method. It should be noted that the trend of the simulation results in this paper was
consistent with the experimental results reported in [42,44], and the order of magnitude
was also identical to the results described in [36], thus verifying the reasonability of our
simulation results. In short, the perpendicular micro-filler orientation in the composite
is suggested to suppress the charge injection and hinder the charge transport dynamics,
due to the formation of deep traps originated from long-time charge capture. As a result,
micro/nano-composites with perpendicular filler orientation have higher DC breakdown
strength as compared with the other two cases.

Figure 7. Comparisons of maximum electric field in the polymer with various orientations as a
function of time.

Figure 8. Charge transport behavior in the sample with perpendicular (a) and parallel filler orienta-
tion (b).
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5. Conclusions

The charge transport and DC breakdown behaviors of polyethylene-based micro/nano-
composites with various orientations of the h-BN filler have been investigated by numerical
simulation based on the BCT model in this paper. The main conclusions may be summa-
rized as follows:

(1) The density of accumulated space charge is the highest in the sample with parallel
h-BN orientation, the material having filler distributed randomly follows and the
lowest charge density appears as the h-BN is perpendicular to the normal vector of
the composite surface.

(2) The electric field in the sample is distorted due to the space charge accumulation.
The factor of electric field distortion is the smallest when the h-BN has a parallel
orientation, whereas the distortion of electric field is most serious in the sample with
the perpendicular orientation of h-BN.

(3) The breakdown of the sample most easily occurs when the h-BN has the parallel
orientation, whereas the sample that has the highest breakdown strength as the h-BN
with a perpendicular orientation.
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Abstract: Infrared thermography has been used as a key means for the identification of overheating
defects in power cable accessories. At present, analysis of thermal imaging pictures relies on human
visual inspections, which is time-consuming and laborious and requires engineering expertise.
In order to realize intelligent, autonomous recognition of infrared images taken from electrical
equipment, previous studies reported preliminary work in preprocessing of infrared images and in
the extraction of key feature parameters, which were then used to train neural networks. However, the
key features required manual selection, and previous reports showed no practical implementations.
In this contribution, an autonomous diagnosis method, which is based on the Faster RCNN network
and the Mean-Shift algorithm, is proposed. Firstly, the Faster RCNN network is trained to implement
the autonomous identification and positioning of the objects to be diagnosed in the infrared images.
Then, the Mean-Shift algorithm is used for image segmentation to extract the area of overheating.
Next, the parameters determining the temperature of the overheating parts of cable accessories are
calculated, based on which the diagnosis are then made by following the relevant cable condition
assessment criteria. Case studies are carried out in the paper, and results show that the cable
accessories and their overheating regions can be located and assessed at different camera angles
and under various background conditions via the autonomous processing and diagnosis methods
proposed in the paper.

Keywords: cable accessories; infrared image processing; Faster RCNN; Mean-Shift algorithm; smart
condition diagnosis

1. Introduction

Power cables have been widely used in urban power systems, and their safe operation
is key to the reliability of the power grid [1]. Cable accessories, which are used to connect
cables with other electrical equipment or different sections of cables, are the weak links
of cable systems [2]. Reference [3,4] indicated that the manufacturing of fault-free cable
accessories is almost impossible, and poor workmanship during installations and design
defects may result in cable faults. Previous studies showed that when there exist defects
in cable accessories, such as poor contact of metal connectors, misalignment of stress
cones, damage of insulation layer or impurities, and bubbles in the internal medium,
the temperature of defective cable accessories was usually higher than those fault free
cable accessories [5]. Because the use of infrared thermography to identify abnormal
temperatures has many advantages, such as no physical contact, non-intrusive, high
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efficiency, and so on, it is widely used in inspection and maintenance activities of power
cable circuits [6]. At present, the processing and analysis of infrared images taken during
inspections mainly require visual inspection. This is time-consuming and laborious on
the one hand, and on the other hand, it relies too much on expert experience and is prone
to erroneous diagnosis. Therefore, the realization of autonomous condition diagnosis in
cable accessories would greatly benefit the practitioners involved in cable maintenance
and inspections.

In previously published researches, the image features related to the temperature
gradients of equipment were used as the input of neural networks for the autonomous
diagnosis of electrical equipment. In order to analyze the temperature-related information,
Rahmani et al. used the Zernike moment as an image feature of fuse bases [7]; Huda et al.
extracted the first-order histogram and gray level co-occurrence matrix of infrared images
captured from main switchboards [8–10]; Jaffery et al. extracted the RGB color moment of
images of fuse cabinets [11]. In the above studies, the key features needed to be selected
manually, which was, in fact, a heuristic process. The quality of the selected features was
largely dependent on human expertise.

Thus far, there have been few studies on the recognition of infrared images for con-
dition diagnosis of cable accessories. Previously reported research came from the same
research team where a number of techniques were investigated for infrared image process-
ing of cable terminations, including the adaptive denoising method based on layer-by-layer
optimal basic wavelet and Bayesian estimation [12], the denoising method based on inter-
scale correlation of the wavelet coefficients and the bivariate shrinkage function [13], the
improved hybrid Fourier-wavelet denoising method [14] and the identification method
based on the Radon transform and the Fourier–Mellin transform [15]. Although the above
methods were proven to be effective in preliminary image processing, the published work
failed to carry out condition diagnosis of real-world infrared images.

This paper proposes a method for autonomous diagnosis of overheating defects in
cable accessories based on a Faster RCNN network and Mean-Shift algorithm. Firstly, the
collected infrared images of cable accessories during routine inspection activities are used
as samples to complete the training of the Faster RCNN network thus as to identify and
locate the objects to be diagnosed. Then, the Mean-Shift clustering algorithm is used to
segment the images. This helps to extract the overheating area quickly and accurately.
Finally, the temperature characteristic parameters are calculated, thus the condition of cable
accessories can be diagnosed according to pre-set diagnostic criteria.

2. Object Localization Based on Faster RCNN Network

Cable accessories of interest in this paper include cable terminations and cable ground-
ing boxes. For more information, readers may refer to [16,17]. For the FLIR T630 thermal
imager, a handheld camera, which has been applied in work presented in this paper, does
not have a specified minimum and maximum shooting distance. When we applied it, the
distance between the camera and the target was usually between 1 and 10 m. It was around
1 m when pictures were taken of cable joints and was 3–10 m for cable terminations. As a
result, the infrared images under analysis may contain the targeted cable accessories and
may also contain other undesired background objects.

The Faster RCNN network, which can identify and locate the desired objects contained
in given images, is one of the most advanced algorithms for target detection. Figure 1 shows
the flowchart of the Faster RCNN network. Firstly, in order to produce the feature map, it
extracts the features of the detected image through a Convolutional Neural Network (CNN).
Then, the Region Proposal Network (RPN) is used to propose the possible regions. Next,
on the basis of the feature map and proposed regions, the Region of Interest (RoI) pooling
layer is applied to extract the proposal feature maps, which are sent to the subsequent
network. Finally, the autonomous recognition and positioning of the objects are realized
through the object detection layer [18].
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detected image

CNN

feature map

RPN

proposal feature maps

RoI poolingclassifier

recognition and localization

termination
0.994

Figure 1. Model of Faster RCNN network.

2.1. Sturcture of Faster RCNN Network
2.1.1. Convolutional Neural Network

Convolutional Neural Network is used to extract feature maps of input images, and
the feature maps are shared with the subsequent RPN network and RoI pooling layer. In
this paper, the VGG16 Convolutional Neural Network, which includes 13 Convolutional
(Conv) layers, 13 Rectified Linear Units (ReLU) layers, and 4 Pooling layers, shown in
Figure 2, is adopted.

input image feature mapConv ReLU Pooling

 

Figure 2. Structure of VGG16 convolutional neural network.

Convolutional layers are applied to detect features of images. It is composed of several
convolutional kernels (equivalent to weight matrix k) and additive bias b. Each convolu-
tional kernel can be regarded as a kind of feature detector, which filters the whole image
by sliding on the image to capture the corresponding features. From the mathematical
point of view, the corresponding features are obtained through the convolutional operation.
Suppose the mth layer is a Convolutional layer, then its output vector is as follows:

xm
j = ∑

xi∈Mj

xm−1
i ∗ km

ij + bm
j (1)

where xm
j is the jth output of this layer; Mj is the set of input vectors; km

ij is a convolutional
kernel; bm

j is the additive bias, and * represents the convolutional operation.
The size of the output image is as follows:

soutput =
sinput − skernel + 2 ∗ p

d
+ 1 (2)

where soutput represents the size of the output image; sinput represents the size of the input
image; skernel represents the size of the convolutional kernel; p represents the number of

91



Energies 2021, 14, 4316

pixels to be filled, and d represents the step length of the convolutional kernel sliding on
the image.

After each convolutional layer, the ReLU layers are applied to enhance the nonlinear
characteristics, and the ReLU function is given in (3). Between the Convolutional layers,
the Pooling layers are inserted periodically to reduce the dimensionality of features.

f (x) = max(0, x) (3)

where f (x) stands for the ReLU function, and x represents the characteristic parameters of
the output of the convolutional layer.

2.1.2. Region Proposal Network

The Region Proposal Network is used to complete the preliminary positioning of the
objects. As is shown in Figure 3, the Region Proposal Network firstly generates a set of
rectangular bounding boxes in the detected image. These regions are represented by four-
dimensional vectors (x, y, w, h), where x and y denote the region’s center coordinates, while
w and h denote the width and height. Then, the classification layer is applied to obtain
the object score of each proposed region, based on which the Softmax classifier is used to
identify the regions that include the diagnostic objects by calculating the probability, using
the formula given in (4). On the other hand, to make the positioning more accurate, the
regression layer is applied to realize the bounding box regression, based on the formulae
given in (5) and (6).

P =
ez1

ez1 + ez2
(4)

where P represents the probability that the proposed region contains diagnostic objects; z1 and
z2 represent the foreground score and background score of proposed regions, respectively.{

G′
x = Awdx(A) + Ax

G′
y = Ahdy(A) + Ay

(5)

{
G′

w = Aw exp(dw(A))

G′
h = Ah exp(dh(A))

(6)

where (Ax, Ay, Aw, Ah) denote the unadjusted coordinates of the bounding box. (G’x,
G’y, G’w, G’h) denote the adjusted coordinates. dx(A) and dy(A) denote the translation
parameters, dw(A) and dh(A) denote the scale parameters.

sliding 
window

512-d feature vector

feature map

2k scores 4k coordinates k bounding boxes

cls layer reg layer

Figure 3. Structure of RPN network.

2.1.3. Region of Interest Pooling Layer

The RoI Pooling layer can obtain the fixed-length feature vectors by analyzing input
data of different sizes. The operating principle is shown in Figure 4. Assuming that the
size of input feature map is 8 × 8, and the box calibration region is the proposed feature.
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According to the transformation factors pw and ph, the proposed feature is divided into pw
× ph blocks (pw = ph = 2 in this example). Then the maximum pooling is applied for each
block in order to the maximum value of each block.

input feature map (8 × 8)

RoI pooling (maximum pooling)

output feature map 
(2 × 2)

proposed

feature

 
Figure 4. Operating principle of RoI pooling layer.

In the Faster RCNN network, the pooling process of the RoI Pooling layer is shown in
Figure 5. Firstly, the regions proposed by the RPN are mapped to the feature map obtained
by the CNN, to allow the proposal feature maps of different sizes to be extracted. Next,
according to pw and ph (pw = ph = 7 in this paper), maximum pooling is applied to convert
the proposal features into feature maps with the fixed spatial extent of 7 × 7. Finally, the
fixed-length proposal feature maps are sent to the subsequent network.

feature map obtained by the CNN

map

fixed-length 
feature (7 × 7) 7 × 7

maximum 
pooling

maximum 
pooling

regions proposed 
by the RPN

Figure 5. Pooling process of RoI pooling layer.

2.1.4. Object Detection Layer

As is shown in Figure 6, based on the proposal feature maps, the Softmax classifier
is used to achieve object identification (objects to be identified include cable terminations
and grounding boxes in this paper). On the other hand, the regression layer is applied to
complete the second bounding box regression, which makes the localization more precise.

features obtained by 
RoI pooling layer

Full 
connection

Full 
connection

Full 
connection

translation parameters 
and scale parameters

probability

regression

classification

Figure 6. Operating principle of object detection layer.
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2.2. Autonomous Detection Results of Faster RCNN Network

The infrared images captured by the infrared thermal imagers (FLIR T630) were used
as samples to train the Faster RCNN network. Table 1 shows the specifications of the FLIR
T630 handheld thermal cameras. When the infrared images of power cable accessories
were taken, the emissivity coefficients of imagers were set to 0.9.

Table 1. Specifications of the FLIR T630 handheld thermal cameras.

Specifications

Detector resolution 640 × 480
Accuracy ±2 ◦C or ±2% of reading

Thermal sensitivity <30 mK @ 30 ◦C
Operating temperature range −15 ◦C to 50 ◦C

Operating humidity 95% relative humidity
Object temperature range −40 ◦C to 650 ◦C

Atmosphere transmission correction automatic
External optics and widows correction automatic

Optics transmission correction automatic
Reflected apparent temperature correction automatic

The abnormal heating phenomenon usually occurs at connection fittings and sleeves
of the cable terminations or the connections of the grounding boxes. Therefore, when
constructing the training samples, if the diagnostic objects are the terminations, the labeled
target should be the connection fittings and sleeves. If the objects under analysis are
grounding boxes, the marked target should be the connections. After completing the train-
ing, the Faster RCNN network can realize the autonomous identification and positioning
of the cable terminations and grounding boxes in images.

Taking Figures 7 and 8 as examples, where Figures 7a and 8a, respectively, show the
original infrared images of grounding box and cable termination taken during routine
inspection activities. Figures 7b and 8b show the recognition and positioning results of the
trained Faster RCNN network. To eliminate the influence of the interference information,
the image contents inside the proposal regions were kept, while other contents were
eliminated by setting the pixels’ components of red (R), green (G), and blue (B) to zero.
The extracted connections of the grounding box are shown in Figure 7c. The extracted
connection fitting is shown in Figure 8c, and the extracted sleeve in Figure 8d. The results
show that based on the Faster RCNN network, the diagnostic objects were accurately
extracted, and the interference of complex background and foreground, which my hamper
subsequent image processing, were eliminated.

   
(a) (b) (c) 

Figure 7. Result of eliminating the interference information in the image of the grounding box:
(a) original infrared image; (b) detecting result of Faster RCNN network; (c) extracting results
of connections.
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(a) (b) (c) (d) 

Figure 8. Results of eliminating the interference information in the image of termination: (a) original
infrared image; (b) detecting results of Faster RCNN network; (c) extracting result of the connection
fitting; (d) extracting result of the sleeve.

3. Extraction of Suspected Abnormal Heating Regions Based on
Mean-Shift Algorithm

After extracting the diagnostic objects, it is necessary to extract the suspected abnormal
heating regions among the objects. In subsequent processing, their temperature distribution
is the basis for condition diagnosis.

The gray information of the infrared images reflects the temperature distribution. The
greater the gray value of the pixel, the higher the corresponding temperature. Therefore,
the gray value is to be extracted from the infrared images. The graying formula is as
follows [19]:

I = 0.299R + 0.587G + 0.114B (7)

where, I is the gray value of the pixel; R is the red component; G is the green component,
and B is the blue component.

The Mean-Shift algorithm, which has been widely used in clustering, is essentially
an iterative search algorithm [20]. In this paper, the gray values of pixels were used as
the data samples, and the Mean-Shift algorithm was applied to cluster the pixels. The
clustering process is shown in Figure 9. Firstly, a pixel was randomly selected to be the
clustering center, and other pixels, of which the grayscale difference with the center less
than the bandwidth, were placed in the same class. The bandwidth hr realized adaptive
selection based on the asymptotic mean integrated square error (AMISE) is as shown
in (8) and (9) [21]. Then, the Mean-Shift vector was calculated, and the original center
moved the vector to obtain the new center [22]. The clustering center was updated until
the convergence condition was satisfied. The above steps were repeated until all the pixels
were traversed.

hr =

(
4

d + 2

)1/(d+4)
n−1/(d+4)σ (8)

σ =

√√√√ 1
n − 1

n

∑
i=1

(xi − x)
2

(9)

where, hr represents the bandwidth; d the dimension of the feature space; n the number of
samples; σ the standard deviation; x the sample, and x represents the average value of the
sample data.

In order to describe the Mean-Shift clustering process more intuitively, this paper takes
the cable grounding box as an example, as is shown in Figure 10. Figure 10a shows the
result of autonomous positioning and identification of the diagnostic objects (connections)
in infrared images by trained Faster RCNN network. Figure 10b shows the corresponding
grayscale image. Figure 10c shows the three-dimensional visualization result of the pixels’
gray information, where each scatter point corresponds to a pixel in the image, (x, y)
represents the position information of the corresponding pixel in the original image, and
z represents the gray value of the pixel. Figure 10d shows the result of clustering by the
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Mean-Shift algorithm. In order to reflect the clustering result more intuitively, the pixels
belonging to the same category were marked with the same color.

Select one of the unlabeled pixels as the clustering center randomly

Find all pixels whose grayscale difference with the center less than the 
bandwidth, place them in the class C, and label these pixels as visited

Calculate the Mean-Shift vector

Calculate the new clustering center

Whether the convergence 
condition is satisfied

Whether the difference 
Between the current center and 

the other center of  existing class C2 
is less than the merging threshodC

C
Add C as the 

new class

Whether all pixels are 
labeled as visited

Cluster the pixels

Yes

No

Yes No

Yes

No

Figure 9. Clustering process of Mean-Shift algorithm.

  
  

(a) (b) (c) (d) 

Figure 10. Clustering result of Mean-Shift algorithm: (a) detecting results of Faster RCNN net-
work; (b) grayscale image; (c) three-dimensional visualization result of the pixel gray information;
(d) clustering result.

As can be seen in Figure 10d, the pixels in the example were adaptively divided into
three categories. The pixels marked in black correspond to the background area in the orig-
inal image. The pixels marked in green correspond to the regions under normal conditions,
and the pixels marked in red correspond to the suspected overheating regions. Therefore,
after clustering based on the Mean-Shift algorithm, this paper retained the category with
the center, where the gray value was the greatest, as the suspected overheating area.

Taking the infrared images of the HV cable accessories captured during an inspection
as the testing objects. In order to achieve the best results, after realizing the autonomous
identification and positioning of the diagnostic objects, this paper, respectively, applied
the Maximum Between-Class Variance (OTSU) algorithm, the K-Means algorithm, and
the Mean-Shift algorithm to segment the images. The OTSU algorithm can adaptively
calculate the segmentation threshold, and the pixels of which the gray values are lower
than the threshold were categorized into the background, while other pixels, of which the
gray values are higher than the threshold, were categorized into the foreground [23]. The
K-Means algorithm randomly selected k pixels as clustering centers according to the given
k, and then classified the remaining pixels to the most similar center before it updated the
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clustering centers to the mean value of each category. The above steps were repeated until
the convergence condition is satisfied [24,25].

Based on the clustering results, the suspected abnormal heating regions were extracted,
as is shown in Figure 11. Figure 11a shows the original infrared images of grounding box I,
grounding box II, termination I, and termination II. Figure 11b shows the detecting results
of diagnostic objects by the Faster RCNN network. Figure 11c, Figure 11d,e show the
extracting results of suspected abnormal heating regions by different clustering algorithms.

             
 

(a) 

             
(b) 

             
 

(c) 

             
 

(d)

             
 

(e)

Figure 11. Results of extracting the suspected abnormal heating regions: (a) original infrared images,
(b) detecting results of diagnostic objects by Faster RCNN network, (c) extracting results of the
OTSU algorithm, (d) extracting results of the K-Means algorithm, (e) extracting results of the Mean-
Shift algorithm.
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As shown in Figure 11, the adaptive segmentation threshold calculated by the OTSU
algorithm was often too low to distinguish the abnormal heating regions from the area
under normal conditions. Thus, in the final segmentation results, the abnormal heating
area was almost submerged in the diagnostic objects. The K-Means algorithm can specify
the number of categories manually, which solves the disadvantage of the OTSU algorithm
that it can only achieve dichotomy. Therefore, compared with the OTSU algorithm, the
clustering results by K-Means algorithm represented an improvement. However, for
different images, the most suitable number of clustering categories is also different. Thus,
some regions under normal conditions were still identified as abnormal heating regions
wrongly by the K-Means algorithm. The Mean-Shift algorithm can adaptively select
the most appropriate number of clustering categories according to the gray information
of the image, which can overcome the disadvantage of the K-Means algorithm. The
testing results showed that the Mean-Shift algorithm could extract the abnormal heating
regions accurately, and its performance was better than the OTSU algorithm and the
K-Means algorithm.

4. Positioning of Reference Regions

In order to accurately realize condition diagnosis after extracting the abnormal heating
regions, the reference regions should be localized in the reference phases, which do not
have abnormal heating regions (assuming that at least one phase is in normal status in this
paper). This article applied different methods to locate the positions of reference regions
for different HV cable accessories.

4.1. Grounding Boxes

If the diagnostic object was a grounding box, the Faster RCNN network would have
directly positioned the connections (including the upper side connections and the lower
side connections). The phase (one of the three phases), which contained the overheating
area, was noted as the suspected overheating phase, and the remaining phases, which
always had the same height, were regarded as the reference phases. The whole reference
phases can be deemed as the reference regions.

Figure 12 shows the positioning results of reference regions of the grounding boxes. To
describe the positioning process more intuitively, the four-dimensional vectors (x1, y1, x2, y2)
were used to represent the position of each phase, where x1 and x2 denote the horizontal
coordinates of top-left corner and bottom-right corner of each phase, while y1 and y2 denote
the vertical coordinates. The position information of the suspected overheating phase of
the grounding box I was (268, 65, 339, 184), while the position information of other phases
was (148, 65, 219, 184), (390, 65, 461, 184), (100, 290, 142, 338), (214, 290, 256, 338), and
(339, 290, 381, 338). Thus, the connections corresponding to the first two data sets were
regarded as the reference regions because they had the same vertical coordinates with the
overheating phase. The positioning method of reference regions of grounding box II was
the same.
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(a) (b) (c) (d) 

grounding box I 

    
(e) (f) (g) (h) 

grounding box II 

Figure 12. Reference regions locating results of grounding boxes: (a,e) grayscale image, (b,f) extract-
ing results of suspected overheating regions, (c,g) suspected overheating phase and reference phases,
(d,h) locating results of reference regions.

4.2. Cable Terminations

When the object to be diagnosed was a cable termination, the Faster RCNN network
was firstly applied to locate the connection fittings and sleeves. The phase that included
abnormal heating regions were regarded as the suspected abnormal heating phase, and
the remaining phases were considered as the reference phases. Considering the similarity
of the structure among the three phases of the termination, the reference regions can be
positioned according to the abnormal heating area’s position information and the size
ratio of different phases of terminations identified in the image. Taking Figure 13 as an
example, (10) and (11) were used to calculate the coordinate information of the reference
regions’ pixels. The highlighted areas in Figure 13d,h show the positioning results of
reference regions. {

Xhot = [x1, x2, x3, . . . , xn]

Yhot = [y1, y2, y3, . . . , yn]
(10)

{
Xref = (Xhot − xmin1)/(xmax1 − xmin1) ∗ (xmax2 − xmin2) + xmin2

Yref = (Yhot − ymin1)/(ymax1 − ymin1) ∗ (ymax2 − ymin2) + ymin2
(11)

where Xhot and Yhot, respectively, denote the horizontal coordinates and vertical coor-
dinates of the abnormal heating regions’ pixels; Xref and Yref, respectively, denote the
horizontal coordinates and vertical coordinates of the reference regions’ pixels. n denotes
the number of pixels in the abnormal heating regions; (xmin1, xmax1) and (ymin1, ymax1) the
horizontal coordinates and vertical coordinates of the top-left corner and bottom-right cor-
ner of the suspected abnormal heating phase. (xmin2, xmax2) and (ymin2, ymax2) the vertical
coordinates of the top-left corner and bottom-right corner of the reference phase.
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(a) (b) (c) (d) 

cable termination I 

    
(e) (f) (g) (h) 

cable termination II 

Figure 13. Location results of reference regions of cable terminations: (a,e) grayscale image, (b,f) extracting results of
suspected abnormal heating regions, (c,g) suspected abnormal heating phase and reference phases, (d,h) locating results of
reference regions.

5. Calculation of Temperature Parameters and Condition Diagnosis

In order to diagnose the severity of the overheating defect, T1 and T2, which denote
the maximum temperature of the identified abnormal heating area and reference area,
respectively, were extracted. Combined with the ambient temperature T0, the temperature
characteristic parameters can be calculated according to (12)~(14).

Tr = T1 − T0 (12)

Td = T1 − T2 (13)

δ = (T1 − T2)/(T1 − T0) (14)

where Tr is the value of temperature rise; Td is the value of temperature difference, and δ
represents the value of relative temperature difference.

According to the corresponding diagnostic criteria, the autonomous diagnosis of
overheating defects in cable accessories can be achieved based on the calculated tempera-
ture characteristic parameters. Table 2 shows the diagnostic criteria from the “Guidelines
for defective grading standards of power transmission equipment of Guangdong Power
Grid Company (version 2018)”. Table 3 shows the calculated temperature parameters and
diagnosis results of Figures 12 and 13. The temperature difference of grounding box I in
Figure 12 was 6.4 ◦C. Because it was between 5 ◦C and 15 ◦C, the status of grounding
box I was regarded as the general defect. The temperature difference of grounding box II
was only 2.9 ◦C, which was lower than 5 ◦C. In addition, the temperature rise was only
4.6 ◦C, which was less than 15 ◦C, the condition of grounding box II was diagnosed to be
normal. Similarly, the temperature difference of connection fittings of cable terminations I
in Figure 13 was 50.6 ◦C, which was higher than 40 ◦C, thus the termination I was judged
to have a defect needing urgent action. The temperature difference of sleeves of cable
terminations II was 11.2 ◦C, thus the condition of this termination was determined as
having a major defect.
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Table 2. Diagnostic standard for HV cable accessories.

Defective Part Defective Appearance Severity Level

Connection fittings of cable
terminations or connections of

grounding boxes

Temperature of heating spot >130 ◦C;
Temperature difference >40 ◦C;

Relative temperature difference >95% and
temperature rise >15 ◦C

Urgent

Temperature of heating spot: 90~130 ◦C;
Temperature difference: 15~40 ◦C;

Relative temperature difference: 80%~95% and
temperature rise >15 ◦C

Major

Temperature difference: 5~15 ◦C;
Relative temperature difference: 35%~80% and

temperature rise >15 ◦C
General

sleeves of cable terminations
Temperature difference >4 ◦C Major

Temperature difference: 2~4 ◦C General

Table 3. Temperature calculation and diagnostic results of cable accessories.

Cable
Accessories

Temperature/◦C
Tr

1/◦C
Max

Td
2/◦C Max σ3/%

Diagnostic
ResultsHeating Ref I Ref II Environment

Grounding box I 31.4 25 26.4 23 8.4 6.4 76.2 General defect

Grounding box II 29.6 26.7 27.1 25 4.6 2.9 63 Normal

Termination I 86.3 35.7 \ 32 54.3 50.6 93.18 Urgent defect

Termination II 47.3 36.1 \ 22 25.3 11.2 44.27 Major defect
1 Tr means the temperature rise, 2 max Td means the maximum temperature difference, 3 max σ means the maximum relative tempera-
ture difference.

The proposed method has been applied to test against actual infrared images, includ-
ing 50 images of cable terminations and 50 images of grounding boxes. The testing results
are shown in Table 4.

Table 4. Testing results of inspection images.

Cable
Accessories

Actual Condition
Autonomous

Diagnosis Results

Cable
terminations

Normal 32 Normal 32
General defect 2 General defect 2
Major defect 7 Major defect 7
Urgent defect 9 Urgent defect 9

Grounding
boxes

Normal 40 Normal 39
General defect 7 General defect 8
Major defect 1 Major defect 1
Urgent defect 2 Urgent defect 2

6. Conclusions

This paper is an extension of a conference paper, which the authors previously pub-
lished [25]. It proposed an autonomous method to analyze infrared images for the diagnosis
of insulation conditions of cable accessories. The approach included the positioning and
identification of diagnostic objects, the extraction of key regions, and the calculation of
temperature parameters for condition assessment of cable accessories. The conclusions are
as follows:

(1) The method for autonomous positioning and identification of cable accessories in
infrared images based on Faster RCNN network was proposed. This method was applied
to test against actual infrared images, and results showed that the autonomous location and
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recognition could be achieved at different shooting angles and under various background
conditions.

(2) The method for extracting suspected abnormal heating regions based on Mean-
Shift algorithm was proposed. Case studies showed that this method, which was superior
to other alternatives, can realize image adaptive segmentation. It can extract the abnormal
heating regions of grounding boxes and cable terminations accurately.

(3) The proposed method may potentially be productive as it helps reduce the de-
pendence on human efforts and expertise and helps improve the practice of intelligent
condition monitoring.
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Abstract: Lowered power loss and asymmetrically electrical parameters are reported in the DC aging
of Co2O3-doped ZnO varistors in this paper. Based on the frequency domain dielectric responses of
the pristine and degraded samples, the present study explores the roles of point defects in the aging
process via dielectric relaxations and their parameters. It is found that breakdown field increased
more in the positive direction than the negative direction. Nonlinearity increased in the positive
direction, whereas it decreased in the negative direction, and leakage current density increased more
in the negative direction than the positive direction. Given the lowest migration energy of Zinc
interstitial (Zni, 0.57 eV) and high oxygen ion conductivity in Bi2O3-rich phase, it is speculated that
Zni and adsorbed oxygen (Oad) migrate under DC bias, and then change the defect structure and the
double Schottky barrier (DSB) at grain boundaries. As a result, the forward-biased barrier height
gradually decreases more than the reverse-biased one.

Keywords: ZnO varistors; DC aging; double Schottky barrier; point defects

1. Introduction

ZnO varistor, one of the polycrystalline semiconductors, manifests excellently non-
ohmic current–voltage (I-V) characteristics so that they are vastly used for overvoltage
protection in the electrical system [1]. Recently, as high voltage direct current power
transmission develops rapidly, ZnO varistors are available to a very high voltage level
of ±1100 kV on the transmission line and at the converter station. In these applications,
the ZnO blocks are continuously stressed by pure DC or a dominant DC component
with superimposed continuous (high frequency) transients, and ion migrations in ZnO
varistors are more serious. Therefore, the aging under DC loading was significantly
different compared to the AC world. Most of the available blocks were stable under AC
but not necessarily stable under a DC stress. For low-voltage ZnO varistors, simulations
are developing to describe the DC current-voltage (I-V) behavior and to obtain extended
DC I-V characteristics in the time domain [2,3].

The DSB is generally accepted to explain the non-ohmic characteristics of ZnO varistor,
which is also employed to analyze its aging phenomena [4–7]. At an early stage, Eda
and Matsuoka studied the influence of DC-biased stress on ZnO varistors by thermally
stimulated current, where they suggested that the aging arose from migration of ions in the
depletion layer [8]. Gupta and Carlson further pointed out that the migration was relevant
to zinc interstitial (Zni) under electrical-thermal driving force [9]. Via positron annihilation
spectroscopy, Ramanachalam et al. [10] unveiled that positron trap density decreased with
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DC stress increasing and associated positron lifetime increased, which was attributed to
recombination of zinc interstitial migrating to grain boundary with zinc vacancy, leading to
lower barrier height. Besides DC operation voltage, conductivity at contact points between
varistor granules may also be increased due to accumulated damage from Joule heating by
multiple high voltage strokes [11].

Besides ion migration, some other interesting experimental results were also reported.
Ohbuchi et al. [12] analyzed the impact of AC aging on the interface states of ZnO varistors
by deep level transient spectroscopy and found that aging phenomena were highly refer-
ring to the emission rate of the interface states, which they claimed arose from migration of
adsorbed oxygen ion (Oad). Takahashi et al. [13] found that oxygen atmosphere could in-
hibit the leakage current during the aging process and resume aged samples. Ramirez et al.
argued that it was due to the adsorption of oxygen influenced by β/δ-Bi2O3 at grain bound-
aries and then the control of barrier [14]. Mielcarek et al. [15] also investigated the influence
of β/δ-Bi2O3 phases on aging phenomena.

Cobalt oxide is one of the commonly used dopants to modify the DSBs at grain
boundaries. Cobalt ions in ZnO grains exit as Co2+, which replaces Zn at the lattice sites
in the manner of tetrahedral coordination [16]. Co2O3 can increase the oxygen partial
pressure in the sintering processing and decrease the density of donor, which decreases
the conductivity of the ZnO grains [17]. Co was conducive to forming interface states
between the conduction band and the valence band of ZnO [18]. Except for changing
multi-scale defect structure, the phase of Bi2O3 can also be influenced by Co2O3 [19]. In
a word, studies on Co2O3-doped ZnO varistors have been mainly focused on reducing
grain boundary resistivity, enhancing the nonlinearity, preventing Bi2O3 evaporation, and
improving stability against AC aging. However, the effect of Co2O3 dopant on the stability
of ZnO varistors against DC aging has not been systematically presented yet. It is also
helpful to understand DC aging mechanism based on Co2O3-doped ZnO varistors due to
its obvious modification effect on the defect structure.

In this paper, the I-V characteristics of Co2O3-doped ZnO varistors in low-current (pre-
breakdown) region were measured before and after DC aging. Power loss was continuously
recorded during DC aging. Broadband dielectric spectroscopy was utilized to analyze
relaxation processes, by which the variation of defects due to aging was compared. Finally,
dynamics of ion migrations during DC aging was deduced, of which the effect on the DSB
was also analyzed.

2. Experiment

A series of ZnO varistor block samples were prepared via the solid-state reaction
method. Besides (95−x) mol% ZnO, raw materials contained approximately 1 mol%
Bi2O3, 1 mol% Sb2O3, 0.5 mol% MnCO3, 1 mol% NiO, and 1.5 mol% SiO2 (mainly for
inhibiting grain growth). The content of Co2O3 was chosen as x = 0, 0.28, 0.55, 0.83, 1.1,
and 1.38 mol%. The raw materials were mixed by a 12 h ball-milling with deionized water
and an appropriate amount of polyvinyl alcohol (PVA). Next, the slurries were processed
into particles with a size of 80~120 μm via spray granulation. The particles were added
3 wt% water to be stale for 24 h and then were pressed into pellets under 100 MPa for 10 s.
The pellets were pre-sintered at 600 ◦C to discharge PVA. Finally, the pellets were sintered
in air at 1150 ◦C for 2 h, and naturally cooled. All samples were designated as S1, S2, S3,
S4, S5, and S6 for short, with increasing Co2O3 content. Based on Archimedes principle of
water displacement, densities and porosities were measured for all samples.

After polishing both sides of the samples, Al electrodes were sputtered for electrical
measurements. The nonlinear coefficient α = 1/lg(EB/EA) was calculated from the current
density-electric field (J-E) curves, where EA and EB (called breakdown field) is an electric
field under 0.1 mAcm−2 and 1 mAcm−2, respectively. The leakage current density (JL)
was acquired at 0.75EB. These varistors were heated at 135 ◦C and applied an electric
field of 0.9EB for more than 160 h. The direction, the same as that of the electric field
during aging, was referred to as the positive direction, and the opposite direction is the
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negative direction. After aging J-E curves of both directions were taken into consideration.
Dielectric properties were measured by an impedance analyzer (Novocontrol, Concept 80,
Montabaur, Germany) in a frequency range of 10−1~106 Hz and a temperature range of
−110~200 ◦C.

3. Results and Discussion

3.1. Macro Electrical Properties

Phase compositions and microstructures of all samples have been presented else-
where [19]. α-Bi2O3 phase was detected in samples S1–S4, whereas δ-Bi2O3 phase was
detected in samples S5 and S6. δ-Bi2O3 phase trended to appear in those samples with
higher Co2O3 content. Spine phase Zn(Zn4/3Sb2/3)O4 was identified in S1–S3, and spine
phase Co(Co4/3Sb2/3)O4 was identified in S4–S6. Average grain sizes (λ), densities (D),
and porosities (H) are shown in Table 1. λ changed little with increasing Co2O3 content. D
decreased at low contents, and then increased with increasing Co2O3 content. Changes of
H were opposite to D. It was found that microstructures changed little after doping Co2O3.

Table 1. Average grain sizes (λ), densities (D), and porosities (P) of Co2O3-doped ZnO varistors.

No. λ (μm) D (gcm−3) H (%)

S1 9.98 5.32 0.016
S2 10.27 5.25 0.018
S3 10.85 5.28 0.024
S4 10.19 5.23 0.051
S5 10.24 5.23 0.020
S6 10.71 5.42 0.021

Electrical properties of these as-sintered varistors were reported elsewhere. During
DC aging, power loss (P) was continuously recorded, as shown in Figure 1. P0 is a
maximum of P at the beginning of aging. P rapidly decreases in the initial time. Ion
migrations were most intense when DC voltage was applied. With increasing aging
time, equilibrium was established between migrations and diffusions. Thus, P gradually
decreased. Approximately after 20 h, P of S5 gradually increases, whereas those of others
decrease with lower rates than before. This indicates that these samples except S5 are stable
under the DC aging test. As to S5, the increase of P is due to δ-Bi2O3, which is a phase of
Bi2O3 with the highest conductivity of oxygen ion. During aging, adsorbed oxygen can
desorb and easily escape from the varistor through δ-Bi2O3 [20]. As a result, the interface
states and Schottky barrier height decrease, and P gradually increases due to increasing
leakage current. Leakage current density (JL) vs. aging time (t) satisfies

JL = JL0 + KT
√

t, (1)

where JL0 is the leakage current density at t = 0; KT is the degradation rate. JL of S5 was
extrapolated via Equation (1), where it would be equal to the initial value after 1489 h, with
JL0 = 53.04 μA and KT = 1.45 μA·cm−2·h0.5.

As an example, J-E curves of S1 are shown in Figure 2. After DC aging, J-E curves
became asymmetric in both positive direction and negative direction. Leakage currents in-
creased in both directions, where the increase is more in the negative direction. Breakdown
field also increased in both directions, where the increase is more in the positive direc-
tion. All electrical parameters of S1–S6 before and after DC aging are shown in Figure 3.
Breakdown field increased more in the positive direction than the negative direction, non-
linearity increased in the positive direction, whereas it decreased in the negative direction.
Leakage current density increased more in the negative direction than the positive direc-
tion. It is found that after DC aging, electrical properties degraded more seriously in the
negative direction.
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Figure 1. Power losses of S1–S6 during DC aging. Aging condition: Heated at 135 ◦C and applied
an electric field of 0.9EB for more than 160 h, where EB is the electric field when current density is
1 mAcm−2 and is called breakdown field.

Figure 2. J-E characteristics of S1 before and after DC aging.

Figure 3. Cont.
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Figure 3. Electrical parameters of S1–S6 before and after DC aging (a–f) S1–S6.

The nonlinear coefficient α = 1/lg(EB/EA) was calculated from the current density-
electric field (J-E) curves, where EA and EB (called breakdown field) are electric fields under
0.1 mAcm−2 and 1 mAcm−2, respectively. The leakage current density (JL) was acquired
at 0.75EB.

3.2. Dielectric Response

Relaxations of intrinsic point defects of Zni and oxygen vacancy (VO) can be detected
at lower temperatures. Zni is the most mobile ion in ZnO varistors and plays a decisive role
in aging. Relaxations of extrinsic defects respond at higher temperatures. Extrinsic defects,
such as grain boundaries and intergranular phases, may be changed due to temperature
rise, for example, partial melting arose from intensive heat generated in the varistors when
high currents flow [21]. These defects decide the property of DSB.

As an example, dielectric responses of S1 at −100 ◦C and 200 ◦C before DC aging are
presented to analyze these defects, which is shown in Figure 4. Two obvious loss peaks
were manifested in ε” spectroscopy at −100 ◦C in Figure 3a, while only a vague one at
200 ◦C in Figure 3b was detected. Frequency has effects on the electrical characteristics
of varistors [22]. The reason is that DC conductivity exponentially increased at higher
temperatures, which masked loss peak(s) at low frequencies. Here, frequencies lower than
10 Hz are referred to as low frequencies. Compared to Figure 2, the dielectric responses for
the pristine sample had little difference. Note that some relaxation peaks were hidden by
DC conductivity at high temperatures, a derivative method was applied to characterize
relaxation processes [23,24]. It was found that five relaxations exist in a temperature
range of −110~200 ◦C and a frequency range of 10−1~106 Hz. At low temperatures
(−110~−60 ◦C), two loss peaks were detectable, which were designated as Peak A and
Peak B. At high temperatures (150~200 ◦C), two loss peaks were also characterized that
were designated as Peak C and Peak D. Because Peak E had not completely manifested in
the spectra, it is not discussed in the following content.

Figure 4. Cont.
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Figure 4. Dielectric responses of S1 before DC aging (a) −100 ◦C (b) 200 ◦C.

To obtain parameters of all loss peaks and DC conductivity, Cole–Cole model was
applied to fit the complex permittivity [25]:

ε∗ = ε∞ +
σdc

jωε0
+ ∑

i

Δεi

1 + (jωτi)
1−αi

(2)

In this expression, ε* = ε′ – jε” is the complex permittivity, ε∞ the limiting high-
frequency permittivity, ω the angular frequency, σdc the dc conductivity, ε0 the vacuum
permittivity, Δεi and τi the relaxation amplitude and the relaxation time for the ith relax-
ation, respectively, αi the shape (or relaxation time distribution) parameters.

The genetic algorithm was used to fit measurement results. For results at lower
temperatures, all parameters were obtained based on ε”, and examined over ε’. For results
at higher temperatures, σdc was firstly calculated via ε” at the low frequencies. Relaxation
parameters were obtained from ε’. Then, all parameters were examined by ε”. Frequency
ranges of ‘steps’ in ε’ spectra or loss peaks in ε’ spectra were obtained in advance for
globally optimal solutions. All parameters of loss peaks of S1–S6 before and after DC aging
are shown in Figure 5. Peak A and Peak B were ascribed to the relaxation of Zni

•• and VO
•

in depletion layers [26]. After DC aging, Δεi and αi of the two peaks changed a bit. This is
because of the change of defect distribution in depletions. τi of Peak A and Peak B almost
did not change due to the intrinsic nature of the two defects. Peak C and Peak D were
related to extrinsic defects, where Peak C was caused by inter-granular phase and Peak D is
speculated due to the interface states [27,28]. Zhao et al. recently found that Peak C was
related to both Bi2O3-rich phase and the spinel phase, and was therefore, due to relaxation
of interface between the two phases [24]. Because of the extrinsic nature of the two defects,
all parameters of Peak C and Peak D change to some extent.

Figure 5. Cont.
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Figure 5. Parameters of all loss peaks before and after DC aging (a–f) S1–S6.

DC conductivities (σdc) were obtained from σ’ spectra at 0.1 Hz, which was also
calculated via dielectric responses at higher temperatures. σdc of S1–S6 at 200 ◦C before
and after DC aging are shown in Figure 6a. After DC aging, σdc increases for every sample.
As σdc was obtained from frequency-domain conductivity at the lowest measurement
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frequency, it reflects the property of the DSB [29,30]. Based on the Arrhenius equation,
activation energies (Edc) of σdc were also calculated, as shown in Figure 6b. It is found that
Edc decreases for all samples after DC aging. Therefore, the reason why σdc increases is
mainly because Edc decreases, and the decrease of Edc is due to the aging of the DSB.

 

Figure 6. DC conductivities (a) and their activation energies (b) of S1–S6 before and after DC aging.

3.3. Discussion

DSB model was utilized to explained DC aging mechanism, as shown in Figure 7.
Peak A derives from electron relaxations between donor levels of Zni and the conduction
band in the depletion layers. Peak B derives from similar processes of VO. Peak C and Peak
D have higher activation energies, and are related to electron emissions from different
kinds of interfaces (boundaries). As leakage current density increased more in the negative
direction than the positive direction, one could deduce that the forward-biased barrier
height (ΦbF) decreased more and the reverse-biased barrier (ΦbR) decreased a bit during
aging, i.e., ΦbF < ΦbR < Φb0. In ZnO semiconductor, Zni were too mobile to be stable at
room temperature, with the migration energy about 0.57 eV [31]. Oxygen, which could be
adsorbed at the grain boundary and form localized acceptor states, played a key role in
forming a potential barrier [32,33].

When the DC stress was applied, the depletion width (wF) of the forward-biased
barrier became narrow, while the reverse-biased barrier became wide, i.e., wF < w0 < wR. As
aging time increased, metastable cations, which were mainly Zni, migrated into grains for
the forward-biased barrier. As to the reverse-biased barrier, metastable cations migrated
to the grain boundary, some of which recombined with part of the localized states. At
the grain boundary, metastable anions migrated from the forward-biased barrier to the
reverse-biased one, which replenished the interface states in the reverse-biased barrier
and was postulated being Oad or its aliovalent species [34]. Finally, the barrier widths
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got narrower and satisfied wR < wF < w0. Therefore, all parameters of loss peaks and DC
conductivity due to the change of defect structure.

Figure 7. The schematic for ion migration based on the double Schottky barrier model.

The relation among the Schottky barrier height (Φb), the density of the interface states
(Ni) and the donor (Nd), and the depletion width (w) satisfies the following expression [35]:

Φb =
eNdw2

2εrε0
=

eNi
2

2εrε0Nd
, (3)

where e is the charge of an electron, εr the relative permittivity of ZnO. Hence, the previous
conclusion for the deformation of the DSB was deduced. Meanwhile, the complex defects
related to Peak C and Peak D also changed due to the migration of oxygen ion in the
Bi2O3-rich phases. The specific defects relative to Peak D need further characterization.
Besides, asymmetric conduction of ZnO varistors is also associated with nonuniform
distribution of additives and grain sizes, especially due to ion redistributions after DC
aging [36,37]. Conductivity, or say DSB, is a function of both voltage and temperature [38].
Ion distributions led to changes of the functions in both the positive and the negative
directions. Establishing such a function is still one of the remaining challenges in the
field [39].

4. Conclusions

DC aging mechanism was investigated based on Co2O3-doped ZnO varistors. During
the aging process, the power loss decreased continuously except S5 with δ-Bi2O3. After
DC aging, breakdown field increased more in the positive direction than the negative
direction, nonlinearity increased in the positive direction, whereas it decreased in the
negative direction, and leakage current density increased more in the negative direction
than the positive direction.

After DC aging, parameters of four relaxations were compared with the initial value,
where the amplitudes of all relaxations changed. It was deduced that the migrations of Zni
and Oad changed the species of the interface states and then deformed the DSB. As a result,
the forward-biased barrier height decreased more than the reverse-biased one.
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Abstract: Through spatial electric field monitoring, it is expected to realize insulator pollution
condition monitoring and contamination flashover warning in a non-contact way. Therefore, in
this paper, the spatial electric field distribution characteristics of 110 kV composite insulators are
simulated, where the effects of different surface states and their discharge levels on the spatial electric
field of insulators are analyzed. On this basis, a non-contact monitoring method for composite
insulator pollution based on the spatial electric field is proposed. The results show that there are
significant differences in the spatial electric field of the composite insulator among three conditions,
namely cleaning, pollution layer wetting, and dry band arcing. Increases of pollution layer wetting
and dry band arcing would lead to an increase of the amplitude of the spatial electric field of the
insulator. Verification experiments well indicated that it is feasible to identify the degree of pollution
layer wetting as well as dry band arcing of the insulator string by fixed-point monitoring, the spatial
electric field signal at the cross-strand of d = 0.5 m and directly opposite the last three positions.
Research results can provide references for the online monitoring of overhead line polluted insulators
and its flashover warning.

Keywords: finite element; composite insulator; electric field strength; operating state; pollution flashover

1. Introduction

Compared with the traditional string of porcelain and glass insulators, composite
insulators, with excellent electrical and mechanical properties, are widely accepted in
high-voltage power transmission systems. However, aging and deterioration of composite
insulators are particularly serious in some typical heavily soiled, coastal, high-temperature,
and high-humidity areas, so that their water-repellent performance and anti-fouling flash
performance are significantly weakened, which has led to several pollution flashover
accidents [1–4]. In 2016, the insulators of the ±600kV DC transmission line in Dezhou,
Shandong were discharged due to heavy pollution in the shed. In 2018, the post-insulators
of the Henan substation were polluted by heavy industrial dust, resulting in multiple
pollution flashovers throughout the year.

Therefore, effective and stable online monitoring and early warning of pollution
flashover for the pollution of external insulation in harsh environments still have practical
engineering significance. Some scholars have conducted a large number of studies on
the online monitoring of dirty insulators. In the current research, the leakage current
method is widely adopted, but it still has some problems [5–9]. The literature [9] points
out that the method of measuring the leakage current using a centrifugal structural current
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sensor or a microcurrent sensor has the disadvantages of single feature and consuming
excessive transmission load. At present, relevant scientific research institutions are still
carrying out tests. As a matter of fact, this method still has certain shortcomings. There
is no unified conclusion about the selection of characteristic parameters of current signal
leakage, pollution degree evaluation algorithms, and the corresponding early warning
threshold settings. In addition, the sensors for leakage current monitoring require contact
installation with the tower, which is not easy for post-maintenance.

Furthermore, other scholars have proposed some advanced online monitoring meth-
ods, such as thermal imaging, ultrasound, UV imaging, etc. [10–13]. However, the litera-
ture [14] points out that thermal imaging is influenced and limited by climatic conditions,
while the ultrasound method has the problems of coupling and attenuation, and it is also
limited by the performance of the ultrasonic converter. For the UV imaging-based external
insulation detection technology for power transmission and distribution, there have been
many years of research experience, but there is still no unified opinion on the selection of
characteristic parameters such as spot area and photon number, and the recognition algo-
rithm is complicated [15]. In addition, the actual operating insulators in the line generally
only have severe corona discharge at the high-voltage end, so there are certain defects in
the applicability of ultraviolet detection.

As one of the important parameters of electrical equipment, the electric field strength
can well reflect the operating state of the external insulation of power transmission and
transformation, and it can be measured in a non-contact manner [16,17]. Existing studies
have shown that contamination of the surface of an insulator affects its surrounding electric
field distribution. For example, the literature [18,19] pointed out that the electric field
distribution around the insulator under different contaminated conditions is significantly
different, and when the contaminated composite insulator discharges along the surface,
the electric field distribution of the local arc head significant changes from a weak vertical
component to a strong vertical component structure. The authors in [20] simulated the
microscopic development process of the local arc of the pollution flashover and proposed
the influence of different pollution distribution conditions and the salt density conductivity
of different pollution layers on the local potential and electric field distribution of composite
insulators. They [20] also proved that the insulator pollution flashover process is directly
associated with the variation of its surrounding electric field strength.

However, the above research did not compare the electric field distribution character-
istics of the insulators under different surface conditions in order to obtain the relationship
between the changes of insulator spatial electric field and its surface pollution conditions,
which can provide theoretical support for non-contact pollution insulator condition moni-
toring and the provision of a pollution flashover warning. In addition, other monitoring
and detection methods have their own defects, as were aforementioned. In summary, to
propose a novel and non-contact condition monitoring method of a polluted insulator
based on the spatial electric field, this paper takes 110 kV composite insulator string as the
object and studies the spatial electric field variation laws of insulator strings under different
pollution conditions through finite element simulation. The influence of observation posi-
tion and distance on the spatial electric field distribution of the insulator string is compared
and analyzed. Furthermore, the correlation relationship between the spatial electric field
amplitude and pollution surface conditions is obtained and experimentally verified. The
research results can provide a reference for non-contact monitoring and pollution flashover
early warning of the external pollution insulation of the power system.

2. Finite Element Simulation Model for Pollution Insulator

2.1. Basic Simulation Settings

The basic setup of the simulation calculation domain is as follows: (1) the domain
is solved with single-phase loading voltage [21]; (2) the three-dimensional axisymmetric
structure of the insulator string is simplified to a two-dimensional model for analysis;
(3) the pollution layer, water film, etc., are set as uniform media; (4) the simulation mainly
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considers the changes in electric field distribution caused by the boundary conditions
and properties of the medium, while ignoring corona discharge, water droplet flow, and
other factors.

The conductivity of the insulator surface in a clean state is very small, and its electric
field is a capacitively distributed axisymmetric electric field. The electrostatic field method
can be used to establish a two-dimensional cross-sectional model for solution. Once the
contamination on the surface of the contaminated insulator is moistened, the conductiv-
ity increases sharply, and the surface leakage current increases, so the surface electric
field of the insulator becomes a non-static field distribution. Considering the power fre-
quency alternating current, the electric field distribution on the surface of the shed exhibits
resistance–capacitance properties. Therefore, the electrostatic field method alone cannot
solve the electric field distribution of contaminated insulators. In this paper, the calculation
domain of the electric field distribution of the dirty insulator is set as the quasi-current
field, and the complex domain is applied. At this time, the insulator potential changes from
a scalar to a complex vector, and the calculation domain potential distribution equation is

1
r

∂

∂r

{
r(σ + jwε)

∂φ

∂r

}
+

∂

∂z

{
(σ + jwε)

∂φ

∂z

}
= 0 (1)

Boundary conditions for composite insulators are as follows:{
ϕ
∣∣l0 = U

ϕ
∣∣l1 = 0

(2)

Since the electric field strength is very small at a place far away from the insulator, it
has no effect on the simulation results. Therefore, on the boundary of the model, we set the
bottom surface as the ground and the other five surfaces as the artificial cut surface. The
voltage on the artificially cut surface is zero.

The formula for the boundaries of different media are as follows:{
φ1 = φ2

(σ1 + jwε1)
∂φ1
∂n = (σ2 + jwε2)

∂φ2
∂n

(3)

The finite element solution of the variable partition equation is as follows:

F(φ) =
1
2

∫
Ω
(σ + jωε)(∇φ)2dΩ +

∫
Γ=L1

(σ + jωε)

(
1
2

f1φ2 − f2φ2
)

dT (4)

The function F is the intermediate variable for solving the electric potential distri-
bution based on the variational method, and its minimum value is the solution of the
differential equation, where ε and σ are the conductivity and dielectric constant of the
material, respectively; r and z are the coordinates in the model; l0 is the high-voltage
electrode; l1 is the ground electrode; Φ is the potential; Ω is the solving field; T is the curve
surrounding the solving field; and W is the power angle frequency.

2.2. Simulation Model

This paper selected the FXBW4-110/120 composite insulator as the simulation sample.
As shown in Figure 1, the minimum nominal creepage distance of the insulator is 3600 mm,
the structure height is 1440 mm, the insulation distance is 1200 mm, and the dielectric
material properties are as shown in Table 1 [22–24]. The conductivity of the water was set
at 0.03 S/m to simulate the pollution severity level I. The insulator shed number was set
from No. 1 to No. 27 with the high voltage end as the starting point.
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Figure 1. Diagram of FXBW4-110/120 composite insulator structure diagram (unit: mm).

Table 1. Properties of each dielectric material.

Type of Material Relative Dielectric Constant ε Conductivity (S/m)

Silicone rubber 3.5 1 × 10−12

Goldsmith 1000 5.998 × 107

Mandrel 6 1 × 10−12

Water droplet/film 81 0.03
Air 1.02 1 × 10−22

In this paper, the unbounded domain was processed by the manual truncation method,
and the structure height of the composite insulator was set as 3 times the calculation domain,
as shown in Figure 2a. The spatial electric field distribution on a straight line parallel to the
insulator string was studied at different distances d outside the shed, as shown in Figure 2b.
The high voltage end of the composite insulator was the highest amplitude-phase voltage,
and the low voltage end and the side of the gold were grounded, of which the potential
was 0 kV.

2.3. Pollution Conditions Setting Method

In this paper, simulation models of composite insulators with different wet pollu-
tion states and different arc starting stages were established. The specific settings were
as follows:

(1) The water bead morphology and water film coverage area on the surface of the shed
are defined by the water spray classification method. As shown in Figure 2c, the water
bead formation model corresponds to HC1. As shown in Figure 2d, the intermittent
water band model corresponds to HC4.

(2) In actual situations, the high-voltage end and the low-voltage end are most likely
to produce local arcs. As shown in Figure 2e, this paper simulates two different
arc starting stages, namely high voltage end arcing (stage 1), and high and low
voltage two-end arcing (stage 2). The local arc is simulated by setting the potential
difference on the surface boundary of the insulator shed surface, and local arc bridging
regions are simulated with alternating potentials. In order to obtain the value of this
potential difference, we need to calculate the voltage of the arc in the simulation using
Equation (5). The arc volt–ampere characteristic equation is as follows:

Ua = AI−na La (5)

where Ua is the peak value of the local arc voltage; I is the peak value of leakage
current; La is the arc length; and A and na are arc coefficients, which are associated
with environmental parameters. When the composite insulator string starts arcing, the
leakage current is not high. According to the recommended value in the literature [25],
in this paper, I was set as 10 mA, La was set as 60 mm, A was set as 60, and na was set
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as 0.35. Under this case, the arc potential was about 1500 V, and this value was used
in the computation model to set the boundary potential.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 2. Simulation diagrams of composite insulator in different pollution conditions: (a) composite
insulator string model, (b) spatial electric field simulation measurement, (c) water bead formation
model, (d) water belt formation model, (e) local arcing model.

3. Space Electric Field Distribution Simulation Results and Analysis

3.1. Electric Field Distribution of Clean Insulator Strings

Figure 3 shows the electric field magnitude distribution of clean composite insulator
strings at different radial distances. As shown in Figure 3, an increase of d would lead to a
decrease of the spatial electric field magnitude. When the radial distance d increases from
0.2 m to 0.5 m, the insulator string spatial electric field magnitude attenuation can reach
80%. When d is greater than 0.5 m, the distribution curve no longer has a saddle shape.
Therefore, in this paper, d = 0.3 m and 0.5 m were selected to study the spatial electric field
distribution characteristics of insulator strings under different pollution conditions. The
electric field change rate ΔE was set as follows:

{
ΔEi,k = (|Ek − Ei|)/Ei

ΔEi,m = (|Em − Ei|)/Ei
(6)

where i represents the clean composite insulator string, k represents the pollution layer
wetting condition, and m represents the dry band arcing condition.
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Figure 3. Electric field distribution of clean composite insulator string.

3.2. Electric Field Distribution of Insulator Strings under Surface Pollution Wetting Condition

The spatial electric field distribution of the insulator string under different pollution
wetting conditions is shown in Figure 4. As shown in Figure 4, when a water film formed
on the insulator pollution surface, the spatial electric field showed obvious fluctuations
with the change of the distance of the high voltage end. This may be due to the change of
the resistance–capacitance distribution characteristics of the insulator string caused by the
formation of conductive water bands. Compared to the clean condition, the spatial electric
field values of the insulator under the pollution wetting condition changed significantly.
The maxima of ΔEi,k were 3.2% and 53.7% for the droplet formation condition and water
film formation condition, respectively, when d = 0.3 m. When d = 0.5 m, the maxima of
ΔEi,k were 3.2% and 44.2% under the two respective conditions. The maximum values of
ΔEi,k occurred at around 1000 mm and 1400 mm from the high voltage end.

Figure 4. Effects of wet pollution condition on space electric field of composite insulator.

3.3. Electric Field Distribution of Insulator Strings under Dry Band Arcing Conditions

Figure 5 shows the electric field distribution of the composite insulator string under
dry band arcing conditions. As shown in Figure 5, in the case of a local arc, the spatial
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electric field distribution of the insulator string no longer exhibited a saddle shape, because
the local arc and the conductive water film greatly changed the potential distribution on the
surface of the insulator. Compared to the clean condition, the spatial electric field values of
the insulator under dry band arcing conditions changed significantly. The maximum values
of ΔEi,k were 103.6% and 151.9% for the arcing stage 1 and arcing stage 2, respectively,
when d = 0.3 m. When d = 0.5 m, the maximum values of ΔEi,k were 86.7% and 131.5%
under the two respective arcing stages. The maximum values of ΔEi,m also appeared at
about 1000–1400 mm from the high voltage end.

Figure 5. Effect of local arc on space field of composite insulator (1—d = 0.3 m clean insulator
string, 2—d = 0.3 m arcing stage 1, 3—d = 0.3 m arcing stage 2, 4—d = 0.5 m clean insulator string,
5—d = 0.5 m arcing stage 1, 6—d = 0.5 m arcing stage 2).

4. Non-Contact Monitoring Method for Contaminated Insulators

Previous research has shown that the amplitude of the insulator’s spatial electric
field changes most obviously under different surface contamination states. Therefore, the
simulation results of the spatial electric field amplitude of the insulators under all the
above-mentioned typical pollution conditions were selected and drawn into a broken line
diagram, as shown in Figure 6. As shown in Figure 6, the amplitude of the spatial electric
field near the low-voltage end of the insulator changed obviously with the variation of
pollution conditions, under both d = 0.3 m and d = 0.5 m. The maximum rate of change of
the spatial electric field amplitude of the insulator was similar, and they all appeared at a
distance of about 1000–1400 mm from the high voltage end, that is, the low voltage end.

Taking into account the convenience of on-site installation and subsequent mainte-
nance, the safety net distance d of the monitoring sensor should be as large as possible;
therefore, in this paper, d = 0.5 m was selected as the representative position for monitoring
the spatial electric field distribution characteristics of the insulator string under different
surface pollution states.

As was mentioned, it is expected to be close to the low-voltage end, and the greater
the d, the easier it is to install and use the space electric field probe. Therefore, d = 0.5 m
was selected, and the spatial electric field amplitudes were compared at the corresponding
positions of the three insulators of No. 25, No. 26, and No. 27 under different pollution
layer conditions, which are recorded as A, B, and C, respectively (as shown in Figure 7),
and the simulation results were drawn as a line chart, as shown in Figure 8.
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(a) d = 0.3 m 

(b) d = 0.5 m 

Figure 6. Effect of different pollution conditions on the space electric field of composite insulator.
(1—clean insulator strings, 2—dry state, 3—a few drops of water, 4—many water drops, 5—water
band formation, 6—localized arc phase I, 7—localized arc phase II).

Figure 7. Monitoring position diagram of insulator unit No. 25, No. 26, No. 27.
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Figure 8. Changes in the amplitude of the electric field at three locations with different pollution
states (1—clean insulator strings, 2—droplet formation, 3—water band formation, 4—localized arc
phase I, 5—localized arc phase II).

It can be seen from Figure 8 that under the condition of surface pollution, when
the insulator developed from a surface pollution wetting state to a stage where local
arcs were generated, the amplitude of the space electric field of the insulator at three
locations gradually increased, and the closer to the pollution flashover, the greater the
increase. Therefore, the above results indicate that it is feasible to identify the degree of
contamination and the degree of arc development by monitoring the space electric field
signal at a point of d = 0.5 m at 110 kV composite insulator cross-arm, directly facing the
designated patch position. At that location, the electric field value is in the scale of 8 kV/m
to 22 kV/m under different pollution layer conditions, and after calculation, when the
insulator pollution surface is wetting, the space electric field amplitude may increase by
3–43.1%. When a local arc occurs, the amplitude of the space electric field may increase by
83.6–119.4%.

5. Artificial Verification Test

The research results in this paper preliminarily show that there is a clear correlation
between the changing rate of the spatial electric field of the polluted composite insulator
string and its surface pollution condition. Based on the simulation, the spatial electric
field waveform during insulator flashover was monitored at a fixed point in laboratory
to propose a non-contact method for pollution insulator surface state identification and
pollution flashover warning. Due to the limitation of test power supply capacity, this paper
selected a 35 kV short composite insulator as the sample for the artificial pollution test. The
structure parameters of the sample are shown in Table 2.

Table 2. Structure parameters of the sample (unit: mm).

Type Height Shed Diameter Creepage Distance Structure Diagram

FXBW-35/70 620 129/89 1280

The test layout and circuit diagram are shown in Figure 9. The test power supply
was a 100 kVA test transformer with a maximum AC output voltage of 50 kV and a rated
current of 2.0 A. A plexiglass jar with an inner diameter of 80 cm and a height of 120 cm was
used to simulate the environment of the fog chamber. The sample was suspended vertically
in the fog chamber, and the ultrasonic fog generator was passed into the fog chamber from
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the top to wet the surface of the sample. In order to fully wet the surface of the entire series
of test samples, four fans were installed under the glass jar to distribute the fog evenly
and fill the entire fog chamber. A d-dot sensor [26] was used to measure the electric field
strength in the space around the insulator, which could convert the electric field strength
signal into a millivolt–volt voltage signal for oscilloscope acquisition. It was hung on the
cross arm of the insulator during the test, and the distance from the insulator was 0.5 m. In
order to increase the contrast of the spatial electric field signal, the leakage current of the
contaminated insulator string was measured by a 1 ohm non-inductive sampling resistor
in this test, and the signal was also recorded by an oscilloscope.

 

(a) Test circuit: T is the regulator, B is the transformer, R0 is the protecting resistor, F is 
the voltage divider with its two capacitor C1 and C2, R3 is the 1 ohm sampling resistor. 

(b) Test equipment 

 
(c) D-dot probe 

Figure 9. Laboratory test arrangement and circuit diagram.
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In this paper, the withstand voltage method was used to simulate the pollution
flashover process of the insulator under the operating lines, that is, applying the operating
voltage first and then opening the fog generator. The corresponding electrical measurement
signals during the withstand process were recorded. The test procedure is as follows:

(1) Cleaning. The sample was cleaned and allowed to dry naturally.
(2) Polluting. The equivalent salt deposit density, which was set as 0.05 mg/cm2, was

simulated by sodium chloride, and the non-soluble deposit density was simulated
by kaolin. Their mas ratio was set as 1:6. During polluting of the insulator sample,
the surface was firstly covered with a thin layer of kaolin, and then the surface was
uniformly brushed to make it evenly coated with a pollution layer, and then the
polluted sample was dried in the shade for 24 h.

(3) Evaluating. The sample was hung, the wiring circuit was arranged, the voltage was
evenly increased to the rated operating voltage of the insulator, and the ultrasonic
fog generator and the fans were turned on. In order to fully wet the surface of the
entire series of the sample, the wind direction of the fans went up vertically, and the
speed of wind was 2–3 m/s. The arc development on the surface of the sample and
the waveform of the oscilloscope were recorded in real time, including electric field
signals and leakage current signals. If the flashover did not occur for one hour, the
test was stopped. During the test, the arc development was observed and the signal
changes recorded by the oscilloscope, and a single rising edge trigger mode was set
to intercept the spatial electric field as well as the leakage current waveform at the
moment of local arc generation.

The withstand voltage time of this test was set as 1 h. During the test, local arcs were
found on the surface of the insulator many times, but no flashover occurred till the end of
the withstand process. This may be due to low contamination degree, cold fog, and the long
withstand time, which caused the loss of the pollution layer. In addition, due to the good
hydrophobicity of the composite insulating material and the insufficient pollution degree,
a stable power frequency arc was not generated during the test, so the recorded leakage
current waveform during pollution flashover of the sample showed pulse characteristics.
The typical waveform obtained during the test is shown in Figure 10.

It can be seen from the figure that the spatial electric field signal at the characteristic
position of the insulator under dry conditions was basically a sinusoidal waveform with no
obvious distortion. After the dirty layer was wet for 12 min, the dirty layer on the surface
of the insulator showed obvious conductive characteristics, and the resistive component of
the leakage current increased. Coupled with the influence of corona discharge interference,
the phase of the space electric field signal was shifted and the waveform was distorted.
After 35 min of pressure, the dirt layer was fully wet, and the local arcs were alternately
extinguished, causing multiple pulses of leakage current and space electric field signals.
The distortion of the spatial electric field signal was more obvious, especially at its peak.

Comparing the leakage current and the signal waveform of the space electric field
at different stages, it can be seen from Figure 10 that for the leakage current in the three
states of the pollution flashover discharge of the composite insulator, the surface was dry,
the pollution layer was wet, and the local arc started. The change of the current average
value was not very obvious, but the amplitude change was obvious, and the largest pulse
amplitude reached 500 mA, while the smallest pulse amplitude was about 10 mA. However,
the spatial electric field signal waveform not only had obvious amplitude changes, but
also had obvious pulse signals. Moreover, the effective value of the spatial electric field
waveform also had an obvious upward trend in the three states, which was consistent
with the previous simulation results, thus verifying the previously proposed non-contact
monitoring method of insulator pollution flashover based on the spatial electric field signal.
In addition, for the spatial electric field signal, there are obvious distortion characteristics
in the state where the dirt layer is wet and there is local arcing. In summary, compared with
the leakage current signal, the space electric field can not only be measured in a non-contact
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manner, but it also has richer change characteristics if serving as a basis for early warning
of pollution flashover.

(a) T = 0 min, dry condition 

(b) T = 12 min, pollution layer wetting 

(c) T = 28 min, surface wetting and dry band arcing 

Figure 10. Typical waveform during the artificial tests.
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After calculation, the comparison of the characteristic parameters of the leakage
current signal and the spatial electric field signal under different contaminated insulator
surface conditions is shown in Table 3.

Table 3. Comparison of various characteristic parameters of leakage current signal and spatial electric field signal under
different contaminated insulator surface conditions.

Signal Type

Spatial Electric Field Signal Leakage Current Signal

Fundamental Wave
Amplitude (mV)

Pulse Amplitude
(mV)

Variation by l
Wave Amplitude

Simulation
Results

Fundamental Wave
Amplitude (mA)

Pulse Amplitude
(mA)

Dry 20 30 / / 1.4 2

Pollution layer
wetting 30 56 33.3% 3–43.1% 0.8 10–44

Wetting with arcs 41 190–680 90.5% 83.6–119.4% 3.1 16–560

It can be seen from the data in the table that under different contaminated insulator
surface conditions, the change characteristics of the spatial electric field signal were more
obvious than the leakage current. The test results also confirmed the validity of the previous
simulation conclusions for 110 kV insulators. It is feasible to realize pollution flashover
warning by monitoring the spatial electric field signal through a non-contact manner. In the
follow-up, based on the artificial pollution test, the relationship between the characteristic
parameters of the space electric field signal and the salt density of the insulator surface
and the degree of wetness and discharge will be established, and corresponding pollution
flashover warning measures are to be proposed.

When recommending the adoption of this methodology on live HVAC lines, we would
like to supplement that compared with the leakage current monitoring device, which needs
to arrange a current-collecting-ring on the surface of the insulator shed, the non-contact
electric field monitoring device in this paper is hung under a cross-arm and 0.5 m away
from the string, so we are sure that it has no influence on the insulation distance and thus
will not impact the withstand performance on a live tower structure application. Secondly,
compared to the insulator string, the electric field sensor is very small and away from the
string, so it has little effect on the electric field distribution of the whole string, especially the
electric field changing properties under different surface conditions. Moreover, the other
phases’ rated voltages will have less effects on the proposed non-contact method in a live
system, not only because the other phase voltage source is far away from the electric field
monitoring device compared with its own phase, but also because the grounded cross-arms
and steel tower architecture of the other phase itself will play the role of electromagnetic
shielding. Normally, since the same tower corresponds to the same pollution level, it
is recommended to install only one non-contact monitoring device to realize flashover
warning. However, for a wider tower structure with multiple phases, two or three devices
may be better.

6. Conclusions

This paper studies the spatial electric field variation laws of insulator string under
different pollution conditions through simulations and artificial verification tests and
proposes a non-contact condition monitoring method of polluted insulators based on the
spatial electric field. The conclusions are as follows:

(1) In the simulation, with the aggravation of the degree of pollution layer wetting and
dry band arcing, the insulator spatial electric field amplitude near the low voltage
end has an obvious increasing trend.

(2) In the simulation, for the 110 kV composite insulator, it is feasible to identify its
pollution layer wetting condition and local arc development through fixed-point
monitoring of the spatial electric field signal at a point of d = 0.5 m at the cross-arm,
directly facing the last three units of the string.
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(3) For the above monitoring locations, the simulation results show that the electric field
value is in the scale of 8 kV/m to 22 kV/m under different pollution layer conditions.
Compared with clean conditions, the space electric field amplitude increases by
3–43.1% under pollution layer wetting conditions and increases by 83.6–119.4% under
local arcing conditions.

(4) The artificial test verified well the proposed method by simulation. Test results
show that under different contaminated insulator surface conditions, the change
characteristics of the spatial electric field signal are more obvious than the leakage
current, which are waveform distortion, fundamental wave amplitude increase, and
pulse amplitude increase. Thus, it is feasible to realize pollution flashover warning by
monitoring the spatial electric field signal through a non-contact manner.
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Abstract: Power capacitors suffer multiple impulse voltages during their lifetime. With the multiple
impulse voltage aging, the internal insulation, oil-film dielectric may deteriorate and even fail in the
early stage, which is called accumulative effect. Hence, the time-domain dielectric response of oil-film
dielectric with multiple impulse voltage aging is studied in this paper. At first, the procedure of the
preparation of the tested samples were introduced. Secondly, an aging platform, impulse voltage
generator was built to test the accumulative effect of capacitor under multiple impulse voltage.
Then, a device was used to test the time-domain dielectric response (polarization depolarization
current, PDC) of oil-film dielectric in different aging states. And finally, according to the PDC data,
extended Debye model and characteristic parameters were obtained by matrix pencil algorithm
identification. The results indicated that with the increase of impulse voltage times, the time-domain
dielectric response of oil-film dielectric changed accordingly. The polarization current curve moved
up gradually, the insulation resistance decreased when subjected to the repeated impulses. In
frequency domain, the frequency spectrum of tan δ changed along with the impulse accumulation
aging, especially at low frequency. At last, combined with the aging mechanism of oil-film dielectric
under multiple impulse voltage, the test results were discussed.

Keywords: oil-film dielectric; accumulative effect; time-domain dielectric response; matrix pencil
algorithm; extended Debye model

1. Introduction

With the leap in power infrastructure and the increase of social power consumption,
the long-distance, large capacity and low loss UHV transmission project has gradually
become an important part of the transmission network [1–4]. As the key equipment of
reactive power compensation and filtering, power capacitor is widely used in power
system. However, during their decades long operation cycles, frequent switching will
expose capacitors to high operating overvoltages and impulse voltages. The cumulative
effects of these impulse voltages will lead to deterioration and insulation failure of the
oil-film dielectric of the capacitor, which seriously threatens the stable operation of the
power system. Therefore, it is of great practical significance to study the failure laws of
oil-film dielectrics and to be able to judge the degree of aging of capacitors under multiple
impulse voltage exposure.

In 1956, Standring firstly proposed the phenomenon whereby the insulation state
of a dielectric will degenerate under the action of impulse voltages, which he named
“accumulative effect” [5]. However, his study concept was limited to solid and liquid
dielectrics in combination. Since then, more and more researchers have devoted their
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efforts to investigating this phenomenon in composite dielectrics, such as oil-impregnated
paper insulation and oil-film insulation. In order to reflect the cumulative effect of repeated
impulses accurately, the most effective method is the U-N characteristic one. In [6], the
cumulative effect of oil-film dielectrics was studied and their U-N characteristic was plotted
as in Figure 1. The U-N curve shows that the repeated effect of impulse voltages made the
breakdown voltage of the oil-film dielectric decrease. Figure 1 is divided into two parts,
Area I and Area II. When the oil-film dielectric is subjected to less impulse voltages, its
breakdown voltage decreases swiftly, which is represented by Area I. On the contrary, in
Area II, with the accumulation of multiple instances of impulse voltage, the breakdown
voltage of oil-film dielectrics drops slowly. Atomic force microscopy (AFM) was used in [7]
to observe the surface morphology of oil-impregnated paper insulation. With the continual
accumulation of impulse voltages, the roughness of the surface morphology increased.
Moreover, more and more wart-like protuberances appeared and the height difference
between different points became very obvious.

Figure 1. The U-N characteristics of an oil-film dielectric [6].

With regard to the research of the accumulative effect on dielectric breakdown, this
field had been dug into deeply, and many breakthrough results were summarized, but
when the dielectric was not broken down, a simple and efficient method was needed to
reflect the accumulative effect and comprehend the aging mechanism. The traditional
methods to detect the insulation state of power equipment are mainly divided into electrical,
chemical and physical characteristic parameter measurements, including dissolved gas
analysis (DGA), average degree of polymerization (DP), partial discharge (PD), etc. [8–10].
However, sampling for these methods is more or less difficult, the parameters are hard
to detect, and measurements are easily affected by external factors. In recent years, the
polarization-depolarization current method based on the time-domain dielectric response
has been paid much attention by many scholars [11–13]. Under the action of an external
electric field, the dipoles in the dielectric will change direction under the action of the
external force, which is called a polarization process, mainly including turning polarization,
ion displacement polarization and interface polarization. When the external electric field is
removed, the dipole will return to the discrete state due to its relaxation property, which
requires a certain time and energy loss. The dielectric response refers to the lossy relaxation
polarization response [14,15]. When the insulation performance of dielectric materials
decreases, the relaxation polarization response will change significantly, the degree of
change can be used as a standard to judge the degree of aging of dielectric materials. The
PDC method has the advantages of being non-destructive, with fast test speed and so on.
The degree of aging of oil-film dielectrics can be effectively evaluated by using the PDC
curve to extract the corresponding index and fitting calculations [16].

Based on the phenomenon of dielectric polarization, the dielectric response function of
the oil-film insulation system is quantified in the extended time domain, and an equivalent
circuit model (such as the extended Debye model) can also be established. Therefore,
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through reasonable parameter identification of the equivalent circuit model, the oil-film
dielectric in different aging states can be judged. Zhang et al. [17] use the characteristic
quantity of the initial slope of the recovery voltage as the basis to judge the state of aging of
transformer oil paper insulation, but that paper fixed the number of branches of the Debye
equivalent circuit, which is not universal. Conclusions can be drawn from [18] that the
resistance R and capacitor C corresponding to the maximum and minimum time constants
in the equivalent Debye model of oil-paper insulation can be used as the aging characteristic
quantities. However, in [19], the depolarization current is only fitted and calculated by three
exponential polynomials. In fact, there should be more types of interface polarization. The
least squares method that identifies the parameters in the equivalent circuit as discussed
in [20] contains integral operations, which is not only complicated to calculate, but also
requires a high sampling frequency and has a great impact on the precision of parameters.
An artificial intelligence algorithm is adopted by the authors in [21] to apply the hybrid
algorithm of information entropy and particle swarm optimization to the identification of
equivalent parameters, but the solution process is complex and prone to local optimization.

In order to solve the deficiencies mentioned above, the matrix pencil algorithm is
adopted in this work to accurately identify the parameters of the extended Debye model
of an oil film medium. The algorithm firstly discretized the depolarization current, con-
structed the Hankel matrix from the discretized values and decomposed the singular values.
The number of large singular values was used as the RC branch number of the Debye
equivalent circuit of oil-film dielectric, and on this basis, the characteristic parameters of
each branch and the maximum depolarization current amplitude were obtained. Finally,
the feasibility of the method was verified by experiments and simulations.

2. Basic Principle and Selection of Characteristic Quantity

2.1. The Dielectric Response Theory

When a voltage is applied to a measured dielectric, the composite dielectric can be
equivalent to the capacitance, which can be understood as the applied electric field E(t)
acting on the sample capacitance. According to the full current equation, the current inside
the dielectric material can be expressed as [22,23]:

i(t) = C0

⎡
⎣σ0

ε0
U(t) + ε∞

dU(t)
dt

+
d
dt

t∫
0

f (t − τ)U(τ)dτ

⎤
⎦ (1)

where, C0 represent the equivalent capacitance of the sample. σ0 and ε0 represent the DC
conductivity and the vacuum dielectric constant of the dielectric, respectively. ε∞ is the
relative permittivity. f(t) is an attenuation function, which is used to express the response
ability of dielectric polarization process, and the attenuation depends on the dielectric
material and external factors.

When the applied voltage is replaced by the DC voltage, the dielectric is in the
polarization state, that is, a constant dc source U(t) is used to charge the sample capacitor.
Since it is a DC voltage, there is no differential term in Equation (1), and the polarization
current ip can be expressed as:

ip(t) = C0U(t)
[

σ0

ε0
+ f (t)

]
(2)

When the DC power supply is removed, the effect of the external electric field also
disappears and it enters the depolarization process. The charged particle in the dielectric
generates a depolarized current id contrary to the polarization current due to its relaxation
property, then id can be expressed as:

id(t) = −C0U[ f (t + td)− f (t)] (3)
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In Equation (3), td represents the polarization time. The PDC original curve is shown
in Figure 2.

Figure 2. The PDC curve.

Therefore the insulation resistance R0, one of the important parameters characterizing
the insulation of power capacitors, can be derived from Equations (2) and (3):

R0 =

(
ip(t)− id(t)

)
U(t)

(4)

This parameter is sensitive to the state of the material, and is generally applicable to
the aging detection of the insulation material. So it can be used as the basis to judge the
aging degree of the oil-film dielectric.

The law of action of oil-film dielectric under an applied electric field can be equivalent
with the extended Debye model [24], as shown in Figure 3. In the figure, the geometric
capacitance of the dielectric is represented as C0. R0 is the insulation resistance of the
composite medium. The equivalent resistance capacitance of each relaxation branch is
replaced by Ri and Ci (i = 1, 2, . . . , N).

Figure 3. Extended Debye model.

Thus, it can be deduced that the equivalent admittance of the model is:

1
Z

= jωC0 +
1

R0
+

n

∑
i=1

1
Ri + 1/(jωCi)

, (5)

Therefore, the dielectric complex capacitance can be deduced as:

C∗ = 1
jωZ

= C0 − j
1

ωR0
+

n

∑
i=1

Ci(1 − jωRiCi)

1 + (ωRiCi)
2 , (6)

The real and imaginary parts of the complex capacitor are:

C′′ = ReC∗ = C0 +
n

∑
i=1

Ci

1 + (ωRiCi)
2 , (7)
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C′′′ = −ImC∗ = 1
ωR0

+
n

∑
i=1

ωRiCi
2

1 + (ωRiCi)
2 , (8)

so the tangent value of the dielectric loss angle tan δ, another characteristic quantity to
judge the aging degree of the dielectric in frequency domain, can be expressed as the ratio
between the imaginary part and the real part of the complex capacitance [25]:

tan δ =
C′′′

C′′ =

1
R0

+
n
∑

i=1

Riω
2Ci

2

1+(ωRiCi)
2

ωC0 +
n
∑

i=1

ωCi
1+(ωRiCi)

2

, (9)

That is to say, as long as the polarization-depolarization current curve is collected and
the parameters of each branch in the extended Debye model are identified more accurately,
the above two physical quantities in time domain and frequency domain can be calculated,
so as to judge the aging degree of insulating medium in different aging states.

2.2. Matrix Pencil Algorithm

In the PDC curve of oil-film dielectric, the polarization current is composed of the
conductance current and the depolarization current. The depolarization current contains
more information to reflect the dielectric insulation state than the conductance current. In
order to avoid the influence of conductance current, depolarization current is used as the
research object of the algorithm. According to the extended Debye model, as shown in
Figure 3, the depolarization current y(t) can be expressed as the discharge of n RC branches.
That is, the linear superposition of n attenuation exponential functions:

y(t) = x(t) + ns(t) =
n
∑

i=1

UC
Ri

(
1 − e−

tp
τ

)
e−

t
RiCi + ns(t)

=
n
∑

i=1
Aie

− t
τi + ns(t)

(10)

In the above equation, x(t) is the noiseless signal under ideal conditions. ns(t) is the
interference signal caused by environmental noise. Uc is the magnitude of the dc voltage.
Ai is the amplitude coefficient of depolarization current. τi is the decay time constant. By
discretization of Equation (10), the following expressions can be obtained:

y(kTs) = x(kTs) + n(kTs)

=
n
∑

i=1
Aie

− kTs
τi + n(kTs)

(11)

where Ts stands for the sampling time interval, k = 0, 1, 2, . . . , N − 1, N is the maximum
sampling number. Therefore, Hankel matrix constructed by sampling sequence yk (k = 0, 1,
2, . . . , N − 1) can be expressed as:

Y =

⎛
⎜⎜⎜⎝

y0 y1 · · · yL
y1 y2 · · · yL+1
...

...
...

...
yN−L−1 yN−L · · · yN−1

⎞
⎟⎟⎟⎠, (12)

L is the matrix pencil parameter, which is usually evaluated between N/4 and N/3.
Singular value decomposition of Hankel matrix:

Y = SVDT , (13)
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S is an orthogonal matrix of (N − L) × (N − L). V is a diagonal matrix of (N − L)
× (L + 1). Its diagonal element σi, the singular value of Hankel matrix Y, is arranged in
descending order. D is an orthogonal matrix of (L + 1) × (L + 1).

Noise interference is unavoidable in actual measurements, but if the noise signal is
weak compared with the dominant signal, a threshold value can be set to intercept the
singular value appropriately, and the negative impact of noise on parameter identification
accuracy can be reduced by retaining the previous M large data [26–28]. Therefore, M is
usually used as the equivalent RC branch of the extended Debye model. When the number
of singular values is M, the matrix V is intercepted and the former M column is reserved to
form a new matrix V’. Take the former M major right singular vectors of the matrix D to
form the matrix D’, remove the last row of D’ and call it D1, remove the first row of D’ and
call it D2. Hence, two new matrices of (N − L) × L can be obtained:

Y1 = SV′DT
1 , (14)

Y2 = SV′DT
2 , (15)

According to the calculation of Equations (14) and (15), it can be considered that Y1
and Y2 no longer contain noise signal. They just contain x(k) in the Equation (10):

Y1 =

⎡
⎢⎢⎢⎢⎢⎢⎣

x(1) x(2) . . . x(L)

x(2) x(3) . . . x(L + 1)

...
...

...
...

x(N − L) x(N − L + 1) . . . x(N − 1)

⎤
⎥⎥⎥⎥⎥⎥⎦
(N−L)×L

, (16)

Y2 =

⎡
⎢⎢⎢⎢⎢⎢⎣

x(2) x(3) . . . x(L + 1)

x(3) x(4) . . . x(L + 2)

...
...

...
...

x(N − L + 1) x(N − L + 2) . . . x(N)

⎤
⎥⎥⎥⎥⎥⎥⎦
(N−L)×L

, (17)

The matrix pencil Y2 – λY1 consists of Y1 and Y2, and its generalized eigenvalue G is:

G = Y+
1 Y2, (18)

Y+
1 is the pseudo-inverse matrix of Y1. The M eigenvalues of G can be denoted as

λ1(I = 1, 2, . . . , M). When M and λi are known, the complex amplitude of the signal Pi can
be obtained by the least squares method:

⎡
⎢⎢⎢⎢⎢⎢⎣

y(1)

y(2)
...

y(N)

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

1 1 · · · 1

λ1 λ2 · · · λM

...
...

...

λN−1
1 λN−1

2 · · · λN−1
M

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

P1

P2

...

PM

⎤
⎥⎥⎥⎥⎥⎥⎦

, (19)

After the Pi are calculated, the depolarization current amplitude Ai and time constant
τi in the extended Debye model can be obtained:

Ai = |Pi|, (20)

τi = − TS
Re(ln λi)

, (21)
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where, TS is the sampling interval.
After obtaining the above parameters in the extended Debye model, the tangent value

of the dielectric loss angle can be calculated.

3. The Experimental Setup

3.1. The Oil-Film Dielectric Samples

Unlike the insulation system in a transformer whose pressboard can absorb the insu-
lating oil easily, in order to simulate the internal insulation structure of a capacitor and
ensure full contact between the insulating oil and polypropylene film, the oil-film dielectric
is made by using the test oilcan as shown in Figure 4. The film can be compressed tightly by
the column-column electrodes, which help the insulating oil soak it better. The electrodes
and oil-film dielectric are sealed in this container.

Figure 4. The oil-film dielectric sample.

The oil used in this experiment is C101 manufactured and provided by Mianzhu
Xinan Electrotechnical Equipment Co., Ltd. (Mianzhu, China). Its main component is
benzyltoluene. The thickness of the polypropylene film is just 12 μm. The film need to be cut
into squares with a side length of 60 mm. Considering that the single-layer polypropylene
film may be broken down when the impulse voltage was applied a four-layer film was
used and immersed in benzyltoluene. Some oil-film dielectric sample pretreatment steps
were carried out before subjecting it to an impulse voltage:

(1) Putting the samples into the vacuum drying oven and setting the temperature to
50 ◦C, which aimed at removing the moisture from the oil and eliminating the bubles
in the oil-film interface;

(2) The samples were dried for 48 h with an air pressure of 100 Pa;
(3) Taking out the samples and sealing them with plastic wrap. It can prevent the

moisture and impurities in the air;
(4) All the pretreated samples should be sealed in a dry, isolated and well-ventilated area.

Lastly, waiting the temperature of the samples dropped to room temperature.

3.2. The Aging Platform

A continuous impulse voltage generator, as shown in Figure 5, was used as an aging
platform to apply impulse voltages of different durations to the oil-film dielectric, which
aimed to simulate the aging conditions of insulation in the capacitor. In the Figure 5,
the schematic diagram of impulse voltage generator, it can be observed that this aging
platform is composed of a test transformer T, main capacitor C, high voltage silicon reactor
D, spherical gap g, wave head resistance Rf and wave tail resistance Rt. The impulse
generator was a traditional Marx type impulse generator, manufactured by HUAGAO
Electric Co., Ltd. (Hongan, Hubei, China) This impulses accumulation test platform can
generate standard negative switching impulse (250/2500 μs), which rated parameter is
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30 kJ/300 kV. The distance between the gaps is changed by the control system of the
computer terminal, which ensures that the impulse voltage generator can be fully triggered.
The breakdown voltage of the samples was 20 kV. In order to continuously apply impulse
voltage and prevent accidental breakdown of oil-film dielectric during the experiment, the
amplitude of impulse voltage was set to 17 kV and an impulse was applied every 60 s.

Figure 5. Experimental schematic diagram of impulse voltage generator.

3.3. The PDC Test Platform

The PDC curve of oil-film dielectric was measured and sampled by the measuring
instrument as shown in Figure 6. This instrument was designed and manufactured to
conduct the PDC measurements. It consisted of a high voltage DC source, a picoammeter
and a high voltage double throw switch. The corresponding schematic diagram is shown
in the Figure 7. The instrument includes a PDC high-voltage detection device, with a
high-voltage output range of 0~10 kV and a current range of 0~3 mA, which needs to be
supplied by a power supply of 220 V. In order to make the polarization of oil-film dielectric
more sufficient and prevent interference from other factors, the polarization voltage and
polarization time were set to 1500 V and 1800 s, respectively.

Figure 6. PDC measuring instrument.
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Figure 7. The schematic diagram of PDC measuring instrument.

When the measurement started, according to Figure 7, the vacuum high voltage relay
was set to S1, the sample Cx was charged by DC voltage, the dielectric began to polarize.
After 1800 s, the switch turned to S2 and the Cx was discharged through insulation resis-
tance, which meant the beginning of depolarization. The sampling procedure applicable to
the instrument is installed in the supporting upper computer. When the measurement is
finished, a text document is generated to record the sampling data. Finally, the original
polarization-depolarization current curve can be plotted as shown in Figure 2. In that
figure, the curve is not level and smooth, so the matrix pencil algorithm was needed to
process the curves.

4. The Experiment Results

During this experiment, 100, 200, 300 and 400 impulse voltages were applied to the
samples in turn. Although all polarization types are included in the whole process, such as
electronic polarization, ionic polarization, dipole polarization and interface polarization,
however, the time required for the first two polarization types is short extremely, about
10−15 s~10−13 s. However the dipole and interface polarization need to take a few seconds
or even an hour. As the PDC measurement takes a long time (several hundred seconds)
and the measurement started 1 or more seconds after the switch action, so the electronic
polarization and ionic polarization can’t be recorded, and the polarization-depolarization
current of oil-film dielectric is mainly caused by dipole and interface polarization.

Every time a new substance is generated, it will correspond to a new interface po-
larization. Due to the different dielectric properties of each material, the corresponding
time constant of interface polarization is not the same, which requires different equivalent
RC branches to represent it. Based on this conclusion, the matrix pencil algorithm was
used to calculate the number of larger singular values of the matrix constructed by the
depolarization current of the samples under different impact times, that is, the RC branch
number reflecting the equivalent model of oil-film dielectric, as shown in Figure 8. Figure 8
is the calculation result of matrix pencil algorithm for one sample, which is not damaged. It
has three larger singular values in the figure, so we set its number of RC branches to 3. This
is different from [17] in that the number of RC branches is calculated by the matrix pencil
algorithm. According to [29], when the polarization process of a dielectric lasts a long time,
such as in EPR insulated cable and capacitors, a relatively low number (3–4) of RC branches
with acceptable error can model the dielectric response better. Then, according to the same
method, the number of larger singular values under different aging degrees was counted,
so all the curves can be denoised. The fitting situation of original curve and denoised curve
is as shown in Figure 9. Table 1 lists the parameter Rnew between the denoised curves
and the original curves. This parameter is used to judge the fitting degree of nonlinear
regression equation and its unit is 1. It can be obtained that the feasibility of the algorithm
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was verified. Finally, the parameters of each branch in the Debye model can be simulated
by the matrix pencil algorithm, and the characteristic parameters mentioned above will
also be obtained.

Figure 8. The results of the number of singular values when oil−film dielectric is not damaged.

Figure 9. The fitting situation of original curve and denoised curve.

Table 1. Calculation results of Rnew of an oil-film dielectric under different aging states.

Times of Impulse Voltage/Times 0 100 200 300 400

Rnew/1 0.97491 0.95491 0.95828 0.98086 0.96411

4.1. The Polarization Current of an Oil-Film Dielectric with Different Degree of Aging

The polarization current curves of an oil-film dielectric under different aging degree,
denoised by the matrix pencil algorithm were drawn in the same coordinate axis, which
is shown in Figure 10. From this coordinate axis, we can see that when the polarization
process was begining, the polarization current of oil-film dielectric had a large initial
amplitude, which can be explained by the Debye model. As time goes by, the polarization
current decreases rapidly. When it falls to a certain level, it will maintain a stable value,
which also means that the polarization process is coming to an end. When the oil-film
sample is not damaged, its polarization curve is in a lower position. Under the continuous
action of impulse voltages, the polarization curve gradually moves up. At the same time,
the value of the initial amplitude also increases. Table 2 lists the value of initial amplitude
of oil-film dielectrics under different aging states. Due to the polarization current consisted
of depolarization current and conductance current, the steady-state value of depolarization
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current was almost zero. Thus, the conductance current varied with the number of impulse
voltages applied, which reflectes the change of insulation resistance.

Figure 10. The polarization current curves of oil-film dielectrics under different degrees of aging.

Table 2. The value of initial amplitude of oil-film dielectrics under different aging states.

Number of Impulse Voltages 0 100 200 300 400

The Value of Initial Amplitude/A 1.986 × 10−9 2.151 × 10−9 2.536 × 10−9 3.147 × 10−9 3.493 × 10−9

4.2. The Change of Insulation Resistance

According to Equation (4) and Figure 11, the value of the conductance current was
equal to the steady-state value of the depolarization current, so the insulation resistance
R0 can be calculated. The variation of insulation resistance R0 under different numbers of
impulse voltages is shown in Figure 10. It can be seen from the figure that the insulation
resistance of the oil-film dielectric generally shows a downward trend with different
numbers of impulse voltages. When the oil-film dielectric isn’t subjected to impulse
voltages, its insulation resistance was 3.37 × 10+12 Ω. With the accumulation of the number
of impulse voltage instances, the damage of the oil-film sample was also increasing. Finally,
the insulation resistance fell to 1.45 × 10+12 Ω when the number of impulse voltages
reached 400. That’s down by 57.0%.
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Figure 11. Variation trend of insulation resistance of oil-film dielectric with different numbers of
impulse voltages.

4.3. The Results of the Tangent Value of the Dielectric Loss Angle at Low Frequency

For the convenience of this study, the frequency band was set between 0.01 Hz and
100 Hz and we took 50 points where each point had an equal interval in this frequency
band. Because the tangent value of the dielectric loss angle of oil-film dielectric with
different degrees of aging changes more obviously at low frequency, the tangent value of
the dielectric loss angle at low frequency is used as the basis for judging the state of aging.

According to Equation (9), the frequency spectrum curves of tan δ of oil-film dielectric
with different aging degrees are shown in Figure 12. Obviously, the frequency spectrum of
the oil-film dielectric also shows a downward trend. When the frequency was low, the tan δ

of oil-film dielectric changed along with the impulse accumulation aging. With the increase
of frequency, the frequency spectrum curves bent to coincide gradually. Lastly, they almost
reduced to zero when the frequency reached 100 Hz. With the continuous accumulation
of impulse voltage, the tangent value of dielectric loss angle increased at lower frequency.
Table 3 shows the tanδ of oil-film dielectric with different degrees of aging at 0.01 Hz.

Figure 12. The frequency spectrum curves of tanδ of oil-film dielectric with different aging degrees.
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Table 3. The tan δ of oil-film dielectric under different numbers of impulse voltages at 0.01 Hz.

Number of Impulse Voltages 0 100 200 300 400

tan δ at 0.01 Hz 0.0583 0.0631 0.0729 0.0787 0.0896

5. Discussion

We can acquire the change of polarization current curve and aging mechanism from
an oil-film dielectric from the experimental results described in Section 3. Firstly, combined
with the extend Debye model which consisted of RC branched in parallel, when an extra
electric field was applied, the characteristics of RC branches made the initial value of current
larger and then decrease rapidly. At the end of the polarization process, the capacitor of
the branch Ci was charged, the polarization current finally decreased to a constant due to
the existence of a resistance Ri.

From a macro point of view, the continuous effect of impulse voltages makes the
oil-film dielectric age over time. The deepening of the degree of aging means that the
damage to the oil-film dielectric increases, so the conductive ability of the composite
medium composed of polypropylene film and insulating oil is enhanced, which makes the
conductance current in the oil-film sample increase. That is, as the conductivity increases,
the polarization current curve will move up and the insulation resistance of the entire
composite medium will decrease.

From the micro point of view, with the increase of the number of impulse voltages,
the polypropylene film and insulating oil changed to varying degrees. The molecular
chains of the polypropylene film are broken by the action of impulse voltages, whereby
more charged particles and small molecules are generated. The insulating oil will also
decompose into water molecules, acids and other substances, so the number of conductive
particles in the oil-film dielectric will grow in number. Therefore, under an exterior electric
field, more charged particles will move directionally, which makes the initial value of
polarization current increase and the polarization current curve move up. At the same
time, the polar particles and ions in the new material can enhance the conductivity and
polarizability of the oil-film dielectric, which leads to an increase of the conductivity and
polarizability loss of the oil-film sample. The sum of the two just represents the tangent
value of the dielectric loss angle, thus the tanδ value will increase at lower frequency.

6. Conclusions

Different numbers of impulse voltages were applied to an oil-film dielectric sample
by simulating the oil-film insulation in the capacitor, and the polarization-depolarization
current (PDC) method was used to test the PDC curves of samples with different degrees
of aging. Finally, the matrix pencil algorithm was used to identify and fit the parameters of
the measured curves, and the following conclusions were drawn: According to the matrix
pencil algorithm, the number of larger singular value represents the RC branches in the
Debye model, which will make the calculation results more reasonable. With the increase
of the number of impulse voltages applied, the degree of aging of the oil-film dielectric is
deepening. The conductivity of the oil-film dielectric is enhanced, so the initial value of
polarization current will increase and the polarization current curve will move up. From
a microscopic perspective, more moisture and small molecules are generated, and the
conductivity of the complex medium is improved. Accordingly, the insulation resistance
of oil-film dielectric will decrease. Similarly, the effect of multiple impulse voltages leads
to the increase of the conductivity loss and polarizability loss, so the tangent value of
dielectric loss angle will increase with the deepening of aging degree at low frequency.
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Abstract: In recent years, the new type design of current transformer with bushing structure has
been widely used in the distribution network system due to its advantages of miniaturization,
high mechanical strength, maintenance-free, safety and environmental protection. The internal
temperature field distribution is an important characteristic parameter to characterize the thermal
insulation and aging performance of the transformer, and the internal temperature field distribution
is mainly derived from the joule heat generated by the primary side guide rod after flowing through
the current. Since the electric environment is a transient field and the thermal environment changes
slowly with time as a steady field under the actual conditions, it is more complex and necessary to
study the electrothermal coupling field of current transformer (CT). In this paper, a 3D simulation
model of a new type design of current transformer for distribution network based on electric-thermal
coupling is established by using finite element method (FEM) software. Considering that the actual
thermal conduction process of CT is mainly by conduction, convection and radiation, three different
kinds of boundary conditions such as solid heat transfer boundary condition, heat convection
boundary condition and surface radiation boundary condition are applied to the CT. Through the
model created above, the temperature rise process and the distribution characteristics of temperature
gradient of the inner conductor under different current, different ambient temperatures and different
core diameters conditions are studied. Meanwhile, the hottest temperature and the maximum
temperature gradient difference are calculated. According to this, the position of weak insulation of
the transformer is determined. The research results can provide a reference for the factory production
of new type design of current transformer.

Keywords: current transformer; finite element analysis; electro-thermal coupling; thermal field

1. Introduction

The new type design of current transformer for distribution network used epoxy
resin as the shell of secondary coil, compared with the traditional transformer, has high
mechanical strength, miniaturization, maintenance-free advantages [1,2]. In addition to
this, the new casting type current transformer internal using air as medium compared with
the traditional oil-immersed, SF6 type, it is friendly to the environment.

Insulation performance affects the reliable operation of transformers to a large extent,
and it is related to the temperature field distribution under the actual operating condition of
the transformer [3,4]. Transformer internal overheating, uneven temperature distribution
not only accelerate insulation degradation, reduce its operating life but also makes water
molecules in the air inside the transformer to migrate and form condensation, which en-
dangers equipment safety and causes transformer faults [5]. So, this article main studied
the new casting type current transformer’s electrical and thermal coupling performance,
which used in distribution network. Under the actual working conditions, the temperature

Energies 2021, 14, 1792. https://doi.org/10.3390/en14061792 https://www.mdpi.com/journal/energies149



Energies 2021, 14, 1792

field calculation of the transformer mainly depends on the ohmic heating of the primary
guide rod and the Joule heat generated by each part of the structure, which indicates that
the calculation of electrical and thermal environment is a coupled solution process [6–8].

In recent years, scholars have mainly studied the temperature field distribution of elec-
tric power equipment through numerical calculation and experimental measurement [9,10].
In some studies, the backward induction method is mostly used to determine the loss.
Although it has certain reference value, it is somewhat different from the loss caused by the
actual primary heat source due to the deviation of reasonable electrothermal coupling [11–13].
Aiming at SF6 CT, Xiuguang calculated the thermal field distribution characteristics of it
by calculating the heat source which generated by the primary guide rod under different
external ambient temperatures. It pointed out that after the thermal environment reaches
steady-state, the overheating of the CT will be around 35 ◦C which is independent of
the external ambient temperature. However, this model ignores the difference in heat
dissipation capacity between different structure positions of the transformer, which is
inconsistent with the actual working conditions [14]. Lan established a three-dimensional
model of the dry-type transformer by ANSYS commercial software. The model considers
three heat dissipation modes, namely conduction, convection and radiation, and sets differ-
ent convection coefficients for the transformer after taking the on-site installation of the
dry-type transformer into consideration. The hottest spot area of the transformer is studied,
and the distribution of temperature field of the transformer from bottom to top presents a
low-high-low distribution law [15]. Arjona established an axisymmetric model of dry type
transformer with load and no load cases by finite element method. The research considers
the convection, conduction and radiation effect, accurately predict the steady-state thermal
process of dry type transformer and provides the reference for improving equipment
heat dissipation performance, the model can also be applied to the transformer under the
operation condition of the forced convection heat [16]. Hui took the 110 kV SF6 current
transformer as the research object, studied the internal temperature field distribution of the
transformer under different external ambient temperatures, and emphatically analyzed
the influence of the abrupt decrease of ambient temperature on the transformer. The study
shows that, the internal overheating of the transformer remains the same, which has no
obvious difference under different external ambient temperatures. Such uneven tempera-
ture distribution and the sharp decrease of ambient temperature are very easily to lead to
local condensation inside the transformer, thus causing transformer faults [17]. Liu used a
quasi-3D electro-thermal field coupling method to study the distribution characteristics
of transformer temperature field. In this study, a simplified 3D model was established for
the calculation of core loss, a 2D model was established for the calculation of coil loss, and
both of them were regarded as heat sources in the form of sequential coupling to study the
overall temperature rise of the model [18].

In this paper, a new type design of current transformer for distribution network is
studied. According to the actual operation condition, the load is applied to the trans-
former. Based on the calculation principle of electro-thermal coupled multi-physical field,
the finite element calculation software is used to analyzed the electro-thermal coupling
field distribution characteristics of transformer under the different current, the different
environment temperature and the different guide rod core diameter. The weak links of
thermal insulation in the actual operation process of the transformer are obtained, more im-
portantly the research results can provide reference for the design of new casting type
current transformer factory production.

2. Electro-Thermal Coupling Model of New Current Transformer

The new current transformer model adopts the pouring casing structure and designed
as a coaxial cylinder. It is a complex configuration containing metal guide rod, air, semicon-
ductor materials, ceramics, epoxy resin and other media. The aluminum rod, as the primary
coil, is located in the geometric center of the transformer and flows through hundreds or
even thousands of amperes. It is the main heat source of the transformer. The structural

150



Energies 2021, 14, 1792

parameters and physical properties of each part of the CT are shown in Tables 1 and 2,
Figure 1 representing the transformer elements.

Table 1. Structural parameter.

Parameters Guide Bar The Semiconductor Layer Epoxy Shell Bushing Metal Enclosures

Axial length (mm) 1177 1177 - 410 + 290 -
Radial length (mm) 20 10 110 - 350

Table 2. Physical property parameter.

Parameters Material
Conductivity

(S/M)
Relative

Permittivity

Heat Capacity At
Constant Pressure

(J/Kg·K)

Density
(Kg/M3)

Thermal
Conductivity

(W/M·K)

Hardware Copper 5.998 × 107 - 385 8700 400
Guide rod Aluminum 3.774 × 107 - 900 2700 238
Bushing Ceramic 1.0 × 10−8 5.5 426 1750 0.06

Coil shell Epoxy-resin 2.0 × 10−14 4.5 1400 980 0.276

Figure 1. The transformer elements.

Before conducting the electro-thermal coupling simulation, in order to simplify the
calculation, the following assumptions were made for the new current transformer electro-
thermal coupling model [19,20].

1. Skin effect is not considered for the transformer under the operating environment of
power frequency.

2. The new current transformer has an internal quasi-stable field, and the influence of
displacement current is not considered in the analysis process.

3. In the model, the relative dielectric constant and conductivity of different materials
are constant.

4. The air area inside the transformer is incompressible gas.

2.1. The Coupling Calculation Flow of the Electro-Thermal Coupling Model

In this paper, the Newton iterative calculation method is used in the finite element
simulation software to realize the electro-thermal coupling calculation of the transformer.
Firstly, the 3D geometry model of the new current transformer is established in the cal-
culation environment, and the physical parameters of the electro-thermal coupling are
determined according to the materials of each part of the transformer. The unit volume
loss of the current conductor was calculated through the current field module, and then the
Joule heat loss caused by the primary guide rod was used as the excitation source in the
temperature field calculation environment for simulation solution. After that the overall
temperature field distribution of the transformer was calculated and thermal parameters
such as hot temperature and temperature gradient in the transformer were extracted.
Such calculated iteratively until the two calculated results meet the requirements of control
accuracy. Figure 2 shows the coupling calculation process of the new current transformer’s
electro-thermal coupling model.
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Figure 2. Flow chart of electro-thermal coupling calculation.

2.2. Physical Modeling

Based on the above assumptions, the governing equation of the new current trans-
former electro-thermal coupling model is as follows:

ρCpu·∇T + ∇·q = Q
q = −k∇T

(1)

where: ρ is the material density, kg/m3; Cp is the heat capacity at constant pressure of
each part of material of the transformer, J/(kg·K); q is the conductive heat flux vector; u is
the fluid velocity vector; T is temperature K; k is thermal conductivity, W/(m·k); Q is the
volumetric Joule heat (W/m3) generated by the guide rod.

Considering the new current transformer normal operation in the 35 kV power dis-
tribution network system, then the frequency of China’s distribution network is 50 Hz.
In order to get close to the actual operating conditions and calculate the actual thermal
field distribution characteristics of the transformer accurately, the transient AC current
field is used to simulate the actual electrical environment. The guide rod as a large current
input, its frequency choice for AC 50 Hz, and transformer thermal environment parameters
changing with time is relatively slow, which can be considered as steady field. Since the
transformer is located in the distribution network switch cabinet, the external environment
basically remains unchanged. Therefore, it can be assumed that all boundary temperatures
contacted by the transformer and the external environment remain constant.
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2.3. Take Meshes

The new current transformer structure is a complex 3D model, in order to guarantee
both calculation accuracy and can control the time needed for the simulation calculation,
this article adopts the method of differential meshes subdivision, using different size
precision tetrahedral meshes to the new current transformer model. The meshes’ maximum
size is 110 mm, and minimum size is 13.7 mm. The model consists of 115,882 tetrahedral
units, 48,562 triangular units, 12,911 edge units and 900 vertex units. The mesh generation
of the transformer model in this paper is shown in Figure 3.

Figure 3. The new current transformer meshes.

3. Heat Source and the Modes of Heat Transfer

3.1. The Analysis of Heat Generation

New current transformer temperature rise is mainly from the loss of the transformer
operation, it will be converted into heat energy lifting transformer temperature distribution.
Heat energy in the form of conduction, radiation and convection diffusion, when heat
production and heat dissipation reach equilibrium, transformer temperature will be sta-
ble [21]. The heat sources in the new current transformer are guide rod and secondary coil.
The guide rod can pass through hundreds of amps in normal operation, and the current
can reach up to thousands of amps. However, the current of the secondary coil is usually
within 5 A, so the loss generated by the secondary coil can be ignored, and only the Joule
heat generated after the flow of the guide rod can be considered.

Besides, there are some additional losses in the CT, mainly including eddy current
loss, circulation loss and stray loss. These additional losses are not considered in this paper
because they are relatively small and difficult to calculate.

3.2. Heat Transfer Analysis of CT

The heat transfer of the new current transformer mainly consists of conduction heat
transfer, convection heat transfer and radiation heat transfer. Among them, the heat con-
duction mainly occurs in the guide rod and insulating bushing, and the heat is transferred
from the higher temperature to the place with lower temperature. Convective heat transfer
occurs mainly in outer insulation umbrella skirt, and hardware, and the surface of the
carbon steel shell in contact with air. In order to calculate the actual condition of the
transformer temperature field distribution characteristics more accurately, in this paper,
considering the actual ventilation in the high voltage cabinet where the transformer is
located, the convection heat transfer coefficient h of the upper and lower fittings and the
outer insulation umbrella skirt of the transformer are respectively set in a differentiated
way. Radiant heat transfer occurs mainly on the wall in contact with air, radiating heat to
the surrounding fluid, and the main influencing factor is surface emissivity ε [22].

153



Energies 2021, 14, 1792

4. Results and Analysis

According to the actual operation and ventilation conditions of the transformer, the dif-
ferential convection heat transfer coefficient h was set for the upper and lower ends of the
transformer and the outer insulation umbrella skirt. Considering that the transformer was
installed in the high voltage cabinet, the ventilation condition was that the external cold air
flowed from the bottom of the cabinet, and after the transformer, the hot air flowed out
from the top of the cabinet. Based on this, in the case of natural convection, the lower end of
the transformer was at the cold air inlet, and the convection heat transfer coefficient was the
largest, which was 13 W/(m2·K). The upper fixture was located at the hot air outlet, and the
convection heat transfer coefficient was the smallest, 10 W/(m2·K). The insulated umbrella
skirt was in direct contact with the surrounding air, which was the main channel for natural
cooling. Its convective heat dissipation intensity was less than that at the entrance of the
bottom, but larger than that at the exit of the top. It was set at 12 W/(m2·K). The external
surface of the transformer was always radiative heat transfer with the air environment,
and its surface emissivity ε was set at 0.3.

When the external environment temperature was 293.15 K and the current of the
guidance rod connected to the primary side bus was 2000 A, the overall temperature field
distribution under the final steady-state condition is shown in Figure 4.

Figure 4. Overall temperature distribution field map.

In order to observe the temperature distribution characteristics of various parts of the
structure of the new current transformer more intuitively, the temperature field distribution
cloud map of Y-Z section was selected, which is shown in Figure 5, and the temperature
gradient distribution cloud map of the transformer is shown in Figure 6. As can be seen
from Figure 5, the overall temperature field distribution rule of the new current transformer
was high in the middle and low at the end, high inside and low outside. Assuming the total
height of the transformer was H, then the hottest point of the transformer was located 0.4 h
away from the bottom, and the hottest point temperature reached 334 K, the maximum
overheating was 41 K.

154



Energies 2021, 14, 1792

 
Figure 5. Y-Z temperature distribution field map.

Figure 6. Y-Z temperature gradient field map.

It can be seen from Figure 6 that after the current passed through the transformer,
the internal and external temperature gradient difference iwass large, the maximum temper-
ature gradient difference could reach 2111 K/m, and the heat was mostly concentrated in
the secondary coil wrapping. The reason is that the heat dissipation mode at the secondary
coil of the transformer was mainly convection heat transfer with the external environment,
but the heat dissipation performance was poor because of the airway was narrow there.
In contrast, the head and tail ends were located in the vent and had sufficient convective
heat transfer with the air, so the heat dissipation was obviously better than the middle part
of the transformer.

4.1. The Temperature Field Distribution Characteristics with Different Current

The internal guide rod of the new current transformer was connected to the primary
side bus through the upper tool. The current usually passed through hundreds of amps or
even thousands of amps, which was the main heat source of the transformer. In order to
study the overall temperature of the transformer under different current loads, the elec-
tromagnetic environment of the transformer was controlled at the power frequency of
50 Hz and the external environment temperature remained unchanged at 293.15 K. Figure 7
shows the temperature rise curve of the guide rod. The external insulation umbrella skirt
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temperature rise curve of the new current transformer under different current load is
shown in Figure 8.

Figure 7. The temperature curves of guide rod at different currents.

Figure 8. The temperature curves of skirt under different currents.

As shown in Figure 7, the overall temperature rise curve of the guide rod was in the
form of “parabola”, and the peak temperature occurred at the axial center of the guide rod,
that is at 0.5 H. The maximum temperature of the guide rod was up to 334 K, when passing
through 2000 A, and the difference was 34 K compared with 800 A. At 2000 A, the maximum
overheating could reach 23 K, which was 5.75 times of the maximum overheating at 800 A.
It can be seen from Figure 8 that, under different current loads, the minimum temperature
of the external insulation umbrella skirt was consistent. This is because the umbrella skirt
was in contact with the external environment, and its minimum temperature remained
consistent with the external environment temperature after reaching equilibrium between
heat generation and heat dissipation.

It can be seen from Figures 9 and 10 that the hot spot temperature and the maximum
temperature gradient of the new current transformer increased with the increase of the
current load, and increased almost linearly. After data fitting, the growth rate k1 of the
hotspot temperature of the transformer was 0.029, and its determination coefficient R12
was 0.984. The growth rate K2 of the maximum temperature gradient of the transformer
was a rate of 1.480, and its determination coefficient R22 was 0.987. It can be seen that the
trend line of the transformer after fitting of the hot temperature and the maximum temper-
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ature gradient was more reliable, and compared with the hot temperature, the maximum
temperature gradient changed with the current load more significantly.

Figure 9. Hot spot temperatures at different currents.

Figure 10. Maximum temperature gradients at different currents.

4.2. The Characteristics of Temperature Distribution Field Under Different External
Ambient Temperature

Since the CT was located in the high voltage cabinet and the internal environment
of the CT is closed, different external environment boundary temperatures were set to
simulate the temperature field distribution characteristics of the CT when it reached steady-
state under different external environment temperatures. As shown in Figures 11 and 12
and Tables 3 and 4, the maximum overheating and maximum temperature gradient of
the new current transformer occurred when the external environment temperatures were
273 K, 283 K, 293 K and 306 K respectively in this study.
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Figure 11. Maximum overheating at different external environment temperatures.

Figure 12. Maximum temperature gradient at different external environment temperatures.

Table 3. Maximum overheating of CT under different external environment.

The External Environment Temperature (K) 273 283 239 306

Hot Spot
Temperature (K) 314 324 334 346

Temperature Difference (K) 41 41 41 40

Table 4. Maximum temperature gradient of CT under different external environment.

The External Environment Temperature (K) 273 283 239 306

Maximum Temperature Gradient (K/M) 2126 2119 2111 2100

It can be seen from Figure 11 and Table 3 that regardless of the external ambient tempera-
ture, the maximum internal overheating of the new current transformer was between 40 and
41 K. The hot spot temperature and overall temperature rise distribution of the CT were posi-
tively correlated with the external ambient temperature. According to the Figure 12 and Table 4,
with the gradual increase of the external ambient temperature, the maximum temperature
gradient of the transformer gradually decreased, but the decrease was small and both
remained above 2100 K/m. When the external ambient temperature was 306 K, the maxi-
mum temperature gradient dropped by only 1.2% compared with 273 K. So the maximum
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overheating and maximum temperature gradient of the new current transformer both
had no obvious relation with the external environment temperature. However, due to
the uneven distribution of internal temperature of the transformer under various exter-
nal ambient temperatures, water molecules in the air inside the transformer may have
migrated, and the material in the lower temperature area had a strong ability to absorb
water molecules, which may form condensation so that it would endanger the safe and
reliable operation of the transformer equipment.

4.3. Distribution Characteristics of Temperature Field Under Different Core Diameter Guide Rod

The metal guide rod connected to the primary side bus could pass through hundreds
of amps or even thousands of amps during normal operation, which was the most impor-
tant heat source of the new current transformer. Guide rods with different core diameters
had different current carrying and heat conduction capacities. In order to obtain the distri-
bution law of thermal parameters and realize the optimal design of the new type current
transformer, it was necessary to study the temperature field distribution characteristics of
the guide rods with different core diameters.

It can be seen from Figure 13 that, with the increase of the core diameter of the new
current transformer, its hot spot temperature ws negatively correlated with it. When the
guide rod core diameter was 15 mm, its hot spot temperature was 407 K, which increased
by 26% when compared with the guide rod core diameter was 22 mm. After fitting, the data
of hot spot temperature could be approximately regarded as a linear relationship, with its
determination coefficient R2 = 0.939. The hot spot temperature decreased with the increase
of the core diameter, and the rate of decline was 12.1.

 
Figure 13. Hot spot temperature at different core diameters.

As shown in Figure 14, the maximum temperature gradient of the new current trans-
former could be approximately regarded as an exponential decrease with the increase of
core diameter. When the diameter of guide rod was 15~18 mm, the maximum temperature
gradient decreased rapidly, while the decrease tended to be moderate in the range of
18–22 mm. The maximum temperature gradient at 18 mm core diameter was 2978 K/m,
which was 61.5% lower than that at 7726 k /m at 15 mm core diameter. The maximum
temperature gradient at 22 mm core diameter was 1759 K/m, which was only 40.9% lower
than the maximum temperature gradient at 18 mm core diameter.
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Figure 14. Maximum temperature gradient at different core diameters.

It is not difficult to see that when the core diameter of the new current transformer was
18–20 mm, the change rate of hotspot temperature and maximum temperature gradient of
the transformer tended to be saturated and both are in a reasonable range of values.

5. Conclusions

In this paper, a new type design of current transformer for distribution network is
taken as the research object. Based on the finite element multi-physical field coupling
method, the thermal field distribution law of the current transformer when it reaches the
thermal steady state in the actual electromagnetic environment is calculated and analyzed,
and the following conclusions are drawn:

1. The temperature distribution of the main heat source guide rod of the new current
transformer is in a “parabola” form. The hot temperature and the maximum tempera-
ture gradient of the transformer change linearly under different current.

2. Under different external ambient temperatures, the overall maximum overheating of
the transformer remains unchanged between 40 and 41 K. Although the maximum
temperature gradient decreases gradually with the increase of external ambient tem-
perature, the decline can be ignored. Due to the uneven distribution of temperature,
water molecules in the internal may migrate and form condensation, which will harm
the safe operation of the current transformer.

3. For the guide rod, which is the main heat source of the transformer, in the case of
different core diameters, its hot spot temperature and maximum temperature gradient
decrease with the increase of core diameter. Among them, the maximum temperature
gradient decreases exponentially with the increase of core diameter, and the rate of
change tends to saturation at 18–20 mm. At this point the core diameter size is the
most reasonable.

Author Contributions: Conceptualization and Formal analysis, B.D.; Writing—Original draft, Y.G.;
Writing—Review & editing, C.G., Z.Z., T.W. and K.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by State Grid Corporation of China, grant number W2020JSKF0677.

Data Availability Statement: Data sharing not applicable. No new data were created or analyzed in
this study. Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

160



Energies 2021, 14, 1792

References

1. Guo, L.; Yu, Z.; Bo, L.; Tao, D.; Yongyi, Z. Optimal design of insulation of current transformers cast by epoxy resin at high altitude.
High Volt. Electr. Appl. 2010, 46, 57–60.

2. Yu, G.; Dong, B.; Zhang, Z.; Xiang, N.; Bin, D.; Zhu, Z. Simulation calculation and analysis on three-dimensional electro-thermal
coupling of a new type of current transformer for distribution network. In Proceedings of the 2020 IEEE International Conference
on High Voltage Engineering and Application (ICHVE), Beijing, China, 6–10 September 2020; pp. 1–4.

3. Shling, Z.; Zongren, P.; Peng, L.; Wei, H.; Haoran, W. The electrothermal coupling model is applied to the calculation of radial
temperature and electric field distribution of high voltage dry DC bushing. Chin. J. Electr. Eng. 2013, 22, 191–200.

4. Shiling, Z.; Yongsheng, H.; Naiyi, L.; Zongren, P. Finite element simulation analysis of SF6 gas insulated composite bushing
structure for 1100 kV GIS. Insul. Mater. 2019, 52, 50–56.

5. Pengyuan, L. Study on the Influence of Ambient Temperature Change on SF6 CT Operation Performance and Countermeasures.
Ph.D. Thesis, North China Electric Power University, Beijing, China, 2016.

6. Zhang, S. Evaluation of thermal transient and overload capability of high voltage bushings with ATP. IEEE Trans. Power Deliv.
2009, 24, 1295–1301. [CrossRef]

7. Ramu, T.S.; Reddy, C.C. On the computation of electric field and temperature distribution in HVDC cable insulation.
IEEE Trans. Dielectr. Electr. Insul. 2006, 13, 1236–1244.

8. Jyothi, N.S.; Ramu, T.S.; Mandlik, M. Temperature distribution in resin impregnated paper insulation for transformer bushing.
IEEE Trans. Dielectr. Electr. Insul. 2010, 17, 931–938. [CrossRef]

9. Rachek, M.; Nait Larbi, S. Magnetic Eddy-Current and Thermal Coupled Models for the Finite-Element Behavior Analysis of
Underground Power Cables. IEEE Trans. Magn. 2008, 44, 4739–4746. [CrossRef]

10. Eslamian, M.; Vahidi, B.; Eslamian, A. Thermal analysis of cast-resin dry-type transformers. Energy Convers. Manag. 2011,
52, 2479–2488. [CrossRef]

11. Azizian, D.; Bigdeli, M.; Fotuhi-Firuzabad, M. A Dynamic Thermal Based Reliability Model of Cast-Resin Dry-Type Transformers.
In Proceedings of the 2010 International Conference on Power System Technology, HangZhou, China, 24–28 October 2010; pp. 1–7.

12. Jang, S.-M.; Park, H.C.; Cho, S.K.; Lee, S.-H.; Cho, H.W. Thermal Analysis of Induction Heating Roll With Heat Pipes.
IEEE Trans. Magn. 2003, 39, 3244–3246. [CrossRef]

13. Lee, M.; Patel, D.; Abdullah, H.A.; Jofriet, J.C.; Fahrioglu, M. Air temperature effect on thermal models for ventilated dry-type
transformers. Electr. Power Syst. Res. 2011, 81, 783–789. [CrossRef]

14. Xiuguang, L. Finite element analysis of temperature field of SF6 CT. High Volt. Electr. Appl. 2015, 51, 121–124.
15. lan, X.; Yanlong, Z.; Zikang, Y.; Daojuun, S.; Chaohui, X.; Wei, H. Analysis and calculation of temperature rise of resin cast dry

transformer. High Volt. Technol. 2013, 39, 265–271.
16. Arjona, M.A.; Hernandez, C.; Escarela-Perez, R.; Melgoza, E. Thermal analysis of a dry-type distribution power transformer using

FEA. In Proceedings of the 2014 International Conference on Electrical Machines (ICEM), Berlin, Germany, 2–5 September 2014;
pp. 2270–2274.

17. Hui, J.; Hao, W.; Zhiyong, L.; Xin, W.; Peng, Z. Research on the influence of ambient temperature change on SF6 CT operation
performance. Power Grid Clean Energy 2017, 33, 65–69.

18. Ruan, J.; Liu, C.; Gong, R.; Liao, C. Temperature rise of a dry-type transformer with quasi-3D coupled-field method.
IET Electr. Power Appl. 2016, 10, 598–603.

19. Yang, Z.; Naiqiu, S.; Xiaoqing, L. Numerical calculation and analysis of temperature rise of direct-buried gas-insulated transmis-
sion lines based on finite element method. J. Wuhan Univ. 2015, 48, 820–825, 830.

20. Wen, X.; Zhang, J.; Lu, H. Automatic J–A Model Parameter Tuning Algorithm for High Accuracy Inrush Current Simulation.
Energies 2017, 10, 480. [CrossRef]

21. Guojian, L.; Fenghua, W. Calculation and analysis of temperature field distribution of resin cast dry transformer.
High Volt. Electr. Appl. 2016, 52, 83–89.

22. Yongchun, L.; Qiaoling, W.; Caihong, Y.; Jin, Z.; Yanming, L.; Jinyuan, W. Application of three-dimensional finite element method
in the calculation of temperature field and carrying capacity of locally buried cable through pipe. High Volt. Technol. 2011,
37, 2911–2917.

161





energies

Article

Dielectric and AC Breakdown Properties of SiO2/MMT/LDPE
Micro–Nano Composites

Hongtao Jiang, Xiaohong Zhang *, Junguo Gao and Ning Guo

Citation: Jiang, H.; Zhang, X.; Gao, J.;

Guo, N. Dielectric and AC

Breakdown Properties of

SiO2/MMT/LDPE Micro–Nano

Composites. Energies 2021, 14, 1235.

https://doi.org/10.3390/en14051235

Academic Editor: Carlos

Miguel Costa

Received: 25 January 2021

Accepted: 19 February 2021

Published: 24 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Key Laboratory of Engineering Dielectrics and Its Application, Ministry of Education, Harbin University of
Science and Technology, Harbin 150080, China; jianghongtao012@163.com (H.J.); gaojunguo@hrbust.edu.cn (J.G.);
tad@hrbust.edu.cn (N.G.)
* Correspondence: x_hzhang2002@hrbust.edu.cn

Abstract: Low-density polyethylene (LDPE) is an important thermoplastic material which can be
made into films, containers, wires, cables, etc. It is highly valued in the fields of packaging, medicine,
and health, as well as cables. The method of improving the dielectric property of materials by
blending LDPE with inorganic particles as filler has been paid much attention by researchers. In this
paper, low-density polyethylene is used as the matrix, and montmorillonite (MMT) particles and
silica (SiO2) particles are selected as micro and nano fillers, respectively. In changing the order of
adding two kinds of particles, a total of five composite materials were prepared. The crystallization
behavior and crystallinity of five kinds of composites were observed, the εr and tanδ changes of each
material were investigated with frequency and temperature, and the power frequency (50 Hz) AC
breakdown performance of materials were measured. The differential scanning calorimetry (DSC)
and X-ray diffraction (XRD) results show that the crystallinity of the composites is higher than that of
LDPE. Experimental data of dielectric frequency spectra show that the dielectric constants of micro–
nano composites and composites with added MMT particles are lower than LDPE, the dielectric
loss of composites can be improved by adding MMT particles. The experimental data of dielectric
temperature spectra show that the permittivity of SiO2-MMT/LDPE is still at a low level under the
condition of 20~100 ◦C. In terms of breakdown field strength, the SiO2/LDPE composite material
increased by about 17% compared with the matrix LDPE, and the breakdown field strength of the
materials SiO2-MMT/LDPE and MMT-SiO2/LDPE increased by about 6.8% and 4.6%, respectively.

Keywords: micro and nanoparticles; adding order; dielectric properties; AC breakdown strength

1. Introduction

Low-density polyethylene (LDPE) is diffusely employed in many fields, such as wire
and cable industry and environmental engineering, because of its outstanding insulation,
fine mechanical properties, process performance, and adsorption [1,2]. With the rapid
economic development of all countries in the world, the cable industry is moving towards
high voltage and ultra-high voltage. Therefore, it is very important to enhance the dielectric
property of high-voltage insulation materials and d evelop higher-grade high-voltage
insulation materials [3].

In the interest of meeting the increasing demand for science and technology progress
and the development of society on the insulating electrical properties of polymers, re-
searchers have tried to ameliorate the physicochemical properties of polymers by the
method of adding inorganic nano-fillers. A great deal of research work shows that the mix-
ing of nano-fillers and polymer materials could polish up the breakdown field strength [4–6],
conductivity [7,8], electrical tree resistance, and partial discharge performances [9,10], as
well as inhibit the accumulation of space charges [11,12]. Nevertheless, the result of the
aggregation of nanoparticles in polymers has made achieving good dispersion difficult.
Thereby, different researchers have different conclusions. Up to now, the improvement
mechanism of added inorganic particles to matrix is still not very clear. For the sake
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of acquisition of maximized dispersion of nanoparticles in polymers, scholars make an
attempt to blend micro- and nanoparticles with matrix materials. It is expected that the
superior properties of composites will be obtained through the synergistic effect between
micro- and nanoparticles. Research shows that the introduction of micron-particles and
nanoparticles to matrix materials can not only avoid the agglomeration of nano-particles,
but also improve the properties of the matrix materials [13–15]. At a certain proportion, the
adding of the micron particle will highlight unique performances of the nanoparticle to a
certain degree. This makes certain performances of micro–nano composites resemblant to
nano-composites, and even superior to nano-composites. Ma et al. synthesized micro–nano
Co3O4 ceramic materials by liquid phase and calcination method and studied its microstruc-
ture and dielectric properties, and found that micro–nano composite materials have more
excellent dielectric properties [16]. Espinoza-Gonzalez et al. doped CaCu3Ti4O12 (CCTO)
with ZrO and ZrO2 as micro–nano fillers, and found the micro–nano composite exhibited
lower dielectric loss and a smaller dielectric constant [17]. Nazir et al. added micro and
nano boron nitride (BN) particles to the matrix ethylene propylene diene monomer (EPDM)
by melt blending method. It was found that the composite with 25 wt% micron particles
and 5 wt% nanoparticles had good dielectric loss performance; the composite with 29 wt%
micron particles and 1% nanoparticles showed low permittivity [18].

Adding nano-SiO2 particles into LDPE can increase the crystal nucleus density, reduce
the spherulite size, and enhance the resistance to partial discharge [19]. Montmorillonite
(MMT) is a layered silicate mineral with one-dimensional nano-structure. After being
organically treated, MMT is introduced into LDPE by melt intercalation method. MMT
can scatter and block electrons generated in the discharge process, thus improving the
partial discharge resistance of LDPE [20]. In this paper, SiO2 was selected as inorganic
nanoparticles, MMT as micron particles, LDPE as polymer matrix, with 1 wt% of added
content, LDPE, MMT/LDPE, SiO2/LDPE, SiO2-MMT/LDPE, and MMT-SiO2/LDPE com-
posite materials were prepared by melt blending method. The adding order of micro–nano
particles in SiO2-MMT/LDPE and MMT-SiO2/LDPE was changed. SiO2-MMT/LDPE
involved adding the SiO2 particle first and then the MMT particle, while MMT-SiO2/LDPE
involved adding the MMT particle first and then the SiO2 particle. The effects of different
composite systems and adding order of particles on the crystalline structure, dielectric
properties, and AC breakdown properties of the composites were studied.

The research content of the article is a continuation of the research of reference [21]. The
research results of the conduction current and space charge characteristics of SiO2/MMT/
LDPE micro–nano composites are published in reference [21], which concluded that MMT-
SiO2/LDPE composite materials can well hinder carrier migration and have a strong
inhibitory effect on space charges, but many contents could not be perfected because the
previous writing and publications are in the COVID-19 epidemic period. In this paper, the
polarizing microscope (PLM) experiment and the differential scanning calorimetry (DSC)
experiment were supplemented and analyzed, and X-ray diffraction (XRD) experimental
results were combined to verify the crystallization behavior and crystallinity of each ma-
terial. The characteristics of dielectric spectrum and dielectric temperature spectrum of
each experimental material were analyzed, and the breakdown field strength characteris-
tics of each composite material were studied. The research done in this paper is a great
supplement to the previous research, which can make readers have a more comprehen-
sive understanding of our research work, which has vital function in understanding the
mechanism of improving properties of micro and nano composites.

2. Experimental Method

2.1. Surface Modification of SiO2

The nano silica (SiO2) and silane coupling agent (KH570) used to prepare the samples
were both from Beijing Deke Daojin Science and Technology (Beijing, China), and the
particle size of nano-SiO2 was 30 nm. SiO2 particles were treated with coupling agent
KH570. Firstly, the SiO2 powder was dissolved with the mixed solution of anhydrous
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ethanol and deionized water, and stored in a three-neck boiling flask. Secondly, the
ultrasonic wave was used to oscillate for 1 h, silane coupling agent KH570 was added, and
heated in a constant temperature water bath. The temperature was set at 80 ◦C, stirring
uniformly at high speed, and applying ultrasonic oscillation for 2 h again. Finally, after
filtering, washing, drying, and grinding, the surface-modified SiO2 particles were obtained.

2.2. Organic Treatment of MMT

The montmorillonite (MMT) was purchased from Qinghe Chemical Plant in Zhangji-
akou City of China. The particle size of the original MMT was about 40–70 μm, and the
cation exchange capacity was 0.9–1.2 mol/kg. Firstly, MMT was mixed with weak acid
solution in a certain proportion, and then heated in a water bath at 80 ◦C and stirred at high
speed to obtain a uniform MMT suspension. Then, it was centrifuged and purified, and
then intercalated with octadecyl trimethyl ammonium chloride solution. The mixture was
placed in the water bath again. The temperature was set at 80 ◦C, and high-speed stirring
and ultrasonic treatment were carried out to obtain the MMT with intercalation suspension.
The suspension was allowed to stand, then washed with deionized water until no white
precipitate appeared after being tested by AgNO3 solution. After a series of operations
such as drying, grinding, and sieving, the intercalated solid MMT particles were obtained.

The MMT particles prepared above were used to prepare the MMT suspension with
95% ethanol solution as solvent in a ratio of 1 g:10 mL, and the solution was stirred at high
speed and oscillated by ultrasonic for 3 h with the temperature of 70 ◦C. After that, the
silane coupling agent KH570 was used to modify the surface. The specific operation steps
are as follows: In acidic environment with pH value of 3~5, the coupling agent KH570 was
pre-hydrolyzed with 95% ethanol aqueous solution. While stirring the MMT suspension,
the hydrolyzed KH570 was slowly added into the suspension in three times. After the
solution reaction is completed, it should be left to stand for a period of time through the
separator funnel. Then, the MMT layer was taken out and dried in an oven under 80 ◦C for
24 h, and then ground and screened to obtain the organic MMT required in this paper.

2.3. Preparation of Composite Materials

Experimental fabrication of materials required for this article is reported in [21].

2.4. Crystallization Behavior

The five kinds of materials were soaked in the mixed solution of potassium perman-
ganate and concentrated sulfuric acid with mass fraction of 5% for 5 h to etch the surface
of the sample. After that, the samples were cleaned with ultrasonic cleaning apparatus.
The microscopic morphology of each sample was detected by LeicaDM2500 polarizing
microscope (PLM, Leica Microsystems, Wetzlar, Germany), and the magnification was
500 times.

A DSC-1 differential scanning calorimeter produced by Mettler Toledo company
was utilized to measure the crystallization and fusion temperature of each material. The
determination condition was nitrogen atmosphere, and the lifting and cooling rates were
all 10 ◦C/min. The temperature selection range was 25~140 ◦C, and 10~15 mg was weighed
for each sample.

The LDPE and composite materials were tested by X-ray diffraction (XRD) using
EMPYREAN X-ray diffractometer (Panako, The Netherlands). Cu target was used in the
experiment. The tube voltage was 40 kV, the tube current was 30 mA, the experimental
scanning speed was 2◦/min, the scanning range was 2θ = 5◦~50◦, and the X-ray wavelength
was 0.154 nm.

2.5. Dielectric Frequency Spectra and Dielectric Temperature Spectra

At ambient temperature, the εr and tanδ of all samples were tested with frequency f
by broadband dielectric/impedance spectrometer (Novocontrol Technologies, Montabaur,
Germany), and the test frequency range was 10−1 Hz~106 Hz. For reducing the influence
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of moisture and residual charge on the test results, it is necessary to short-circuit each
experimental material in advance.

The QS30I high-precision high-voltage capacitor bridge (Shanghai Peicheng Electronic
Technology Development Co., Ltd., Shanghai, China) and high-low temperature alternating
test box (Shanghai Guangpin Test Equipment Manufacturing Co., Ltd., Shanghai, China)
were used to test the change of εr and tanδ with T by three electrode system. The temper-
ature range was 20~100 ◦C, and the temperature gradient was 10 ◦C. The pretreatment
method of the samples was consistent with the dielectric spectrum. During the time of test,
electrodes and samples should be placed in a high and low temperature alternating test
chamber and the temperature should be kept constant.

2.6. Breakdown Strength

According to the Chinese standard GB/T1408.1-2005, the power frequency AC breakdown
performance of each sample was tested by plate–plate electrode, as shown in Figure 1. The
diameter and height of the upper electrode were 20 mm and 25 mm, respectively. The
diameter and height of the lower electrode were 60 mm and 10 mm, respectively. The
edges of the electrodes were rounded and the radius was 2 mm. The sample thickness was
50 μm. In order to prevent residual charge from affecting the test results, it is necessary
to short-circuit each sample to be tested before testing the breakdown field strength. In
order to prevent the edge discharge of metal electrode, the sample with thickness of 50 μm
and electrode should be immersed in cable oil. In the test, 50 Hz alternating current was
used, and the voltage was slowly increased at a speed of 1 kV/s until composites were
broken down, and the voltage was recorded. By the formula E = U/D, the corresponding
power frequency AC breakdown field strength was calculated, where U is the voltage at
the breakdown of the sample, D is the thickness of the sample, and E is the breakdown
field strength of each sample.

Figure 1. Schematic diagram of breakdown experimental device.

3. Results and Discussion

3.1. Crystalline Morphology

Figure 2 shows the crystalline morphology of each material under PLM after being
etched by concentrated sulfuric acid mixed with potassium permanganate. As both the
previous writing and the ICHVE 2020 conference were held during the COVID-19 epidemic
period, universities were closed, so the crystal cell size of each material was not marked
in time [21,22]. Now, the epidemic situation in China is well controlled and universities
have been opened. We went back to the laboratory and marked the crystal cell size of each
composite material, and the statistical distribution of the crystal cell size of each material
was calculated; the results are shown in Figure 3. From Figure 2, the crystal of all materials
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are spherical structures. It can be seen from Figure 3 the average and standard deviation
of cell size of each sample. In Figures 2 and 3, LDPE has the largest crystal cell size, and
the crystal cell size varies, the diameter of crystal cell is about 9~19 μm, and the average
size is 12.541 μm. After adding MMT into the matrix, the crystal cell size decreases, the
average size is 6.849 m, and the crystal cell spacing decreases to some extent. The crystal
cell size of composites with SiO2 particles is further reduced, with an average diameter
of 6.345 μm, and the crystal cell size of SiO2/LDPE is uniform, but its crystal cell spacing
is larger than that of micro–nano composites SiO2-MMT /LDPE and MMT-SiO2/LDPE.
The crystal cell size and spacing of SiO2-MMT/LDPE material prepared by the method
of adding SiO2 particle first and then MMT particle are further reduced. The diameter
of the crystal cell is distributed around 4~8 μm, and the average diameter of the cell is
5.341 μm. The internal structure of the material is tight. The crystal size and spacing of
MMT-SiO2/LDPE material prepared by the method of adding MMT particle first and then
SiO2 particle becomes smaller than the former, and the crystal cell diameter is distributed
around 3~7 μm with the average crystal cell diameter as 4.765 μm. The reason why the
crystal cell size of MMT-SiO2/LDPE is smaller than that of SiO2-MMT/LDPE is that the
small-sized particle is added first, which makes it easier for the small-sized particles to
enter the machine body and play a heterogeneous nucleation role, thus reducing the unit
cell size. However, a small-sized particle is added first, and then a large-sized particle is
added, which will damage the structure formed by the small-sized particle added first, and
weaken the heterogeneous nucleation effect, so the cell size is reduced.

 

(a) LDPE 

Figure 2. Cont.
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(b) MMT/LDPE 

 

(c) SiO2/LDPE 

 

(d) SiO2-MMT/LDPE 

Figure 2. Cont.
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(e) MMT-SiO2/LDPE 

Figure 2. The crystalline morphology of various samples.

Figure 3. Statistical distribution of crystal cell size of each sample.

3.2. Crystallinity of Composite Materials

This part of the experiment has been given some analysis in reference [22]. The experi-
mental results and analysis of XRD, dielectric spectrum, dielectric temperature spectrum,
and breakdown in this paper need to be combined with this part of the experiment. In
order to make the analysis of this paper more comprehensive, further experimental anal-
ysis is given here again. Considering the particles do not contribute to the enthalpy of
crystallization, we can obtain the crystallinity of five samples through the calculation of
Equation (1) [23].
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The fusion temperature and crystallinity results of all samples are listed in Table 1.

Xc =
ΔHm

(1 − ω)ΔH0
× 100% (1)

where H0 = 293.6 J/g−1 and w is the particles content in the composites.

Table 1. Fusion peaks and crystallinity of samples.

Sample Fusion Peak Temperature Tm/◦C Crystallinity Xc/%
Normalized
Heat/J·g−1·

LDPE 108 31.20 90.69
MMT/LDPE 108.18 34.07 99.03
SiO2/LDPE 108.01 35.69 103.72

SiO2-MMT/LDPE 107.77 33.05 95.10
MMT-SiO2/LDPE 107.49 32.23 92.75

According to Table 1, the order of fusion temperature is SiO2/LDPE > MMT/LDPE >
SiO2-MMT/LDPE > MMT-SiO2/LDPE > LDPE. The order of crystallinity is SiO2/LDPE
> MMT/LDPE > SiO2-MMT/LDPE > MMT-SiO2/LDPE > LDPE. The increase in the
crystallinity of the sample is due to heterogeneous nucleation after doped particles. The
heterogeneous nucleation of SiO2 with smaller particle size is obvious, and the crystallinity
of SiO2/LDPE material has a larger increase. During the experiment, the addition order of
micro- and nanoparticles was changed to research the crystallinity of micro–nano composite
materials. According to the order of adding the SiO2 particle first and then the MMT
particle, the crystallinity of SiO2-MMT/LDPE composites are weaker than that of the
composites with only SiO2 particles. This is result of the large size of the MMT particles;
the addition of MMT particles will squeeze the composite materials crystalline structure
of samples, which will change the crystalline structure of the sample. Furthermore, the
addition of MMT particles will cause expansion of the original crystal area, and the new
structure may increase the hindrance to the movement of molecular chains. According to
the order of adding the MMT particle first and then the SiO2 particle, the crystallinity of
MMT-SiO2/LDPE composites are weaker than the SiO2-MMT/LDPE composites. This is
because the size of the MMT particle is larger than the SiO2 particle. In the preparation of
micro–nano composites, small particles added later are harder to squeeze into the matrix
than large ones. Simultaneously, the composites filled with particles may add multiple
heat conduction channels, which significantly improves the fusion temperature of the
material. Experimental data shows that the smaller the particle size, the more significant
the improvement of the fusion temperature. When SiO2-MMT/LDPE is compared with
MMT-SiO2/LDPE composite materials, both of them are micro–nano composite materials
with two kinds of particles, but the fusion temperature of the former is higher than that
of the latter. The reason is that the large-sized MMT particle is added later in the former,
and more heat conduction channels will be introduced in composite process than the latter,
so that the fusion temperature of SiO2-MMT/LDPE composites is high. However, the
particles added later will squeeze the original heat conduction channels, resulting in the
fusion temperature of micro–nano composites not being as good as that of adding one
particle alone.

3.3. XRD Analysis of Composite Materials

Figure 4 shows the X-ray diffraction curves of composite materials. From Figure 4,
there are two obvious diffraction peaks in each composite, which are 21.35◦ and 23.65◦.
According to reference [24], these two diffraction peaks correspond to (110) and (200)
crystal surfaces, respectively.

170



Energies 2021, 14, 1235

Figure 4. XRD curves of each sample.

According to Equation (2), the average grain thickness of the composite with different
crystal planes can be calculated [25].

D =
0.89λ√

β2 − β2
i cosθ

(2)

where λ is the X-ray wavelength and the value is 0.154 nm; β is half height and width of
diffraction peak on diffraction crystal surface; βi is the broadening factor of the instrument;
θ is the diffraction angle.

According to Equation (3), the crystallinity of each composite material after XRD test
is calculated [26].

Xc =
I110 + 1.42I200

I110 + 1.42I200 + 0.68IA
× 100% (3)

where I110, I200, and IA are diffraction peak integral area of (110) crystal plane, (200) crystal
plane, and amorphous scattering diffraction peak integral area, respectively.

The XRD parameter calculation results of each sample are listed in Table 2.

Table 2. XRD parameters of each sample.

Sample β110/◦ D110/nm β200/◦ D200/nm Xc/%

LDPE 0.628 12.48 1.339 7.39 36.99
MMT/LDPE 0.637 12.29 0.906 9.06 40.66
SiO2/LDPE 0.598 9.29 1.026 8.75 41.10

SiO2-MMT/LDPE 0.612 12.59 0.714 10.37 38.79
MMT-SiO2/LDPE 0.634 12.32 1.300 7.51 37.95

In Table 2, the crystallinity order of composites is SiO2/LDPE > MMT/LDPE > SiO2-
MMT/LDPE > MMT-SiO2/LDPE > LDPE, which is consistent with the DSC test results.
From the average grain thickness of each composite, it can be seen that the average grain
thickness both of SiO2/LDPE and SiO2-MMT/LDPE composites along the (110) and (200)
crystal plane directions have little difference, which indicates that the crystal growth of
the two composites is uniform. SiO2-MMT/LDPE composite is the thickest of the average
grain thicknesses in terms of both the direction along the (100) crystal plane and the
(200) crystal plane, indicating that the addition of large-size MMT particles broaden the
crystallization area to a certain extent, and thus increases the average thickness of the grain,
which confirms the analysis results of the DSC experiments above.

3.4. Dielectric Frequency Spectra of Composite Materials

Two major statements for the change of permittivity exist in composites with certain
particles. First, the interaction between particles and composites matrix limits the moving
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of composite macromolecular chains and reduces the polarization of matrix [27,28]. Second,
the interfacial polarization would occur in the interface between particles and composites
matrix, which will make the value of permittivity rise [29]. Figures 5 and 6 show the
variation of εr and t tanδ with f of each sample. In Figures 5 and 6, we can see that
LDPE is a non-polar material, the polarization of electron displacement occurs primarily
in its interior, and therefore εr is small. At the same time, it does not vary with the
frequency. SiO2 particles were added into LDPE, and a number of interfaces will be
formed. There will be interface polarization in materials, hence εr and tanδ of SiO2/LDPE
are higher than LDPE. As the frequency increases, the electrical fields change gradually
faster, and the relaxation polarization is too late to keep abreast of the electrical fields. In
consequence, polarization establishment is incomplete, and εr has a downward trend. As
stated in the PLM results, MMT/LDPE and MMT-SiO2/LDPE have compact structures.
Simultaneously, on account of the especially stratified structure of MMT, segment activity
and polarization establishment of composite materials are not easy. As a consequence,
the value of their dielectric constant is small. The structure of SiO2-MMT/LDPE restricts
severely the movement of macromolecular chains, and as a result, the εr and tanδ values of
SiO2-MMT/LDPE are at low levels in five materials.

Figure 5. Curves of εr with respect to f.

Figure 6. Curves of tanδ with respect to f.

3.5. Dielectric Temperature Spectra of Composite Materials

Figures 7 and 8 show the changes of εr and tanδ with T of the five samples, and the
test frequency is 50 Hz. It is observed that the dielectric constant of composites reduces
with the increment of temperature. This is because of the intensification of molecular
thermal motion, which results in directional polarization difficulty. When a micro–nano
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particle is introduced into the matrix, interface areas will appear, hindering the thermal
motion of molecular chains under high temperature, and therefore dielectric constant
and loss of composites will raise. Nevertheless, SiO2-MMT/LDPE could ruin the original
interface areas with adding of small-size fillers first, and then large-size fillers. As a result,
interfacial regions have less obstruction to molecular chains’ thermal movement under high
temperature, and dielectric constant of composites decline accordingly. As the increment
of temperature, the loss is chiefly decided by the conductance loss, and tanδ increases
along with temperature. Since the main components in MMT are SiO2, Al2O3, and H2O,
after introducing MMT particles into composites, lots of interfaces formation. Relaxation
polarization has a great influence under low temperature and relaxation loss is large.
Therefore, the loss of composites with MMT increases first, and then decreases with the
temperature rises.

Figure 7. Curves of εr with respect to T.

Figure 8. Curves of tanδ with respect to T.

3.6. Breakdown Field Strength

The breakdown test data of each composite material are processed by two-parameter
Weibull distribution [30,31]. The relationship between the cumulative breakdown probabil-
ity P(E) and the breakdown electric field intensity E is:

P(E) = 1 − exp
(−E

E0

)β

(4)

In Equation (4), E0 is the standard breakdown field strength when the cumulative
breakdown probability is 63.2%; β is the shape parameter, which characterizes the disper-
sion of breakdown data.
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The Weibull distribution analysis of breakdown field strength data of each sample
measured by the experimental device in Figure 1 was analyzed by MINITAB software;
15 samples were measured for each material, and the results are shown in Figure 9.

Figure 9. Weibull curve of breakdown field strength of each sample.

The logarithm of both sides of Equation (4) are taken at the same time, and then
simplified to get:

ln[−ln(1 − P)] = β(lnE − lnE0) (5)

The breakdown field strength E0 can be calculated by Equation (5). The characteristic
breakdown field strength values of each sample are shown in Table 3.

Table 3. Characteristic breakdown field strength of each sample.

Sample Characteristic Strength (kV/mm) β

LDPE 142.2 16.930
MMT/LDPE 142.6 8.387
SiO2/LDPE 166.5 2.883

SiO2-MMT/LDPE 151.8 6.468
MMT-SiO2/LDPE 148.7 7.549

β represents the degree of data dispersion. The smaller the value, the more dispersed
the data. From Table 3, it can be seen that the β values of each material are greater than 1.
At present, regarding the mechanism by which inorganic particles improve the breakdown
strength of polymer insulating dielectrics, scholars at home and abroad have basically
reached a certain consensus. Lewis et al. proposed that the interface is the main factor
determining the electrical properties of nano-dielectrics, and an interface charged layer
will form between particles and polyethylene matrix; the interface effect will improve the
dielectric properties of the dielectric [32].

From the PLM experiment and dielectric spectrum analysis, it serves to show that the
addition of micron MMT particle will impede the movement of molecular chains and inhibit
the migration of carriers, which will weaken the collision of electrons on the macromolecu-
lar chains to a certain extent, and lead to the improvement of the breakdown performance
of MMT/LDPE composite materials. However, due to the weak interface between micron
particles and matrix, the breakdown performance is not significantly improved.

The addition of nano-SiO2 particles will form an independent interface domain in
the polyethylene matrix, which will affect the space charge transport and improve the
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breakdown field strength. By mixing and ultrasonic treatment of the twin-screw extruder,
nano-SiO2 particles can obtain better uniform dispersion [33,34], which are easy to form
more interface domains. In the previous study [21], it was proved that the addition of SiO2
particles will introduce deep traps into the matrix LDPE. Under the action of the electric
field, the charge cannot be trapped and is limited on the surface of dielectric materials.
Moreover, the structure formed by SiO2/LDPE composite materials has a certain blocking
effect on carrier migration, thereby reducing the energy accumulation of electrons and
weakening its impact on macromolecular chains, thus improving the impact breakdown
field strength by about 17% [35].

For SiO2-MMT/LDPE and MMT-SiO2/LDPE, due to the introduction of two kinds
of particles, a great many interfaces are introduced into the matrix, so the breakdown
field strength is increased by about 6.8% and 4.6%, respectively. However, due to the
introduction of micron particles that will form part of the weak interface with the matrix,
the breakdown field strength of them is lower than SiO2/LDPE. When MMT-SiO2/LDPE
is compared with SiO2-MMT/LDPE, according to the PLM experimental results, the MMT-
SiO2/LDPE composite materials formed by adding large-sized MMT particle first and
then small-sized SiO2 particle have a compact crystal structure, and the crystallinity is
small from the crystallinity results of DSC and XRD. This will increase the free volume of
the materials, increase the chance of electron collisions, and decrease the breakdown field
strength. At the same time, according to DSC experiment and analysis, the heat dissipation
of MMT-SiO2/LDPE composite materials is worse than that of SiO2-MMT/LDPE, so MMT-
SiO2/LDPE easily accumulates heat inside the materials, which improves the probability
of thermal breakdown of the materials. Therefore, the breakdown field strength of MMT-
SiO2/LDPE is about 2% lower than that of SiO2-MMT/LDPE.

4. Conclusions

From PLM experiment, DSC experiment, and XRD experiment results, it can be seen
that the introduction of micro- and nanoparticles together will make the internal structure
of the materials more compact than the matrix. The adding method of first small and then
large can more effectively limit the molecular chains activity than the composite materials
prepared by adding large first and then small. The addition of a variety of particles will
destroy the original crystal structure, which makes the crystallinity of materials added
with varieties of particles slightly lower than materials added with a single particle. The
addition method of first small and then large will expand the crystallization region of the
composites, and the crystallinity is higher than that of the composite materials prepared by
first large and then small addition method.

From the experimental results of dielectric spectrum, it can be seen that the addition
of micro- and nanoparticles will make the materials structure more compact, resulting in
serious restriction of molecular chain motion, difficulty in establishing partial polarization,
and a decrease in the dielectric constant and loss to a certain extent. Among them, the
effect of adding small particles first and then large particles is better.

From the experimental results of dielectric temperature spectrum, it can be seen that
with the change of temperature, the original interface area may be destroyed by the addition
method of first small and then large, and the interface area is not bound enough to the
thermal motion of molecules, so the dielectric constant will decrease.

From the experimental results of AC breakdown field strength, it can be seen that
the interface effect is the main factor affecting the breakdown performance of composite
materials. By adding nano-SiO2 particles alone in LDPE, the breakdown field strength is
greatly increased by about 17%. Adding micro- and nanoparticles into LDPE at the same
time will introduce a large number of interfaces into the matrix, which will also improve
the breakdown field strength of micro–nano composite materials. The lifting amplitude
of SiO2-MMT/LDPE composite materials is about 6.8%, and that of MMT-SiO2/LDPE
composite materials is about 4.6%.
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Abstract: In order to locate the short-circuit fault in power cable systems accurately and in a timely
manner, a novel fault location method based on traveling waves is proposed, which has been
improved by unsupervised learning algorithms. There are three main steps of the method: (1) build
a matrix of the traveling waves associated with the sheath currents of the cables; (2) cluster the
data in the matrix according to its density level and the stability, using Hierarchical Density-Based
Spatial Clustering of Applications with Noise (HDBSCAN); (3) search for the characteristic cluster
point(s) of the two branch clusters with the smallest density level to identify the arrival time of
the traveling wave. The main improvement is that high-dimensional data can be directly used for
the clustering, making the method more effective and accurate. A Power System Computer Aided
Design (PSCAD) simulation has been carried out for typical power cable circuits. The results indicate
that the hierarchical structure of the condensed cluster tree corresponds exactly to the location
relationship between the fault point and the monitoring point. The proposed method can be used for
the identification of the arrival time of the traveling wave.

Keywords: power cable; fault location; sheath current; traveling wave; unsupervised learning

1. Introduction

Due to the limitations of urban land resources and the requirements for power re-
liability, power cables are widely used in urban power transmission and distribution
systems [1–3]. With the rapid increase in the scale of power cable applications, the number
of short-circuit faults has also increased [4,5]. Although the overall short-circuit fault rate
of the power cables is low, the origin of the short-circuit faults has many possible factors,
which are difficult to predict, and there will be wide social impacts and large economic
losses caused by the faults. In order to shorten the repair time of the faulty power cables,
efforts are needed to develop reliable and accurate fault location methods.

According to the fault location principles, currently, online fault location methods used
in power systems are mainly based on the impedance and the traveling wave. Both of the
impedance-based and the traveling-wave-based methods originated from the fault location
for overhead lines. The impedance-based method [6–8] mainly uses the relay protection
device to collect fault voltage/current data, and locates the fault based on the parameter
identification of the system impedance. Since the impedance monitored by this method
may have a nonlinear relationship with the distance between the fault point, it is difficult
to directly locate the fault accurately through the relationship between the impedance and
the distance between the fault point. The traveling-wave-based methods [9–11] locate the
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fault through the identification of the propagation time of the fault traveling wave. When
the line distribution parameters are large or non-uniform, it is difficult to accurately extract
the head and/or the arrival time of the traveling wave.

Recently, efforts have been made to improve the accuracy and applicability of impedance-
based methods. In [12], mutual inductance effects have been taken into account to make the
method suitable for the medium voltage distribution network in the double-circuit lines.
In [13], the fault location criteria for different fault sections of the distributed network have
been proposed, taking into account the electrical characteristics of nodes in the distributed
network under fault and non-fault conditions. In [14], a fault line selection method of
distributed network has been proposed based on the direction vector characteristics of the
fault currents. In [15], a Fibonacci search algorithm has been used to analyze a specific
network structure under the premise of low fault resistance, the results indicate that this
method improves the robustness of the impedance-based method with respect to the fault
resistance. In [16], the influence of the load uncertainty on the accuracy of fault location
has been studied, and a method to reduce the influence has been proposed. The research
above can be summarized in Table 1.

Table 1. The summary of the improvements of the impedance-based method.

References [12] [13] [14] [15] [16]

Line model π-type Distributed π-type Distributed Distributed
Double or multiple loops

√ 1 √ √
- 2 -

Fault section location -
√

-
√

-
Non-uniform
transmission line

√
-

√
- -

Branches
√ √ √ √ √

Robustness to fault
resistance - - -

√ √

Distributed Power - -
√

-
√

Load uncertainty - -
√

-
√

(1 √
means applicable; 2 - means not applicable).

As shown in Table 1, the improvements of the impedance-based method mainly focus
on the applicability of different application scenarios. With the different focuses, the fault
location criterion cannot be uniform or mutually applicable.

Additionally, efforts have been made to improve the accuracy and the applicability
of the traveling-wave-based method in recent years. In [17], the regular pattern of the
reflection of voltage and current traveling waves at the end of the line has been analyzed,
then a fault searching algorithm has been proposed based on mid-point time, which can
be used for the fault location of mixed line with discontinuous wave velocity. In [18],
time-frequency analysis of fault traveling waves has been carried out using continuous
wavelet transform method, so that the arrival time of the traveling wave could be iden-
tified according to the characteristic frequency of the fault traveling wave. In [19], the
identification accuracy of the high frequency part of the fault traveling wave has been
improved using a multilayer neural network. In [20], the problem of multi-channel signal
synchronization has been solved by using the time difference between the first arrival
wave and the first reflected wave. In [21], a normalized fault location criterion has been
proposed, which does not require external time reference and accurate traveling wave
velocity. However, the time difference may be aliased in multiple discharges of the fault,
which is common in cable breakdown discharges. The above studies have improved the
traveling-wave-based method in terms of traveling wave propagation, time-frequency
analysis, and feature recognition, which can be summarized in Table 2.
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Table 2. The summary of the improvements of the traveling-wave-based method.

References [17] [18] [19] [20] [21]

Frequency range 10~100 kHz 2.5 kHz~1 GHz - 2 Within 100 kHz Within 1 MHz
Mixed lines

√ 1 √ √
- -

Non-uniform transmission line
√

-
√ √

-
Branches

√ √ √
- -

No signal synchronization required - -
√ √ √

No traveling wave speed required - - -
√ √

No line parameters required - - - -
√

Clock skew - - - -
√

(1 √
means applicable; 2 - means not applicable).

It can be seen from the above-mentioned literature analysis that, as time goes by, there
are continuous researches to improve the traveling-wave-based method, which also makes
the method supplemented and improved. With the improvement of computing perfor-
mance and signal synchronization accuracy, many applications of intelligent algorithms
have emerged in recent years, but these improvements and applications are limited to
a single type of line or specific application scenarios, and it is difficult to form a unified
fault location criterion. The improvements have not fundamentally solved the inherent
problems of traveling wave head attenuation and noises.

The authors of this work previously proposed an unsupervised learning method for
fault location of power cables and to improve on the traditionally applied traveling-wave-
based method [22,23]. The present paper further expands on their previously published
work, and makes modifications of the fault location process. There are four steps for the
fault location in the previous contribution [23], i.e., (1) build a matrix of the traveling
waves associated with the sheath currents of the cables; (2) apply t-distributed Stochastic
Neighbor Embedding (t-SNE) to reconstruct the matrix into a low dimension; (3) cluster
the data in the matrix according to its closeness, using Density-Based Spatial Clustering
of Applications with Noise (DBSCAN); (4) search for the maximum slope point of the
non-noise cluster with the fewest samples to identify the arrival time of the traveling wave.
The improvement mainly lies in the high-dimensional clustering for the identification
of the arrival time of the traveling waves of multiple signals. Thus, Steps 2 and 3 can
be merged as one, the information of the original signals can be reserved without the
dimensionality reduction, and the waveforms of the traveling waves can be identified
directly via an unsupervised learning algorithm. In addition, the presented method can
output a condensed cluster tree which is believed to correspond with the traveling waves.
The specific relation between the condensed cluster tree and the traveling wave will be
studied in further research, which could help to make the process of fault occurrence and
traveling wave propagation clearer.

2. Analysis of the Traveling Wave Signals and the Fault Location

2.1. Typical Cable Structures and the Monitoring of The Traveling Wave Signals
2.1.1. Typical Cable Structures

A typical power cable for high voltage (HV: 110 kV or more) has a single-core structure,
and a typical power cable for medium voltage (MV: 10 to 35 kV) has a three-core structure,
as shown in Figure 1a,b, respectively.

Since the metal sheath of the HV cable has been reliably grounded at least one end,
the sheath voltage is close to the ground level during normal operation. In addition, when
the load current flows through the core conductor, the direction of the electric field on the
cable cross section is radial, shown as E in Figure 1a, and the direction of the magnetic field
is shown as H. Therefore, the direction of the Poynting vector of the energy transmission
is the E × H direction, which indicates that the energy propagates along the line axis
between the main insulation between the two layers of metal. When a short-circuit fault
occurs at any position of the cable, there will be fault signals on the core conductor and the
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metal sheath. Therefore, regardless of whether the core conductor or the metal sheath is
monitored, the arrival time of the traveling wave is the same. For safety and convenience,
the metal sheath has been chosen to monitor for the traveling wave signals in the paper. For
the MV cable shown in Figure 1b, both the metal sheath and the metal armor are grounded
at the same grounding position. Therefore, the method of obtaining traveling waves by
monitoring the sheath current is also suitable for MV cables.

Figure 1. Cross-sectional structure diagram of typical power cables.

2.1.2. The Monitoring of the Traveling Wave Signals

Figure 2 shows the sheath current monitoring system, where a typical HV cable circuit
is taken as an example. The system consists of four parts, namely, the data acquisition
module, the communication module, the location analysis software installed in the cloud
server and the interface for cable maintenance engineers. Among them, the data acquisition
module includes sheath current sensors, and it is installed in the grounding boxes and the
cross-bonding boxes. When a short-circuit fault occurs in the cable, the sheath current in
the loop will rise to the level of the fault current. At the same time, the data acquisition
module will be awakened and will start to upload the data. The communication module of
the data acquisition system can transmit the recorded data to a designated cloud server,
where the data analysis software will perform data analysis, after that, the location results
will be sent to the maintenance engineer. The recoded data can also be downloaded from
the server for further analysis.
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Figure 2. The designed sheath currents monitoring system (The yellow line represents phase A,
the green line represents phase B, the red line represents phase C. A1–C3 are the labels of different
cable sections).

2.2. The Fault Location

An autonomous learning mechanism based on the two-terminal traveling wave
method is proposed. Thus, the arrival time of the fault traveling wave can be identi-
fied accurately with multiple monitored data. Since the error of the two-terminal traveling
wave method mainly comes from the identification of the arrival times at the two terminals
of the cable, moreover, the main source of identification errors is randomness, such as
synchronization time delay, noise interference, etc., and more monitoring points can help to
reduce random errors, thereby improving accuracy. In order to reduce random errors, the
sheath currents of the three-phase cables and adjacent cables in the same cable passage are
designed to be monitored. Thus, a multi-dimensional data matrix can be built. Through the
analysis of the multi-dimensional matrix, the arrival times can be identified more accurately.
The process of the identification of the arrival times at the two terminals of the cable is
shown in Figure 3.

There are three main steps of the proposed method, as presented in Figure 3. Firstly,
a high-dimensional data matrix needs to be built using the monitored sheath currents.
The amplitude of each sheath current is taken as the row vector of the matrix, and the
number of sampling points of the sheath current is the number of columns of the matrix.
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Secondly, the high-dimensional matrix can be directly clustered using HDBSCAN, which
is a density-based hierarchical clustering algorithm. The specific process of HDBSCAN
is relatively complicated, which will be demonstrated in Sections 2.3 and 2.4. Finally, the
arrival time of the traveling wave can be identified by searching for the characteristic
cluster point(s) of the two branch clusters with the smallest density level.

Figure 3. The process of the identification of the arrival time at the two terminals of the cable.

It is to be noticed that, in [23], unsupervised learning (t-SNE + DBSCAN) has been
used to improve the identification of traveling wave arrival time. The results show that
even if there is noise and/or random time errors in the recorded data, the arrival time of
the traveling wave can be identified. However, when the matrix dimension is greater than
3, the dimensionality reduction process will sacrifice the integrity of the data information.
After the dimensionality reduction, the data will lose the original information to a certain
extent, for example, the physical meaning. The paper omits the step of the dimensionality
reduction and uses the recorded data directly for identification. This allows the original
data information to be retained to the greatest extent, and in principle makes the error as
small as possible.

2.3. The Construction of the Traveling Wave Matrix

As shown in Figure 4, the sheath currents can be monitored at the grounding boxes
and the cross-linking boxes in actual HV cross-bonded cable systems. Usually, there
are multiple cables sharing the same passage/duct. If a short-circuit fault occurs in a
cable, an inductive coupling signal can be detected on the sheath of the adjacent cable.
Thus, multiple sheath currents can be analyzed together, which is believed to make the
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identification accuracy of the arrival time to be improved. Hence, a high-dimensional data
matrix can be built using the amplitude of each monitored sheath current as the row vector,
and the number of sampling points of the sheath current is the number of columns of
the matrix.

Figure 4. The schematic diagram of a typical high voltage (HV) cross-bonded cable circuit (The
yellow line represents phase A, the green line represents phase B, the red line represents phase C.
A1–C3 are the labels of different cable sections).

A typical HV cross-bonded cable circuit model, as shown in Figure 4, has been
established using PSCAD. The cross-sectional structure parameters of the cable are shown
in Table 3. As shown in Figure 4, 12 current sensors have been used in a major section to
monitor the sheath current. The sheath currents measured at the 12 sensors are, respectively,
Ia1, Ib1, Ic1, the sheath currents recorded by the current sensors of phase A, B, C at G1; Ia2,
Ib2, Ic2, the sheath currents recorded in phase A, B, C at J1; Ia3, Ib3, Ic3 the sheath currents
recorded in phase A, B, C at J2; Ia4, Ib4, Ic4, the sheath currents recorded in phase A, B, C
at G2. A short-circuit fault has been set in cable section A1, 300 m away from G1. The
12 sheath currents generated in the simulation are presented in Figure 5. In the case, the
sheath current matrix I can be presented in (1).

I =
[

Ia1 Ib1 Ic1 . . . Ic3
]T (1)

v0 =
1√
με

(2)

Table 3. The cross-sectional structure parameters of the HV cable.

Structure Outer Radius/mm

1 Core conductor (Copper) 17.0
2 Inner semi-conductor (Nylon belt) 18.4
3 Main insulation (Ultra-clean XLPE) 34.4

4 Outer semi-conductor (Super-smooth semi-conductive
shielding material) 35.4

5 Water-blocking layer (Semi-conductor) 39.4
6 Metal sheath (aluminum) 43.9
7 Jacket (PVC) 48.6
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Figure 5. The simulated 12 sheath currents of the HV cable.

Since the velocity of the traveling wave depends on the material parameters of the
cable, it can be calculated using (2), where μ is the magnetic permeability and με is the insu-
lation permittivity. In the case, μ = 4π × 10−7 and ε = 3.63 × 10−11, so v0 = 1.48 × 108 m/s.
Hence, the arrival time of the traveling wave is expected to be 2.03 μs at G1 and 1.35 μs
at J1.

2.4. The Unsupervised Learning Algorithm

DBSCAN [24] is a typical density-based clustering algorithm, which is able to identify
arbitrarily shaped clusters and noise (outliers) in data. However, the main problem of such
algorithms in application is the ability to process high-dimensional data. HDBSCAN [25]
follows Hartigan’s classic density contour clustering/tree model, and improves the existing
density-based clustering algorithms for different aspects [26]. Moreover, it provides paths
of minimum spanning tree for high-dimensional data [27].

Instead of using parameters Eps and MinPts (Eps is the threshold of the neighborhood
distance of a certain sample; MinPts is the threshold of the number of samples near the
sample whose distance is Eps.) to describe the closeness of the sample distribution in
the neighborhood as in DBSCAN, HDBSCAN uses parameters MinPts and MinClustSize
(MinClustSize indicates the minimize cluster size) to limit the possible clusters, and makes
the high-dimensional clustering problem an optimization problem.

2.4.1. The Measurement of High-Dimensional Data

The first problem introduced by high-dimensional data is the measurement method.
It has been proven that the Euclidean distances of all data objects in the high-dimensional
space tend to be equal [28]. Therefore, the high-dimensional space needs to be measured in
a more suitable way.

Let X = {x1, . . . , xn} be a dataset containing n data objects, each of which is described
by an attribute vector x. The Euclidean distance between xp and xq denotes as d(xp, xq). An
object xp is called a core object if its ε-neighborhood (ε means the value of the minimum
radius) contains at least MinPts objects. The core distance of an object xp, dcore(xp), is the
Euclidean distance from xp to its MinPts -nearest neighbor (including xp). The mutual
reachability distance between two objects xp and xq is defined as (3).

dmreach
(
xp, xq

)
= max

{
dcore

(
xp

)
, dcore

(
xq

)
, d

(
xp, xq

)}
(3)
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Under the measurement of mutual reachability distance, dense objects, whose core
distance are small, remain the same distance from each other, but sparser objects have
been dispersed to at least the core distance from any other object. It is to be noticed that
the effectiveness depends on the value of MinPts. The larger MinPts values the more data
objects are affected by the measurement. While the value of MinPts cannot be too large, or
the number of the final clusters would be very small.

2.4.2. The Hierarchical Clusters of High-Dimensional Data

With the measurement of mutual reachability distance, the density discrimination of
the data objects is more significant. As the data objects are high-dimensional, the density
cannot be directly expressed on a plane, in other words, it is not “flat”. Thus, the data
objects can be regarded as a weighted graph, where the data object is a vertex, and the
weight of the edge between any two data objects is equal to the mutual reachability distance.

Now the clustering process can be regarded as the process of merging vertices and
deleting edges. Similar to DBSCAN, a threshold parameter Eps is used in the process.
This time, Eps is not a constant value. The threshold starts from a relatively large value,
and is steadily being lowered. Simultaneously, the edges whose weights are above the
threshold value are deleted. Eventually, the connected graph is turned into a completely
disconnected graph which is composed by a hierarchy of connected components. This
process can be achieved by building the minimum spanning tree [29].

2.4.3. The Construction of the Clustering Hierarchy

Since the minimum spanning tree of the high-dimensional data objects is still high
dimensionally, it needs to be converted into the hierarchy of connected components to
make the clustering hierarchy “flat”. This process is completed by the following steps:

(1) Sort the edges of the minimum spanning tree by the weights (in ascending order);
(2) Traverse all the branches;
(3) Create a new merged cluster for each edge.

It is to be noticed that Step 3 can be completed via a union-find data structure [30].
Thus, each data object has a clear corresponding start and end in the hierarchy (with the
ordinate of mutual reachability distance), which can be used for arbitrary clustering through
cutting branches with a single horizontal line. The next step is to find the reasonable
horizontal line(s) for the clustering, not just by setting a fixed parameter of the mutual
reachability distance. Essentially, the clustering process here of DBSCAN is achieved by
setting such a fixed parameter, which is very unintuitive. Therefore, a better solution is
needed to select the clusters.

2.4.4. Condense the Cluster Hierarchy

The first step in the cluster extraction is to condense the huge and complex cluster
hierarchy into a smaller tree, and attach a little more data to each node. Rather than setting a
fixed parameter of the mutual reachability distance, HDBSCAN uses MinClustSize (minimum
cluster size) limit the possible clusters. Thus, when the hierarchy are traversed, each split
is judged that whether the number of points in one of the new clusters created by each
split is less than MinClustSize. If the number of the data objects is less than MinClustSize,
the data object falls outside the cluster, and the larger cluster retains the cluster identity
of the parent node. Then, the data objects with its mutual reachability distance which fall
outside the cluster are marked. On the other hand, if the split is into two clusters each at
least as large as MinClustSize, the split persists in the tree. Thus, the clusters are easier to
view and process, especially for clustering problems with simple data structures. However,
the clusters are still needed to be selected as ‘flat’ clusters.

2.4.5. Extract the Clusters

In fact, the ‘flat’ clusters have the highest stability. To illustrate the notion of the
stability, several important mathematical measurement parameters are introduced. First,
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a different measurement is needed to denote the persistence of clusters, as shown in (4),
representing the density level.

λ =
1

distance
(4)

For a cluster Ci, the excess of mass of Ci can be defined by (5), where f (x) is a density
function, representing the density of each cluster.

E(Ci) =
∫

x∈Ci

( f (x)− λmin(Ci))dx (5)

The relative excess of mass of a cluster Ci, which appears at level λmin(Ci ) can be defined
by (6), where λmax(x, Ci) = min{ f (x), λmax(Ci)} and λmax(Ci) is the density level at which
Ci is split or disappears.

ER(Ci) =
∫

x∈Ci

(λmax(x, Ci)− λmin(Ci))dx (6)

The stability of a cluster Ci can be defined by (7), where λmin(Ci) is the minimum
density level at which Ci exists, λmax(xj, Ci) is the density level beyond which object xj no
longer belongs to cluster Ci.

S(Ci) = ∑
xj∈Ci

(
λmax

(
xj, Ci

)− λmin(Ci)
)

(7)

Therefore, the step can be regarded as an optimization problem, and the objective is
to maximize the overall stability of the extracted clusters. After optimization, the most
prominent non-overlapping cluster will be the output.

3. Results

3.1. The Arrival Time Identification

There are big differences between the 12 sheath current amplitudes recorded at dif-
ferent locations, as shown in Figure 5, which also constitute the elements of the high-
dimensional matrix I, the input. The next step is the clustering. In order to make the
distinction of the clustering more remarkable, a relatively large MinClustSize and a rela-
tively small MinPts are required. In this case, MinClustSize and MinPts are set to 12 and 7,
respectively. By applying HDBSCAN to the matrix I (the original data to be input into the
algorithm), the condensed cluster tree can be obtained, as plotted in Figure 6.

The red nodes plotted in Figure 6 represent the final stable clusters, and the black
nodes represent the clusters which are not extracted after stability optimization. The serial
numbers of the red nodes are same as those of the clusters of the tree, and they can be
renumbered as 1–9 for convenience. In Figure 6, the abscissa has no physical meaning; the
ordinate represents the relative magnitude of the λ value of each cluster, which increases
from top to bottom.

The cluster scatter plots of sheath currents Ia2, Ib2 and Ic2 are presented in Figure 7,
where Cluster 1–9 represent the final stable clusters, and Cluster 0 represents “noise”. It
should be noted that Cluster 0 does not have to be the real noise in practice. As mentioned
above, whether the object xp is labeled as “noise” only depends on the hierarchical structure
of the data, which is related to the density level and stability of the high-dimensional matrix.
In the case, the arrival time point of the traveling wave that needs to be extracted has
similar characteristics to the “noise”. Therefore, Cluster 0 should be analyzed together with
the ordinary clusters. For further analysis, Figure 8 shows the number of samples in each
of the 10 clusters.

188



Energies 2021, 14, 1164

Figure 6. The schematic diagram of the condensed cluster tree for the matrix I.

Figure 7. The cluster scatter scheme of sheath currents Ia2, Ib2 and Ic2.

Since the traveling waves propagate to the two ends of the cable in two opposite
directions, and they are roughly mirrored on the two sides of the fault, the monitoring
position closest to the fault will record traveling waves earliest. In addition, there are signal
steps in the sheath current when a fault occurs, and they correspond exactly to the arrival
time of the traveling wave. For the density-based hierarchical clustering method, they are
the two branch nodes with the smallest λ value. In the case, they correspond to node 4
and node 8 in Figure 6. It is noted that the fault is closer to J1, corresponding to node 8
in Figure 6 or Cluster 4 in Figure 7. Therefore, the samples of Cluster 4 and Cluster 0 can
be analyzed together. As shown in Table 4, the time stamp of the only sample labeled as
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Cluster 0 in Cluster 4 samples is 1.35 μs. It is exactly the expected time of the first arriving
traveling wave recorded at J1, corresponding to the sheath current Ia2.

Figure 8. The number of the sheath current samples in each cluster of the HV cable circuit.

Table 4. The clustering results of some data labels.

Serial Number * Cluster Label Time Stamp/μs

131 4 1.31
132 4 1.32
133 4 1.33
134 4 1.34
135 0 1.35
136 4 1.36
137 4 1.37

(* The sampling rate is 100 MHz).

3.2. The Application for a MV Cable Circuit

The method also can be applied for MV cable circuits, whose radial structure was
shown in Figure 1b. The metal sheath and the metal armor are connected and grounded
together at the same position of the two terminals, as presented in Figure 9. In this case, the
MV cable circuit is 400 m and the fault was set to 200 m from terminal 1. Table 5 shows the
parameters of cross-sectional structure of the MV cable. It is to be noticed that the material
parameters of the main insulation (XLPE, crosslinked polyethylene) are the same as those
in the HV cables. The sheath currents are monitored by the two current sensors, as shown
in Figure 9, where Im1 is the sheath current recorded by current sensor 1 and Im2 is the
sheath current recorded by current sensor 2.

In this case, the initial matrix dimension is greatly reduced, and the process is basically
the same. As shown in Figure 10, the initial data is relatively monotonous. In the case,
MinClustSize and MinPts are set to 7 and 7, respectively. By applying HDBSCAN to the
sheath current matrix of the MV cable circuit, the condensed cluster tree can be presented
in Figure 11.
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Figure 9. The schematic diagram of a double-end bonded medium voltage (MV) cable system. Note:
‘conductor’ has three cores, one for each phase.

Table 5. The parameters of cross-sectional structure of the MV cable.

Structure Outer Radius/mm

1 Core conductor (Copper) 10.30
2 Main insulation (including inner and outer semi-conductor) 16.60
3 Metal sheath (Copper tape) 16.75
4 Filler and tape wrapping (semi-conductor) 36.50
5 Metal armor (Steel) 38.50
6 Bedding (Water-blocking PVC) 40.10
7 Jacket (Fire-resistant PVC) 44.90

Figure 10. The sheath currents monitored by the current sensors at the two ends. ( 1©~ 4© represent
the traveling wave steps no.1 to no.4).

The meaning of the icons in Figure 11 are the same as Figure 6. There are more clusters
in this case, and there are two clusters, namely Cluster 22 and Cluster 23, with much
bigger λ value than other clusters. They are the two ‘flat’ clusters with the highest density.
Therefore, they are not the clusters containing the point of the arrival time, as a result of
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the cluster should be the one with the fewest samples. For further analysis, the number of
samples in each of the clusters is shown in Figure 12.

Figure 11. The schematic diagram of the condensed cluster tree for sheath current matrix of the MV
cable circuit.

Figure 12. The number of the sheath current samples in each cluster of the MV cable circuit ( 1©~ 4©
represent the traveling wave steps no.1 to no.4).

Similar to the results of the HV cable circuit shown in Figure 6 and Table 4, Cluster
0 still has a large number of the sheath current samples, even with the largest number in
this case. As stated, Cluster 0 does not have to be the real noise in practice. Instead, the
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point of the arrival time can be just in Cluster 0. The two branches of the traveling wave
just correspond to the branch tree of Figure 11 and Cluster 1–13 in Figure 12. The traveling
wave steps 1©~ 4© in Figure 10 just correspond to Cluster 1–8 in Figure 12.

4. The Superiority of the Presented Method

4.1. The Comparisons for the Arrival Time Identification

In [23], five popular algorithms for the arrival time identification have been com-
pared. They are, respectively, (A) the threshold method; (B) the wavelet-based multi-scale
time-frequency analysis method; (C) the cross-correlation algorithm; (D) the cumulative
energy method; (E) t-SNE + DBSCAN. Now add the presented method to the comparison,
numbered as method F.

Simulations have been carried out for the MV and HV cable circuits, and the arrival
time identification has been performed using the 6 algorithms.

Firstly, simulations have been carried out for the MV cable circuit shown in Figure 9,
where two signals have been assessed. The fault position has been set from current sensor 1
to 50 m, 100 m, 150 m, 200 m, 250 m, 300 m and 350 m in sequence. Thus, the corresponding
time differences are 2.03 μs, 1.35 μs, 0.68 μs, 0 μs, −0.68 μs, −1.35 μs and −2.03 μs,
respectively. The time difference results obtained by using the six algorithms under ideal
conditions are presented in Table 6.

Table 6. The time difference results obtained by using the six algorithms.

Method
TD * (μs)

2.03 1.35 0.68 0 −0.68 −1.35 −2.03

A 2.03 1.35 0.68 0 −0.68 −1.35 −2.03
B 2.03 1.35 0.68 0 −0.68 −1.35 −2.03
C 2.03 1.35 0.68 0 −0.68 −1.35 −2.03
D 2.03 1.35 0.68 0 −0.68 −1.35 −2.03
E 2.03 1.35 0.68 0 −0.68 −1.35 −2.03
F 2.03 1.35 0.68 0 −0.68 −1.35 −2.03

(*: TD is short for the time difference).

As shown in Table 6, under ideal conditions, all the six algorithms can identify the
time difference accurately for MV cables.

Secondly, simulations have been carried out for the HV cable circuit shown in Figure 4,
where 12 signals have been assessed. The fault position has been set from the left monitoring
position (G1) to 300 m. In order to make the simulations more realistic, white noise, between
0 and 50 dB, has been added to the waveforms. The time difference between the traveling
waves arriving at the detection points G1 and J1 should be −0.68 μs. The time difference
results from the six algorithms are presented in Table 7.

Table 7. The time difference results from the six algorithms with white noise.

Method
SNR *

50 dB 40 dB 30 dB 20 dB 10 dB 0 dB

A −0.68 μs −0.59 μs −0.76 μs −0.54 μs −0.47 μs −0.25 μs
B −0.68 μs −0.68 μs −0.63 μs −0.59 μs −0.73 μs −0.37 μs
C −0.68 μs −0.68 μs −0.66 μs −0.75 μs −0.75 μs −0.35 μs
D −0.68 μs −0.68 μs −0.68 μs −0.67 μs −0.55 μs −0.42 μs
E −0.68 μs −0.68 μs −0.68 μs −0.68 μs −0.67 μs −0.53 μs
F −0.68 μs −0.68 μs −0.68 μs −0.68 μs −0.69μs −0.49 μs

(*: SNR is short for signal-to-noise ratio).

As shown in Table 7, the six algorithms have different sensitivities to noise. Methods
A to E/F sequentially have better noise suppression capabilities; while there is no essential
difference between method E and F. When the noise level becomes too high, e.g., 0 dB,
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all six algorithms lose the accuracy to varying degrees. In practice, there are many cables
which equip with a minimal number of sensors. The noise recorded by these sensors is too
large and the synchronization error is too high for the accurate fault location. In order to
reduce the influence of randomly generated errors, multiple recorded data from the power
cables are recommended to be analyzed together using method(s) E and/or F.

Still with the simulations for the HV cable circuit, all simulation conditions and
parameters are the same. This time, a random error has been added to the recording time
of the current sensor Ia1, which is, simulating the loss of synchronization time stamp(s).
The tolerance range of the random error applied is [−1 μs, +1 μs]. Under this condition,
the performances of the six algorithms are shown in Figure 13.

Figure 13. The performances of methods A–F with a recording time error added to Ia1. (The ordinate
axis represents the absolute value of the identification error).

As shown in Figure 13, when there is a time deviation within the recorded data from
Ia1, methods A–D have almost no ability to reduce errors, while the errors of method E
and F are almost negligible. Therefore, the performances of method E and F are much
better than those of methods A–D. Although the issue has a low probability of occurring in
practice, when it does occur, it is catastrophic for the fault location using other algorithms.
Even if the error is only microseconds, the fault location error is hundreds of meters. The
results indicate that method E and F are suitable for use in fault location with a few random
time errors in the recorded data.

4.2. The Improvement from t-SNE + DBSCAN

The superiority of the fault location method of the paper mainly lies in the processing
of multiple signals, even faster than the former method (t-SNE + DBSCAN) [23]. Sim-
ulations have been carried out for the comparison. The typical HV cross-bonded cable
circuit shown in Figure 2 has been used for the simulation, the fault has been set at cable
section A1–C3, respectively, and the fault position has been set, in turn, at 50 m, 100 m,
150 m, 200 m, 250 m, 300 m, 350 m, 400 m and 450 m from the left end of the cable. All
simulations have been carried out on an AMD Ryzen Threadripper 3970X 32-Core, 64 GB
RAM computer. The running time of each simulation can be presented in Figure 14.
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In Figure 14, the running time of R is 2.23~20.94 times than L. Although the time saved
is just dozens of seconds for the typical HV cross-bonded cable circuit, it can be hours for a
much more complicated circuit or days for practical cable circuits.

Figure 14. The running time of each simulation. (L represent the method presented in this paper; R represent the algorithm
of t-SNE + DBSCAN; A1~C3 represent the cable sections where the fault occurs).

Another improvement mainly lies in the tree structure. The condensed cluster tree
is basically the two-branch-tree structure, which is believed to be corresponded to the
traveling waves, generated at the fault position, headed to the two opposite directions
to the ends of the cable. Thus, the condensed cluster tree makes the method a better
visualization, which is more convenient for the analysis of the state at the beginning of
the fault.

5. Discussions and Conclusions

5.1. Discussions

HDBSCAN is not only facilitates high-dimensional clustering, but also outputs a
condensed cluster tree which is believed to be corresponded to the traveling waves. As
the condensed cluster tree is basically the two-branch-tree structure, and the hierarchical
structure is related to the density level (or the distance), on the other hand, the fault
traveling waves generated at the fault position and headed to the two opposite directions
to the ends of the cable, therefore, the reason for the appearance of the condensed cluster
tree could be related to the propagation process (catadioptric reflection) of the traveling
waves. Although the propagation process of the traveling waves is not the direct or the
only influencing factor for the appearance of the condensed cluster tree, it could be one of
the root factors. The specific relation between the condensed cluster tree and the traveling
wave needs further study in the future work. The specific structure of the condensed cluster
tree will be the key research object. The distribution of the λ value of Cluster 0 node needs
to be figured out. In turn, the proposed method will be more usable in practice. In addition,
the true-type test based on high-dimensional data will be carried out in future research.
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5.2. Conclusions

This paper proposed a novel traveling-wave-based method for fault location of power
cables. It improved the former method (t-SNE + DBSCAN) by reducing the data processing
steps to reduce data loss. The proposed approach consisted of three main steps: (1) build a
matrix of the traveling waves associated with the sheath currents of the cables; (2) cluster
the data in the matrix according to its density level and the stability, using HDBSCAN;
(3) search for the characteristic cluster point(s) of the two branch clusters with the smallest
density level to identify the arrival time of the traveling wave. The simulation comparison
of the six methods validated the superiority of the proposed method. The following
conclusions can be drawn from the results:

(1) HDBSCAN runs faster than the former method (t-SNE + DBSCAN). The running
time of the former method is 2.23–20.94 times than the proposed method by the
simulation test.

(2) The hierarchical structure of the condensed cluster tree corresponds exactly to the
location relationship between the fault point and the monitoring point.

(3) The proposed method can be used for the identification of the arrival time of the
traveling wave.
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Abstract: The transient analysis model of grounding systems is an important tool to analyze the
lightning characteristics of grounding devices. When lightning enters the soil through the grounding
device, there is a centralized discharge channel. The spatial structure of the discharge channel in the
soil has a great effect on the accuracy of the transient analysis model of the soil impulse discharge.
In this paper, based on the gray information analysis method, the volume of successive impulse
discharge channels in the ground under various currents and soil conditions is calculated, and the
changing law with time interval is analyzed. According to the experimental results, an analysis
method of the model considering the discharge channel structure is proposed, and an example
is analyzed. The results show that the time interval has an effect on the volume of the discharge
channel. In a certain range, the volume of the channel increases with the time interval of successive
impulse discharges. Taking the critical breakdown electric field strength as the judgment condition
and the residual resistivity as the variable, the development process of the discharge channel can be
simulated. The calculated results of the model are close to the experimental results.

Keywords: grounding; discharge channel; X-ray; successive impulse; gray information; transient
analysis model

1. Introduction

Soil is the most important medium in the grounding system [1–5]. Its discharge
characteristics directly affect the lightning strike performance of grounding devices [6–8].
Strong ionization occurs when lightning injects the soil [9–11], and a centralized discharge
channel is generated near the grounding electrode instead of uniform dispersion in all
directions [6,7]. The development of the soil discharge directly determines the ground
potential rise and the influence on the pipelines in the ground. The morphology and
structure of the discharge channel is one of the most important factors to characterize
the discharge, and it is also one of the most important factors that affect the accuracy
of the grounding device transient analysis model. It is very important to obtain the
actual structure of the soil discharge channel for building the lightning transient model of
grounding systems and accurately calculate discharge characteristic parameters.

Due to the isolation of light and heat by soil, it is always a difficult point to observe
the discharge in the ground accurately and comprehensively. In early research, many
scholars proposed observation methods for soil discharge, which can be divided into three
general methods. The first method is to embed observation media, such as conductive
paper, film or X-ray film, in the soil around the grounding electrode [12–15]. The area
where the discharge takes place is observed by means of ablation or exposure. The second
method is to use a high-speed camera to capture the surface discharge process, or to use
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transparent glass sand instead of soil for the photography [16,17]. The third method is to
excavate the area of lightning into the ground to observe the morphology of the discharge
channel [18,19].

In order to solve the problems of traditional methods in changing the discharge
environment as well as incomplete observation and high cost, the literature [1] proposes
the use of X-ray transmission imaging technology to carry out non-intrusive imaging
observation on the single impulse discharge channel in soil and obtain a gray-scale image
that can reflect the structural outline of the discharge channel. The discharge channel is
imaged from three perspectives (front view, side view and top view), and its 3D spatial
structure is synthesized by using the boundary in the three views. The characteristic
parameters of soil discharge are calculated based on the physical structure.

A lightning discharge process contains several subsequent strokes. Under the suc-
cessive impulse currents, a more complex multi-branch discharge channel is formed in
the soil [20,21]. This results in coverage and intersection among multiple channels. It is
difficult to achieve the same accuracy as for the case of a single channel be relying only on
the boundary of three views for 3D reconstruction. It is necessary to add constraints in the
process of 3D reconstruction for correction, so as to ensure the model accuracy. Moreover,
it is difficult to get three views at the same time, when taking instantaneous pictures of the
discharge between two impulses. We propose an analysis method based on a single view
image.

One of the purposes of obtaining the discharge channel structural parameters is to
establish a more accurate transient analysis model for the grounding system. A vari-
ety of soil discharge models have been proposed, such as the hemispherical structure
model [22], cylindrical structure model [23,24], segmented cylinder model [25] and multi-
zone model [26]. The characteristic parameters of lightning discharge in soil are calculated
based on the discharge channel structure in literature [1,2,7], and the transient analysis
model of the grounding system is established. However, the existing models are generally
based on the assumption of discharge current being uniform in each direction, without
considering the underground discharge channel, which is inconsistent with the observation
results of soil discharge with a centralized discharge channel.

It is very difficult to accurately observe the discharge channel structure in the soil and
to consider it in the calculation of characteristic parameters. To solve these challenging
problems, X-ray transmission imaging technology is used to obtain multi-view images of
the discharge channel structure. The gray information analysis method is used to extract
the structural parameters of the discharge channel and analyze its changing law with the
time interval of successive impulses. At the same time, according to the image results, the
structural characteristics of the discharge channel and the characterization methods of the
successive impulse discharge process in the parameter calculation process are analyzed
to make up for the deficiency of ignoring the discharge channel structure in the existing
models. A simple modeling method of soil successive impulse discharge considering
discharge channel structure is proposed. Hopefully, it can provide the basis and ideas for
follow-up research. This paper is an extended version of our paper published in ICHVE
2020 [7]. Compared with the conference papers, the new research content of this paper is
the analysis method and modeling method of the soil successive impulse discharge process
considering the structural characteristics of discharge channels.

2. Experimental Platform and Analysis Method

2.1. Experimental Platform

A successive impulse current with several thousand amperes was applied to the soil
by using the successive impulse discharge experimental platform, and the time interval
was continuously adjustable from 0 to 500 ms. The sand was taken as the test sample and
placed in a cube box with a side length of 20 cm. A vertical electrode with a length of 10 cm
was placed in the center of the sandbox to discharge evenly on all sides. Previous litera-
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ture [20,21] gives a detailed description of the structure and parameters of the experimental
platform.

A standard gray sandbox (SGS) was placed next to the discharge sandbox (DS), with a
size of 20 × 20 × 5 cm, and an oblique baffle was arranged inside, as shown in Figure 1.
Its function was to provide a standard correspondence between the soil thickness and the
gray value.

Figure 1. Schematic diagram of main discharge sandbox (DS) and standard gray sandbox (SGS).
The SGS was placed next to DS and imaged at the same time. The oblique baffle set in the SGS
could produce a soil layer with gradual thickness, which was used to analyze the corresponding
relationship between soil thickness and image gray value.

2.2. Extraction Method of Discharge Channel Volume

The gray images of DS and SGS are obtained by an X-ray imaging system. The error
caused by X-ray intensity and distance can be reduced by imaging them synchronously. The
gray value matrix of the SGS image was extracted and the average value gi of each row of
matrix was calculated. The results show that the gray value of the image increased linearly
with the soil thickness under the experimental conditions [27]. The slope of the linear
function could be obtained by fitting and is the estimated growth rate of gray difference
(GRGD), which means that the gray value of the image increases a for every 1 cm increase
in the thickness of soil penetrated by X-ray.

The prism, shown in Figure 2, was buried in the soil and then slowly taken out. A
standard channel, with known structural information and exactly consistent with the
model, could be formed inside the soil to simulate the discharge channel. The gray images
with and without discharge channel were cut off with the same size, and then the gray
value matrices with the same order were extracted from the gray images to obtain Gn (no
discharge channel) and Gd (with discharge channel). By calculating the difference value of
gray matrix and correcting the background error, we could obtain the change of gray value
caused only by the discharge channel, that is, the gray difference matrix Gc [27].

G′
c = Gn − Gd (1)

Gc = G′
c − G0 (2)

G′
c =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

g′c(11) · · · g′c(1n)
. . .

... g′c(ij)
...

. . .
g′c(m1) · · · g′c(mn)

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(3)
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G0 =

⎡
⎢⎣

g0 · · · g0
...

. . .
...

g0 · · · g0

⎤
⎥⎦ (4)

g0 = g′c(ij), (ij /∈ channel) (5)

where Gn, Gd, Gc, Gc
′ and G0 are all matrices of the same size. Gn is the matrix of gray

image before the discharge channel is generated; Gd is the matrix of gray image after the
discharge channel is generated. Because the thicker the soil is, the larger the gray value is,
the gray value of the discharge channel position is smaller than that of the image before
discharge. Therefore, Gc

′ represents the change of gray value caused only by the discharge
channel and includes the background error caused by the dispersion of X-ray metrology.

(a) (b) (c) 

Figure 2. Actual thickness of discharge channel and calculated thickness. (a) Structural parameters
of standard prism; (b) gray images with and without discharge channel; (c) the relationship between
the calculated value of discharge channel thickness and its actual value.

In order to eliminate the background error, the background error constant was calcu-
lated. The average gray value of the non-discharge channel position in the Gc

′ matrix was
taken as constant g0, which is the background error constant caused by irradiation dose.
The constant matrix G0 is composed of g0. Therefore, after subtracting G0 from Gc

′, the
resulting Gc is the gray difference matrix caused by the discharge channel, and the gray
value of each pixel is gc(ij).

According to the GRGD, the calculation between gray difference and discharge chan-
nel thickness is as follows:

hc(ij) = gc(ij)/a (6)

The average value of each row of thickness matrix was calculated and compared
with the actual value, as shown in Figure 2. It can be seen that the calculated values were
basically the same as the actual values. hc(ij) represents the thickness of any point in the
discharge channel. For the area without discharge, hc(ij) is zero after error correction. So the
discharge channel volume is

Vc = ∑ (sc(ij) × hc(ij)), (ij ∈ channel) (7)

Here, a is the growth rate of gray difference which means that the gray value of the
image increases a for every 1 cm increase in the thickness of soil penetrated by X-ray. hc(ij)
is the thickness of the discharge channel corresponding to each pixel; sc(ij) is the area of
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each pixel; Vc is the volume of the discharge channel, which is the sum of the product of
the area and thickness of each pixel.

The calculated average volume of the prism is 77.02 cm3, the actual value is 78 cm3.
It shows that the method is feasible. The implementation and verification of this method
are described in detail in [27]. The main content of this paper is to obtain the volume
and changing law of successive impulse discharge channel based on this method, which
provides data basis and theoretical support for modeling.

3. The Structure Changing Rule of Successive Impulse Discharge Channel

3.1. Influence of Current

It is important to obtain the structural parameters and changing laws of the discharge
channel for the accurate establishment of the transient analysis model of the grounding
system. Based on the experiment, the images of the discharge channel in the soil under
different time intervals can be obtained, and its 3D structural parameters can be calculated.
From the point of view of structural parameters, the change rule of successive impulse
discharge channel in time domains is verified.

Figure 3 shows the images of the discharge channel structure changing over time
under different current peaks. Figure 4 shows the corresponding discharge channel volume,
where the red arrow indicates an increasing trend on the whole. Literature [20] indicates
that, the larger the time interval is, the greater the probability of a branch discharge channel.
It can be found that the experimental results under different current peaks conform to
this rule; the probability of a branch discharge channel increases with the time interval.
Moreover, within the experimental conditions, the total volume of the successive impulse
discharge channel in the soil increases with the time interval.

At the same time, the larger the current peak value, the larger the discharge channel
volume. Therefore, it can be concluded that under the successive impulse current, the
discharge region in the soil will increase with the energy injected into the ground and the
time interval between the two impulses.

  
(a) (b) 

 
(c) (d) 

Figure 3. Discharge channels of soil under successive impulse currents with various current peaks. (a) Current peak of
1.5 kA; (b) current peak of 1.8 kA; (c) current peak of 2.0 kA; (d) current peak of 2.2 kA.
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Figure 4. Volume of soil discharge channels under successive impulse currents with various peaks.

3.2. Influence of Soil Properties
Soil parameters are also important factors affecting the volume of the discharge

channel. The images of discharge channels under different soil conditions were obtained
and the 3D structure parameters were calculated. Figure 5 shows the images of the
discharge channel structure changing with time intervals under different salt content;
for the discharge channel structure of soil with various water content, refer to previous
literature [20]. Figure 6 shows the volume change of the successive impulse discharge
channel under different soil water content and salt content. With the increase of soil water
content, soil resistivity decreased and the discharge channel volume increased. When the
soil water content was constant, the volume of the discharge channel increased with the
time interval. The effect of soil salt content on the volume of the discharge channel was
basically the same as found for varying water content. The larger the soil salt content was,
the smaller the soil resistivity and the larger the discharge channel. When the salt content
was constant, the volume of the discharge channel increased with the time interval. It can
be concluded that the volume of the successive impulse discharge channel increased with
the soil conductivity and time interval.

  
(a) (b) 

  
(c) (d) 

Figure 5. Discharge channels of soil under successive impulse currents with various salt content. (a) Salt content of 0%;
(b) salt content of 0.1%; (c) salt content of 0.2%; (d) salt content of 0.5%.
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(a) 

(b) 

Figure 6. Volume of soil discharge channels under successive impulse currents. (a) Influence of soil
water content; (b) influence of soil salt content.

In addition, compared with the water content, the influence of soil salt content on the
volume of the successive impulse discharge channel was smaller, which may be due to the
smaller influence of salt content on the recovery characteristics [21].

Based on the above experimental results, it can be found that although there was
randomness in the structure of the discharge channel, from the perspective of overall
probability, the volume of the discharge channel increased with the time interval. According
to the recovery mechanism of soil discharge [20], when the time interval is small, the
discharge channel generated by the first impulse is in a highly ionized state, and the
conductivity is large, so it is easy to discharge the subsequent shock current. Therefore, a
new discharge area is not likely to occur.

With an increase in the time interval, the highly ionized state of the first impulse
discharge channel disappears and the resistivity increases. Therefore, the probability of
subsequent impulse currents ionizing the soil around the channel or breaking through
other areas to produce new discharge channels increases, and the discharge zone also
increases.
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The above experimental results also verify the discharge recovery mechanism pro-
posed in literature [20] from the perspective of the discharge channel volume and provide
the theoretical basis for the establishment of a calculation method.

4. Analysis Method Considering Discharge Channel Structure

4.1. Basic of Model

The accuracy of the lightning transient model of grounding device can be improved
by constructing a soil impulse discharge model considering the structure of the discharge
channel, which is more suitable for the actual situation. The analysis of the influence range
of the soil discharge area can improve the assessment of the impact of lightning on the
pipeline near the grounding device. Therefore, this section explores the modeling method
for the soil discharge model considering the structure of the discharge channel.

Literature [20] shows that the process of soil discharge under successive impulse
currents generally includes three stages: first impulse discharge, recovery process and
subsequent impulse discharge. The physical process and initial conditions of each stage
are different. The recovery process of soil electrical performance and subsequent impulse
discharge should not be ignored, nor can they be regarded as the simple superposition
of the single impulse discharge process in the time domain. The subsequent impulse
discharge process is greatly affected by the first impulse and recovery process.

The main physical model of the soil successive impulse discharge process is the soil
discharge recovery model. When the successive lightning impulse current is injected into
the soil through the grounding device, the first impulse forms a centralized discharge
channel in the soil [20,21]. Because of the large instantaneous energy of the impact current
and the uneven distribution of soil particles in all directions, the impulse current preferen-
tially breaks through the soil at the location where discharge occurs most easily when the
electric field intensity near the electrodes reaches the breakdown field strength of the soil,
forming a partial discharge channel. Then, the current continues to be injected into the arc
channel, breaking through the soil where discharge occurs most easily near the end of the
arc channel. The discharge channel continues to grow until the energy injected decreases to
such an extent that it cannot break through the soil. When the first impulse current drops to
zero, the discharge channel remains highly ionized for some time and recovers gradually.

If the subsequent impulse current is injected before the highly ionized state disappears,
there is a great probability that the impulse current will be directly and rapidly discharged
along the existing discharge channel with high conductivity. Moreover, when energy
reaches the end of the channel, it continues to break through the soil at the most prone
location of discharge and continues to grow until it cannot break through the soil.

Experimental images show that there is a centralized discharge channel near the
grounding electrode after lightning enters the ground. In the case of a single discharge
channel, the residual resistivity of subsequent impulses is a function of the residual resis-
tivity of the first impulse and the recovery coefficient [20].

Therefore, based on the existing soil discharge theory, an improved four-zone struc-
tural model of soil impulse discharge is proposed, as shown in Figure 7. The ionization
region in the soil can be simply divided into arc channel, ionization area, non-linear con-
ductivity area and constant conductivity area. The characteristics of different regions are as
follows:

• The resistivity of soil in the arc discharge channel is the product of initial soil resistivity
and the attenuation coefficient.

• When the electric field strength is greater than the critical breakdown electric field
strength (E > EC), the resistivity of the soil is much lower than the initial resistivity,
but the reduction degree is much lower than that of the soil inside the arc channel.

• When the electric field strength is less than the critical breakdown electric field strength
(E < EC), the soil resistivity changes nonlinearly, and decreases exponentially with the
increase of electric field intensity, and the attenuation degree is smaller than that of
the ionization zone.
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• When the electric field intensity is small and can be ignored, the soil resistivity is the
initial value.

In this paper, the values of soil discharge parameters in each region can be determined
according to the experimental results:

• The soil resistivity in the arc discharge channel can be determined according to the
experimental results in literature [2,20]. The residual resistivity can be obtained by
iterative calculation when it is first broken down by impulse current [2]. When the
second breakdown occurs, the residual resistivity is the product of the calculated
value of the first breakdown and the recovery coefficient [20].

• The soil residual resistivity in the ionization zone has been studied in the litera-
ture [28–30], and the results show that the residual resistivity is distributed between
1.7% and 50% of the initial resistivity. For example, when the initial soil resistivity is
about 50 Ωm, the residual resistivity of the ionization zone is about 10–20% of the
initial value [28–30]. However, because the arc channel and ionization zone are not
distinguished in the above test analysis, the larger value in the range is selected in this
paper.

• The experimental results for the relationship between soil resistivity and electric field
in the nonlinear zone are given in literature [31]. Although the results of different
organizations are varied, their change trend and value range are basically consistent.
Before reaching the critical breakdown field strength, the soil resistivity decreases
exponentially with the increase of electric field strength, and the value range of the
reduction coefficient is basically decreased from 1 to about 0.5 [31].

• The soil resistivity in the constant conductivity zone can be considered to maintain the
initial value unchanged. In this paper, the space coordinate transformation method is
used to represent the infinite earth environment.

Figure 7. Improved four-zone model of soil under impulse current, including arc channel, ionization
area, non-linear conductivity area and constant conductivity area.

4.2. Numerical Analysis Method

At the initial time of the effective action of impulse current (0 + Δt, where Δt is
the progressive step of time element in calculation), based on the electric field intensity
generated by the instantaneous current value in the soil, the direction where the maximum
electric field intensity was located near the grounding device was selected as the initial
development direction of the discharge channel, which could simulate the randomness in
the actual development process.

The position of the critical breakdown electric field strength value EC in the develop-
ment direction of the discharge channel was taken as the growth limit of discharge channel
in the time step, Δt. According to the experimental images and the research results in
literature [1,2,18,20,21], we analyzed the structural characteristics of the discharge channel.
Generally, the diameter of lightning discharge channel in the soil is several centimeters.
Under the normal size of a single columnar grounding electrode structure, most extend
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from the end of the electrode, and the section radius is slightly larger than the equivalent
radius of the electrode. At the same time, the section radius of each position of the discharge
channel is basically the same, that is, the growth of the discharge channel is basically along
the depth direction, and the channel radius can be regarded as constant during the growth
process.

We set the growth rule of the discharge channel in the time step Δt according to the
above rules. The growth results of the discharge channel structure at the last moment were
taken as the initial state of the physical structure in the next time step (0 + 2Δt), and the
distribution results of the electric field intensity in the ground caused by the instantaneous
current were recalculated. The dynamic growth of the discharge channel and the analysis
of the electric field intensity were realized by repeated iterative calculation. The modeling
process of the above analysis model is shown in Figure 8.

Figure 8. Finite element flowchart of the modeling process of the dynamic growth model of soil impulse discharge channels.

4.3. Basic Case Analysis

In order to verify the rationality of the proposed model and its parameter range, a finite
element analysis model was established based on the actual grounding device impulse
discharge experiment, and the calculation results were compared with the experimental
results.

The equivalent model was established based on the actual impulse discharge experi-
mental parameters in literature [32]. The grounding device was a vertical electrode with a
length of 1 m and a section radius of 0.025 m, and the top of the electrode was flat with
the ground surface, as shown in Figure 9. The distribution of the initial resistivity of soil
was uniform, and its value was between 40.5 Ωm and 43.5 Ωm. In the analysis model, the
initial resistivity of soil was set as 43.5 Ωm.
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Since the single impulse current is used as the source in literature [28], and factors
such as soil water content and compactness are not discussed, according to the calculation
method and results of discharge parameters proposed in the latest research of literature [1,2],
the critical breakdown field strength of soil under this condition was set as 210 kV/m,
and the residual resistivity in the discharge channel at the first breakdown was ρres_1 =
0.05% × ρ0. Because the discharge area in the ground was not observed in the actual
experiment [32], in order to reduce the influence of the randomness of the discharge
channel growth direction on the calculation results and to facilitate the demonstration of
the case results, the direction of the discharge channel growth direction was conducted in
the same direction and the vertical downward growth was set.

In this paper, the analysis model was constructed in the finite element environment.
The hemispherical module was used to represent the earth. The infinite element equivalent
module was set around the hemispherical module, and the space coordinate transformation
method was used to realize the infinite earth equivalent. The enclosure potential of the
infinite equivalent module was set to 0, i.e., ϕ = 0.

Discharging of the impulse current through the electrode into the soil can be described
by the quasi-static Maxwell equation [20]:

∇× E = 0 (8)

∇ · J = 0 (9)

J = Jc + Jd = σE +
∂D
∂t

(10)

E = −∇ϕ (11)

where D is the electric flux density, E is the electric field intensity, ϕ is the potential, and J
is the total current density, which comprises Jc as the conduction current density and Jd as
the displacement current density.

 
(a) (b) 

l 
r 

Figure 9. Model diagram of structure of grounding device in impulse discharge test. (a) Structural
diagram; (b) diagram of subdivision model.

The impulse current experiment results with a peak current of 30.8 kA were selected
as the modeling object. The model calculation results of 1 μs, 2 μs, 5 μs and 8 μs were
extracted from the starting time of the impulse current to the peak time of the current.
Figure 10 shows the evolution process of the spatial structure of the discharge channel,
spatial distribution of current density in the ground, spatial distribution of ground potential
and surface potential in the time dimension.
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1 s 2 s 5 s 8 s  
(a) 

1 s 2 s 5 s 8 s  
(b) 

Figure 10. The spatial-temporal evolution of the dynamic growth model of discharge channels. (a) Evolution of discharge
channel structure and current density. (b) Evolution process of ground potential and surface potential.

The results show that in the rising stage of the impulse current, the length of the
discharge channel increased gradually with the current value. The discharge channel grew
to 1.12 m at the time of the current peak, and it continued to increase until the current
was zero. According to the spatial distribution of current density in the ground shown in
Figure 10, most of the energy of the impulse current was discharged along the discharge
channel longitudinally, and only a small part of the current was discharged from the soil
around the discharge channel. The simulation results were consistent with the discharge
channel images and theoretical analysis.

At the same time, it was found that the growth of discharge channels also had a
significant impact on the potential distribution in the ground. The variation of potential
in the soil near the discharge channel was stronger than that in the area far away from
the discharge channel, and the main voltage distortion direction was consistent with the
growth direction of the discharge channel.

The calculated impulse grounding resistance and maximum grounding potential
rise (GPR) were compared with the test results. The voltage at the top of the grounding
electrode (current injection point) was selected as the value of GPR. When the impulse
current peak value was 30.8 kA, the maximum ground potential rise at the peak time was
244 kV. The calculated impulse grounding resistance of the grounding device was 7.9 Ω,
which is similar to the experimental results in the literature, as shown in Table 1.
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Table 1. The impulse grounding resistance and ground potential rise of the grounding device
calculated by the model compared with the experimental results in literature [32].

Imax (kA)
Ri (Ω) GPR (kV)

Experiment Model Experiment Model

30.8 8.1 7.9 248 244

The existence of a centralized discharge channel has significant influence on the
calculation results of grounding potential distribution. Figure 11 shows the calculation
results based on the above model with the same parameters, but ignoring the existence of
the discharge channel and its growth process. The GPR of the model without considering
the discharge channel was 305 kV, which increased by 61 kV compared with 244 kV
calculated by the model considering the discharge channel, showing significant differences.

 
(a) (b) 

Figure 11. Spatial distribution of surface potential at peak time, (a) considering the structure of the discharge channel and
its growth process, or (b) ignoring the structure of the discharge channel and its growth process.

4.4. Discharge Channel Structure

The structure and growth range of the discharge channel directly affected the safe
distance of the pipeline in the ground near the grounding electrode and the insulation
distance between the independent grounding electrode and the main grid. Figure 12 shows
the growth process and current density distribution of the discharge channel in the above
case. At the end of the first impulse current, the discharge length of the channel reached
1.5 m. Considering the electrode length, the distance between the end of the discharge
channel and the surface was 2.5 m. Moreover, the soil structure at this time was taken as
the initial structure under the subsequent impulse current.
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Figure 12. Growth process of the first impulse discharge channel.

In order to avoid the influence of waveform parameters on the growth distance of the
discharge channel and the recovery characteristics of soil resistivity, the peak value of the
subsequent impulse current was consistent with that of the first impulse current, both of
which were 30.8 kA.

The time interval between the two impulse currents directly affected the recovery
degree of soil resistivity. The literature [20,21] shows that the smaller the time interval, the
smaller the recovery degree of the ionized state of the first impulse discharge channel and
the lower the resistivity, which results in a more favorable environment for subsequent
impulse current discharges. At this time, a single discharge channel is more likely to occur;
that is, the subsequent discharge channel overlaps with the first discharge channel and
continues to develop on this basis, so as to further expand the length of the discharge
channel. Therefore, we chose this case as the modeling object. Based on the results of
the literature [20,21], we chose the time interval to be 0.2 ms, the residual resistivity of
soil secondary breakdown was ρres_2 =0.2 × ρres_1, and the subsequent discharge channel
completely covered the first discharge channel and developed in the same direction on the
basis of it.

Figure 13 shows the growth process of the discharge channel under the subsequent
impulse current; the discharge channel developed to 2.6 m, and the distance from the
ground surface was 3.6 m. This was in the same order of magnitude as the discharge
channel length by lightning penetration in the literature [17,18]. The difference was mainly
caused by lightning current amplitude, the number of return impulses and soil parameters.

 

Figure 13. Growth process of second impulse discharge channel.

There were also differences in the growth degree of the discharge channel between the
second impulse and the first impulse. The subsequent discharge channel was increased by
1.1 m, which was shorter than the first one. This was because more current could discharge
along the vertical direction of the discharge channel, as the length of the discharge channel
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increased. The energy at the end of the channel decreased and the electric field intensity
decreased as well.

Based on the simulation test results, the soil discharge characteristic parameters were
obtained, and the analysis model was established. Finally, the model calculation results
were compared with the experimental results in the literature for verification. However,
most of the existing true-type tests were single impulse discharge tests, mainly due to the
lack of successive impulse discharge test platforms that can be used in the field. In future
research, we can develop a set of large successive impulse current test platforms that can
be used for field tests, carry out successive impulse discharge true-type tests, and further
calibrate the models. Our team is carrying out this work.

5. Conclusions

In this paper, the structural characteristics of soil discharge channels under successive
impulse currents were studied by experiment and simulation. The differences between
the discharge channel of successive impulses and that of the single impulse as well as its
variation with time intervals were analyzed.

An X-ray transmission imaging system was used to obtain the images of the discharge
channel in soil; the volume of discharge channel was extracted based on the gray analysis
method, and its changing law with time intervals was analyzed. The results show that
a smaller time interval results in a higher likelihood of a subsequent impulse current
discharged by the first impulse discharge channel with a highly ionized state. The lower
the energy used to generate a new discharge channel, the smaller the volume of the
discharge channel in the soil. On the contrary, the larger the time interval, the higher the
probability of multiple discharge channels and the larger the total volume of discharge
channels.

A higher number of discharge channels causes the discharge area to be concentrated
mainly near the grounding electrode. However, when there is only one discharge channel,
the subsequent impulse current continues to discharge further on the basis of the first
impulse discharge channel. Although the total volume of the discharge channel is smaller
than that of a multi-channel system, the length of the discharge channel, i.e., the maximum
influence distance, is larger than that of multiple channels. This increases the impact on
underground pipelines.

According to the structural characteristics and development theory of discharge
channels, a lightning analysis method of grounding devices considering the structure of
discharge channels in soil is proposed, and the development length of discharge channels
is analyzed. In the case of this paper, the length of the arc channel can reach several meters,
and the maximum length increases with the increase of the number of subsequent impulses
and the amplitude of lightning.
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Abbreviations

Symbol/Abbreviation Definition Unit

SGS standard gray sandbox /
DS discharge sandbox /
GRGD growth rate of gray difference /
GPR Ground potential rise /
Gn the matrix of gray image before the discharge channel is generated /
Gd the matrix of gray image after the discharge channel is generated /
Gc

′ Grayscale difference matrix caused by discharge channel and background error /
Gc Grayscale difference matrix caused by discharge channel /
G0 Background error constant matrix /
hc(ij) Thickness of discharge channel at each pixel cm
a GRGD (growth rate of gray difference) /
sc(ij) The area corresponding to each pixel cm2

Vc Discharge channel volume cm3

Ec Critical breakdown field strength kV/m
ρ0 Initial soil resistivity Ωm
ρres_1 Residual resistivity of soil after first breakdown Ωm
ρres_2 Residual resistivity of soil after second breakdown Ωm
ϕ Potential V
E Electric field intensity kV/m
D Electric flux density C/m2

J Total current density A/m2

Jc Conduction current density A/m2

Jd Displacement current density. A/m2
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Abstract: The recognition of the creepage discharge development process of oil–paper insulation
under AC–DC combined voltage is the basis for fault monitoring and diagnosis of converter trans-
formers; however, only a few related studies are available. In this study, the AC–DC combined
voltage with a ratio of 1:1 was used to develop a recognition method for the creepage discharge
development process of an oil–paper insulation under a cylinder–plate electrode structure. First, the
pulse current method was used to collect the discharge signals in the creepage discharge development
process. Then, 24 characteristic parameters were extracted from four types of creepage discharge
characteristic spectra after dimensionality reduction. Finally, based on the online sequential extreme
learning machine (OS-ELM) algorithm, these characteristic parameters were used to recognize the
development stage of the creepage discharge of the oil–paper insulation. The results showed that
when the size of the sample training set used in the OS-ELM algorithm is close to the number of
hidden layer neurons, a high recognition accuracy can be obtained, and the type of activation function
has little influence on the recognition accuracy. Four stages of the creepage discharge development
process were recognized using the OS-ELM algorithm; the trend was the same as that of the charac-
teristic parameters of the entire creepage discharge development process. The recognition accuracy
was 91.4%. The algorithm has a high computing speed and high accuracy and can train data in
batches. Therefore, it can be widely used in the field of online monitoring and evaluation of electrical
equipment status.

Keywords: AC–DC combined voltage; oil–paper insulation; creepage discharge; OS-ELM;
pattern recognition

1. Introduction

The insulating structure and operation conditions of converter transformers differ
from those of conventional AC transformers. The valve-side winding of a converter
transformer can withstand AC–DC combined voltage (ADCV) and harmonic voltage
components. The international council on large electric systems (CIGRE) statistics report
that the failure rate of converter transformers is about twice that of AC transformers
and that considerable cases of insulation failure are caused by creepage discharge at the
oil–paper interface [1–3]. Thus, the oil–paper interface remains the vulnerable part of a
converter transformer insulation and has therefore been studied widely. Studies have been
conducted on the creepage discharge characteristics of oil–paper insulation under ADCV
using partial discharge measurements and other methods, and beneficial results have been
obtained [1–3]. The partial discharge phenomenon can reflect the insulation failure process.
Therefore, it can (a) be used as an indicator of the performance degradation of a transformer
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oil–paper insulation, (b) determine the severity of discharge development by extracting
and analyzing partial discharge signals, and (c) be used for effective condition assessment
of oil–paper insulation. Therefore, in-depth research on the development characteristics
of the creepage discharge of oil–paper insulation under ADCV can effectively reveal the
condition of oil–paper insulation. Furthermore, it is an exigent problem to be resolved in
the operation and maintenance of ultrahigh voltage DC converter transformers; in addition,
it has great theoretical and engineering significance.

Existing studies on the creepage discharge characteristics of oil–paper insulation un-
der ADCV focus mainly on two aspects: (1) they investigate the factors affecting creepage
discharge, including different voltage types and electric field components [4], discharge
characteristics [5–8], aging [9,10], and other factors. It has been revealed that the tem-
perature rise, aging, and DC electric field components accelerate the creepage discharge
development and (2) they intend to mainly find the characteristic parameters and recogni-
tion methods that can effectively characterize the creepage discharge development under
ADCV. The currently available techniques for the recognition of partial discharge develop-
ment process mainly include fingerprint recognition of discharge gray image [11], support
vector machines (SVM) [12,13], back-propagation neural networks (BPNN) [14], and fuzzy
clustering analysis of radar spectra [15]. Nevertheless, only limited research has been
conducted on the pattern recognition of the creepage discharge development process of
oil–paper insulation under ADCV. For the recognition of the creepage discharge develop-
ment process, the fundamental requisite is to divide the development stage of the creepage
discharge. However, in this method, some subjective components are available only based
on the changing trend of the discharge characteristic parameters with time. Moreover, the
aforementioned recognition methods can perform pattern recognition only after collecting
all data samples. Thus, if new data are added, all the data must be reevaluated, which
is time consuming and inefficient. Therefore, to resolve this problem, this study builds
a creepage discharge test platform for oil–paper insulation under ADCV. It comprehen-
sively analyzes four two-dimensional characteristic spectra during the development of the
creepage discharge. These characteristic spectra reflect the relationship between discharge
interval time, discharge amplitude, and number of discharges during the development.
Twenty-four characteristic parameters of the creepage discharge development process are
extracted from the statistics of the discharge signal during creepage discharge. Based
on the variation law of the characteristic parameters of creepage discharge, a method
of recognizing the creepage discharge development process is established. Then, based
on the online sequential extreme learning machine (OS-ELM) algorithm, the discharge
development stage is identified in the creepage discharge development process of the
oil–paper insulation.

2. Test System and Method

2.1. Sample and Electrode Model

Karamay 25# transformer oil was used in the test. Prior to the test, the gas volume
fraction of the transformer oil was set to be less than 2% and the microwater volume fraction
to be less than 10−5, through the process of degassing, drying, and slag removal, which
meets the requirements of GB/T7595. The insulating paper was cut into square specimens
of dimensions 90 mm × 90 mm × 1 mm during the test and dried at high temperature
(100 ◦C) for 72 h. Then, the insulating paper was impregnated with a pretreated transformer
oil for 72 h under a vacuum of approximately 10 Pa and temperature of 60 ◦C.

Creepage discharge occurs easily at the spacer and barrier positions, where the lon-
gitudinal electric field is stronger than the radial electric field. Therefore, in the test, the
cylinder-plate electrode model specified by CIGRE Method II and IEC60243 was used,
and an oil-immersed insulating paper was placed between the high-voltage electrode and
the ground electrode. The electrode structure and specific parameters are illustrated in
Figure 1 [1,16–19].
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Figure 1. Cylinder-plate electrodes configuration.

2.2. Experimental Platform

The structure of the test system is shown in Figure 2. The AC and DC power used for
the test were produced by nonpartial discharge (PD) equipment. The test circuit design was
the same as that in Refs. [8,9]. The PD measuring instrument used the pulse current method
for measurement; further, the sampling frequency of the system was 5 MHz, and the PD
bandwidth was 0.04–1 MHz. An ADCV was applied to the test sample via a protective
resistor. When the entire test system was loaded to 70 kV (peak value) without the test
sample, no partial discharge signal was present, and the sensitivity of the test system was
0.1 pC.

Figure 2. Schematic of the experimental platform.

2.3. Experimental Method

The ratio of the ADCV during the test was selected according to the general criteria
and test requirements proposed by IEEE and CIGRE for oil-immersed converter trans-
former tests. IEEE has specified that the ratio of the ADCV must be 1:1, 1:3, 1:5, or 1:7,
where AC takes a valid value and DC takes the average [20]. To obtain a relatively stable
and sustainable development of the creepage discharge signal, the ratio of ADCV was
selected as 1:1 in this work to study the creepage discharge development process of the
oil–paper insulation.

Two methods are currently available for applying voltage, namely, constant voltage
method and the step-up method, which have the same effect on the insulation breakdown
process. Herein, the constant voltage method was used because it could simulate the actual
operation condition of converter transformers better. The voltage ratio was maintained
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unchanged at 1:1 during the application of voltage, and the boost step was set to 1 kV for both
AC and DC voltages. The constant voltage was applied after boosting the voltage to 1.1 times
the AC discharge inception voltage, where both the AC and DC voltages were 37 kV.

To accurately record the creepage discharge development process of the oil–paper
insulation under ADCV, a set of data was recorded at an interval of 1 min from the
beginning of application of the constant voltage, and each recording was performed
continuously for 1 min until breakdown occurred. This test procedure was repeated
12 times, and a total of 1210 sets of data were obtained, mainly using which the characteristic
parameters of creepage discharge would be subsequently extracted.

3. Pattern Recognition Based on OS-ELM

The conventional extreme learning machine (ELM) transmits all data to the system
and then trains and calculates them. However, if new sample data are added, it is required
to retrain all sample data, resulting in prolonged learning time and reduced learning rate.
To resolve this problem, Liang et al. proposed the aforementioned OS-ELM algorithm,
which is an improved version of the ELM approach. In the OS-ELM algorithm, the used
data are discarded and are not reused. Further, this algorithm can add new data to the
model in individual succession or in batches for training to avoid repeated training of the
used sample data; therefore, this algorithm possesses a higher learning rate and higher
accuracy [21–25].

As a single-hidden layer feedforward neural network, the OS-ELM algorithm is
composed of three layers: input layer, single hidden layer, and the output layer. As
shown in Figure 3, the connection weight between the input layer and hidden layer,
and the threshold value of the hidden layer neurons are randomly generated, which
need not be repeatedly iterated and adjusted in the training process. Compared with
the pattern recognition effects of the conventional ELM, SVM, and BPNN methods, the
OS-ELM algorithm has the advantages of higher speed, learning rate, generalization
performance, and accuracy [26,27]. Therefore, the OS-ELM algorithm was selected in
this study for pattern recognition of the creepage discharge development process of the
oil–paper insulation under ADCV.

Figure 3. Structure of online sequential extreme learning machine (OS-ELM).

The key part of the OS-ELM algorithm is the learning process of the output weight of
the single hidden layer network, and it comprises two stages: (1) the initial stage, wherein
the output weight β of the single hidden layer is obtained by training a small number of
sample data, and (2) online learning stage, wherein the updated sample data are used to
update the output weight β obtained in stage (1).
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In stage (1), N sample data (Xi) are present, where Xi = [x1, x2, . . . , xn]T ∈ Rm,
m denotes the dimension of the sample dataset, Ti = [t1, t2, . . . , tn]T ∈ Rn, and n denotes the
dimension of the output vector. First, the number of hidden layer neurons L is determined;
then, the connection weight w of the input layer and the threshold b of the hidden layer
neurons are randomly set; subsequently, the appropriate activation function g (w, x, b) is
selected; finally, the initial output matrix H0 of the hidden layer is calculated. According to
the ELM theory, the minimum β0 that can satisfy ||H0β − T0|| was calculated, where

H0 =

⎡
⎢⎣

g(w1, x1, b1) . . . g(wL, x1, bL)
...

. . .
...

g(w1, xN , b1) . . . g(wL, xN , bL)

⎤
⎥⎦

N×L

(1)

T0 =
[

t1 . . . tL
]

M×L (2)

According to the generalized inverse matrix algorithm, the initial output weight β0
was calculated, following which the initial learning stage ends, as represented below:

β0 = P−1
0 HT

0 T0, P0 = HT
0 H0 (3)

Subsequently, stage (2) begins. Assuming that N1 new sample data enter the model, it
is desirable to obtain β1 such that Equation (4) can be the minimum.

‖[
H0
H1

]
β −

[
T0
T1

]‖ (4)

H0 =

⎡
⎢⎣

g(w1, xN+1, b1) . . . g(wL, xN+1, bL)
...

. . .
...

g
(
w1, xN+N1 , b1

)
. . . g

(
wL, xN+N1 , bL

)
⎤
⎥⎦

N1×L

(5)

According to the generalized inverse matrix algorithm, the output weight β1 is calcu-
lated as follows:

β1 = P−1
1

[
H0
H1

]T[ T0
T1

]
, P1 =

[
H0
H1

]T[ T0
T1

]
(6)

The output weight βk+1 can be obtained using the Woodbury formula and the recursive
relationship as follows:

βk+1 = βk + P−1
k+1HT

k+1(Tk+1 − Hk+1βk)P−1
k+1 = P−1

k − P−1
k HT

k+1

(
I + Hk+1P−1

k HT
k+1

)−1 × Hk+1P−1
k (7)

Equation (7) provides the basic principle of the OS-ELM algorithm, and weight β of
the single-hidden layer neural network can be adjusted through two stages. In the OS-ELM
training process, if the data obtained in stage (1) are the only data, i.e., no updated sample
data are present, OS-ELM is the same as the standard ELM algorithm. Therefore, the
OS-ELM algorithm can be understood as a special ELM algorithm in which all training
data arrive simultaneously.

4. Experimental Results and Discussion

4.1. Creepage Discharge Development Process of Oil–Paper Insulation under ADCV

Because the partial discharge of the oil–paper insulation under ADCV is more random
than that under AC voltage, the signal representation method for the former significantly
differs from that for the latter. In this study, the interval time Δt of two adjacent discharges is
used instead of the phase φ in the partial discharge under AC voltage. Then, the statistical
characteristic spectra are formed by combining the interval time Δt, partial discharge
magnitude Q, and number of discharges n. Time-resolved pulse sequence analysis (TPRSA)
was used to study the creepage discharge development process of oil–paper insulation
under ADCV [8,9].
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In this study, four sets of data in the initial stage, two middle stages, and the adja-
cent end stage of one test were selected for statistical analysis, and the Q-Δtpre-n three-
dimensional characteristic spectra are formed—here, Δtpre denotes the time interval be-
tween the current discharge and the previous discharge. Figure 4 shows the variation law
of the Q-Δtpre-n characteristic spectra of the abovementioned four sets of data during the
creepage discharge development process.

Figure 4. Q-Δtpre-n characteristic spectra of four sets of data during the creepage discharge development process.

Figure 4 clearly indicates the existence of significant differences between the charac-
teristic spectra at each stage. In the first stage (Figure 4a), n is small, Δtpre is large, and the
distribution range is 0.01–0.06 s. Further, Q is mainly concentrated at approximately 400 pC,
and the distribution of Q is highly scattered. In the second stage (Figure 4b), n increases
gradually, and Q is mainly distributed in the region less than 1300 pC; however, Q greater
than 2000 pC appears gradually. Further, Δtpre is gradually shortened and is distributed
within the range of 0.04 s. In the third stage (Figure 4c), n increases significantly compared
with that in the second stage. Further, Q is mainly distributed around 1700 pC but grad-
ually enters the range of 2000–3000 pC, and Δtpre is mainly concentrated in the range of
0.02 s. In the fourth stage (Figure 4d), n continues to increase gradually; further, Q is mainly
concentrated in the region greater than 2000 PC, and Δtpre is mainly concentrated in the
range of 0.01 s.

Although the TPRSA spectra can reflect the time domain distribution of the creepage
discharge development process better, directly using these spectra for pattern recognition
is difficult because they contain large amounts of information. Therefore, to alleviate
the difficulties in the recognition of the creepage discharge development process, the
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original data must be transformed, the dimension must be reduced, and the characteristic
parameters reflecting the creepage discharge development process must then be extracted.

The characteristic spectra, such as n-Q, n-Δt, Δtpre-Q, and Qmean-Δtpre, were obtained
by dimensionality reduction. The Δtpre-Q two-dimensional (2D) characteristic spectra after
dimensionality reduction corresponding to each stage of Figure 4 are shown in Figure 5.
From the characteristic spectra of each stage shown in Figure 5, the variation law between
Q and Δtpre in each stage of the creepage discharge development process can be obtained
more clearly. Δtpre is relatively dispersed from the initial stage and the development
stage, the critical breakdown is relatively concentrated, and Δtpre is gradually reduced.
Further, Q transforms from being a small value initially to a large value at the critical
breakdown—its distribution transforms from being a dispersed distribution initially to a
concentrated distribution at the critical breakdown. Moreover, it can be used to analyze the
n-Δt and Qmean-Δtpre characteristic spectra in a reduced dimension, which is not discussed
in detail in this paper. A comprehensive analysis of the variation law between the discharge
characteristic parameters in the abovementioned characteristic spectra can effectively reflect
the creepage discharge development process. Accordingly, the characteristic parameters
were extracted from the abovementioned four characteristic spectra and were used to
analyze the creepage discharge development process.

Figure 5. Δtpre-Q two-dimensional characteristic spectra after dimensionality reduction correspond-
ing to each stage of Figure 4.

4.2. Pattern Recognition of Creepage Discharge Development Process Based on OS-ELM

For the n-Q, n-Δt, Δtpre-Q, and Qmean-Δtpre characteristic spectra, their skewness (Sk),
kurtosis (Ku), asymmetry (Asy), cross-correlation coefficient (Cc), and the Weibull distri-
bution parameters α and β were extracted. Twenty-four characteristic parameters were
extracted from each set of data from the aforementioned four 2D characteristic spectra
(Table 1).
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Table 1. Statistical characteristic parameters of creepage discharge.

Characteristic
Spectra

Characteristic Parameters

Sk Ku Asy Cc α β

n-Q
√ √ √ √ √ √

n-Δt
√ √ √ √ √ √

Q-Δtpre
√ √ √ √ √ √

Qmean-Δtpre
√ √ √ √ √ √

Figure 6 shows the variation law of each characteristic parameter in the Δtpre-Q
characteristic spectra during the entire creepage discharge development process. According
to the variation law of the characteristic parameters, such as Sk, Ku, and β, shown in the
figure, the creepage discharge development process can be divided into four stages.

Figure 6. Variation law of characteristic parameters in the Δtpre-Q characteristic spectra during the
entire creepage discharge development process.

In the first stage, the characteristic parameters rise rapidly. The changes in the charac-
teristic parameters indicate that Q increases gradually at this stage, Δtpre shortens gradually,
and the creepage discharge enters the initial stage. In the second stage, the parameters
initially exhibit a decreasing trend and then rise slowly. This indicates that Q initially rises
and then stabilizes, Δtpre is gradually shortened, and the creepage discharge enters the
development stage. The third stage maintains the current state, and creepage discharge
continues to develop. In this stage, Q increases and tends to stabilize, Δtpre is stable, and
the creepage discharge enters a stable state. The fourth stage exhibits a trend of gradual
decline, and the creepage discharge enters the critical breakdown stage. The variation
law of the characteristic parameters of the Δtpre-Q discharge characteristic spectra can aid
in better analyzing the relationship between Q and Δtpre during the creepage discharge
development process and also in better understanding the physical development process
of creepage discharge.

In this study, the OS-ELM algorithm code was written using MATLAB. The charac-
teristic parameters extracted during the entire creepage discharge process were used as
sample sets for the recognition of the creepage discharge development process.

First, the influence of the number of hidden layer neurons, type of activation function,
and size of the sample data on the training accuracy of the initial stage were analyzed.
The corresponding results can be used to rationally select the parameters of the OS-ELM
algorithm. Figure 7 shows the relationships among the training accuracy of the initial stage,
activation function type, and number of hidden layer neurons. The number of training
samples is 750. The horizontal axis is the number of hidden layer neurons, and the vertical
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axis is the training accuracy under different activation functions. The figure shows that
the difference between the accuracies of the same neuron number is small under different
activation functions. This indicates that the activation function has less influence on the
accuracy under creepage discharge sample. The training accuracy improves gradually as
the number of hidden layer neurons increases and tends to stabilize when the number of
hidden layer neurons becomes close to the number of training samples. Therefore, the
relationship between the sample size, number of hidden layer neurons, and activation
function type should be collectively considered to select the algorithm parameters for
realizing a better pattern recognition.

Figure 7. Relationship between activation function, number of hidden layer neurons, and training accuracy.

In this study, the sigmoid function was selected as the activation function, and the
number of hidden layer neurons was 650. There were 12 groups of experimental data, of
which seven were randomly selected as sample training sets to train the OS-ELM, ELM,
SVM, and BPNN algorithms. The remaining five groups were used as sample test sets
for recognizing the creepage discharge development process, and a confusion matrix was
created based on the recognition results. The confusion matrix is shown in Figure 8. The
figure displays that the entire creepage discharge development process can be recognized by
four stages, namely, C1, C2, C3, and C4, by the OS-ELM algorithm. In the confusion matrix
(Figure 8), the horizontal and vertical directions represent four states: creepage discharge
initiation (C1), creepage discharge development (C2), creepage discharge acceleration (C3),
and creepage discharge critical flashover (C4).

In this matrix, each row represents the actual state data, and each column represents
the identified state data. The elements on the main diagonal represent the correct number
of the creepage discharge development stage identified based on the test data, and the
nonmain diagonal elements represent the misidentified number. In total, 500 sets of data
were used as test samples. In the first row, the total number of states is 120, and the four
states are 113, 5, 2, and 0. These data indicate that the total number of real states should
be 120. After the diagnosis of the algorithm, the number of diagnosed C1 is 113, and
the number of misdiagnosed C2, C3, and C4 is 5, 2, and 0, respectively. The last column
represents the recall rate, which reflects the ratio of the correct number of samples to the
actual number of samples. The last row of elements represents the precision rate, which
reflects the ratio of the predicted number of correct samples to the number of predicted
samples. The location at which the recall rate and accuracy rate intersect represents the
recognition accuracy, which reflects the ratio of the correct number to the total number of
samples. This shows that both the recall rate and the precision of the creepage discharge
development process are significantly high (>88%) based on the OS-ELM algorithm, and
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the sample recognition accuracy is 91.4%. The recognition accuracy of ELM is lower than
that of OS-ELM, and the recognition accuracy of SVM is 85.6%, which is lower than ELM.

Figure 8. Pattern recognition result of four algorithms.

In contrast, the recognition accuracy of BPNN is 77%, which is much lower than that
of OS-ELM. The recognition result of OS-ELM is the same as the result of dividing the
creepage discharge development process according to the variation law of the characteristic
parameters of the creepage discharge development process depicted in Figure 6. Based on
this method, the OS-ELM algorithm can theoretically support the pattern recognition of
the creepage discharge development process of oil–paper insulation.

In the ELM algorithm, the weight matrix and threshold from the input layer to the
hidden layer are generated randomly; this avoids the iterative process of repeated training
and threshold modification in SVM and BPNN. By contrast, the weight matrix from the
hidden layer to the output layer uses the least squares method to find the optimal solution
to minimize the loss function; thus, it does not require an iterative process. Therefore, the
OS-ELM algorithm can shorten the training adjustment time and has a very fast training
speed. In the training time comparison part, 200 out of 1210 sets of experimental data
were randomly selected as sample training sets to train four algorithms. OS-ELM and
ELM algorithms selected the same number of samples and hidden layers; SVM algorithm
cross-validation obtains the best parameter penalty factor and RBF kernel function variance.
The training time of the four algorithms is shown in Table 2. Both OS-ELM and ELM have
short training times, while BPNN requires a longer time. SVM adopts a cross-validation
method; therefore, its training time is the longest. It can be observed that, combined with
the experimental results, the OS-ELM algorithm is better than the other three methods in
terms of recognition rate and training speed, and the OS-ELM algorithm has a significantly
short training time.
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Table 2. Comparison of the training time of the four algorithms.

Algorithm Training Time/s

OS-ELM 0.0532
ELM 0.0532
SVM 574.1774

BPNN 264.7327

The recognition accuracy of OS-ELM has improved, compared with that of the other
methods, such as SVM, BPNN, and ELM. The OS-ELM algorithm can separately train the
data arriving in batches, avoiding repeated training of all data, thereby greatly reducing
the time required for network training adjustment and effectively improving the training
speed. Owing to the abovementioned advantages, the OS-ELM algorithm is applicable in
the field of electrical equipment condition monitoring and evaluation engineering.

5. Conclusions

A creepage discharge test platform for oil–paper insulation under ADCV was de-
veloped in this study for the pattern recognition of the creepage discharge development
process. According to the variation law of the characteristic parameters of the creepage
discharge development process of the oil–paper insulation, the process was divided into
four stages. In the first stage, the characteristic parameters increased rapidly; in the second
stage, they decreased first and then gradually increased; in the third stage, they stabilized,
and then gradually decreased in the fourth stage.

For the creepage discharge data sample type, the hidden layer activation function
type had only a slight effect on the training accuracy. In the OS-ELM algorithm parameter
selection process, when the sample set size was close to the number of hidden layer neurons,
the training rate improved and a higher training accuracy rate was obtained.

The sample recognition accuracy was 91.4% in this study. Furthermore, the recall rate
and the precision of the creepage discharge development process were both very high
(>88%). The OS-ELM algorithm has an advantage that it can train samples in batches and,
therefore, has good engineering application prospects in the field of electrical equipment
condition monitoring and evaluation.
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Abstract: For many years, SF6 has been the preferred dielectric medium in electrical power applica-
tions, particularly in high voltage gas-insulated equipment. However, with the recognition that SF6

has an extremely long atmospheric lifetime and very high global warming potential, governments
have pursued emission reductions from gas-filled equipment. The electrical power industry has
responded to this environmental challenge applying SF6-free technologies to an expanding range of
applications which have traditionally used SF6, including gas-insulated switchgear, gas-insulated
circuit breakers and gas-insulated lines or bus bars. Some of these SF6-free solutions include gas
mixtures containing fluorinated compounds that have low climate impact, among them, a fluoroni-
trile and a fluoroketone developed as 3M™ Novec™ 4710 Insulating Gas and 3M™ Novec™ 5110
Insulating Gas, respectively. Both fluoronitrile and fluoroketone mixtures are successfully used in
gas-insulated equipment currently operating on the grid where they reduce greenhouse gas emis-
sions by more than 99% versus SF6. This paper reviews these leading components of alternative-gas
mixtures with updates on the performance, safety and environmental profiles in electrical power
applications.

Keywords: sulfur hexafluoride; SF6; insulation; dielectric medium; SF6-free; SF6-alternative; fluo-
roketone; fluoronitrile

1. Introduction

Sulfur hexafluoride, SF6, has been a critical component in high voltage applications
for several decades with the installed base of gas-filled equipment continuing to grow. Its
combination of chemical, electrical, and physical properties has made SF6 the preferred
dielectric medium in gas-insulated switchgear (GIS), gas circuit breakers (GCB) and gas
insulated lines (GIL). While much of the equipment operating on the electrical grid today
depends upon the use of SF6, the industry has been searching for an alternative due to
environmental concerns over the properties of this highly stable insulating gas. A long
atmospheric lifetime of 3200 years results in a global warming potential (GWP) for SF6 of
23,500, making it the most potent greenhouse gas identified to date.

Identification of viable alternatives to SF6 is complicated by the unique combination
of properties required in dielectric applications. Unfortunately, the very properties that
make SF6 an ideal insulating gas, namely chemical inertness, are the same properties that
make it exceptionally long lived in the atmosphere. Therefore, any replacement of SF6 as
an insulating gas must implicitly have some form of reactivity to facilitate degradation in
the atmosphere and overcome the environmental concerns. The materials also need to be
nonflammable and low enough in toxicity to allow for safe handling using practices similar
to those currently used within the industry. Alternatives certainly need to have very high
dielectric strength, providing performance as close to SF6 as possible. Since the gas-filled
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equipment will be used in a variety of conditions, the materials must remain gaseous over
the expected operating temperatures of these systems. The dielectric medium must also
be stable over the working life of this equipment without contributing to corrosion or
other adverse effects on the device. Most importantly, to be sustainable alternatives, new
compounds need to have acceptable combinations of environmental properties, including
no ozone depletion potential and significantly reduce the greenhouse gas emissions from
these applications compared to SF6, since this is the principal reason for transitioning to
new technology.

Two compounds, a fluoronitrile and a fluoroketone, were found to combine the
requisite properties for electric power applications. They both have been shown to function
as a key dielectric component in insulating gas mixtures while providing significantly
lower climate impact. As a result, the electric power industry has begun implementing
SF6-alternative gas mixtures based upon these compounds over the last several years [1–4].
The fluoronitrile and fluoroketone are recognized within the electric power industry as
3M™ Novec™ 4710 Insulating Gas and 3M™ Novec™ 5110 Insulating Gas, respectively [5].
In some publications they are referred to as C4-FN or C5-FK or even simply C4 or C5.
For the duration of this paper, these compounds will be identified as Novec 5110 gas and
Novec 4710 gas. This paper is a review of these components in SF6-alternative gas mixtures
covering material properties and performance in dielectric applications as well as safety
and environmental considerations.

2. Performance in Dielectric Applications

2.1. Properties of Pure Novec Insulating Gases

The Novec Insulating Gases exhibit several physical properties that are similar to SF6.
They are highly fluorinated, nonflammable, high density gases with extremely low freezing
points and excellent dielectric properties. At any given pressure, the pure Novec gases
display dielectric breakdown voltages that are superior to that of SF6 as shown in Figure 1.
Table 1 provides a summary of these key physical properties. It also lists the environmental
attributes of each gas. Like SF6, the Novec Insulating Gases are non-ozone depleting since
they do not affect stratospheric ozone leading to an ozone depletion potential (ODP) of zero.
However, their measurably shorter atmospheric lifetimes lead to significantly lower GWPs.
As will be shown below, the shorter atmospheric lifetimes are also the key attribute that
enables substantial reductions in the overall greenhouse gas (GHG) emissions resulting
from gas-insulated equipment using these alternatives.

Figure 1. Dielectric breakdown voltage of pure gases [5].
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Table 1. Alternative gas properties compared to SF6 [5].

Property at 1 Bar, 25 ◦C Sulfur Hexafluoride Novec 4710 Novec 5110

Chemical Formula SF6 (CF3)2CFCN (CF3)2CFC(O)CF3
Molecular Weight 146 195 266
Boiling Point (◦C) −63.9 a −5 27

Vapor Pressure (kPa) 2372 297 94
Freezing Point (◦C) −50.8 −118 −110

Flash Point (◦C) none none none
Gas Density (kg/m3) 5.9 7.9 10.7

Thermal Conductivity (W/m·K) 0.013 0.025 0.004
Breakdown Voltage (kV) 2.5 mm gap with parallel

electrodes 14.0 27.5 18.4 b

Atmospheric Lifetime (year) 3200 30 0.04 (15 days)
Ozone Depletion Potential zero zero zero

GWP (100-year ITH) 23,500 2100 <1
a Sublimation Point, b at saturation.

2.2. Properties of Gas Mixtures

Due to their higher boiling points and corresponding lower vapor pressures, the Novec
gases are used in gaseous mixtures rather than as pure materials. Dilution in gaseous
mixtures allows the equipment to operate at temperatures well below the boiling points of
these materials without condensation. Once gases form a homogeneous mixture, they do
not physically separate unless liquefied by cooling below the condensation temperature or
compressed to very high pressures. Similarly, although gas density will vary with height
in a vertical column, the mixture does not separate over time with the higher molecular
weight components concentrating at lower elevations. Figure 2 shows the change in gas
density as a function of height in a column of gas for several gases. The pressure exerted by
the column of gas above any point creates a greater density compared to higher elevations.
Thus, the density of a gas decreases at higher elevations. Larger variations occur as the
molecular weight of the gas increases since the greater mass produces higher pressures
at the lower elevations. However, the concentrations of individual components in a gas
mixture do not change with height. The pressure exerted by the column of gas mixture
above a molecule of any component is the same, resulting from the density of the gas
mixture above it rather than any individual pure gas. As a result, all components of a
mixture are exposed to the same gravitational force and pressure. Therefore, no driving
force is created to cause a separation. A similar conclusion was reached in the 1982 EPRI
Report EL-2620 [6]: “In the absence of condensation, a gas mixture will not separate into its
component gases over a short or long period of time even when the molecular weights of
the component gases are markedly different.” Accordingly, gas separation has not been
observed experimentally [5–7]. For example, a gas mixture containing Novec 4710 gas
and CO2 was stored in a 2-m vertical tube at −15 ◦C for 6 months with no change in
composition detected over the height of the tube [7].

Table 2 shows a comparison of representative gas mixtures that are used in high
voltage systems relative to pure SF6. The dielectric breakdown voltage of a gas mixture
varies with the concentration of Novec gas as well as the total pressure of the mixture. As
shown in Figure 3, it is possible to compensate for the lower dielectric strength of a dilute
gas mixture by increasing the total gas pressure used within the system. In fact, that is the
strategy often employed by manufacturers of gas-insulated equipment. Numerous systems
using Novec gas mixtures are currently operating on the grid, including installations of
GIS, GCB and GIL. These systems have been designed to deliver performance comparable
to similarly rated SF6 equipment, [8,9].
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Figure 2. Variation in gas density as a function of gas column height. Gas mixtures are described in
Table 2.

Table 2. Gas mixture properties compared to SF6.

Gas Formulation (mole%) 100% SF6
5% Novec

4710/95% CO2

5% Novec
5110/95% Air

Typical GIS Pressure (bar) 4 6 6.5
Gas Density @ 25 ◦C (kg/m3) 24.75 12.48 10.67

Condensation temperature (◦C) −38 −27 0
Dielectric breakdown voltage

relative to SF6
— ~1 ~1

Figure 3. Dielectric breakdown voltage of gas mixtures compared to pure SF6.

3. Safety Considerations

A key aspect for use of any SF6-alternative technology is the ability to use it safely
within gas-filled equipment. Personnel may come into contact with an insulating gas
through handling during initial filling and maintenance of the equipment, leakage during
normal operation and when decommissioning the system. The safety of Novec Insu-
lating Gases has been evaluated through a series of toxicological studies [10,11]. These
3M-sponsored studies were approved by the laboratories’ Institutional Animal Care and
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Use Committees and animal care complied with all applicable national and local regula-
tions. All toxicological studies that followed OECD guidelines (Organization for Economic
Co-operation and Development) were performed under GLP conditions (Good Labora-
tory Practice). Both gases demonstrated low acute toxicity hazard as reflected in their
Globally Harmonized System (GHS) classification of Category 4 or higher. Both Novec
gases also presented a low hazard profile in repeat-dose inhalation toxicity studies where
irritant-associated effects were noted in tissues at the portal of entry (nose and mouth), the
respiratory and gastrointestinal tracts, at the highest exposure concentrations. In addition,
both gases have demonstrated no genotoxicity potential where Novec 4710 gas was found
to be not mutagenic in both in vitro and in vivo assays and Novec 5110 gas was shown
to be not mutagenic in an in vitro genotoxicity assay. While Novec 5110 gas has not yet
been evaluated in an in vivo study the next nearest homologue (an analogous fluoroketone
with chain length one carbon longer) has been shown to be not mutagenic through in vivo
tests. Thus, based on all available data the weight of evidence indicates that the both Novec
Insulating Gases would not be classified as CMR hazards (carcinogenicity, mutagenicity,
reproductive toxicity).

As an additional step, the assessment of the available data and associated hazard
classification recommendation for Novec 4710 gas was confirmed and validated in an
independent, third-party assessment [12]. This technical assessment confirmed that “Based
on the available data, no self-classification for the CMR hazard categories is currently
warranted or anticipated in the future.” A summary of the key results for both Novec gases
is shown in Table 3.

Table 3. Key toxicological results on pure Novec Insulating Gases.

Novec 4710 Gas Novec 5110 Gas

Low acute inhalation toxicity (4-h LC50 >
10,000, <15,000 ppmv)

Low acute inhalation toxicity (4-h LC50 > 148,
<213 mg/L) 1

Low repeated-dose inhalation toxicity (based
upon 28-day study)

Low repeated-dose inhalation toxicity (based
upon 28-day study)

Negative for in vivo genotoxicity using both
micronucleus and Comet assays

Not mutagenic in bacterial reverse mutation
assays

Negative for reproductive and developmental
toxicity

Expected to be negative for reproductive and
developmental toxicity based upon read across

from next nearest homologue
1 Defined as a liquid under Globally Harmonized System based upon vapor pressure.

Considering the results from the full range of studies, the 3M Medical Department
established occupational exposure limits (OEL) of 65 ppm and 225 ppmv (8-h time weighted
averages) for Novec 4710 gas and Novec 5110 gas, respectively. Small releases of insulating
gases can occur during filling, maintenance, and decommissioning operations when gas-
tight connections are sealed and unsealed. However, airborne concentrations measured
during gas transfer operations are normally less than 10 ppmv [5]. Workplace airborne
SF6 concentrations observed in indoor gas-insulated switchgear applications are typically
below 1 ppmv [13]. As a result, the OELs stated above provide a sufficient margin of safety
in these applications and the observed airborne concentrations of Novec Insulating Gases
described above are well below the action level of 1

2 the OEL as defined by US Occupational
Safety and Health Administration (OSHA). On this basis, risk analyses have established
that gas mixtures containing the Novec Insulating Gases are safe to handle in gas-filled
equipment under all expected operational conditions [1,2].

Independent groups have also conducted toxicological tests [14–16] with Novec 4710
gas using non-OECD test protocols. Variation in test parameters such as the animal species,
exposure time and the condition of the gas will provide significantly different results.
As a result, OECD and international standards such as GHS have standardized hazard
testing criteria, requiring test methods that are scientifically sound and validated according
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to international procedures in order to provide information relevant to a human health
assessment while minimizing the need for animal testing. The results from tests conducted
using non-standard protocols have led to some confusion over the toxicological profile for
the Novec gases.

The data reported by Li and colleagues [14] for acute inhalation tests conducted in
the rat over a 4-h time interval found an LC50 value of 15,000–20,000 ppmv, which is
consistent with the LC50 value discussed above. Additional tests were conducted at high
concentrations over a time interval of 24-h. Such an exceptionally long test period is
far beyond the 4-h exposure required for acute inhalation testing that is used for GHS
classification of a chemical and does not aid in performing a human health risk assessment.
The alleged effects on various organs systems observed in the 24-h exposure were actually
a result of pulmonary edema-induced hypoxia (insufficient oxygen reaching the internal
organs) and not a direct response of the test material on these organs. The 3M-sponsored,
28-day inhalation toxicity study referenced above found the respiratory tract to be the target
organ, exhibiting signs of an irritant-like effect, but no histopathological changes were
noted in other organ systems. Overall, the results in the paper are consistent with the LC50
values published to date and do not contradict the recommended 65 ppmv occupational
exposure limit.

Preve and colleagues [15] have repeatedly cited toxicological data developed outside
of the recommended and validated testing protocols. The acute inhalation LC50 data used
in their publications were derived using different animal models (mouse). The OECD
protocols for acute inhalation toxicity (OECD 403, 433 and 436) all state that the preferred
test species is the rat as it has been previously been demonstrated that mice are often more
sensitive in acute inhalation studies than other mammals, a factor which complicates the
use of data generated in mice for risk assessment purposes [17]. Similarly, the discussions
in these papers regarding mutagenicity aspects appear to overlook both the available data
on the Novec gases as well as the recommendations for the use of read-across techniques
encouraged by regulatory bodies such as the European Chemicals Agency (ECHA). As a
result, the data generated in those studies do not augment the information for a human
health risk assessment.

Zhang and colleagues published the results from a series of inhalation toxicity studies
conducted in the mouse [16]. As expected, the results demonstrated the higher sensitivity
of the mouse in acute inhalation studies compared to the rat but again did not demonstrate
any additional relevance for a human health risk assessment. While the authors stated
that there is still much work to be conducted on the toxicity of C4 nitrile and a need for an
occupational exposure level, this assessment clearly does not reflect the significant amount
of data readily available on this material which includes GLP-conducted acute, sub-chronic,
developmental and reproductive, and genetic toxicity studies. Based upon these studies,
3M has developed an occupational exposure limit of 65 ppm which is published on the 3M
safety data sheets and product literature.

Additional considerations apply when handling any insulting gas after arcing events.
In the case of electrical arcing in equipment containing SF6, high-toxicity decomposition
byproducts such as HF, S2F10 and SO2 can be generated. These byproducts are highly
hazardous and pose a potential toxicity risk to those exposed. Depending on the nature of
the arcing event, the Novec gas mixtures may also undergo some degree of decomposition.
Even though testing demonstrated that arced Novec gas mixtures can be less hazardous
than arced SF6 mixtures [1,2], similar precautions should be taken when handling such gas
mixtures. Employees performing maintenance procedures on electrical switches containing
arced SF6 are required to use proper handling procedures and wear personal protective
equipment. Similar precautions should be taken with arced Novec gas mixtures.
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4. Environmental Considerations

4.1. Global Warming Potentials

One metric for analyzing the potential environmental impact of SF6 alternatives is a
comparison of the global warming potential (GWP) for the gases used within the different
technologies. The GWP is an index that provides a relative measure of the possible climate
impact of a compound which acts as a greenhouse gas in the atmosphere. It effectively
calculates the amount of energy absorbed by a compound over a period of time relative to
that of a reference compound, CO2. The GWP as defined by the Intergovernmental Panel
on Climate Change (IPCC) [18] is calculated as the integrated radiative forcing due to the
release of 1 kg of that compound relative to the warming due to 1 kg of CO2 over the same
time interval (the integration time horizon (ITH)), as shown in Equation (1):

GWPi =

∫ ITH
0 RiCi0 exp

(
−t
τi

)
dt∫ ITH

0 RCO2 CCO2(t)dt
(1)

where R is the radiative forcing per unit mass of a compound (the change in the flux of
radiation through the atmosphere due to the infrared (IR) absorbance of the compound),
C is the atmospheric concentration of a compound, τ is the atmospheric lifetime of a
compound, t is time and i is the compound of interest. The commonly accepted ITH is 100
years.

Only two variables in the GWP calculation are affected by the physical characteristics
of the compound—the radiative forcing due to IR absorbance and the atmospheric lifetime.
All fluorinated compounds absorb IR energy in the “window” at 8 to 12 μm which is
largely transparent in the natural atmosphere. This IR absorbance, coupled with a long
atmospheric lifetime, results in a high GWP for many perfluorinated compounds such as
SF6.

The most effective approach to producing a lower GWP alternative is to develop
a compound with a significantly shorter atmospheric lifetime. For highly fluorinated
compounds this means synthesizing a molecule containing functionality or structural
features that allow it to decompose more readily in the natural atmosphere. This is precisely
the approach that was taken with the Novec Insulating Gases. Novec 5110 gas incorporates
a carbonyl group that undergoes direct photolysis when exposed to sunlight in the lower
atmosphere leading to a GWP value of less than 1 [19]. Novec 4710 gas contains a nitrile
group that reacts with hydroxyl radicals in a process similar to the degradation mechanism
for most organic compounds that enter the lower atmosphere. Multiple studies have
reported an atmospheric lifetime and GWP value for Novec 4710 gas. At first glance, these
values may appear to vary considerably. However, as the review below demonstrates, the
results are consistent within recognized experimental uncertainty.

The initial studies were performed in the 3M Environmental Laboratory to investigate
the atmospheric lifetime of Novec 4710 gas. A series of experiments measured the rate of
degradation for Novec 4710 gas due to reaction with hydroxyl radicals relative to methane
or pentafluoroethane as a reference compound. Hydroxyl radicals were generated via
photolysis of ozone in the presence of water vapor. Concentrations of the reactants were
measured continuously by Fourier transform infrared spectroscopy (FTIR) using a 10-m
pathlength within a 5.7 L gas cell maintained at 300 K. Additionally, gas samples were
analyzed by gas chromatography with mass spectrometry during one of the experiments to
confirm the concentrations of Novec 4710 gas. The average atmospheric lifetime calculated
from four separate experiments was 30 years for Novec 4710 gas [20].

The radiative efficiency for Novec 4710 gas was calculated at 0.225 Wm−2ppbv−1

using the method of Pinnock et al. [21] with an IR cross-section measured using 0.5 cm−1

resolution. This radiative efficiency value takes into account the necessary stratospheric
temperature adjustments and atmospheric lifetime corrections. The radiative efficiency
combined with a 30-year lifetime results in a GWP of 2100 using the IPCC calculation
method [18].
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A study published by Sulbaek Andersen and colleagues conducted smog chamber
experiments to investigate the atmospheric fate of Novec 4710 gas [22]. Experiments
were performed within a 101 L photoreactor maintained at 296 K. Hydroxyl radicals were
generated by photolysis of ozone in the presence of hydrogen gas. The atmospheric lifetime
was determined from these experiments to be approximately 22 years. Combining this
lifetime with the radiative efficiency they measured at 0.217 Wm−2ppbv−1 using an FTIR
resolution of 0.25 cm−1 resulted in a GWP value reported as 1490. The lifetime reported
in this study was calculated using the measured reaction rate constant and an average
hydroxyl radical concentration in the atmosphere. For compounds considered to be well-
mixed in the atmosphere (i.e., lifetimes more than a few months), it is more common to
calculate the lifetime relative to a reference compound such as methyl chloroform since
there is a comprehensive analysis of its abundance in the atmosphere as well as its rate of
emission and removal. The atmospheric lifetime calculated from this method is 32 years,
resulting in a GWP of 2090.

Another series of experiments were conducted by Blázquez and colleagues in which
they examined the temperature dependence of the reaction of hydroxyl radical with Novec
4710 gas [23]. Hydroxyl radicals were produced by photolysis of HNO3. Measurements
were made from 278 to 358 K. A linear equation (in the form of the Arrhenius equation)
was fit to these kinetic data. The atmospheric lifetime was reported as 47 years using
kinetics extrapolated to 272 K. The radiative efficiency was measured in this study to be
0.279 Wm−2ppbv−1 using a 1 cm−1 spectral resolution. These data combined to report
a GWP value of 3646. While the lower temperature for the kinetic calculations is more
representative of the average tropospheric temperature, a comparison of values across
all studies requires data to be compared from equivalent conditions. The kinetic data
measured at 298 K in this study results in an atmospheric lifetime of 31 years. Calculation
of the GWP using this lifetime and the above radiative efficiency produces a value of 2620.

While there is variability in the GWP values resulting from these independent studies,
the values are well within the uncertainty reported by IPCC of ±35% [18] as shown in
Figure 4. The average lifetime and GWP values from the 3 studies are 31 years and 2260,
respectively, which agree well with the original values report by 3M. On this basis, 3M
continues to report the lifetime and GWP values derived from their internal studies of
30 years and 2100, respectively.

Figure 4. GWP values for Novec 4710 gas with uncertainty cited by IPCC.
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The GWP for a gas mixture is calculated using the GWP value for each individual
component multiplied by its weight fraction in the mixture according to Equation (2):

GWPmixture = ∑
i

xi GWPi (2)

where xi and GWPi are the weight fraction and GWP of component i, respectively.

4.2. Greenhouse Gas Emissions

A comparison of GWP values for representative gas mixtures used as alternatives
to SF6 is shown in Table 4. However, this type of comparison only provides a partial
assessment of the environmental impact from insulating gas technologies. The mass of gas
released, even from the same volumetric leakage rate, can be significantly different due to
the considerably different gas densities. Table 4 also shows the GHG emission reductions
achieved by the alternative-gas mixtures are even lower than would have been apparent
through a simple comparison of GWPs.

Table 4. Initial climate performance of alternative-gas mixtures compared to SF6.

Gas Formulation (mole%) 100% SF6
5% Novec 4710/95%

CO2

5% Novec 5110/95%
Air

Pressure (bar) 4 6 6.5
GWP of gas mixture 23,500 398 <1

GWP reduction vs SF6 — 98.3% >99.9%
GHG content (kg CO2e/m3) 553,929 4969 3.5

GHG emission reduction
from discrete emission

relative to SF6

— 99.1% >99.9%

Another disadvantage to assessing the climate impact of gases solely through comparison
of GWP values is the inherent limitations within the GWP calculation itself. It is important to
note that the commonly recognized GWP for a substance is calculated over a 100-year ITH.
This ITH is a compromise between shorter-term and longer-term effects [18]. However, this
means that the full climate impact of a very long-lived gas, such as SF6, is not fully accounted
for in the GWP calculation. Figure 5 displays a plot of the quantity of gas remaining in
the atmosphere following a 1 kg release. A compound such as Novec 4710 gas with an
atmospheric lifetime of 30 years is expected to be essentially fully degraded within the GWP
calculation timeframe. Contrast that with SF6 which, due to its atmospheric lifetime of 3200
years, remains in the atmosphere far longer than the 100-year ITH. As a result, only a fraction
of its potential impact on climate change is included in the GWP calculation.

Installations of gas-filled electric power equipment are expected to remain in use for
decades with low level emissions occurring throughout this time due to leakage. Many
regions require reporting of these GHG emissions on an annual basis, even though, as
shown in Figure 5, a portion of the gas leaked in any year can remain in the atmosphere for
far longer. An assessment of the cumulative GHG emissions would account for not only
the mass of gas emitted annually but also the amount of the gas that accumulates in the
environment during its use. Both factors can have a measurable influence on the overall
climate impact of a technology.
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Figure 5. Residence time of insulating gas in the atmosphere, assuming 1 kg release of each compound
at time zero.

Figure 6 compares the cumulative GHG emissions that would occur due to leakage
of insulating gas over a 40-year lifetime of an installed base of gas-filled equipment. The
comparison assumes volumetric emissions from the equipment equivalent to 1 T/year
of SF6 over that lifetime. The calculations are carried out for 100 years corresponding to
the timeframe used in GWP assessments in order to illustrate the limitation of relying
on the GWP parameter alone. Results for alternative-gas mixtures with GWPs of 398
and 1 are plotted along with SF6. Comparison of the GWPs for these mixtures to SF6
suggests that these alternatives represent a 98.3% and >99.9% improvement, respectively.
Additionally, if the different gas densities are factored into the calculation, the reduction in
GHG emissions improves to 99.1% and >99.9%, respectively, as shown in Table 4. However,
the shorter atmospheric lifetimes of the alternative gases mean that both materials degrade
much more rapidly over time compared to SF6, preventing measurable accumulation of
these alternatives in the environment. This limits the cumulative GHG emissions from the
alternative-gas insulation technologies. When calculated over a 100-year timeframe both
gas mixtures reduce GHG emissions by more than 99.9%, regardless of the GWP of the
alternative-gas mixture.

Figure 6. Cumulative greenhouse gas emissions, assuming emission equivalent to 1T/yr of SF6 for
40 years of operation.
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A lifecycle assessment (LCA) comparing the climate impacts of these alternative-gas
technologies came to similar conclusions [24]. The analysis compared 145 kV GIS bays oper-
ating with the alternative-gas mixtures to identical equipment designed for SF6 throughout
the gas-use phases of the equipment lifecycle (filling, operation, decommissioning). The
LCA demonstrated that the alternative-gas technologies result in large reductions of the
carbon footprint of these applications with a climate impact that is negligible compared to
SF6, confirming the results of the GHG calculations shown above.

5. Conclusions

Gas mixtures containing a fluoroketone or a fluoronitrile, Novec™ 5110 Insulating
Gas and Novec™ 4710 Insulating Gas, respectively, are being implemented as low climate-
impact alternatives to SF6. When used at higher pressure, these gas mixtures can deliver
dielectric performance comparable to SF6 in high voltage systems. The safety of Novec
gases has been evaluated through a series of toxicological studies which demonstrate
that the hazard profiles of the gas mixtures containing these materials are safe to handle
in gas-filled equipment. Both alternative gases have significantly lower GWPs than SF6.
Moreover, their shorter atmospheric lifetimes prevent measurable accumulation of these
gases in the atmosphere. This results in substantial reduction (>99.9%) in GHG emissions
over the expected working life of equipment using these alternatives, irrespective of the
GWP for the individual gas mixture components. As a result, these advanced materials
enable insulation technologies that can make a meaningful contribution to reducing the
environmental impact of high voltage applications. Therefore, limiting alternative-gas
technologies based on GWP alone could be counterproductive to the goal of reducing the
climate impact from electric power applications. In fact, the European Commission report
in 2020 stated “In specific sites where the voltage rate must be maintained and space is
restricted, such as substations at power plants or in urban areas, currently designs based
on fluoronitriles may be the only viable alternative to SF6 based switchgear” [25]. Gas
insulated equipment containing Novec 4710 gas mixtures first started operating on the grid
in 2017, while equipment containing Novec 5110 gas mixtures first started operating on the
grid in 2015. More than 100 equipment bays containing alternative gas mixtures have now
been installed by multiple utilities located primarily in Europe with recent installations in
Asia and North America.
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