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Preface

This proceedings highlights the fundamental research and up-to-date developments
on energy conversion and high-voltage application by means of low temperature and
atmospheric pressure plasma. In recent years, plasma-assisted energy conversion gains
increasing attention as an alternative to thermal catalysis or electro-catalysis. This pro-
ceedings discusses and exchanges cutting-edge scientific innovations and technologi-
cal advances in fields like plasma-enabled synthesis of chemicals and fuels, plasma-
enabled environmental clean-up, plasma-enabled catalysis treatment, in situ probing of
plasma-catalyst interactions and its high-voltage applications, which show great poten-
tials in industrial demands likeCO2 hydrogenation, CH4 reforming and nitrogenfixation,
plasma deposition, chemical synthesis, VOC abatement and high-voltage insulation.

This collection of papers presents the main applications of plasma-induced energy
conversion andhigh-voltagedischarge in the formof separate chapters, including cutting-
edge studies on conversion technology, complexmechanism simulation, in situ detection
and converged applications by artificial intelligence.

This proceedings is suitable for researchers engaged in fields like plasma catalysis,
discharge diagnosis and modelling, chemical modelling and high-voltage applications.

The major topics covered in the conference proceedings are

1) Advanced plasma catalysis conversion technology;
2) Advanced in situ discharge diagnosis technology;
3) Advanced in situ plasma catalysis characterization;
4) Multi-scale or innovative modelling technology;
5) High-voltage discharge and applications
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Rapid Recovery of Hydrophobicity of Silicone
Rubber by Pulsed Discharge Plasma: Impact
of Treatment Atmosphere and Underlying

Mechanism

Jiachuan Yu1, Yiheng Xia1, Jianben Liu2, Bangdou Huang1(B) , Cheng Zhang1,3 ,
and Tao Shao1,3

1 Beijing International S&T Cooperation Base for Plasma Science and Energy Conversion,
Institute of Electrical Engineering, Chinese Academy of Sciences, Beijing 100190, China

huangbangdou@mail.iee.ac.cn
2 State Key Laboratory of Power Grid Environmental Protection,

China Electric Power Research Institute, Wuhan 430074, Hubei, China
3 University of Chinese Academy of Sciences, Beijing 100049, China

Abstract. Atmospheric pressure plasma treatment has been proved to be an effi-
cient method to recover the hydrophobicity of contaminated silicone rubber (SR)
for electrical insulators,while the underlyingmechanism still needs to be explored.
In this work, microsecond pulsed gliding arc plasma at atmospheric pressure is
used to treat artificially contaminated SR and different kinds of discharge gases,
i.e., Air, N2, O2, and Ar, are employed. It is found that with Air, N2, and O2 as the
discharge gas, the originally hydrophilic SR due to contamination can turn to be
hydrophobic and the recovery efficiency is ordered as N2 > Air ~ O2. However,
Ar plasma can slightly increase the hydrophobicity with a very short plasma treat-
ment time and then the hydrophobicity is totally lost. Based on optical emission
spectroscopy from plasma and Fourier transform infrared analysis of contamina-
tion, it is demonstrated that plasma with different discharge gases can generate
low molecular weight (LMW) silane chains and accelerates their transfer to the
surface of contaminated layer. Furthermore, it is inferred that excited N2 species
may be positive for the hydrophobicity recovery, while the excessive activity of
Ar plasma may destroy the hydrophobicity of LMW components.

Keywords: Pulsed Discharge · Surface Treatment · Hydrophobicity

1 Introduction

Silicone rubber (SR), with good dielectric characteristics and temperature tolerance, is
widely used for insulators in transmission lines of power system. The hydrophobicity
of SR is very important for its flashover property, especially under conditions with rain,
fog, ice, or pollution [1]. Generally, a clean SR surface of a newly produced insulator
is well hydrophobic. However, when the SR surface gets contaminated or the insulator
is aged for a long term under high-voltage (HV) condition, the hydrophobicity can be

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
D. Dai et al. (Eds.): ISPEC 2022, SPPHY 391, pp. 3–9, 2023.
https://doi.org/10.1007/978-981-99-1576-7_1
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lost and the potential of flashover accidents increases [2, 3]. Therefore, it is desirable to
recover the hydrophobicity of SR with an on-line method (without power interruption),
which should also be rapid and cheap as a luge amount of SR insulators are used in
power system.

Even though different physical or chemical methods have been tried to build
hydrophobic SR surface [4], atmospheric pressure plasma treatment has been proved
to be an efficient strategy to recover hydrophobicity of SR especially under contami-
nated condition [5, 6], which is due to the unique advantage of plasma surface treatment
[7]. Recently, gliding arc (GA) plasma source driven bymicrosecondHVpulses has been
developed, combining the advantage of both high reactivity and low power consumption,
and used for hydrophobicity recovery of SR [8]. However, the underlying mechanism
for hydrophobicity recovery of SR by plasma treatment is yet to be clarified.

In this work, different kinds of discharge gases are employed to generatedGAplasma
and their effect on hydrophobicity recovery of SR is compared. Combining analysis of
both contamination samples andGAplasma, the possiblemechanism for hydrophobicity
recovery of SR by plasma treatment is proposed.

2 Experimental Setup

Figure 1 shows a schematic diagram of the experimental setup used in this work. A
microsecond pulsed bi-polar HV generator developed in our previous work is used to
generate atmospheric pressure GA plasma with two diverging blade electrodes. The
breakdown voltage is ~5 kV, the peak discharge current is ~0.6 A, and the discharge
energy per pulse is ~0.6 mJ. The discharge frequency is ~15 kHz. In particular, different
kinds of discharge gases including Air, N2, O2, and Ar are employed with a gas flow
rate of 10 standard liter per second (SLM).

In this work, artificially contaminated SR samples are prepared according to stan-
dard IEC 60507, using Kaolin and NaCl solution as the contaminating suspension. The
contaminating suspension is smeared uniformly on the SR surface, with a non-soluble
deposit density (NSDD) of 1 mg/cm2, which represents heavily contaminated condition.
And then the samples are dried at room temperature for 5 h. The SR samples are treated
by the GA plasma with a distance of ~2 mm for different time periods. The surface
temperature of SR samples with GA treatment is measured using an infrared camera
(Fluke, TiS20 + MAX).

The static water contact angle (WCA) is measured using an optical microscope
(JGW-360A) after a 4 µL droplet of distilled water imposed on the SR surface. The
contamination before and after GA plasma treatment is scraped gently from the SR
surface,mixedwithKBr, and squashed into thin samples,which are analyzed by aFourier
transform infrared (FTIR) spectrometer (Nicolet-iS50) using transmissionmethod. Note
that the transmission FTIR has a better sensitivity than the reflection FTIR. In addition,
optical emission spectroscopy (OES) from the GA plasma is collected with a fiber and
measured with a spectrometer (Ocean Optics, QE 65000).
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Fig. 1. A schematic diagram of the experimental setup used in this work.

3 Results and Discussion

Figure 2 shows theWCAevolution of artificially contaminated SRwith plasma treatment
time using different kinds of discharge gases. It can be seen that N2 is the mostly efficient
discharge gas for recovering hydrophobicity of artificially contaminated SR, i.e., after
only 20 s treatment, theWCA increases froma very lowvalue to ~131° and then increases
to ~141° after 40 s treatment. When Air and O2 are used, the rise rate of WCA with
treatment time is slower and longer time is needed to recover the WCA of artificially
contaminated SR to a hydrophobic level. However, when Ar is used, the WCA of SR
sample increases to ~83° after 10 s treatment and the decreases drastically to a very low
value after longer treatment time.

Fig. 2. TheWCA evolution of artificially contaminated SR with GA plasma treatment time using
different kinds of discharge gases.
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In order to explore the mechanism of hydrophobicity recovery with plasma treat-
ment, contamination from the SR surface is analyzed using transmission FTIR, as shown
in Fig. 2. It can be seen that the dominant FTIR peak is from anti-symmetrical stretching
of Si-O-Si at around 1100 cm−1. After GA plasma treatment, a weak but distinguished
peak appears around 1385 cm−1, which is from the symmetrical stretching of CH3.
This indicates that the plasma treatment breaks the long chain of polydimethylsilox-
ane (PDMS) from the SR matrix into low molecular weight (LMW) silane chains and
accelerates the transfer of LMW silane chains to the surface of contaminated layer.

Even so, CH3 peak appears after plasma treatment with all different kinds of dis-
charge gases, this means that it is not the specific reason for hydrophobicity recovery of
artificially contaminated SR. Further investigation is needed to distinguish the unique
effect of different discharge gases.

Fig. 3. FTIR of contamination from the SR surface before and after GA plasma treatment.

For this purpose, OES from GA plasma with different discharge gases is measured
and analyzed, as shown in Fig. 4. It can be seen that GA plasma with a given discharge
gas has its unique OES components. With N2 as discharge gas, the dominant OES
components include N2 C → B band around 290–410 nm, NO A → X band around
220–280 nm, and O I lines at ~777 and 844.6 nm. The appearance of NO band and O I
lines with N2 as the discharge gas is due to that the GA plasma is operated in ambient
atmosphere and there are reactions between excited N2 species with surrounding O2
molecules. With Air as the discharge gas, the dominant OES components are similar as
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those with N2. However, emission from N2 and NO is much suppressed with Air, while
that from O I maintains similar. With O2 as the discharge gas, the emission intensity
from O I is much enhanced, while that from N2 and NO is further suppressed.

As for the case with Ar as the discharge gas, the dominant OES components are from
Ar I 2p → 1s group (in Paschen’s notation) around 696–965 nm. There also exists N2
C → B band with Ar, due to reactions between excited Ar species and N2 molecules,
whose intensity is lower than the case with N2 as the discharge gas, but much higher
than the cases with Air and O2. Note that the y-scale with Ar is different from those with
other gases and the emission intensity from Ar I is much stronger.

Fig. 4. OES from GA plasma with different kinds of discharge gases.

The generation of active species in GA plasma is analyzed based on OES and thresh-
old energy (εthr) for certain reactions. For GA plasma with N2, Air, and O2, εthr for
exciting N2 C is ~11.03 eV, εthr for dissociating O2 is ~5.12 eV, and εthr for exciting O
is ~10.74 for 3p 5P level (777 nm) and ~10.99 eV for 3p 3P level (844.6 nm). Note that
there can be stepwise reactions which need much lower εthr (several eV). However, for
Ar as rare gas, its minimum εthr to generate excited state is as high as ~11.55 eV.

Combining theWCA evolution with treatment time shown in Fig. 2 and FTIR shown
in Fig. 3, it is demonstrated that GA plasma with all different gases can generate LMW
silane chains and accelerate their transfer. As N2 plasma is mostly efficient in hydropho-
bicity recovery and has the highest N2 C band intensity, it can be inferred that the excited
N2 species may have a positive effect on the hydrophobicity recovery process. However,
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Fig. 5. N2 C → B band from measurement and fitting with different kinds of discharge gases.

Ar plasma can initially increase the hydrophobicity of SR, but will further destroy the
structure of LMW silane chains due to the excessive reactivity as Ar excited states have
a high εthr and result in loss of hydrophobicity.

Temperature can also be an important factor when performing plasma treatment.
The surface temperature of SR samples with different discharge gases is summarized
in Table 1. It can be seen that the surface temperature in all cases is below 100 °C and
the case with Ar has the lowest temperature. Such a low surface temperature cannot
breakdown the chemical band of SR due to thermal effect.

The rotational and vibrational temperature (T r and Tv) of GA plasma with different
gases can be obtained by fitting the measured N2 C → B band, which are also listed in
Table 1 with fitting results shown in Fig. 5. It can be seen that T r and Tv of GA plasma
can reach more than 3000 K, indicating its high reaction activity and non-equilibrium
characteristic. GA plasma with Ar has slightly lower T r and Tv compared with other

Table 1. Surface temperature of SR when performing plasma treatment and rotational and
vibrational temperature of GA plasma with different kinds of discharge gases.

Discharge gas Surface temperature (°C) Rotational temperature
(K)

Vibrational temperature
(K)

N2 97 ± 5 3700 ± 500 4200 ± 500

Air 95 ± 5 3500 ± 500 4300 ± 500

O2 82 ± 5 3600 ± 500 4000 ± 500

Ar 47 ± 5 3000 ± 500 3500 ± 500
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cases. Therefore,T r andTv should not be the specific reason for the different performance
of hydrophobicity recovery with different gases.

4 Summary and Conclusion

In this work, microsecond pulsed GA plasma is used to treat the artificially contaminated
SR with a NSDD of 1 mg/cm2. Different kinds of discharge gases, i.e., Air, N2, O2,
and Ar, are used and their effect on the hydrophobicity recovery of contaminated SR
is compared. It is found that when Air, N2, and O2 are used as the discharge gas, the
originally hydrophilic SRdue to contamination can turn to be hydrophobicwith treatment
time within 1 min and the recovery efficiency is ordered as N2 > Air ~ O2. However,
when Ar is used as the discharge gas, the hydrophobicity of SR increases slightly with
very short treatment time (10 s) and then the hydrophobicity is totally lost. Based on
FTIR analysis of contamination on the SR surface before and after plasma treatment, it
is demonstrated that pulsed GA plasma with different discharge gases can generate low
LMW silane chains and accelerates their transfer to the surface of contaminated layer.
Combined with OES from plasma, it is inferred that excited N2 species may be positive
for the hydrophobicity recovery, whose emission intensity is highest with N2 as the
discharge gas, while the excessive activity of Ar plasma may destroy the hydrophobicity
of LMW components.
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Environmental Protection (China Electric Power Research Institute), No. GYW51202101370.
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Abstract. Polymer insulation materials, widely used in electric power systems,
are inevitably aging and cracking due to long-term work in the natural environ-
ment, causing the degradation in hydrophobicity and insulating properties. Cur-
rently, the main method for repairing surface cracks of the insulation material is
physical coating, but it introduces a new interface and affects insulation properties.
Therefore, in this paper, an Ar/alkoxysilane/H2O atmospheric pressure plasma jet
(APPJ) driven by microsecond pulsed power supply was established to treat the
damaged silicon rubber (SiR) materials. The experimental results show that the
addition of water and alkoxysilane promotes the discharge intensity with higher
discharge current and enhanced spectral intensity. However, the excessive addi-
tion of reaction medium inhibited the discharge. Furthermore, under an optimal
APPJ experiment condition (1 L/min Ar, 13 ml/min alkoxysilane and 3 ml/min
H2O), the flashover voltage of damaged SIR is increased by 19.1% after plasma
treatment, and it returns to 89.9% of the intact SIR. Moreover, the mechanical
stress of the damaged SIR is also recovered, where the maximum mechanical
stress increases from 2.94 to 11.76 N. It is demonstrated that the plasma repair
achieves a significant improvement in the electrical and mechanical properties of
damaged SIR.

Keywords: Plasma jet · Surface treatment · Discharge characteristics · Electrical
properties · Mechanical properties

1 Introduction

Electrical insulation materials are of great importance for the reliable operation of trans-
mission circuits and power systems, which are divided into organic insulating materials,
inorganic insulating materials and composite insulating materials. Compared with inor-
ganic and organic insulating materials, silicone rubber (SIR) composite insulating mate-
rials have significant advantages such as lightweight, excellent surface hydrophobicity
and less pollution flashover. However, outdoor SIR insulating materials are exposed to
harsh climatic conditions and corona discharge for a long time, such as extreme changes
in temperature, heavy sandstorm and acid rain, which breaks the chemical bonds and
causes a series of physicochemical reactions, eventually leads to small holes and crack
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defects on the surface [1−3]. These defects may change the macro-micro shape of insu-
lation and affect material properties of SIR insulation, such as mechanical and electrical
strength. Therefore, it is of great significance to process the SIR material and recover
the damaged electrical insulation.

Currently, physical coating techniques are applied to repair the damages or defects on
these insulation surfaces. It is noted that the hydrophobicity of aged insulation materials
is effectively improved by RTV (room temperature vulcanized) coating and reinforcing.
However, the coating method constructs the independent layers on SIR surface, where
the molecular structure of the coating and the SIR substrate is different. It may introduce
a weak interface and lead to the potential failures. Chemical self-repair technology is
an emerging technology in recent years, which is a novel attempt to treat the aging
problem of insulation materials precisely and repair the target defects autonomously [4,
5].However, repair agents used in self-repair technology require certain physicochemical
conditions to restore the insulating materials, which is not suitable for the outdoor SIR
insulation.

Plasma treatment is a processing method that uses electrified non-polymeric inor-
ganic gases (Ar, H2, N2, O2, etc.) for surface reaction, which contains a high concen-
tration of excited and free radical particles and triggers multi-level physicochemical
reactions on material surface. For example, high-energy particles in plasma bombard
the material and trigger etching on surface, which changes surface physical morphology
and opens the surface chemical bonds to promote active particle grafting, polymerization
and further crosslinking. In recent years, plasma has beenwidely applied in surfacemod-
ification and enhancement of insulation properties. Kirk et al. applied the plasmawith F2
and CF4 to treat the polypropylene films, and studied the changes in chemical compos-
ites. It showed that the hydrophobicity of the material could be enhanced by introducing
fluorine atoms (C-Fn) to the surface of the material [6]. Moreover, some researchers
found that the fluorine-containing groups on material surface would introduce the shal-
low traps and improve the flashover voltage [7, 8]. However, there are few studies on
plasma treatment for surface crack healing and insulation recovery. Researchers at Nan-
jing Tech University have proposed a crack repairing method for SIR insulation based
on plasma jet [9], but the effect of plasma experimental parameters on surface repair is
unclear.

In this paper, a plasma jet repair device consisting ofmicrosecondpulse power supply,
gas path, flow rate control meter, jet reactor, mechanical arm and experimental platform
was designed. Discharge characteristics under different experimental conditions were
studied, and the effect of reaction medium addition on the plasma discharge characteris-
tics was analyzed.Moreover, the plasma jet was applied to treat the damaged SIR surface
to study the insulating material properties under different experimental conditions, and
the physicochemical reaction mechanism of plasma repair on SIR was investigated.

2 Experiment

2.1 Materials Preparation

Square SIR insulation materials of 1 cm in length, 1 cm in width and 1 mm in thickness
are prepared as a sample, and a 5 mm long and 1 mm deep crack is introduced on sample
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surface with a knife to simulate crack aging. The samples are treated continuously for
10 min under different plasma reaction conditions.

2.2 Set up of APPJ System

A plasma jet system applied to the surface treatment of SIR insulation is shown in Fig. 1.
A 140 mm long (6 mm inner diameter and 8 mm outer diameter) glass tube is used as
the barrier medium, a 3 mm diameter copper needle as the high voltage electrode, and
a 10 mm wide copper foil as the ground electrode for the jet reactor. A microsecond
pulsed power supply with adjustable frequency and amplitude is applied to excite the
plasma jet with an output voltage range of 0–30 kV and an output frequency of 1–5 kHz.
A flow meter is used to control the concentration of the working gas Ar, the reaction
medium (alkoxysilane) and the additive water. In this study, the flow rate of Ar is kept at
1 L/min, that of reaction medium is controlled from10 to 16 mL/min and that of water
is controlled from 0 to 9 mL/min. The voltage and discharge current waveforms are
obtained by a high-voltage probe and a current coil, respectively, and recorded by an
oscilloscope. The emission spectra of the APPJ plume are obtained by a spectrometer
to analyze the reaction characteristics of the active particles in the plasma.

Fig. 1. Diagram of APPJ system and discharge diagnosis

2.3 Characterization of Insulting Materials

(1) Flashover test
Aflashover voltage test equipment is illustrated in Fig. 2. It consists of a high voltage
DC source, high voltage probe, current coil, oscilloscope and a sample platform.
The platform is constructed by two finger electrodes with a diameter of 10 mm and
a distance of 5 mm. The voltage increases at a rate of 500 V/s until flashover occurs,
and the flashover voltage is recorded.
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Fig.2. The setup of flashover test

(2) Mechanical test
The mechanical properties of the insulation material are evaluated by weight ten-
sion, as shown in Fig. 3. A simple vertical stretching device is made by hooks,
dovetail clamps, tray and weights. During the mechanical test, the weights gradu-
ally increase at 50 g/time until the cracks completely reappear, and the weights are
recorded as the typical parameter for evaluating the mechanical properties of the
SIR materials.

Fig. 3. The setup of mechanical test

3 Plasma Jet Discharge Characteristics

Diagnosis of discharge characteristics and optical properties is the key means to analyze
the discharge level. Through the pre-experimental investigation, it is found that the
microsecond pulse power supply produces the longest jet plume, highest luminescence
intensity and continuous discharge without obvious interruptions under the voltage of
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15 kV and frequency of 3 kHz. Therefore, in this chapter, the variation of APPJ discharge
characteristics under different combinations of the repair agent andwater at 15 kV/3 kHz
is analyzed to find the optimal addition content of reaction medium.

3.1 Discharge Characteristics Analysis

The symbols of different experiments are shown in Table 1, and the voltage and discharge
current waveforms of plasma under different experiments are shown in Fig. 4. It can be
seen that, compared with the discharge current under the experimental conditions of 0+
0, the addition of repair agent and water increases the peak discharge current to a certain
extent. The peak current is 0.13 A under the condition of 0 + 0; as the reaction medium
remains 13 ml/min and the water flow rate increases from 0 to 3 ml/min, the peak current
increases from 0.28 to 0.5A, and the addition of water promotes the discharge to a certain
extent. By contrast, as the water further increases to 9 mL/min, the discharge current is
weakened. It can be seen that the promotion effect of water addition on plasma discharge
has a tendency to increase first and then decrease, and the best discharge intensity reaches
as the water flow rate is 3 ml/min. When the water flow rate is kept at 3 mL/min and the
flow rates of reaction medium are 10, 13 and 16 mL/min, the peak discharge currents
are 0.32, 0.5 and 0.18 A, respectively. It can be seen that the addition of the reaction
medium also has a tendency to increase and then decrease the plasma discharge effect,
and the best discharge effect obtains as the flow rate of reaction medium is 13 mL/min.

Table 1. Symbols of different experiments

Symbols Flow rate (mL/min)

Ar Alkoxysilane Water

0 + 0 1000 0 0

13 + 0 1000 13 0

13 + 3 1000 13 3

13 + 9 1000 13 9

10 + 3 1000 10 3

16 + 3 1000 16 3

3.2 Emission Spectral Characteristics

The emission spectra images under different experimental conditions are shown in Fig. 5.
Since different active particles locate at different wavelengths in the spectral images, the
type and the concentration of active particles can be characterized by wavelength and
intensity, respectively. The spectral images show that the excited particles are mainly
OH (A → X), N2 (C → B) and Ar (4p → 4s), and the reaction equations are shown
below. After adding alkoxysilane and water, the number of active particles increases
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Fig. 4. Discharge voltage and current waveforms under different experimental conditions

due to the Penning ionization of these medium reacting with e* and Ar*; on the other
hand, water and alkoxysilane macromolecules will adsorb e* and Ar* and decrease the
number of active particles, inhibiting the discharge to some extent. Therefore, it can be
seen that the intensity of the excited particles under 13 + 3, 13 + 9, 10 + 3, 0 + 0, and
13 + 0 are all higher, and the intensities of the excited particles under the experimental
conditions of 13 + 3 and 10 + 3 reach at the best level. By contrast, under the condition
of 16 + 3, the content of OH particles and N* is significantly lower, which is consistent
with the results of the discharge current. The moderate addition of alkoxysilane and
water can promote the ionization reaction and thus enhance the APPJ intensity, which
increases the peak discharge current and promotes the content of excited state particles;
while as excessive water and alkoxysilane is added, these macromolecules will adsorb
a certain amount of excited particles and inhibit the discharge, leading to the decrease
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of discharge current and the spectral intensity.
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Ar + e∗ → Ar∗ + e
H2O + e∗ → H + OH∗ + e
H2O + Ar∗ → H + OH∗ + Ar
N2 + e∗ → N∗

2 + e
N2 + Ar∗ → N∗

2 + Ar

Fig. 5. Images of discharge spectra under different experimental conditions

4 Insulation Material Repair Based on APPJ

4.1 Flashover Voltage

The flashover voltages on the SIR surface under different experimental conditions are
shown in Fig. 6. It can be seen that the introduction of cracks significantly reduces
the flashover voltage from 12 kV to 8.48 kV, while the plasma treatment effectively
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improves the electrical properties of the damaged insulating material. Although pure
plasma treatment (0 + 0) does not deposit a thin film on the insulating material surface,
the plasma etching increases the surface roughness of the material, which promotes the
flashover voltage. The electrical insulating properties of SIR are further enhanced by the
addition of reaction medium, which heals the cracks under plasma action and deposits
a silicone-containing film at the same time. It can be seen that the flashover voltage
increases from 8.48 to 10.76 kV in 13 + 3 experimental condition, increased by 89.9%.
Although both 13+ 0 and excess water addition (13+ 9) reduce the recovery effect, such
as 8.48 kV under 13 + 0 and 9.54 kV under 13 + 9, the electrical insulating properties
are still recovered to some extent compared to the damaged SIR insulation.

Fig. 6. Flashover voltage under different experiment conditions

4.2 Mechanical Properties

The effects ofmechanical properties recovery of SIR insulation under different treatment
experimental conditions are shown in Fig. 7. It can be seen that the introduction of cracks
has a significant damage to the mechanical properties of the SIR material, causing
a decrease in tensile strength (2.94 N). After the plasma treatment, the mechanical
properties of the damaged SIR insulation are enhanced to a certain extent regardless of
the experimental conditions. The optimal repair effect is achieved under 13 + 3, which
withstands a maximummechanical stress (11.76 N, increased by 300% compared to the
damaged insulation material). Close to the trend of flashover voltage, water-free (13 +
0) and excess water addition (13 + 9) both reduce the repair effect of plasma on the
mechanical properties, e.g., the maximum mechanical stress is 8.82 N under 13 + 0 and
that is 9.80 N under 13+ 9. However, pure Ar treatment (0+ 0) has limited repair effect
on the mechanical properties of damaged SIR materials, which may be caused by the
small effect of plasma etching on the mechanical strength of the material. By contrast,
the plasma-assisted silicone deposition completely fills the crack gaps, thus effectively
enhancing the mechanical strength of the insulation material.
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Fig. 7. Mechanical properties of damaged SIR under different experimental conditions

5 Conclusion

This paper proposed a repair method for damaged SIR insulating materials based on
APPJ with alkoxysilane and water. By regulating the additive concentration of reaction
medium, the discharge characteristics of APPJ and its repair effect on the damaged SIR
insulating materials were studied.

(1) A plasma repair equipment based on APPJ is established, which consists of jet
reactor, gas-liquid mixing device, microsecond pulse power supply and gas flow
rate controller. It is demonstrated that the plasma repair achieves a significant
improvement in the electrical and mechanical properties of damaged SIR.

(2) Under the conditions of 1 L/min Ar, 13mL/min alkoxysilane and 3mL/min water, a
plasma jet with good discharge intensity, long plume length and high concentration
of active particles is obtained. The moderate addition of reaction medium increases
the active particle through Penning ionization effect, thus enhancing the plasma
discharge.

(3) After treated by the optimal plasma conditions, the flashover voltage of SIR
increases to 10.76 kV comparedwith the damagedmaterial (8.48 kV),which returns
to 89.9% of the intact SIR (11.97 kV). In addition, the mechanical stress of the dam-
aged SIR is also recovered, where the maximum mechanical stress increases from
2.94 to 11.76 N.

Acknowledgment. This work was sponsored by the State Grid Jiangsu Electric Power Co., Ltd.
Science and Technology Project (No. J2022079).
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Abstract. The traditional dielectric barrier discharge reactors with metal-
grounded electrodes have the disadvantages of electrode ablation, short lifetime
and poor stability, which limit the practical application of non-thermal plasma de-
NOx technology. In order to solve this problem, a coaxial cylindrical DBD reactor
with the NaCl solution grounded electrode was constructed. The effects of simu-
lated exhaust gas flow rate, O2 concentration andNO concentration on the de-NOx
performance were studied. The results show that the specific energy density for
de-NOx gradually decreases with the exhaust gas flow rate. The NOx transforma-
tion trend with the increasing O2 volume fraction by plasma treatment is shown
as NOx removal mode (de-NOx efficiency >90%) → NOx stable mode → NOx
growthmode. The energy consumption of removingNOper unit volume gradually
decreases with the initial NO concentration. In addition, the reactor with liquid-
grounded electrode shows excellent performance of de-NOx efficiency and energy
consumption. This work provides novel idea for the optimization of the dielectric
barrier discharge reactor structure and the practical application of de-NOx process.

Keywords: NaCl solution grounded electrode · Dielectric barrier discharge ·
NOx removal

1 Introduction

The exhaust gas emitted by the combustion of fossil fuels and biomass fuels has a big
bad impact on regional development, ecological environment and human health [1, 2].
Nitrogen Oxides (NOx) are considered as one of the major atmospheric pollutants and
the main source of greenhouse effect, acid rain, photochemical smog, and PM2.5 [3].
Many governments have issued increasingly stringent policies and regulations to control
NOx emissions in response to the serious harm caused by NOx.

Nitric Oxide (NO), the main component of NOx, has stable chemical properties.
While the components of industrial exhaust gas are often complicated, it is difficult to
achieve efficient NOx removal by simple absorption and chemical separation. The DBD
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technology has the advantages of simple reactor structures, ambient operation conditions
and abundant active free radicals [4, 5]. It has a wide range of application prospects in
the field of exhaust gases NOx treatment [6–8]. The main principle of DBD de-NOx
technology is that gasmolecules generate high-energy electrons, active radicals, ions and
other particles under high-voltage excitation. These particles collide with the exhaust
gas molecules to produce chain chemical reactions, so that the exhaust gas harmful sub-
stances crack, compound, and convert into harmless product N2. The structure of DBD
reactor is the key factor to determining the discharge and de-NOx performance [9–12].
For the coaxial DBD reactors. The grounded electrode is arranged outside the insulating
dielectric layer to directly contact with the external environment. The design is more
diverse, which is an important factor affecting the discharge performance. Shao et al.
[13] studied the effects of metal-grounded electrode materials, electrode lengths, and
electrode structures on reactant conversions, product selectivity and energy conversion
efficiencies by a micro-second pulsed power supply. The results show that the copper
foil electrode with higher conductivity, longer discharge length and larger coverage area
has better performance. Niu et al. [12] investigated the effects of a multi-stage metal
grounded electrode on the electrical property, discharge mode, and energy consumption
of plasma discharge. It was found that the multi-stage grounded electrode structure can
obtain a lower pulse current peak, more locally homogenous and stronger filamentary
micro-discharge channels, and lower energy consumption. Lee et al. [14] further ana-
lyzed the effects of increasing segmented grounded electrode structure on discharge
characteristics. The results show that the discharge power, current density and current
intensity gradually increasewith the number of segments of the grounded electrode under
the same applied voltage. Although scholars have made some progress in the research
of traditional metal-grounded electrodes. However, there are still many shortcomings
in the practical application of metal-grounded electrodes. For example, the metal elec-
trodes often form electrode edge effects at local spikes and outside edges [15, 16], which
enhances the charge memory effect at the edges and weakens the homogeneity of the
entire discharge area [17]. In addition, the metal-grounded electrodes exposed to the
environment are prone to ablative oxidation during long-term operation, affecting the
operating lifetime and discharge stability of the electrodes.

To overcome the drawbacks of the traditional metal-grounded electrode structures, a
novel grounded electrode with liquid solution was proposed. A NaCl solution grounded
electrode reactor was used in this work. The effects of simulated exhaust gas flow rate,
O2 concentration and NOx concentration on the de-NOx performances were studied
further. This work is helpful to promote the development of DBD technology with the
liquid-grounded electrode and reveal the plasma de-NOx mechanism.

2 Experimental Sections

2.1 Experimental System

Figure 1 shows the experimental system diagram of the DBD de-NOx with the liq-
uid grounded electrode. The de-NOx experimental devices of the DBD reactor mainly
include the plasma generation system, the control system of simulated gas, and the
diagnosis system of characteristic parameter. The plasma generation system includes
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a high-voltage AC power supply (CTP-2000K), a self-designed DBD reactor with the
liquid-grounded electrode. Detailed parameters of the DBD reactor can be found in our
previous study [18]. TheNaCl (Analytical Purity≥ 99.5%) solutionwas pumped into the
reaction chamber for circulation. The solution conductivity was determined by a portable
conductivity meter (DDS-11A). The simulated exhaust gas was mixed by N2, O2, NO,
NO2. The simulated exhaust gas flow rates and composition fractions were controlled by
mass flow meters (CS200AD). The diagnostic system of feature parameters consisted
an exhaust gas analyzer (Model 3080UV), a digital oscilloscope and an eight-channel
fiber spectrometer (MX2500+). The discharge image was taken by the digital camera
Canon DS126201. Finally, the treated exhaust gas was washed by a chemical washing
bottle.

Fig. 1. Experimental system diagram of the DBD de-NOx with liquid grounded electrode.

2.2 Experimental Conditions

The temperature of the NaCl solution and the initial exhaust gas NOxwere kept at 300K.
The discharge frequency and conductivity of NaCl solution were 8 kHz and 32 mS/cm,
respectively [18]. The effects of simulated exhaust gas flow rate, O2 concentration, NO
concentration, NO2 concentration on de-NOx performances were studied in this paper.
The parameters of exhaust gas NOx are shown in Table 1.

Table 1. Specific parameters of simulated exhaust gas NOx.

Parameters Value

Exhaust gas flow rate (L/min) 0.4, 0.8, 1.2, 1.6, 2.0

O2 concentration (%) 0, 2, 4, 6, 8, 10, 12, 14, 16

NO concentration (ppm) 0, 100, 300, 500, 700, 900

NO2 concentration (ppm) 0, 500

2.3 Data Analysis

Specific energy density (SED) is used to characterize the energy consumption of exhaust
gas per unit volume during plasma de-NOx, as shown in Eq. (1).

SED = 60 ∗ Pin

1000 ∗ Q
(1)
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where Pin is the input power (W), Q is the simulated exhaust gas flow rate (L/min).
The NOx removal efficiency is shown in Eq. (2).

ηNOx = CNOx−in − CNOx−out

CNOx−in
× 100% (2)

where CNOx-in is the initial concentration of NOx, CNOx-out is the concentration of NOx
after plasma treatment.

3 Results and Analysis

3.1 Influence of Exhaust Gas Flow Rate on De-NOx Performance

The effect of exhaust gas flow rate on de-NOx performance was studied at the constant
molar ratio of exhaust gas NOx (4% O2, NO 500 ppm, NO2 0 ppm). Figure 2(a-b)
show the variation of NOx removal efficiency versus the exhaust gas flow rate. The
NOx removal efficiency decreases as the exhaust gas flow rate at the same input power.
The NOx removal efficiency reaches highest 97.67% when the exhaust gas flow rate
is 0.4 L/min and the power is 44 W. This is because the SED decreases with the gas
flow rate, which resulting in the reduction of the dissociation reaction rate and the active
particles. In addition, the residence time of exhaust gas in the reaction zone decreases
[19, 20]. However, to achieve the same de-NOx efficiency, the larger the exhaust gas
flow rate, the smaller the SED is required. When the de-NOx efficiency is 92.71%, the
SED required for the exhaust gas system with a flow rate of 2.0 L/min is the minimum,
which is 3.15 kJ/L. It is found that the bigger flow rate can make the distribution of
charged particles more dispersed [16]. A large flow rate can improve the uniformity of
DBD discharge, but excessive flow rate will lead to insufficient de- NOx reactions. So,
there is an optimal flow rate value. This pattern has also been confirmed by relevant
reports [21, 22].

Fig. 2. Influence of exhaust gas flow rate on de-NOx performance.

3.2 Effect of O2 Concentration on De-NOx Performance

Effect of NOx Components on de-NOx Performance Without O2
The exhaust gas flow rate of 2.0 L/min was selected, and the NOx concentration was set
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at 500 ppm. The effect of NOx components on de-NOx performance was studied in the
absence of oxygen, as shown in Fig. 3. When the initial NOx component is only NO,
the NO concentration first decreases rapidly with the SED, and then slowly decreases
to 0 ppm. The NO2 concentration increases slightly during the initial discharge phase,
reaching a maximum of 17 ppm at 0.65 kJ/L, and then gradually decreasing to 0 ppm.
This is because O atoms, which can easily recombine with NO to form low concentration
NO2, is one of the yields of NO reduction.When the initial NOx component is only NO2,
the change trend of the NO2 concentration is similar with that of NO alone. However,
the NO concentration increases obviously in the initial discharge phase, reaching the
maximum value of 94ppm at 0.65 kJ/L, and then gradually decreases to 0ppm. It is
pointed out that NO2 removal process can be divided into two phases. NO2 is reduced
to NO and then NO is reduced to N2, as shown in Fig. 3a. Figure 3b shows the effect
of NOx components on removal efficiency. The NOx can be basically removed in the
absence of oxygen. And the discharge process is close to dispersion uniform discharge
[23]. Furthermore, the removal efficiency of NO is higher than that of NO2 due to NO
removal only needs one stage. The difference of between the two can reach 15.85% at
0.65 kJ/L.

Fig. 3. Effect of NOx components on de-NOx performance without O2.

Effect of Oxygen Concentration on De-NOx Performance
The N2/O2/NOx (NO 500 ppm, NO2 0 ppm) system with a total flow rate of 2 L/min
was built. The effects of different O2 concentrations (2%–16%) on the de-NOx perfor-
mance were studied, as shown in Fig. 4. Figure 4 (a-c) show the variation curves of
NO, NO2 and O3 versus SED at different oxygen concentrations. In order to facilitate
the analysis, O2 concentrations were divided into three levels: oxygen-poor condition
(2%–4%), oxygen-mediumcondition (6%–10%), and oxygen-enriched condition (12%–
16%). Under oxygen-poor condition, the NO concentration decreases rapidly to close
to 0 ppm as SED increases, while the NO2 concentration reaches the maximum and
is accompanied by the production of O3. With the further increase of SED, the NO2
concentration gradually decreases, and the O3 concentration increases rapidly and then
flattens. It is pointed out thatNOx reduction pathway dominates.Moreover, the transition
from NOx mode to O3 mode occurs during the NOx removal process (NOx decreases,
O3 increases). This is because the fact that NO accelerates the quenching of O3 [24].
O3 shows a rapid and then slow growth trend after NO is removed. This is because
the temperature of the reaction zone rises with the increase of SED, accelerating the
decomposition of O3 [25]. Under oxygen-medium condition, The NO first decreases
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rapidly with SED, and then stabilizes. The NO2 concentration first rises rapidly and then
maintains at a stable trend. And the increase of NO2 is basically close to the decreases of
NO. It can be seen that the NO oxidation pathway dominates, and O3-free is produced
due to the residues of NO. Under oxygen-enriched condition, the NO concentration
first decreases with SED and then gradually rises. The NO2 concentration remains sta-
ble after rapid increases. And the NO2 growth was higher than the reduction of NO.
Figure 4d shows the removal efficiency of NOx at different O2 concentrations. Under
the conditions of oxygen-poor, oxygen-medium and oxygen-enriched, the NOx removal
efficiency is greater than 90%, less than 40% and negative, respectively. This is because
the reaction rate of N(2D) + O2 → NO + O increases with the O2 concentration, gen-
erating extra NO. Thus, the exhaust gas system shows a NOx growth pattern [26], and
only part of NO is removed.

Fig. 4. Effect of oxygen concentration on de-NOx performance.

Diagnosis of Plasma Optical Emission Spectroscopy
The optical emission spectroscopy (OES) is a non-invasive plasma diagnostic technique,
which is usually used to characterize the discharge collision processes of species exci-
tation and ionization [27]. Figure 5 shows the OES for N2 and simulated exhaust gas
with oxygen-poor. Firstly, the OES of N2 mainly includes spectrum bands such as the
NOγ, the second positive system (SPS), the first negative system (FNS), the first positive
system (FPS), and a series of N atoms spectrum lines (742.4 nm, 744.2 nm, 746.8 nm,
868.0 nm, etc.). It is noticeable that there is a NOγ spectrum band at N2 discharge. It
is because the N2 used in the experiment contains trace amounts of water vapor. This
phenomenon is also supported by relevant literature [28]. In addition, the intensity of N
atoms spectrum lines is relatively weak. However, The N atoms is an important active
radical for exhaust gas NOx to achieve high N2 selectivity [29]. Secondly, the OES
of simulated exhaust gas with oxygen-poor shows that the NOγ spectrum bond basi-
cally disappears. It is confirmed that NO has been basically removed. In addition, the O
atoms spectrum lines are observed at the wavelength of 777.4 nm and 844.6 nm. The O
atoms are a kind of reactive radical with strong oxidation, which can be combined with
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background gas to produce O3. The O atoms and O3 molecules cooperate to create an
oxidizing atmosphere [30].

Fig. 5. Plasma optical emission spectroscopy of N2 and oxygen-poor simulated exhaust gas.

3.3 Effect of NO Concentration on de-NOx Performance

Figure 6 shows the effect of NO concentration on de-NOx performance. The variation
of NOx removal efficiency with the SED at different initial NO concentration is shown
in Fig. 6a. The NOx removal efficiency is the highest at an initial NO concentration of
100 ppm, reaching amaximumof 97%at 2.1 kJ/L. TheNOx removal efficiency decreases
with the NO concentration which accompanied by the increase of energy consumption.
This phenomenon is also confirmed in the literature [21]. The variation of SED with NO
concentration at the same de-NOx efficiency is further analyzed as shown in Fig. 6b.
The initial NO concentration of 100 ppm is normalized to unit volume fraction, and the
required SED is considered as the calculation basis. The theoretical SED values required
for other NO concentrations at the same removal efficiency are calculated by the law
of equal proportional increase, and compared with the experimental results. The results
show that the SED required for the experiment increase proportionally at first and then
tends to slow down gradually with the increase of the initial NO concentration. And the
experimental value is lower than the theoretical value at the higher NO concentration.
In addition, the difference between experimental and theoretical value of SED increases
with the improvement of removal efficiency. The SED required for the experiment is
1.8 times lower than the theoretical value when the de-NOx efficiency is 75% and the
initial NO concentration is 900 ppm. It is found that increasing the NO concentration
of the reactant can increase the number of activated molecules, the number of effective
collisions and the reaction rate. Therefore, increasing the NO concentration can reduce
the energy consumption of NO removal per unit volume fraction.
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Fig. 6. Effect of initial NO concentration on de-NOx performance.

4 Conclusions

In this paper, the effects of simulated exhaust gas NOx flow rate, O2 concentration
and NO concentration on de-NOx performance were studied based on a DBD reactor
of NaCl solution grounded electrode. Firstly, it is revealed that the de-NOx efficiency
is higher under the low exhaust gas flow rate. While the energy consumption per unit
volume exhaust gas is lower at high exhaust gas flow rate. Secondly, the influence of
O2 concentration on NOx removal was elaborated. At the oxygen-free condition, NOx
removal efficiency is close to100%. It is noticeable that NO can be reduced by only one
step, while NO2 removal requires two-steps. At the oxygen-poor condition, the plasma
discharge area of simulated exhaust gas NOx is a reducing environment, and the de-
NOx efficiency is high. Under the oxygen-medium condition, the de-NOx efficiency
is low. Under oxygen-enriched condition, the simulated exhaust NOx shows a growth
mode. Finally, it is pointed out that higher NO concentration can reduce the energy
consumption of NO per unit volume fraction. In this work, it is confirmed that the DBD
reactor with liquid-grounded electrode has better discharge characteristics and de-NOx
performances than the traditional DBD reactor.
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Abstract. Micron alumina epoxy resin is easy to accumulate a large number of
charges under a DC electric field, which leads to flashover along the surface and
threatens the operation of the power system. In the paper, we used four common
release agents to prepare micron alumina epoxy resin samples, and modified the
surface of each sample by plasma technology. We explored the effect of release
agent on the physicochemical properties of plasma modified epoxy resin by SEM
and XPS. Finally, we tested the flashover voltage, charge dissipation rate, and trap
distribution, and analyzed the influence of release agent and plasma etching on the
electrical properties of epoxy resin. The results show that the four release agents
have different effects on the flashover voltage of epoxy resin; Plasma etching
introduces the physical traps and chemical shallow traps, and increases the charge
dissipation rate of epoxy resin. The flashover voltage of epoxy resin increases first
and then decreases with etching time of plasma. The various test methods and test
results used in this paper will help to reveal the intrinsic connection between the
gas-solid interface properties of epoxy materials and DC flashover, and provide a
possible scheme to improve the DC flashover performance of insulating materials.

Keywords: Release Agent · Plasma Etching · Epoxy Resin · Surface Flashover

1 Introduction

With the rapid development of the HVDC transmission system, the power system has
put forward higher requirements for the insulation performance of electrical equipment
[1]. HVDC is suitable for long-distance and large-capacity power transmission, which is
convenient to realize the allocation of resources in awide range. For areaswhere overhead
lines are difficult to erect, we often use gas-insulated transmission lines (GIL) to realize
HVDC [2]. At present, alumina epoxy resin is commonly used as insulation supports for
DC transmission equipment such as gas-insulated transmission lines. However, epoxy
resin tends to accumulate a large number of charges under the DC electric field, which
leads to surface flashover and seriously threatens the operation of the power system [3].
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The results show that the surface flashover of epoxy resin is closely related to the
accumulation and dispersion of surface charge at the gas-solid interface. The move-
ment characteristics of surface charge are affected by the surface morphology, chemical
composition, and electrical parameters of the material, and it specifically includes sur-
face roughness, functional group content, surface conductivity, and volume conductivity,
traps energy level distribution, etc. [4, 5]. Low-temperature plasma etching technology
has the characteristics of high reaction efficiency, simple operation, energy saving, and
environmental protection, and it can achieve surface modification safely and efficiently
[6]. Therefore, many scholars use the plasma etching effect to improve the surface
flashover performance of insulating materials. Seok et al. used DBD (Dielectric Bar-
rier Discharge) to modulate the etching depth of the SiC surface by varying the power
supply parameters and gas occupancy in an NF3/He gas atmosphere [7]. Dai et al. used
a plasma jet device to etch the material in a He/O2 gas mixture and etched different
microporous properties in the material by controlling the distance between the nozzle
and the material, the oxygen content and the etching time [8]. Luan et al. achieved the
surface etching of polystyrene, polymethyl methacrylate and polyvinyl alcohol in Ar/O2
mixed gas by using radio frequency plasma jet device [9]. Shao et al. found that plasma
etching increases the flashover voltage of the epoxy resin and changes the surface chem-
ical composition of the epoxy resin, which in turn affects the surface charge dissipation
rate and trap level distribution [10]. Zhang Caiqin et al. used DBD and atmospheric
pressure plasma jet devices to physically etch the surface of epoxy resin, and found that
the surface roughness, surface conductivity, flasticity voltage and charge dissipation rate
of the sample increased after etching [11].

To sum up, although scholars at home and abroad have carried out much research
on plasma etching modification and improvement of surface flashover performance of
composite materials, most of them only focus on the improvement of composite materi-
als by plasma treatment while ignoring the influence of process parameters in material
preparation [12, 13]. The epoxy insulator used in the actual GIL is produced in a stan-
dardized and large-scale way by a specific process flow. As a thermosetting resin, epoxy
material is mainly produced by high-temperature curing molding [14]. To ensure that
the epoxy insulator can be separated from the metal mold after molding, it is necessary
to apply the mold release agent when the mold is installed and the release agent directly
contacts the insulator surface, so it will have a certain impact on the interface characteris-
tics and surface flashover performance of epoxy materials [15]. Therefore, studying the
process parameters of epoxy resin will be helpful to further reveal its gas-solid interface
characteristics and improve the effect of plasma surface modification.

In this paper, we used four common release agents to prepare micron alumina epoxy
resin samples, and we modified the surface of each sample by plasma technology. And
we investigated the effects ofmold release agents on the physical and chemical properties
of plasma-modified epoxy resin interface by various testing methods. Finally, we tested
the flashover voltage, charge dissipation rate, and trap distribution, and analyzed the
influence of release agent and plasma etching on the electrical properties of epoxy resin.
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2 Experimental Device and Test Platform

2.1 Sample Preparation

The sample materials used in this paper were epoxy resin samples doped with micron
alumina particles, which were made by our research team. The micron alumina epoxy
resin sample was based on bisphenol A diglycidyl ether (DGEBA, RD518) pro-
duced by Shanghai Resin Factory Co., Ltd., with methyl tetrahydro phthalic anhydride
(MTHPA,504) as curing agent,2,4,6- tris (dimethylaminomethyl) phenol (DMP30) as
an accelerator, and 10 u m Al:O produced by Shanghai Chaowei Nanotechnology Co.,
Ltd. The ratio of epoxy resin, curing agent, alumina filler, and accelerator in the sample
was 100:80:300:1. The preparation experimental process is shown in Fig. 1.

MTHPA

DMP3 0

EP

Al2O3

Stir 10min
60°C

Degassing
10min
60°C

Solidify
12h

120°C

soften
40°C

Stir 10min
60°C

Apply different
release agents

Fig. 1. Alumina epoxy resin sample preparation process

2.2 Plasma Etching

In this paper, we usedDBD to achieve uniform etching on the sample surface, as shown in
Fig. 2. The plasmaDBDdevice consisted of two parts: a circuit and a gas path. The circuit
part mainly included a high-frequency power supply, DBD reactor and oscilloscope. The
gas path part mainly included an argon gas bottle, exhaust gas processor and mass flow
controller.

After the samplewas prepared,wefirst clean the surface of the samplewith anhydrous
ethanol. Then we put the sample into a drying oven for 2 h. Finally, we conducted plasma
surface etching experiments in a constant temperature laboratory with a temperature of
25 °C and a humidity of 40%. The etching time of plasma surface was set as 1min, 2min,
3 min, 4 min and 5 min, and the samples were labeled according to the different release
agents. If marked 95-DBD-1, it meant that the sample prepared with release agent 95
had been physically etched for 1 min.

2.3 Sample Characterization and Testing

This paper tested the surface morphology, chemical composition, and surface electrical
properties of micron alumina epoxy resin before and after physical etching on the plasma
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Fig. 2. Plasma dielectric barrier discharge modified platform

surface. Scanning Electron Microscope (SEM) observed the surface morphology of
the filler. X-ray Photoelectron Spectroscopy (XPS) was used to obtain surface element
composition and relative content.

The negative polarity flashover test along the surface was carried out on the samples
with different release agents and different treatment times, as shown in Fig. 3. The
electrode spacing was 7 mm and the radius of the finger electrode was 7.5 mm. A
negative polarity DC source is applied to ramp up the electrode at a uniform rate of
50 V/s until a flashover occurs along the face. For each type of release agent, 4 samples
were tested for 15 times at each treatment time, with each test interval of 1 h. We used
Weibull distribution to analyze the absolute value of negative flashover voltage and
determine the final flashover voltage.

Fig. 3. Flashover experiment platform

To investigate the surface charge and trap distribution characteristics of micron alu-
mina epoxy resin with different release agents at different treatment times, the experi-
mental facility shown in Fig. 4 was applied to test the decay rate of the surface potential
of sample. A needle with a length of 10 cm and a curvature of 0.5 mm was suspended
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Fig. 4. Surface charge measuring platform

5 mm above the specimen and charged the surface of the specimen for 1 min. An probe
was suspended 2 mm above the specimen for single-point potential dissipation measure-
ment with a sampling frequency of 0.01 kHz, and the surface potential decay data were
recorded within 30 min.

3 Experimental Result

3.1 Sample Surface Morphology and Elemental Changes

Since the processing means of the samples prepared by different release agents were the
same, and the processing time was 0–5 min, SEM was used to observe the microscopic
morphology of the filler surface of the treated alumina epoxy resin samples according
to the different processing times of different release agents, and the SEM images of
the selected 95-DBD 0–5 min samples are shown in Fig. 5. It can be found that the
surface of the untreated sample is relatively flat except for a small number of burrs, and
after 1 min of plasma physical etching on the surface of the sample, protrusions and
grooves begin to appear on the surface of the sample, and part of the Al2O3 filler is
exposed. After 5 min of plasma etching, the protrusions and grooves on the surface of
the sample further increased, which not only aggravated the exposure of the filler, but
also many fillers were etched, and the surface flatness was affected. A similar pattern can
be obtained by comparing the SEM images of the epoxy resin samples under different
release agents, which are not listed here.

All samples etched for 5 min were selected for XPS testing, and the C 1s peaks of
all samples were separated into peaks, and the results are shown in Fig. 6(a)–(e). The
samples with fluorine-based release agents had obvious F 1 s peaks at 688–689 eV, which
were attributed to the organic fluoride in the release agent. The epoxy resin used in this
paper contains Si elements, and all five samples show Si 2s peaks and Si 2p peaks at
150.5 eV and 102 eV, respectively. The peaks at 284.8 eV and 286 eV corresponded to
C-C and C-O bonds, respectively, peaks corresponding to C=O bonds were present at
288.5 eV for the unused release agent sample, the fluorinated release agent sample and
the release wax sample.

In addition, the changes of chemical elements on the sample surface before and after
modification can be known by XPS, and the XPS plots of selected 95-DBD-0 and 95-
DBD-5 samples are shown in Fig. 6(f). It was found that with the increase of etching
time, the relative content of carbon elements on the surface of the samples gradually
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(a) untreated (b) 1 min etching (c) 2 min etching

(d) 3 min etching (e) 4 min etching (f) 5 min etching

Fig. 5. SEM image of epoxy resin surface before and after plasma fluorination

decreased, while the relative content of oxygen elements gradually increased. The C 1s
peaks of the samples with different etching times were divided into peaks, and it was
found that the C-O bond and C=O bond contents on the surface of the plasma-etched
samples increased.

In summary, the analysis suggests that this is because after the sample ismoved out of
the reactor after the argonplasmaDBDtreatment is completed, the high-energygroups on
the surface come into contact with air, generating oxygen-containing functional groups
such as hydroxyl groups, and reorganize with the chemical bonds on the surface of the
sample that are also broken by high energy, thus grafting oxygen elements onto the
sample.

Figure 7 shows the relative elemental contents of the five types of samples after
etching for 5 min. Among them, the relative elemental content of F is the most in the
sample prepared by the fluorine release agent, and the relative elemental content of F
is less in the sample prepared by other release agents. After the plasma etching process
was completed, the samples were removed from the reactor, and the high-energy groups
on the surface came into contact with air and formed C-O bonds and C=O double bonds,
so the samples had the highest relative elemental content of O. The silicon release agent
has a layer of oil film on the surface, which hinders the etching, and the release wax will
also leave more wax on the surface of the sample, so the C-O bond and C=O bond are
not formed on the surface of both.

3.2 Results of Flashover Along the Surface

The variation of flashover voltage along the surface of micron alumina epoxy resin
samples with different release agents at different treatment times is shown in Fig. 8. The
horizontal coordinate of the graph is the plasma physical etching treatment time, and
the different release agents are replaced by different colors, where the 11 kV horizontal
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(a) Original (b) Silicon release agent

(c) Fluorine release agent (d) Aliphatic hydrocarbon release agent

(e)Epoxy resin release wax
(f)XPS images before and after plasma 

modification

Fig. 6. XPS images of all samples

line represents the flashover voltage of the original sample without the release agent.
From the figure, it can be seen that the plasma physical etching of epoxy resin samples
with different release agents can increase the flashover voltage along the surface of the
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Fig. 7. Relative element content of all samples

Fig. 8. Flashover voltage before and after plasma modification

samples, but the increase is different, among which the epoxy resin release wax has
the best increase effect, reaching 13.67 kV after 3 min of etching, with an increasing
effect of 16.7%. Taking the plasma physical etching treatment time as the variable, it
was found that the overall flashover voltage of the samples showed a trend of increasing
and then gradually decreasing with the increase in treatment time. The highest flashover
voltage was achieved at 3 min of etching for the samples prepared with silicone release
agent and epoxy resin release wax. The sample prepared by the fluorine release agent and
aliphatic hydrocarbon release agent reached the highest flash voltage at 4 min of etching.
It indicates that different release agents have certain effects on the flashing along the DC
surface of the plasma-modified epoxy resin, but the modification trend is basically the
same.
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3.3 Surface Charge Dissipation and Trap Distribution

In this paper, the single-point surface potential decay of the sample was measured before
and after the modification for 30min, and the surface potential decay curve of the sample
was obtained by normalization, as shown in Fig. 9. It is found that plasma surface etching
can enhance the surface potential decay rate, and it gradually accelerateswith the increase
of the time of physical etching on the plasma surface.

Isothermal Surface Potential Decay (ISPD) uses DC charging to deposit a certain
amount of charge on thematerial surface, and the internal charge transport characteristics
and trap distribution characteristics are explored by measuring the charge variation law
with time [16]. The ISPD theory is further used to calculate the distribution of trap energy
levels for different slices. The trap energy level of the insulating material and the trap
energy level density satisfies the following relationship.

Et = kT ln(γ t) (1)

N (Et) = ε0εrt

kTf0(Et)δL

dV (t)

dt
(2)

where V(t) is the surface potential decay function, k is the Boltzmann constant, T is the
ambient test temperature, γ is the electron escape frequency, ε0 and εr are the vacuum
permittivity and relative permittivity, respectively. The surface potential decay curve in
Fig. 9 satisfies the double exponential function distribution, and V(t) can be expressed
as:

V (t) = ae−t/c + be−t/d (3)

where a, b, c, and d are the fitting parameters of the double exponential function. The
calculated trap curves can be used to analyze the flash performance of the composite
from both deep and shallow trap perspectives, as shown in Fig. 10.

It was found that the trap energy levels of the four samples after modification gradu-
ally became shallower and the content of shallow traps gradually increased. Combining
the changes in surface morphology and chemical elements in Sect. 2.1, it is clear that
plasma etching improves the surface roughness and increases the physical traps on the
surface, thus shallowing the surface trap energy levels. On the other hand, plasma etch-
ing causes oxygen-containing groups such as hydroxyl groups to graft on the material
surface, leading to the introduction of some shallow traps. The combined effect of the
two factors accelerates the rate of surface charge dissipation.
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(a) silicon release agent (b) fluorine release agent

(c) aliphatic hydrocarbon release agent (d) epoxy resin release wax

Fig. 9. Surface charge dissipation curves before and after plasma modification

4 Analysis and Discussion

4.1 Effect and Analysis of Different Release Agents on the Electrical Properties
of Epoxy Resin

It can be seen from Sect. 2.2 that there are differences in the flashover voltage along
the surface of samples by plasma physical etching with different release agents. Due to
the different transfer rates of release agents, the release agent will be left on the surface
of the sample to varying degrees when the sample is peeled off the mold. According
to the release effects of different release agents, the roughness of the contact surface
will also be affected [17]. In the process of sample preparation, we find that different
release agents can release the mold easily. After demoulding, the surface roughness of
the original sample is relatively consistent, but the residual amount of the release agent
is different. Therefore, this paper argues that different release agents affect the electrical
properties of epoxy resin mainly through the chemical composition remaining on the
surface of the sample.

Among the untreated samples prepared by four kinds of release agents, the flashover
voltage of samples prepared with silicon release agent, fluorine release agent, and
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(a) silicon release agent (b) fluorine release agent

(c) aliphatic hydrocarbon release agent (d) epoxy resin release wax

Fig. 10. Curve of trap before and after plasma modification

aliphatic hydrocarbon release agent is relatively low, which is 11.2 kV, 11.11 kV, and
11.15 kV respectively; the flashover voltage of samples preparedwith epoxy resin release
wax is relatively high, which is 11.71 kV. Organic silicon is a low surface energy mate-
rial, so the stripping force of release agent made of organic silicon polymer is relatively
small. At the same time, there will be more silicone oil remaining on the surface of
the sample [18]. Silicone oil is mainly presented with siloxane (polydimethylsiloxane),
and siloxane has good chemical stability and electrical insulation. The four valence
electrons in the outermost layer of silicon make the silicon atoms in a metastable struc-
ture. These valence electrons make the silicon atoms bond with each other in a covalent
bond, which makes the covalent bond relatively strong and does not affect the dielectric
properties of the sample surface. Fluorine release agent inherits the characteristics of
fluorine-containingmaterials, which can significantly reduce the surface energy of solids
and well solve the adhesion problem between finished products and abrasive tools [19].
However, when the release agent is configured, the amount of organic fluoride is very
small. Therefore, although fluorine has a strong electron affinity and can absorb elec-
trons, it has little influence on the electrical properties of the sample surface. Aliphatic
hydrocarbon release agent mainly uses liquid aliphatic hydrocarbon as a solvent. The
highest temperature in the experiment is 120 °C, under which the carbon chain will not
break and the chemical properties are stable. At the same time, there is no residue on
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the sample surface after the release, so it has little influence on the electrical properties
of the sample surface. The release wax is a solid coating agent. Compared with other
release agents, the uniformity of the wax is lower. When the sample is peeled off from
themold after curing, the residual amount of the wax is the most. At the same time, in the
four kinds of samples, due to the uneven distribution of the residual wax on the surface
[20], the surface is also the most uneven. The undulating structure formed increases the
creepage distance of the electron, which makes it more able to suppress the movement
of the electron compared with the samples prepared by other release agents. Therefore,
the flashover voltage of the sample is higher.

4.2 Effect and Analysis of Plasma Physical Etching on the Electrical Properties
of Epoxy Resin

Plasma physical etching can change the physical morphology, chemical elements and
electrical properties of the sample surface. Due to the limitation of preparation technol-
ogy and mold accuracy, there are a few burrs and defects on the surface of the unetched
sample, which will distort the nearby electric field, generate local corona, accumulate
a large amount of charge, and seriously affect the flashover voltage of the sample [21].
After plasma physical etching, thewavy structure formed increases the creepage distance
of electrons emitted by the cathode in the electric field, which makes the sample after
plasma etching more able to suppress the motion process of electrons. With the increase
in etching time, there is a larger undulating structure on the sample surface, which further
inhibits the movement of electrons on the sample surface, thus further improving the
flashover voltage of the sample. And plasma etching can introduce oxygen-containing
functional groups on the surface of the material, thus improving the surface conductiv-
ity of the sample. In addition, the introduction of oxygen-containing functional groups
can increase the physical trap and chemical shallow trap of the material, so that the
surface charge dissipates faster and the distortion ability of the surface charge to the
external electric field is inhibited. The combined action of the two factors makes the
plasma etching method can effectively improve the surface flashover performance of the
sample.

At the same time, a large amount of surface charge accumulates around the three
junction points of the finger electrode, which distorts the field intensity extremely. Long-
term plasma physical etching in this area can significantly promote the dissipation of
surface charge and inhibit the accumulation of surface charge at the three junction points.
Therefore, a certain time of plasma physical etching treatment can significantly increase
the flashover voltage of the sample. However, the rapid dissipation of surface charge will
introduce the seed charge to the development of surface discharge, andprovide conditions
for the formation of conductive channels. Therefore, long-time plasma etching will
reduce the flashover voltage along the surface. In conclusion, plasma physical etching
modification can specifically regulate the surface charge characteristics of the sample,
and improve the surface flashover performance of the sample.
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5 Conclusion

The paper used the argon plasma DBD method to modify micron alumina epoxy resin
samples with different release agents. We studied the changes of surface morphology,
chemical elements, surface flashover voltage, surface charge dissipation rate, and trap
distribution before and after etching. Finally we analyzed the mechanism of improving
the surface flashover performance of samples by the release agent and plasma gradient
etching modification. The main conclusions are as follows:

(1) The plasma physical etching of epoxy resin samples with different release agents
can improve the flashover voltage along the surface, but the increased amplitude is
different. Among them, the release wax of epoxy resin has the best improvement,
reaching 13.67 kV 3min after etching, and the improvement effect is 16.7%.

(2) By increasing the surface roughness of the sample and grafting oxygen-containing
functional groups, the plasma physical etching method introduced the physical
traps and the chemical shallow traps on the surface of the sample, accelerated the
dissipation of surface charges, and increased the surface flashover voltage of the
sample.

(3) The slow dissipation of surface charge will distort the surrounding electric field, but
the excessively high dissipation rate will provide favorable conditions for discharge
development. Therefore, Accelerating the surface charge dissipation rate at the air-
electrode-sample triple junction and controlling the charge transfer rate between the
electrodes are helpful to maximize the overall flashover performance of the sample.
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Abstract. Diamond-like carbon (DLC) coating can improve the material sur-
face’s friction performance and interfacial compatibility. The current process for
DLC deposition on alumina is inadequate, and the effect of deposition power
on DLC structure is still unclear. In this paper, the RF-biased inductively coupled
plasma (ICP) was introduced to enhance DLC deposition on alumina. By studying
the morphology and bonding structure of films under different power conditions,
the effects of total power and bias power fraction on DLC structure were decou-
pled, and the dominant mechanism determining the behavior of the sp2 phase in
the films was investigated. The results show that the increase of total power and
bias power fraction led to a decrease in the fraction of sp3 hybridized carbon in
films, and partition phenomena with increasing internal stress. As the total power
increased from 90 W to 180 W, the variation trend of sp2 clusters and CH groups
with the bias power fraction reversed, which reflected that the dominant effect
factor for deposition changed from implanted ion energy to thermal spike accu-
mulation. The study deepened the understanding of the DLC formation process
under plasma action.

Keywords: DLC · Film structure · ICP · PECVD

1 Introduction

Improving the surface properties of alumina by depositing coating is a widely concerned
research. Diamond-like carbon (DLC) is an attractive amorphous carbon coating because
of its unique surface modification ability in friction, electricity, and biocompatibility [1,
2]. The modification effect is closely linked with the coating structure. For example,
the friction properties of the material are related to the DLC morphology and sp3 sites,
and the electrical properties and biocompatibility are determined by the sp2 sites and
CH groups, respectively [3, 4]. Plasma-enhanced chemical vapor deposition (PECVD)
provides a wide range of process parameters for DLC deposition, which leads to dif-
ficulties in the selection of process parameters for target properties [5]. In RF-biased
inductively coupled plasma (ICP), the inductively coupled power and bias power are the
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key parameters affecting DLC deposition [6]. This paper aims to clarify the effect of
deposition power on DLC structure in RF-biased ICP.

The effect of a single power condition on DLC structure has been extensively stud-
ied with silicon as the substrate. Phillips and Thorpe proposed that DLC was a fully
constrained random network formed by sp3 and sp2 hybridized carbon [7]. The sub-
plantation model by Robertson has explained the phenomenon that the sp3 fraction first
increased and then decreased with increasing bias [3]. The ion energy was considered
the key factor for DLC structure in the model and was usually adjusted by a DC bias
below substrates. The DC bias caused positive charge accumulation and inhibited film
growth, a characteristic that distinguished insulating substrates from doped silicon [8].
To deposit DLC on insulating substrates such as alumina, RF bias was used to neutralize
the charge [9]. The bimodal ion energy distribution at RF bias increased the difficulty to
adjust film structure, especially when the characteristic time for the ion crossing sheath
was much less than the RF period [10].

The ion flux is determined by both inductively coupled power and bias power, while
the ion energy is only controlled by the bias condition [11]. To decouple the role of
ion flux and energy, we investigated the effect of power conditions with total power
and the fraction of bias power as variables. The effects of individual variables on DLC
morphology and sp3 fraction were examined, and the coupling effect of both variables
on the behavior of the sp2 phase and CH groups was further found.

The purpose of this paper is to elucidate the effect of deposition power on DLC
structure in RF-biased ICP. The RF-biased ICP enhanced DLC deposition method and
the characterization method of DLC structure were described in Sect. 2. The individual
effects of total power and bias power fraction on DLCmorphology and sp3 fraction were
analyzed in Sect. 3. The coupling effect of power variables on the sp2 phase and CH
groups was found, and the dominant effect mechanism was discussed in Sect. 4. The
study deepened the understanding of the DLC formation process under plasma action.

2 Experiments and Methods

2.1 RF-Biased ICP-Enhanced DLC Deposition

AnRF-biased ICP-enhanced DLC deposition device was established, as shown in Fig. 1.
To increase the nucleation density and deposition rate, high-density ICP was used as the
particle source for deposition. RF bias was employed to avoid the inhibition of DLC
growth caused by charge accumulation on the highly insulating alumina. The ICP was
generated by 40.68MHzpower and the bias conditionwas adjusted by 13.56MHzpower.
Matching networks were connected between power sources and loads for reducing the
power reflection. Thanks to the plasma driven by RF power, the electrodes were set
outside the reaction chamber to avoidmetal contamination.CH4 passed continuously into
the reaction chamber and provided carbon atoms for DLC deposition. The air pressure
in the reaction chamber was maintained at 20 Pa by a vacuum pump and measured by a
pressure transducer.

It is of primary importance to select the variables of deposition power. The sum of
inductively coupled power and bias power (PI + PB) was used as a variable to describe
the ion flux. The fraction of bias power (PB/PI + PB) was used as the other variable to
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Fig.1. Schematic diagram of RF-biased ICP enhanced DLC deposition device

describe the ion energy. The lower limit of total power is constrained by the deposition
threshold, and the upper limit is constrained by the etching effect. The range of total
power in experiments was from 90 to 180 W, specifically 90, 120, 150, and 180 W. The
bias power fraction included 1/6, 2/6, 3/6, 4/6, and 5/6.

The samples were 2 mm thick alumina discs, which were cleaned with anhydrous
ethanol before experiments. In addition, the sample was etched by Ar plasma for 5 min
to avoid interference from residual impurities. The deposition process in RF-biased ICP
took 10 min.

2.2 DLC Structure Characterization

Themorphology and sp3 fraction were critical to the mechanical properties of films [12].
The microscopic morphology of DLC was observed by field emission scanning electron
microscopy (Sigma 300, Carl Zeiss AG, Oberkochen, Germany)). Considering the insu-
lating nature of the samples, the platinum was sputtered on samples before observation.
The acceleration voltage was chosen to be 10 kV to avoid excessive charge accumula-
tion. The atomic structure of C was characterized by X-ray photoelectron spectroscopy
(ESCALABXi+, Thermo Fisher Scientific, Waltham, USA)) and the fraction of sp3 was
obtained by fitting the C1s peak.

The hundreds-fold sensitivity of Raman spectroscopy to sp2 sites compared to sp3

sites provides the basis for a more detailed study of sp2 phase behavior [13]. The Raman
spectra were tested by confocal Raman microscopy (LabRAM HR Evolution, Horiba
Ltd., Kyoto, Japan) in the range of 800–2000 cm−1, which covered the Raman charac-
teristic of DLC. The laser power was kept below 1.5 mW during tests to avoid sample
ablation.
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TheHbound toCprovided the breakpoint for the amorphous carbon network, and the
formed CH groups could be characterized by infrared absorption spectroscopy [14]. The
infrared absorption spectra of films were tested using an infrared spectrometer (Vertex
70, Bruker Corporation, Billerica, USA). The tests were performed in diffuse reflection
mode due to the uneven surface of sintered alumina. The test range was from 2700 to
3200 cm−1, which was the typical absorption band of the CH group.

3 Individual Effects of Power Conditions

3.1 Effect of Total Power

The individual effect of total power on DLC structure was first examined, here focusing
on the morphology and sp3 fraction. The microscopic images of DLC on alumina at
different total power are shown in Fig. 2. A large number of submicron particles were
observed on the samplewithout DLC and distributed on the surface or in the interstices of
micron particles. The submicron particles were covered by films after DLC deposition
and became difficult to be observed with increasing total power. As the total power
increased, some wrinkles started to appear in DLC, and divided the film into partitions.
The wrinkles were an indication of internal stress release at weak points in films. At
180 W total power, the situation was even more severe, with localized fragmentation in
films.

Fig. 2. The microscopic images of DLC on alumina at different total power PI + PB, bias power
fraction PB/(PI + PB) = 1/6.

Further attentionwas paid to the sp3 fraction, which is directly related to the hardness
and density of DLC. The split peak fitting of the C1s peak in X-ray photoelectron
spectroscopy (XPS) is shown in Fig. 3a. The peak shapes were assumed to be 80%
Gaussian and 20% Lorentzian. The separation of the electron binding energy between
the sp2 peak and sp3 peak was fixed at 0.5 eV, based on the comparison of C1s and O1s in
diamond and graphite [15]. The C1s peak is broadened by the separated peaks, sp3 and
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sp2, and the full width at half maximum (FWHM) reached 3.0 eV (Fig. 3b). In addition,
there is a peak near 286.5 eV corresponding to C-O bonds formed by oxidation of the
carbon on the surface. As the total power increased, the FWHM of C1s peak gradually
decreased, which implied a possible change in sp2/sp3. To quantitatively examine the
changing of the sp3 fraction, we calculated the sp3 fraction based on the peak area in
C1s (Fig. 3b). The results show that the sp3 fraction decreased from 63.4% to 25.9% as
the power increased from 90 W to 180 W.

Fig.3. (a)The split peak fitting, (b) FWHM and sp3 fractions of C1s peaks in XPS at different
total power PI + PB, bias power fraction PB/(PI + PB) = 1/6.

3.2 Effect of Bias Power Fraction

The effect of bias power fraction on DLC structure could not be neglected after grasping
the effect of total power. The microscopic images of DLC on alumina at different bias
power fractions are shown in Fig. 4. At low bias power fraction, the films on different
alumina particles were relatively continuous and the film layer could be considered as
a single unit. As the bias power fraction increased, the films at gaps were disrupted by
high-energy ion bombardment, and the film layer separated. In addition, the partition
phenomenon was also observed and intensified with increasing bias power fraction.

To grasp the effect of the bias condition on the sp3 fraction, theXPSofDLCdeposited
with different bias power fractions were investigated. The FWHMand sp3 fractions were
obtained by the fitting of C1s peaks in XPS (Fig. 5). The results show that the FWHM
decreased with increasing bias power fraction, and the decreasing trend leveled off. At
the same time, the sp3 fraction of DLC decreased from 56.1% to 18.5%, which is similar
to that when the total power increased.

3.3 Discussion and Analysis

The increase in total power resulted in more frequent ion bombardment, which can
lead to an increase in internal stress in films [16]. The increase of single bombardment
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Fig. 4. The microscopic images of DLC on alumina at different bias power fractions PB/(PI +
PB), total power PI + PB = 120 W.

Fig. 5. (a)The split peak fitting, (b) FWHM and sp3 fractions of C1s peaks in XPS at different
bias power fraction PB/(PI + PB), total power PI + PB = 120 W.

energy with bias condition also contributed to the internal stress [17]. The stress release
phenomenon occurred if the internal stress reached a threshold, such as the partitioning
of films. The internal stress would be effectively released once the partition occurred.

The formation of the sp3 site in DLC required a high-pressure environment, which
can be provided by internal stresses [18]. The filmhad a high sp3 fraction before the stress
was released. However, as the internal stress exceeded the threshold and was released,
the pressure became unfavorable for the stable presence of the sp3 site. Therefore, the
sp3 fraction decreased as the total power and bias power fraction increased.
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4 Coupling Effect of Power Conditions

4.1 Sp2 Phase Behavior

Themorphology and sp3 fractionwere overall properties of the fully constrained random
network and were not sensitive to the differences in effects of total power and bias power
fraction [19]. The behavior of the sp2 phase was studied using Raman spectroscopy to
explore the coupling effect between power variables inmore detail. TheRaman spectrum
of DLC has a broad asymmetric peak in the range of 1000 to 1800 cm−1 (Fig. 6). The
broad peakwas composed of D andG peaks, which correspond to the breathing vibration
of sp2 rings and the bond-stretchingmotion of sp2 pairs, respectively [20].A combination
of BWF (Gpeak) andLorentzian (D peak) line shapeswere used to improve the fitting for
low-frequency tails. The key characteristic parameters, D and G intensity ratio I(D)/I(G)
and G peak position G POS, were used to describe the size of sp2 clusters and the bond
angle disorder of the sp2 phase, respectively [13].

Fig. 6. Typical fitting and characteristic parameters for Raman spectrum of DLC

The Raman characteristics as a function of the bias power fraction at different total
power are shown in Fig. 7. At 90 W total power, I(D)/I(G) decreased from 0.40 to
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0.33, and G position shifted down from 1530.7 cm−1 to 1517.8 cm−1 as the bias power
fraction increased. The downward shift of the G position implies an increase in the bond
angle disorder of the sp2 phase, and the decrease in I(D)/I(G) implies a decrease in
the sp2 cluster size [21]. At total power above 150 W, the changing trend of Raman
characteristics reversed. The bond angle became ordered and the cluster size increased
as the bias power fraction increased.

Fig. 7. The Raman characteristics as a function of the bias power fraction PB/(PI + PB) at differ-
ent total power PI + PB. The red and blue regions represent the deposition dominant mechanisms
are thermal spike accumulation and ion injection, respectively.

The variation in sp2 phase behavior at different total power showed the coupling
effect of power variables. This phenomenon can be explained by the change in the
effect mechanism of ion energy on deposition. The ion energy in the deposition area
increased with the bias condition [22]. On one hand, the implanted high-energy ions
broke the disordered sp2 rings and reduced the size of sp2 clusters at low total power.
On the other hand, the ion bombardment produced localized thermal spikes, and the
relaxation process facilitated sp2 clustering. As the total power increased, frequent ion
bombardment caused severe thermal spike accumulation and the enhancement of sp2

clustering behavior was observed.
In conclusion, sp2 clustering was suppressed or enhanced with increasing bias con-

ditions at low and high total power, respectively. The phenomenon was explained by the
change of the dominantmechanism from ion implantation to thermal spike accumulation.

4.2 CH Group Behavior

After recognizing the change in the dominant mechanism for DLC deposition, we exam-
ined another structure that was sensitive to the action of the thermal spike, CH group.
The asymmetric C-H structure was detected by infrared absorption spectroscopy, and
typical C-H stretching vibrational modes were in the range of 2800–3100 cm−1 [23], as
shown in Fig. 8. The absorption peak was divided into two parts, sp3 CH and sp2 CH,
according to the distribution of vibrational modes. We evaluated the sum and ratio of
peak areas, corresponding to the total number of CH groups and the sp3 CH/sp2 CH.
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Fig. 8. Infrared absorption spectrum and C-H stretching vibration mode of DLC. (sym-
symmetrical, asym-asymmetrical, olef-olefin)

Figure 9 shows the number of CH groups and sp3 CH/sp2 CH as a function of
bias power fraction at different total power. As the total power increased, the variation

Fig. 9. The number of CH groups and sp3 CH/sp2 CH as a function of bias power fraction PB/(PI
+ PB) at different total power PI + PB.
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law of CH groups on the bias power fraction changed. At low total power, the num-
ber of CH groups increased and sp3 CH/sp2 CH decreased as the bias power fraction
increased. However, at high total power, the total number of CH groups decreased and
the sp3 CH/sp2 CH increased. This phenomenon was also attributed to the change in the
dominant mechanism of DLC deposition.

5 Conclusions

The paper investigates the effect of deposition power on DLC structure on alumina
in RF-biased ICP, with total power and bias power fraction as power variables. The
conclusions were:

a) At low total power and bias power fraction, alumina particles were covered with
continuous films and the sp3 fraction in DLC reached 63.4%. As the total power or
bias power fraction increased, the film wrinkled and partitioned and the sp3 fraction
decreased. The release of internal stresswas inferred to be the reason for the reduction
of sp3 phase.

b) The behavior of sp2 phase andCHgroups under different power conditions exhibited
the coupling effect of power variables. At 90 W total power, sp2 phase clustering
was suppressed and CH groups and the ratio of sp2CH increased with the bias power
fraction. However, the trends reversed at total power above 150 W. It was attributed
to the change in the dominant mechanism from ion implantation to thermal spike
accumulation.
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Abstract. The thermal shock of the arc is the main cause of electrode damage
in the spark gap switch, reducing the reliability of the switch. In this paper, we
investigate the erosion characteristics of high-current pulsed arc on the graphite
electrode based on the energy coupling model between the switching arc and
graphite electrode. The magneto-hydrodynamic (MHD) theory is adopted to cal-
culate the current density and temperature distribution of the pulsed arc, and the arc
is considered as energy source on the electrodes. The transient energy flux inten-
sity and the response of the electrodes are calculated with several typical pulsed
discharge, and the energy state of the graphite is achieved. The sublimation char-
acteristics of graphite electrode are studied under transient heating condition. The
paper reveals the mass-loss mechanism of the graphite electrode and verifies the
effect of reducing the energy flux to achieve anti-ablation of the electrodes.

Keywords: Graphite electrode · Magneto-hydrodynamic · thermal shock ·
Pulsed arc

1 Introduction

The spark gap switch is a key component of the high-power electromagnetic energy
equipment, which can converge pulse current and determine the conducting state of the
power supply. The energy is transferred through the arc, which is generated between the
electrodes, and the switching arc could be considered as fully ionized gas in the arcing
duration [1]. The arc root directly connects to the electrode, due to the high temperature
characteristics of the arc, there are strong melting, evaporation, and splashing processes
on the electrode surface, changing the surfacemorphology of the electrode [2]. Electrode
erosion is one of the research hotspots in the field of high-power energy transmission
[3].

There is high power density on the surface of the electrode. The material types
has a great impact on the service life of the electrode [4]. Donaldson’s experimental
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research also confirmed that the mass-loss rate of graphite was lower than that of copper
and tungsten-copper under high-current discharge conditions. As the temperature keeps
rising, for metal electrode, the first phase transition is from solid to liquid phase, where
the molten pool is formed on the surface of the electrode. Then, the metal will vaporize
and diffuse to the plasma arc in the form of metal vapor. The advantage of graphite
material is that it does not exist in the form of liquid in the rated pressure in the switch,
and it will not escape from the electrode in the form of viscous liquid. The electrode
surface is smoother after being shocked by arc. After multiple discharges, the uniformity
of the electric field is better, and the static withstand voltage is higher when the graphite
electrode is used [5].

Still, the problem of electrode erosion has not been solved properly, but it promoted
the progress of theoretical research. Tanaka et al. photographed the process of polymer
ablation and intuitively described the evolution process of polymer [6]. Xiang et al.
developed a combined diffusion coefficient model to calculate the movement of the
electrode vapor [7], and he found that ordinary diffusion was the main driving force for
upward vapor diffusion away from the anode. The change of arc energy determines the
phase state of the electrode, and the arc strength has a significant impact on the service
life of the electrode. Based on the phase change characteristics of the graphite, it is
necessary to study the transient thermodynamic response of the graphite electrode with
a high-current switching arc, explore the escape mechanism of graphite.

2 Experimental Setup and Simulation Model

2.1 Thermodynamic Model of Switching Arc

The switching arc is assumed to be in local thermodynamic equilibrium condition, which
can be described by electromagnetic thermo-fluid equations. The MHD equations are
adopted to calculate the thermodynamic state of the arc, and the energy exchange of the
arc-electrode interface is calculatedwithout considering the non-equilibriumphenomena
at the sheath region of the arc plasma. Under pulsed discharge condition, the plasma
flow is assumed to be turbulence, and the k-ε turbulence model is adopted. The effect of
graphite vapor on the physical parameters of discharge gas is not considered. Assuming
that all the sublimation of the electrode enters the gas region, no re-condensation occurs
during arcing time, and no energy is consumed or released by chemical reactions (Fig. 1).

The MHD equations consists of mass conservation equation, momentum conserva-
tion equation, and energy conservation equation, as shown in (1)–(3)

∂ρ

∂t
+ ∇ · (ρ�v) = Sg (1)

∂(ρ�v)
∂t

+ ∇ · (ρ�v�v) = −∇P + ∇ · τ + −→
J × −→

B (2)

∂(ρh)

∂t
+ ∇ · (ρ�vh)= − ∇ ·

(
k

cp
∇h

)
− U + 1

σ
�J 2 + 5kB

2ecp
�J · ∇h − Sh (3)

In the mass conservation equation, Sg is the mass source term, which represents the
mass of graphite vapor produced from the electrodes [kg/m3/s]. ρ is the gas density
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Fig. 1. The modeling domain in the switch, according to actual size of the switch

[kg/m3], t is the time [s], �v is the velocity of the gas [m/s], P is the pressure [Pa], and τ

is the viscous stress tensor [Pa].
−→
J is the current density [A/m3] and

−→
B is the magnetic

field strength [T], which is induced by the current. In the energy conservation equation,
h is the enthalpy [J/kg], k is the thermal conductivity [W/m/K], cp is the specific heat
[J/kg/K], U is the net radiative coefficient [W/m3], and the value is the result of the
radiation strength at 1.5 mm from the arc. σ is the electrical conductivity [S/m], kB is
the Boltzmann constant. Joule heat, radiation loss, and electron flow heat generated by
current are the additional source terms of the energy conservation equation. Sh is the
latent heat of evaporation of graphite, which is only considered in the electrode area.

2.2 Calculation of Heat Flux at the Arc-Electrode Interface

The template is used to format your paper and style the text. All margins, column
widths, line spaces, and text fonts are prescribed; please do not alter them. You may note
peculiarities. For example, the head margin in this template measures proportionately
more than is customary. Thismeasurement and others are deliberate, using specifications
that anticipate your paper as one part of the entire proceedings, and not as an independent
document. Please do not revise any of the current designations.

Near the arc region, the heat flux on the cathode surface is produced by the arc’s
thermal conduction, and ion impact. At the same time, the electron emission and the
thermal radiation of the electrode will cool the electrode[8]. Heating of the electrodes
by radiation from the arc is neglected. On the arc-electrode interface, it is stipulated that
the energy from the arc to the electrode is positive and the energy dissipated from the
electrode is negative. The cathode heat flux can be expressed as [9]

Scathode = −εαT 4 − jeφgraphite+|ji|Vi+k
∂T

∂z
(4)

where εαT 4 is the thermal radiation effect of the electrode, ε refers to the radiation
emission coefficient of the graphite material, and α is the Stefan-Boltzmann constant.
The radiation energyon the electrode is substantially less than the thermal conduction and
ion bombardment heat. φgraphite is the work function of graphite, and Vi is the ionization
potential of the plasma. The total current density of the arc is the sum of the electron
current density and the ion current density, that is |J | = |ji| + |je|, and the electron
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current je is derived from the thermionic emission of the cathode material, which can be
calculated by the Richardson-Dushman expression.

je = AT 2 exp

(
−eφgraphite

kBT

)
(5)

The thermionic emission intensity of electrons is mainly related to temperature.
Where A is the thermionic emission constant.

The anode heat flux Sanode mainly considers the electrons impact heat and the thermal
conduction from the arc, and the heat flux can be expressed as

Sanode = jeφgraphite+k
∂T

∂z
− εαT 4 (6)

2.3 Graphite Evaporation Model

There is a transport process of the graphite vapor, from the electrode surface to the arc
region, and the transfer of the vapor satisfies the equation of mass conservation equation,
which can be expressed as

∂(ρY )

∂t
+ ∇ · (ρ�vY )=∇ · (

ρDgraphite∇Y
) + Sg (7)

where Y is the mass fraction of graphite vapor in the mixed gases, and Dgraphite is
the diffusion coefficient of graphite vapor in the discharge gas. Sgraphite is related to
the mass flux Jevp of graphite vapor. Jevp can be calculated according to the Hertz-
Knudsen-Langmuir equation given by (9), which is mainly related to the vapor pressure
in different regions. The evaporation coefficient σevaporation is set at 18/25 and use the
following approximate expression.

Sgraphite = Jevp × 	Aevp/	Vevp (8)

Jevp =
√
mgraphite

2πkBT

(
16σevaporation

16−7σevaporation

)
× pwall

(
pwall − pswitch

pwall

)
(9)

where mgraphite is the mass of carbon atom [kg]. The vapor pressure pswitch is set as the
switch working pressure [Pa]

3 Experimental Research

The graphite electrode is experimented on the discharge platform with pulse power
supply. The platform mainly includes the energy storage module and load module, the
current waveform is shown in Fig. 2.

The electrode surface is polished with 3000-grit sandpaper, and two electrodes with
the same shape are fixed in the sealed cavity. The cathode is above the anode. Toguarantee
measuring precision of the experimental apparatus, the same discharges are repeated 5
times. The mass-loss of the electrode is measured by an electronic balance with an
accuracy of 0.0001 g, and the mass difference of the electrode under different discharge
conditions are recorded.
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Fig. 2. Current waveform of five different conditions in the experiment

4 Result and Discussion

4.1 Energy Analysis of Electrode Surface

Since the switch is broken down by a nanosecond pulse voltage trigger, there is an initial
spark discharge channel. Assume that the radius of the initial channel is 0.1 mm and
the temperature is 10,000 K. In the current rising phase, the arc starts to expand from
the center position. The thermal erosion surface area of the electrode expands with the
increase of the arc current. Typical calculation time points are shown in the Fig. 3.
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Fig. 3. Current waveform and calculation data at four different times

Arc’s heat conduction is the main source of heat flux on the electrode surface. The
impact of electrons and ions also has a great influence on the energy state of the electrode
surface. Although the electron emission has a cooling effect on cathode surface, the heat
from the impact of ions exceeds the emission cooling intensity of electrons, and the heat
flux intensity on the cathode surface is much higher than that on the anode, as shown in
Fig. 4. Especially at themaximum current of 0.76ms, the arc is concentrated in the center
part due to the influence of the Lorentz force. The maximum temperature of the arc is up
to 17,000 K, and the heat flux intensity of the electrode center reaches 109 W/m2, which
is much higher than that of the boundary region. When the current drops, the current
density decreases, but the radius continues to rise. With the increase of the total energy
in arc region, the ionization gas continues to diffuse. During the current drop phase, the
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overall temperature of the arc decreases from 16,000–17,000 K to 7,000–8,000 K, and
the heat flux mainly comes from the heat conduction.
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Fig. 4. Heat flux intensity on the cathode and the anode at four different times

The surface input energy of the electrode is obtained by integrating the heat flux of
the electrode surface, as shown in Fig. 5. The results show that in the case of 30 kA/2.3ms
pulse arc, the electrode heat flux is mainly concentrated in the area within the radius of
3 mm, and electrodes are damaged by the arc energy within the radius of 12 mm. In
contrast, the energy accumulated on the cathode is much higher than that on the anode,
and the cathode is theoretically suffered more thermal damage.
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Fig. 5. Energy density distribution of cathode and anode by integrating the heat flux in the case
of 30 kA/2.3 ms pulse arc

4.2 Analysis of Sublimation Characteristics of Graphite Electrode

The thermal coupling analysis is adopted at the arc-electrode interface, the temperature
distribution in the graphite electrode at different discharge times is obtained. In Fig. 6, the
calculation results of anode temperature are given. Affected by the thermal conduction
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from the arc and electron impact, the partial area of graphite electrode reaches the phase
transition temperature at the initial discharge. Especially in the central area, the arc
temperature and the electrode temperature rise almost synchronously. It only takes a few
microseconds to change from the initial temperature to the phase transition temperature,
and the specific time varies with the discharge conditions.

With the increase of discharge current, a critical point of phase transition occurs in a
larger area. In the radial direction, with the increase of the arc radius, the thermal shock
area of the electrode expands, and the radius increases from 2 mm to 8 mm. In the axial
direction, due to the continuous energy input, the heat conduction of the graphite is low,
and the temperature of the local surface area continues to rise. However, the temperature
of the electrode in most areas remains below the phase transition temperature.

Based on the energy balance theory on the arc-electrode interface, the energy input
from the arc to the electrode is consumed by heating and sublimation. Part of the energy
absorbed by electrode is used to heat it, and the temperature will rise immediately.
Once the energy absorbed locally reaches the critical point of sublimation, the electrode
changes rapidly to gas phase. The heat accumulated on the surface of graphite electrode
can be taken away by phase change, which effectively prevents the transmission of arc
energy to deeper areas and protects the electrode surface.
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Fig. 6. The anode temperature varies with discharge time

The generation of graphite vapor is related to the arc intensity. The vapor is concen-
trated in the central area of the electrode, and the vapor concentration decreases with
the radius. At the time of 0.03 ms, the heat conduction power of the arc on the electrode
is low, and the evaporation area focus on a 1 mm radius, meanwhile the maximum con-
centration only accounts for 0.005 mass fraction. The evaporation rate and evaporation
radius of graphite gradually increase with the increase of current. At the peak current, the
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mass fraction of graphite on the electrode surface is close to 0.05, and the electrode radius
involved in evaporation also increases to nearly 10 mm. In the decreasing stage of cur-
rent, the energy intensity on the electrode decreases, and the evaporation rate of graphite
decreases accordingly. Since the electrode surface temperature is already near the sub-
limation point under the heat effect of the pulse arc, once there is an energy excitation
oriented to the electrode direction at the electrode interface, the graphite immediately
transforms into a sublimation state (Fig. 7).

Fig. 7. The anode temperature varies with discharge time

5 Conclusions

In this paper, a transient axisymmetric model of the switching arc is built, and the
sublimation characteristics of graphite electrode are discussed. The heat flux intensity
and the energy accumulation characteristics of electrode-arc interface are calculatedwith
a typical pulsed current. The temperature distribution on graphite electrode surface is
obtained, and the erosion characteristics and the mass loss of graphite are verified by
experiments. The conclusions of the current research and the content that needs further
research can be summarized as:

(1) The size of the electrode erosion area is closely related to the radius of the arc. Under
the pulse current of 30 kA/2.3 ms, the maximum arc radius is around 10 mm, and
the corresponding radius of erosion area is approximate to it.

(2) The erosion of graphite is mainly determined by the thermodynamic accumulation
of the arc. During the discharge process, the heat flux intensity on the electrode
surface severely changes with time. However, the energy transmitted by the arc to
the electrode increases continuously, and the graphite changes from heated state
to sublimation state rapidly. Especially in the current drop phase, sublimation still
exists there.

(3) The calculation model considers the influence of electrode surface energy on the
sublimation rate of the electrode, but the non-equilibrium effect of the arc sheath is
not considered in the model. The electron density near the cathode is less than the
actual electron density, and the energy density of the calculation may be smaller.
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Abstract. In accordance with the application of magnetically enhanced plasma
discharge in high barrier film, the discharge parameters of roll-to-roll medium-
frequencymagnetic enhanced chemical vapor deposition (MF-PECVD)were stud-
ied. We discuss the discharge parameters, such as voltage, current, with the differ-
ent vacuum pressure, and barrier property change rule by the parameters change.
The results show that with the increase of discharge current, the voltage increases,
and the deposition rate increases. The optimize vacuum pressure is 3 Pa, the
water permeability decreases significantly with the increase of thickness, and the
300 nm films show high barrier properties, as low as 1 × 10−2 g/(m2·day). The
film thickness reached 500 nm, and the water permeability value was less than
5× 10−3 g/(m2·day), and the water permeability changed little with the increase
of the thickness. And the average transmittance is 88.6%@380 nm–760 nm, film
has good optical properties for display devices.

Keywords: Discharge Parameters · High Barrier Film ·MF-PECVD · Vacuum
Pressure

1 Introduction

Flexible electronic devices have the characteristics of miniaturization and deformabil-
ity, and are widely applied. Typical applications include organic light-emitting devices
(OLEDs), organic photovoltaic devices, thin-film transistors (TFT) array, and quantum
dot TVs. The barrier property of flexible polymer materials is relatively weaker than the
glass or metal encapsulating materials. The shelf-life and working lifetime of encapsu-
lated flexible organic electronic devices are closely related to the barrier property against
small molecules such as oxygen (O2) or water vapor. We need coating barrier film to
prevent the penetration of these molecules into the working device, which is called high
barrier film [1–5].

Magnetic-enhanced chemical vapor deposition (PECVD) technology has been
widely used due to its high vacuum environment, high quality, few impurities, and good
performance of the deposited films. Meanwhile, it is generated by the dielectric barrier
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discharges (DBD) structure with medium-frequency power [6–11]. In this paper, anMF-
PECVD system with a pair of rollers was used to deposit transparent siloxane films with
a high barrier property on the polymer substrate. In the MF-PECVD process, the chem-
ical reaction species generated in the plasma may help to obtain higher deposition rate
at relatively low process temperature, while in the conventional thermal CVD process,
thermally stable precursors are needed. The coating depositions have been intensively
investigated due to the high growth rate and the good uniformity. This method can be
continuously winding, and has the characteristics of the transparent visible spectrum
and high barrier. It has great application potential in the development of the barrier film
industry [12–14].

To obtain accurate information about the problems encountered in the glow discharge
coating process, one of the main purposes of this study is to measure the electrical
parameters of the PECVD process and further understand the influence of parameters
on the depositing process. Understanding the basic principles of these reactive plasmas
is important for optimizing the coating function, as well as process and quality control
[15–19].

2 Experimental Procedure

2.1 Structure of System

A schematic diagram of discharge PECVD apparatus is shown in Fig. 1. The system
uses the opposite electrode dual rollers to tighten the substrate film on the roller surface
for continuous winding and coating. One of the important features of this coating device
is the application of a medium-frequency power supply to the dual rollers, where a non-
rotating magnet system is assembled to produce an oval magnetic enhanced discharge
area on the surface of the pair rollers. The inside of the electrode roller is a completely
symmetrical magnetic system, the magnetic system of the two rollers is relative, the
plasma is confined between the rollers by the magnetic field, and the AC magnetically
controlled discharge helps to excite the plasma. The surface of the deposition roll is
covered with an insulating organic substrate film, but the medium-frequency discharge
is sufficient to penetrate the polymer substrate film and achieve glow discharge. At the
same time, the process gas used for deposition is distributed to the area between the
rollers, and the source gas is decomposed, dissociated, and excited by plasma, adsorbed
on the organic substrate film on the surface of the electrode roller to grow the high barrier
oxide film.

The source gas is O2/HMDSOmixture supplied by a gas distribution system located
at the top of the deposit to keep the pressure within 0.5–10 Pa range.

2.2 Experimental Parameters

The vacuum system is composed ofmechanical pump, roots pump group and amolecular
pump. The power type is TruPlasma Bipolar 4010, using full-waveform mode control.
The vacuum is measured by Inficon thin film vacuum gauge, and the gas flow is adjusted
by gas mass flowmeter. The gas flow and experimental parameters in this experiment
are shown in Table 1.
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Fig. 1. Diagram of magnetic field distribution of electrode ➀ guide roller, ➁ magnet, ➂ air
distribution plate, ➃ substrate film, ➄medium-frequency power supply

Table 1. Experimental parameters

content range

vacuum/Pa 0.5–10

HMDSO/sccm 80 (99.99%)

O2/sccm 600 (99.999%)

power/w 0–2000

voltage/V 0–800

background vacuum/Pa 5 × 10–3

winding speed 600 mm/min

The KEITHLEY DAQ6510 multimeter was used to test the electrical parameters
during the discharge,whichwere collected and recordedby the computer. FilmThickness
Mapping with an Astigmatic Optical Profilometer, the water permeability was tested by
MOCONAQUATRANMODEL2. The spectrumof thin filmwas tested by Perkin Elmer
LAMBDA 900 UV-Vis Spectrophotometer.

3 Results and Discussion

3.1 Medium Frequency Discharge

Plasma discharge is an important step in the study of MF-PECVD. According to the
characteristics of plasma power, voltage, and power density, the deposition rate, com-
pactness, and thickness uniformity of the coating can be analyzed. We get the change
rules of the plasma discharge parameters to deposition rate [20, 21].

In the synthetic insulation film process, in order to effectively neutralize the charge
accumulation on the edge target surface, a negative pulse bias of about 400–600 V is
usually applied to the target surface. In order to characterize the variation of voltage with
time during discharge, a rectangular wave medium frequency discharge is used with a
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duty cycle of 50%. The discharge characteristic was test by The KEITHLEY DAQ6510
multimeter (Fig. 2).

Fig. 2. Comparison of model voltage (left) and measured voltage (right)

The discharge of medium-frequency PECVD state is a periodic breakdown, dis-
charge and extinction process. Firstly, with the increase of the power supply voltage,
the voltage between the two rollers increases, and then the breakdown and discharge
cause the voltage at both ends of the roller to decrease and the first spike appears. As the
supply voltage continues to rise, the voltage between the roller’s rebounds and a second
downward spike appears. Then discharge tends to be stable appear relatively straight
line. As the power supply voltage of the cycle decreases, the voltage at the roller end
also decreases. However, where the discharge is extinguished cannot be determined from
the diagram. So, it can be seen as a periodic DC discharge.

After averaging the discharge voltage by filtering, the relationship between power
and voltage is discussed. As the discharge power increases, the voltage increases, but
it is not completely linear. It increases sharply first and then slowly. At the same time,
the sputtering effect of plasma has a certain influence on the base film. The higher the
discharge voltage is, the more easily the thin substrate will wrinkle.

Power supply drive and test voltage characteristics. To meet the stable glow, dis-
charge characteristics appear a voltage peak each cycle. Can see composite pulse power
waveform takes on the form of high and low pulse superposition, is a high peak voltage
pulse beginning but shorter pulse width of the pulse, with the rising of an ignition pulse
voltage, the corresponding time is proportional to the test current is also rising, ignition
pulse voltage of vacuum indoor gas discharge has an important influence.

3.2 Electrical Characteristics

Figure 3 shows the normal coating discharge state. The curve results are the same as
the DC magnetron sputtering V-I curve. The discharge current can be freely adjusted in
this section. This is also the curve segment interval we usually use for anti-IF pecvd.
The film prepared in this state is a transparent insulator. Although the values measured
under different pressures are slightly different, they can be basically regarded as a linear
relationship. The voltage increases with the increase of the current to the positive resis-
tance region, that is, the resistance R = dv/dI; is a positive value. Compared with the
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Fig. 3. Volt-ampere characteristics at different vacuum pressures

standard gas discharge voltammetry, this section conforms to the characteristics of the
abnormal glow discharge section. The average current density varies from 24 mA/cm2

to 250 mA/cm2 with the average voltage, which is similar to the relationship between
the current density of magnetron sputtering and the target voltage (Fig. 4).

Fig. 4. Deposition rate and current characteristics under different vacuum pressures
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The film deposition rate increases with the increase of plasma discharge current at
1 Pa vacuum pressure, the deposition rate increases faster than that at 3 Pa vacuum
pressure. For 7 Pa vacuum pressure, in the initial stage, the deposition rate increases
rapidly with the increase of current, but it quickly becomes gentle, and the deposition
rate does not increase but decreases. Combined with Fig. 3, it can be seen that the
discharge voltage also increases sharply with the increase of current. After 600 V, the
sputtering effect of voltage increase exceeds the influence of current increase on the
deposition rate. A higher deposition rate is achieved at 3 Pa vacuum pressure.

3.3 WVTR and Spectrum with Plasma Discharge Characteristics

The winding speed is constant 600 mm/min. The relationship between water perme-
ability and discharge current under different vacuum pressure is discussed. For 1 Pa
vacuum pressure, with the increase of plasma discharge current, the permeability has
been reduced. When the vacuum pressure is 3 Pa, compared with 1 Pa condition, the
permeability decreases faster with the increase of current, and better water vapor barrier
is obtained. When the vacuum pressure is 7 Pa, in the initial stage, the permeability
decreases faster with the increase of current, but it soon becomes gentle, and the per-
meability no longer decreases. The water permeability of oxide barrier film is closely
related to the film thickness. Generally speaking, the thicker the film prepared under the
same vacuum pressure, the better the barrier property (Fig. 5).

Fig. 5. Permeability and current characteristics under different vacuum pressures

Figure 6 shows thewater permeability (WVTR) of different thickness. As can be seen
from the figure, the water permeability decreases significantly with the increase of thick-
ness, and the 300 nm films show high barrier properties, as low as 1× 10−2 g/(m2·day).
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The film thickness reached 500 nm, and the water permeability value was less than
5 × 10−3 g/(m2·day), and the water permeability changed little with the increase of the
thickness.
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Fig. 6. The water permeability varies with the thickness of the film

We believe that there are two reasons for this result: one is that the film plated
contains organic components, has good flexibility, and fewer cracks appear with the
increase of film thickness, as shown in the figure; Second, there are a small number of
large-size particles on the surface of the base film. With the increase of film thickness,
these particles are gradually completely covered and the water permeability decreases.

T/
%

wavelength/nm

Fig. 7. Light transmittance spectrum of siloxane film

The optical transmission of 500 nm thin film is shown in Fig. 7. The average transmit-
tance of 300–600 nm band is more than 86%, and above 600 nm band is more than 90%,
and the change is gentle. It is proved that the siloxane film prepared by MF-PECVD has
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good optical properties for display devices. When the transmittance @380 nm–760 nm
is 88.6%, it can have good barrier performance at the same time. The ripples in the spec-
trum are due to interference by thin film and base film, but does not affect the overall
transmittance.

4 Conclusions

A roll-to-roll PECVD system was developed for the deposition of transparent and high
barrier films on organic substrates. Transparent oxide barrier film was prepared by using
O2/ HMDSOmixture as process gas. we discuss the discharge and deposition parameters
with different vacuum pressure The main parameters, such as magnetic field distribu-
tion, discharge characteristics, were obtained by testing different discharge parameters
and characteristics. The results show that the deposition rate increase with the increase
of discharge current. The optimize vacuum pressure is 3 Pa, the water permeability
decreases significantly with the increase of thickness, and the 300 nm films show high
barrier properties, as low as 1 × 10−2 g/(m2·day). The film thickness reached 500 nm,
and the water permeability value was less than 5× 10−3 g/(m2·day), and the water per-
meability changed little with the increase of the thickness. And the average transmittance
is 88.6%@380 nm–760 nm, film has good optical properties for display devices.
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Abstract. For handling the drawbacks of large volume, complex operation and
high cost of circuit realization of existing cold plasma sterilization equipment, a
portable cold plasma sterilization device incorporating the micro electric power
supply technology with surface dielectric barrier discharge (SDBD) structure was
proposed in this paper. The discharge characteristics, emission spectrum, active
particles and O3 concentration of plasma generator were studied, and the sterl-
ization experiment was conducted with the sterilization device. The results show
that the discharge filament around the SDBD linear electrode are uniform, the
discharge power is no more than 5 W. The emission spectrum are mainly com-
posed of N I, N2 SPS, N2

+ FNS, O I and OH radical lines. The O3 concentration
within 3 mm from the discharge electrode reached 70 ppm, but O3 concentration
beyond 5 cm is very low. The sterilization device which moves with a homoge-
neously speed can completely kill Escherichia coli (E.coli) and Staphylococcus
aureus (S.aureus) in the petri dish (diameter 90 mm) within 15 s; The applied
voltage and action distance have a significant effect on the sterilization effect,
with the best applied voltage of 4.5 kV and action distance of 3 mm. This device
has a lot of advantages, such as simple operation, high sterilization efficiency,
low concentration of by-products (say, residual O3, nitrogen oxide, etc.) and low
noise.

Keywords: Cold Plasma · SDBD · active substances · Sterilization

1 Introduction

The widespread of bacteria has threatened public health in recent years. Also, the situ-
ation of microbial resistance is increasingly serious. Exploring sterilization technology
becomes the primary task at present [1–3]. However, Traditional physical sterilization
method has many drawbacks such as low efficiency, high cost, incomplete disinfection,
dead ends, etc. Traditional chemical sterilization method has by-product residues and is
prone to ecological risks. Nowadays, as a promising alternative technology, cold plasma
sterilization has the superiorities of green, fast and efficient [4–6]. The discharge plasma
is accompanied by the electric field, UV photons, charged particle, reactive oxygen
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species (ROS), reactive nitrogen species (RNS) and chemicals. These substances can
quickly destroy biological structures and inactivate cells [7, 8]. Many researchers have
studied O3 as the main ROS has an oxidation potential of 2.07 V, it plays an important
role in the sterilization process [9, 10].

Early plasmageneratorsmostly use low-pressure conditions, in contrast, atmospheric
pressure cold plasma without vacuum equipment, simple operation process, more prac-
tical value [11, 12]. In atmospheric pressure environment, cold plasma can be generated
in various ways, such as dielectric barrier discharge, corona discharge, microwave dis-
charge and plasma jet. Among them, dielectric barrier discharge shows brilliant applica-
tion prospects for its characteristics of low temperature, low noise, high efficiency and
rapidity, such as biomedicine [13, 14], food safety [15, 16], environmental protection
[17], material surface modification [18], mutagenesis breeding [19], flow control [20],
etc. In recent years, sterilization devices based on dielectric barrier discharge have also
received much attention [21]. But, existing sterilization equipment is large in size and
complex in structure. Thus, it is especially important to optimize the generator to make
it be a portable one.

In this paper, we designed a novel SDBD sterilization device, investigated its dis-
charge characteristics, O3 concentration and sterilization efficiency. Furthermore, we
simply examined its by-products and noise.

2 Material and Methods

2.1 Microorganism and Culture Conditions

E.coli (ATCC 23922) and S.aureus (ATCC 22004) were used for the sterilization study
[22, 23]. These two species are commonly employed as the reference microorganisms in
the development of new sterilization techniques, representing Gram-negative and Gram-
positive bacteria, respectively. A small amount of E. Coli and S.aureus stored on solid
medium were added to the centrifuge tubes and shaken well. The centrifuge tubes were
placed in a constant temperature shaker for 12 h and kept at 37 °C. The shaker oscillated
at a frequency of 200 rmin−1 to produce bacterial suspensions. The bacterial suspensions
with different dilution concentrations were determined by the enzyme marker (M200
Pro, Tecan, Switzerland). The bacterial concentration was estimated by optical density
(OD) measurements at 450 nm (OD450), corresponding to 108 CFU mL−1 of bacterial
cells. The Petri dishes were divided into the control groups and the experimental groups.
The experimental group Petri plate was placed at d = 3, 6, 9, 12 and 15 mm below the
discharge electrode for different treatment time, while the control group was not treated.
The viable count method was adopted for counting.

2.2 Experimental Setup

The experimental setup is schematically shown in Fig. 1. The discharge electrode (high
voltage electrode) is a wire made of tungsten, with 35 mm in length and 0.1 mm in
diameter. It connects to a high voltage sinusoidal AC power supply (Coronalab CTP-
2000K) with the frequency of 22 kHz and the voltage amplitude in the range of 0–
15 kV through a current limiting resistor R1 of 2000 �. The ground electrode is a round
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aluminum plate with 35 mm in diameter. The dielectric barriers is a 0.63 mm ceramic
plate. The following experiment is conducted in ambient air with a temperature of 25 °C
and the relative humidity of 30% – 40%.

Fig. 1. Experimental setup

The applied voltage was measured by an oscilloscope (Tektronix DPO4104B)
through a high voltage probe (Tektronix P6105A). The discharge current was recorded
by measuring the voltage across a resistor R2 of 1000 � connected in series with the
ground electrode (I = U/R). The discharge power was obtained by calulating the area
of Lissajous figure. The discharge images were taken by a CCD camera (Canon-EOS-
550D). The emission spectrum (OES) generated by the discharge was measured by a
spectrometer (Zolix Omni λ-5008); The concentration of O3 produced by the discharge
is measured by an O3 detector (XLA-B X-03); The NO concentration generated by the
discharge is measured by a portable NO gas analyzer (SKY-6000-NO-XY); The noise
generated by the discharg is measured by a noise meter.

3 Results and Discussion

3.1 Discharge Characteristics

SDBD Current, Power and Discharge Image
The discharge begins and the current pulse appears when the applied voltage is higher
than the breakdown voltage. Figure 2 shows The voltage and current waveforms of 3–
5 kV. The current is composed of a series of small pulses. The number and amplitude
of current pulses increase with the applied voltage, and the amplitude of current pulses
in the positive voltage phase are significantly higher than that in the negative voltage
phase.
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Fig. 2. U-I waveform of surface DBD: (a) peak-peak voltage = 3.5 kV; (b) peak-peak voltage =
4 kV; (c) peak-peak voltage = 4.5 kV; (d) peak-peak voltage = 5 kV

As shown in Fig. 3, from the Q–V Lissajous figure the discharge power is calculated
using the standard method based on the figure’s area [24]:

P = 1

T
∫T0 u(t)i(t)dt = 1

T
∫T0 u(t)CM

duM (t)

dt
dt = fCM

∮
u(t)duM (t)

where f is the power supply frequency. The discharge power increases with the applied
voltage, and in the experimental voltage range (3–5 kV), the power is about 1–5 W.

Fig. 3. Discharge power versus peak-peak voltage

Figure 4 shows the variation of SDBD images with the discharge voltage. The CCD
exposure times are all 200 ms. At lower voltage, the electrode boundary is distributed
with weak discharge filaments, which is a typical corona discharge morphology. As the
voltage rises, the discharge filaments become denser and increase in strength, almost
uniformly covering the entire edge of the electrode and expanding outward. However,
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the discharge may be unstable when the voltage is too high, the highest voltage in this
experiment is about 5 kV.

Fig. 4. Image of SDBD

Emission Spectrum, Active Substances and Rotation Temperature
The emission spectrum contains rich information on the plasma parameters, through
the analysis of emission spectrum, various active substances generated by SDBD were
preliminarily determined. Figure 5 reveals the emission spectrum of SDBD collected at
d = 15 mm below the discharge electrode, under voltage of 4.5 kV.

Fig. 5. Emission spectrum of surface DBD

The emission spectrum is mainly dominated by the spectral lines of N I, N2 SPS, N2
+

FNS, O I and OH radicals. The highest intensity occurs at 337.1nm, which corresponds
to the radiation in the second positive band system of the nitrogen. Due to the presence
of water vapor in the air, the OH radical of 309 nm can also be observed with an intensity
of about 456 a.u. Important sources of various reactive particles (e.g. O3, NOX) can also
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be observed in the spectrum: e.g. the spectral lines of oxygen atoms (O-777.2 nm, O:
844.6 nm) corresponding to the atomic transition from the O(3p5P) state to the O(3s5S)
state and from the O(3p3P0,1,2) state to the O(3s3S) state, respectively.

O3 has been selected as an indicator of ROS, which can destroy the cell walls and
membranes of bacteria. In Fig. 6, the O3 concentration decreases with the distance
from the discharge electrode and increases with the applied voltage. Precisely because
of the rising voltage, the discharge intensity increases, and the high-energy electrons
produced rapidly, which greatly increases the probability of inelastic collision between
high-energy electrons and oxygen, that accelerates the synthesis of O3. However, the
growth rate decreases at higher voltages, as in the case from 4.5 kV to 5 KV. This
may be related to the increased thermal decomposition of O3 at higher temperatures
(3O2⇔2O3). The highest O3 concentration under the conditions is about 70 ppm.

Fig. 6. Ozone concentration versus distance

Considering that the gas temperature in specific disinfection scenarios (e.g. surface
processing) is not easily too high, we approximated the plasma temperature using the
rotation temperature of gas molecules such as N2, N2

+, OH, O2, CH [25]. Figure 7
shows the variation of the N2

+ FNS rotation temperature with the discharge voltage,
obtained by fitting the spectral line of N2

+ FNS with the LIFBASE Spectroscopy Tool
(SRI International).
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Fig. 7. Rotation temperature as a function of peak-peak voltage

The plasma temperature of SDBD increases with the discharge voltage from 305 K
(32 °C) at 3 kV to 326 K (53 °C) at 5 kV. The temperature can be controlled by adjusting
the voltage in practical applications.

3.2 Design of Portable Cold Plasma Sterilization Device

Based on the above experiments, we designed a portable cold plasma sterilization device,
including a SDBD structure and a power supply, which includes a battery and a high-
voltage generator, is shown in Fig. 8.

Fig. 8. Schematic diagram of cold plasma sterilization device

With variable sinusoidal AC high voltage (3–5 kV, 22 kHz), we tested its
performances of sterilization, by-products, and noise.

3.3 Sterilization Device Performances

Sterilization Efficiency
Plasma sterilization effect is related to many factors, the inactivated effect of E. coli and
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S. aureus under different treatment time, applied voltage and action distance (distance
between the plasma and the bacteria to be treated) was studied in this section.

The Impact of Treatment Time on Sterilization Effect
Figure 9 shows the variation of the sterilization efficiency with the treatment time

for different device moving speeds v, under the voltage of 4.5 kV and action distance of
3 mm.

Fig. 9. Sterilization efficiency as a function of treatment time

The sterilization efficiency increases with the treatment time. E. coli and S. aureus
in the Petri dish were completely killed after 18 s at v = 0 and 15 s at v �= 0. Relatively
speaking, the sterilization efficiency is higher for v �= 0 than for v = 0. In addition, it
takes longer to kill S.aureus, which is related to the structure of the cell. E. coli is Gram-
negative bacterium with a thin cell wall of about 10–15 nm and a lax strength; While
S.aureus belongs to Gram-positive bacterium, the cell wall is thicker, about 20–80 nm,
and the strength is tougher.

The Impact of Applied Voltage on Sterilization Effect
The variation of the sterilization efficiency with the applied voltage under the treat-

ment time of 6 s, action distance of 3 mm and a moving speed v �= 0 is shown in
Fig. 10. It can be seen that the sterilization efficiency increases with the applied voltage.
Plasma treatment at 3 kV for 6 s caused only 12% and 23% inactivation of E. coli and
S.aureus; when the voltage was rised to 4.5 kV, the sterilization efficiency reached 78%
and 63%. As the applied voltage rises, the active component in the plasma increases and
the inactivated effect of bacteria is enhanced. However, the growth rate of the steriliza-
tion efficiency decreases at higher voltages, e.g., from 4.5 kV to 5 kV by only about
4%.
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Fig. 10. Sterilization efficiency as a function of peak-peak voltage

The Impact of Action Distance on Sterilization Effect
The variation of the sterilization efficiency with the action distance under the treat-

ment time of 6 s, voltage of 4.5 kV and a moving speed v �= 0, as shown in Fig. 11
with the rise of action distance, the bactericidal effect gradually decreases. Inactivation
efficiencies of 78% and 64% for E. coli and S. a at an action distance of 3 mm.When the
action distance was adjusted to 15 mm, the inactivation efficiency of E. coli and S.aureus
was only 33% and 21%. It depends on the lifetime of the particles produced by the dis-
charge. The short-lived active particles include N, HO2, OH, etc.While long-lived active
particles contain O3, HNO2, etc. At a close distance, the presence of short-lived active
particles near the Petri dishes makes the bactericidal efficiency higher than elsewhere.
But at a long distance, because of the disappearance of short-lived active particles, the
sterilization efficiency decreases. On the other hand, the concentrations of long-lived
active particles also affect bacteria with a certain efficiency.

Fig. 11. Sterilization efficiency as a function of operating distance

By-Products-O3 and NOX
O3 and NOX are not just bactericidal actives or harmful by-products. We tested the
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residual O3 and NOx concentrations at the voltage of 4.5 kV and the distance of 5 cm
from the discharge electrode.

Higher concentration of O3 are found only close to the discharge electrode (e.g.
Figure 7). However, due to the rapid decomposition of O3, the O3 concentration was
only 1.6 ppm of continuous discharge for 0.5 h. After the end of discharge for 2 min, the
O3 concentration was only 0.05 ppm, which is lower than the O3 safety concentration
(0.1 ppm). In addition, the NO, NO2, and NOX produced were all less than 0.1 ppm
(48.8 μg/m3), which is lower than the Class I limit value of NOx < 250 μg/m3 in GB
3095–2012.

Discharge Noise
This sterilization device is free of mechanical rotating component, so it produces very
little noise. Figure 12 shows the variation of the detection noise with the discharge
voltage at d = 50 mm below the discharge electrode, which contains the background
noise in the room of about 32 dB(A). At the discharge voltage lower than 3.3 kV, Due
to the background noise is higher than the discharge noise, the noise from the discharge
is almost undetectable. At the voltage greater than 3.3 kV, the detection noise increases
with the voltage, and in the range of the investigation, the total noise are less than 40 dB
(A), in line with the requirement that machine noise should be less than 55 dB (A) in
GB/T18801–2015.

Fig. 12. Variation of surface DBD noise with peak-peak voltage

4 Conclusion

In summary, a sterilization device based on SDBD is designed. We have studied the
optical and electrical characteristics of this device. Choosing E.coli and S. aureus as the
experimental bacteria for plasma treatment and calculating the sterilization efficiency.
The main conclusions are as follows:

1) The current amplitude of SDBD is in the order of mA, and the discharge power is
less than 5W. The emission spectrum indicate that a variety of active substances are
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produced by SDBD, which is dominated by the spectral lines of N I, N2 SPS, N2
+

FNS, O I and OH radicals. The concentration of O3 can reach up to 70 ppm under
the experimental conditions.

2) Sterilization efficiency increases with the treatment time and applied voltage, and
decreases with the action distance. The uniformly moving sterilization device can
completely killE.coli and S. aureus in the petri dishes within 15 s, and it takes longer
to kill S.aureus.

3) The performances of the sterilization device are excellent. Due to the free ofmechan-
ical rotating component, its noise is very little. Due to the rapid O3 decomposition
and diffusion, the O3 concentration was only 1.6 ppm of continuous discharge for
0.5 h and only 0.05 ppm after the end of discharge for 2 min at about d = 5 cm
below the discharge electrode; the NOx concentration was less than 0.1 ppm, indi-
cating that the by-products produced by the device comply with the relevant quality
standards.
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Abstract. To study the effect of polarization/depolarization time on the
isothermal relaxation current (IRC) of high-voltage cables, the polariza-
tion/depolarization currents of 110 kV high-voltage cross-linked polyethylene
(XLPE) cables were tested under different experimental conditions. A third order
exponential function was used to fit the depolarization current to calculate the
aging factor and the resulting depolarization current curve was used to observe
the steady state current and the time constant. The results show that with the
increase of depolarization time, the fitted curve time constant and aging factor
A gradually stabilize. When the depolarization time is greater than 1200 s, the
stability of the time constant and aging factor A can be effectively improved. The
polarization/depolarization current gradually increases with increasing polariza-
tion time, and the steady state polarization current stabilizes after 1200 s. More
accurate polarization current test results can be obtained at polarization time
of 1500–1800 s. The results of this paper are useful for the selection of polar-
ization/depolarization time in IRC tests for the field application of isothermal
relaxation currents to assess the aging state of cables.

Keywords: High voltage cables · Polarization/depolarization currents ·
Temporal characteristics

1 Introduction

Since the 1950s,China has been transformed froman agricultural to an industrial country,
and its industrial economy has a rapid grown these years, which increases the demand
for power generation and power quality [1]. Compared to traditional oil-impregnated
paper-insulated cables, XLPE cables have better electrical and mechanical properties
[2].

There are currently three main methods for diagnosing the condition of cable insula-
tion, namely online monitoring, offline monitoring and powered testing methods [3, 4].
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Most of the above diagnosticmethods require testing the electrical parameters associated
with the cable in operation and assessing the cable insulation condition by the measured
parameters.

The polarization/depolarization current method used in this paper is a new method
based on the theory of dielectric response [5, 6], which has the advantages of non-
destructive, rich diagnostic information, simple test circuit, low power consumption,
etc. It is suitable for insulation diagnosis of cables in engineering sites. The subject of
this paper is a section of 110 kV retired XLPE cable, with the length of 0.5 m, the type
of ZC-YJLW02-64/110 V-1 × 800 m2, and service life of 12 years.

2 Effect of Different Depolarization Time on the Results
of Depolarization Current Fitting

The polarization voltage was set to 1 kV and the depolarization time was varied from
300 s to 3000 s. A third-order exponential function was fitted every 300 s and the fitted
results were observed.

As can be seen from Fig. 1, the high voltage DC source is responsible for charging
the high voltage cable and the circuit is equipped with a 1 M� current limiting resistor
to prevent excessive circuit current from damaging the weak current test set Keithley
6517B. A high voltage relay enables switching of the polarization/depolarization current
test circuit and the host computer is responsible for the collection of experimental data.

Fig. 1. Polarization/Depolarization current test loop

According to the theory of isothermal relaxation currents proposed by J.G. Simmons
and M.C. Tam [7], a third order exponential function can be fitted to the depolarization
current with the following equation:

Id (t) = I0 +
∑3

i=1
αie

(−t/τi) (1)

where Id (t) is the depolarization current, t is the depolarization time, I0 is the current
value when the depolarization current is at steady state, αi and τi reflect the trap density
and trap level depth respectively. The third order indices represent the bulk polarization
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Table 1. Results of current fitting for different depolarization time.

td I0 α1 τ1 α2 τ2 α3 τ3 A

300 s −17.33 −126.81 1.46 −151.29 5.69 −77.12 77.43 4.19

600 s −15.58 −138.49 1.55 −142.74 6.26 −75.25 85.93 4.21

900 s −2.61 −244.51 3.41 −77.88 55.47 −25.98 626.60 3.12

1200 s −5.20 −242.78 3.30 −74.94 47.85 −29.67 396.51 2.68

1500 s −3.13 −243.62 3.35 −76.84 51.53 −28.30 519.88 2.75

1800 s −5.20 −242.82 3.31 −74.94 47.98 −29.59 397.17 2.68

2100 s −4.86 −242.99 3.32 −75.36 48.70 −29.22 417.28 2.73

2400 s −5.73 −242.40 3.29 −74.03 46.31 −30.70 361.72 2.62

2700 s −5.38 −242.67 3.30 −74.63 47.36 −30.00 384.08 2.66

3000 s −5.29 −242.75 3.30 −74.80 47.72 −29.76 391.16 2.67

of the cable insulation, the interfacial polarization of the crystalline and amorphous
regions and the interfacial polarization of salt and hydrated ions due to aging [8, 9].

According to the German aging factor criterion, when the aging factor A is greater
than 2.10, the cable insulation state is seriously deteriorated, which is in line with its
12 years of operation. The aging state of the cable can be initially determined by testing
the polarization/depolarization current.

An increase in depolarization time does not change the dielectric response of the
insulation, but has an effect on the third order exponential fit of the depolarization
current data. In terms of the mechanism of isothermal relaxation currents, the longer
the depolarization time, the wider the distribution of trap level that can be reflected. So
the characterization of deep traps requires longer depolarization measurement time. As
can be seen from Table 1, the time constants are more stable at depolarization time of
1200–3000 s. Therefore, the depolarization time of 1200–3000 s can effectively improve
the accuracy of the isothermal relaxation current measurement results and the stability
of the time constant, thus improving the reliability of the isothermal relaxation current
method in cable insulation condition assessment.

3 Effect of Different Polarization Time on the Results
of Depolarization Current Fitting

The depolarization current decreases when the polarization time increases from 300 s
to 600 s from the Fig. 2, which may be due to the fact that the charge fully fills the trap
at 300 s of polarization, but some of the charges are not completely released during the
depolarization process. When polarized again, the charge remaining near the cable core
may weaken the electric field at the core to a certain extent, affecting the charge injection
at the electrode and the charge migration inside the material, resulting in a reduction
in the trap charge, making the depolarization current for a polarization time of 600 s
decrease compared to that for a polarization time of 300 s.



90 J. Wu et al.

0.1 1 10 100 1000
0

-50

-100

-150

-200

-250

-300

-350

-400

-450

D
ep

ol
ar

iz
at

io
n 

cu
rr

en
t(p

A
)

Time(s)

 300s
 600s
 900s
 1200s
 1500s
 1800s

200 400 600 800 1000 1200
0

-50

-100

-150

-200

-250

-300

-350

-400

-450

D
ep

ol
ar

iz
at

io
n 

cu
rr

en
t(p

A
)

Time(s)

 300s
 600s
 900s
 1200s
 1500s
 1800s

Fig. 2. Depolarization current curves at different polarization time

When the polarization time increases from 600 s to 1800 s, the depolarization current
tends to increase, and the increase is more obvious. The depolarization currents obtained
at 1500 s and 1800 s are almost identical, probably because the increase in polarization
time overcomes the influence of residual charge on charge injection andmigration, and to
a certain extent drives more charges into the trap, thus causing the depolarization current
to increase. However, the charge trapping process has basically reached a steady state,
so the depolarization current values obtained at different polarization times are close. In
the later stages of the depolarization current test, the polarization time has no effect on
the depolarization current, as the difference between the depolarization currents in the
cables becomes smaller after a longer discharge time.

4 Conclusions

The steady-state depolarization current, time constant and aging factor A obtained after
fitting are gradually stabilized as the depolarization time increases.When the depolariza-
tion time is greater than 1200 s, the depolarization current test results are more accurate
at this point. A shorter polarization time will produce a smaller depolarization current,
extending the polarization time will improve the reliability of the measurement results.
A polarization time of not less than 1200 s will give more accurate results.
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Abstract. To propose a more accurate electrical life model of crosslinked
polyethylene (XLPE) under AC voltage, breakdown experiments of XLPE sam-
ples were carried out. The distribution of breakdown time varied with electric field
strength within the sample were statistically analyzed, based on which the tradi-
tional inverse-power-law related electrical life model was thoroughly improved.
The results showed that, under the same electric field strength, the breakdown
time of XLPE could still be very dispersive, which mainly distributed in three
time intervals. Different time intervals corresponded to different insulation fail-
ure processes, where the dominant failure process was determined by the electric
field strength. By replacing the whole electrical life of the XLPE samples with
only the breakdown time component of the dominant failure process, an improved
electrical life model of XLPE was obtained. Compared with the traditional life
model, the lifetime index n obtained by the improved model was more precise to
evaluate the aging time of XLPE samples, especially those under long electrical
aging process.

Keywords: Cross-linked Polyethylene · Failure time · Weibull Distribution ·
Statistic Characteristics · Inverse Power Law

1 Introduction

Cross-linked polyethylene (XLPE) is a semi-crystalline polymer formed by physical or
chemical cross-linking of polyethylene (PE), and is widely used as an insulatingmaterial
for power cables due to its outstanding electrical, thermal and mechanical properties [1].
XLPE cable has been applied in urban power systems in China for more than 40 years
since the 1980s [2]. However, concerning problem rises as the insulation performance
of XLPE cable decreases gradually due to the influence of electrical, thermal, moisture
and other factors in long-term operation, which threatens the stability of power system
[3]. According to statistics, cable failures due to insulation aging account for 21.1%
of transmission line failures, ranking second among all other factors. With the further
increase of cable service life, insulation aging of cables tends to be more serious, which
will inevitably increase the frequency of cable transmission failure [4]. Therefore, it is
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of great significance to analyze the failure characteristics of XLPE, and make intensive
studies of XLPE life assessment to improve the reliability of power grid operation.

For cables that are put into operation at early years, or those operates under low
voltage levels, thermal aging is the main form of the insulating aging. However, with the
continuous increase of cable transmission voltage level, electrical aging begins to play an
increasingly important role in the failure process of XLPE insulation. Therefore, atten-
tion has been drawn to the electrical aging process of XLPE [5]. Due to the difference
between the external environment and the internal structure of materials, there are differ-
ent forms of electrical aging in insulating materials. For different aging forms, scholars
have proposed different electrical aging theories, including charge injection and extrac-
tion theory, photodegradation theory, hot electron theory, and partial discharge theory,
etc. [8, 9]. Under long-term electric stress, the molecular structure of XLPE is destroyed,
and its insulation performance is gradually reduced. If there are defects such as air gaps
or micropores in the insulation, the electric field distortion will also occur at the defects,
thus accelerating the electrical aging process. To evaluate the electrical life of XLPE,
scholars have conducted further researches. Liu carried out the AC withstand test and
DC withstand test on XLPE cable slices respectively, and found that the AC breakdown
field strength of XLPE decreases, whereas the DC breakdown field strength of XLPE
increases, with the increase of voltage application time. Wang studied the DC electri-
cal life of XLPE under different temperature, and adopted the traditional inverse power
law model to quantify results. Conclusion indicates that the life exponent n of XLPE
decreases with the increase of temperature. Yang obtained the XLPE insulation aging
life index by changing the test parameters in the step-boost withstand test, and proved
that the life model accuracy can be improved by prolonging the voltage duration. Despite
of all the above researches, the electrical life model of XLPE is still within laboratory
and being not adopted to industry. The reason is that the effect of electric stress on the
performance of insulation material is of probability distribution. Even under the same
experimental conditions, the insulation failure time of the sample also has a large dis-
persion [6–9]. However, the existed researches often ignore the statistical characteristics
of the electrical life of XLPE.

In order to improve the accuracy of electrical life assessment of cable insulation
materials, it is necessary to strengthen the research on the statistical characteristics
of failure time of XLPE materials, but little attention has been paid to this point. In
this paper, the voltage withstand test of XLPE samples is carried out; the distribution
characteristics of XLPE failure time under different field strengths are counted; and the
traditional XLPE electrical life model based on the inverse power law is modified based
on statistical characteristics of failure time accordingly.

2 Experimental Setup

The setup of voltage withstand test platform is shown in Fig. 1. The platform mainly
consists of a transformer, a voltage regulator, a water resistor and a high voltage oil cup.
The transformer and the voltage regulator provide the high voltage required for the test.
The water resistor has a resistance value of 30 k�, which limits the short-circuit current
once the sample is broken down. High voltage generated by the transformer is applied
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to the XLPE sheet sample through the oil cup. Inside the oil cup are two disc-shaped
copper electrodes with a diameter of 25 mm and a thickness of 4 mm, the edges of which
are rounded into a semicircle with a radius of 2.5 mm. Place the XLPE sheet between
the two electrodes and rotate the adjusting nut on the oil cup to clamp the sample, then
measure the thickness of the three-layer structure of “electrode-XLPE sample-electrode”
with a vernier caliper. The thickness should be within 9 ± 0.01 mm to ensure that each
sample bears the same pressure during the test. In order to avoid surface flashover and
partial discharge during the experiment, the electrodes and samples were immersed in
Kunlun 25 transformer oil. The experimental temperature was controlled between 15 °C
and 20 °C.

Fig. 1. Voltage withstand test platform for XLPE sheet samples

XLPE samples used in the study were 200 mm × 200 mm × 1 mm sheets provided
by Sunway Co., Ltd. The thickness of different samples and different parts of the same
sample ismeasured by a thicknessmeter, the results show that the thickness of the sample
is 1 ± 0.01 mm. Before the experiment, the sample was cut into 55 mm × 55 mm ×
1 mm. The surface of each sample was wiped with absolute ethanol to eliminate the
influence of surface impurities on the experimental results.

To determine the testing voltage of the voltagewithstand test, the breakdown strength
of 10 XLPE samples were first measured based on GB/T 1408.1. The test was carried
out with an equal diameter electrode with a diameter of 25 mm and the edges rounded
to an arc with a radius of 2.5 mm. The size of the tested sample was 55 mm × 55 mm ×
1 mm. During the test, the voltage was continuously increased at a rate of 0.5 kV/s until
the breakdown. To avoid flashover, the sample and electrodes were immersed in Kunlun
25 transformer oil.

According to the test results, the breakdown strength E0 of the XLPE sheet sample
is 42.49 kV/mm, which meets the specified value of JB/T 10437 on XLPE insulation
breakdown strength. Referring to GB/T 29311, the initial field strength applied on the
XLPE samples during the voltage withstand test should be between 0.8E0 and 0.9E0,
therefore, E = 36 kV/mm is selected as the initial field strength of the test. The field
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strengths of the other four groups were set to 28 kV/mm, 30 kV/mm, 32 kV/mm and
33 kV/mm. The thickness of the XLPE samples is 1 mm, therefore, voltages applied on
the samples are 28 kV, 30 kV, 32 kV, 33kV and 36 kV, respectively.

In order to study the effect of the internal structure of XLPE on its electrical life, the
microstructure of the cross section of XLPE sheet sample was observed by JSM7500F
scanning electron microscopy (SEM). The magnification was 2000 times. Before the
test, the XLPE was cooled in liquid nitrogen for 30 min for brittle fracture, and the
fracture surface was treated by metal spraying.

3 Experimental Results

3.1 Breakdown Strength Rest Results

The breakdown strength test results of the XLPE sheet samples are shown in Fig. 2.
According to the standard GB/T 29310, the sample breakdown data can be analyzed by
using the two-parameter Weibull distribution.

Fig. 2. The breakdown strength test result of samples

The Weibull distribution can be expressed as following:

F(x) = 1 − exp(−(
x

α
)β) (1)

In formula (1), F(x) is the cumulative failure probability of the sample; x is the inde-
pendent variable, which can represent the breakdown time or breakdown field strength
of the sample in this paper; β is the shape parameter, and the larger the value of β, the
smaller the data dispersion is; α is the scale parameter. When x represents the failure
time of the sample under constant electrical stress, α represents the failure time corre-
sponding to the cumulative failure probability of 63.2%of the sample.When x represents
the short-term breakdown strength of the sample, α represents the electric field strength
corresponding to the cumulative failure probability of 63.2% of the samples. Generally,
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α is used to represent the characteristic failure time or breakdown strength of the sampled
。

It can be seen from Fig. 2 that the characteristic breakdown strength of the XLPE
sheet sample is E0 = 42.49 kV/mm. The shape parameter β = 40.59, which indicates
that the dispersion of the breakdown strength of XLPE is small.

3.2 Voltage Withstand Test Results

5 set of experiments were conducted to investigate the E-t characteristics of XLPE
samples at different electric field strengths, with 12 sample in each set.

Figure 3 is the schematic diagram of the distribution of breakdown points of the
sample, in which the “pressurized area” is the part of the sample in close contact with
the electrode. In order to avoid the influence of the edge effect on the experimental
results, the failure time of the samples whose breakdown points are located in the edge
area is not included in the statistics.

Fig. 3. Breakdown point distribution diagram

The Weibull distribution of the failure time of samples under different electric field
strengths is shown in Fig. 4. According to the results, failure time of the XLPE sample
increase with the decrease of the applied field strength. At the same time, it can be found
that the shape parameter β is always lower than 1 regardless of the field strength, which
indicates that the failure time dispersion of the samples is large.

4 Electrical Life Model and Its Modification

4.1 XLPE Electrical Life Model Based on Statistical Characteristics of Failure
Time

The relationship between the electrical lifetime of XLPE and the applied electric field
follows the inverse power law:

t = CE−n (2)
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Fig. 4. Weibull distribution of failure time of XLPE samples under different electric field
intensities

In formula (2), t represents the sample failure time; E represents the electric field
strength, and C is a constant. When the life index n is a constant, the E-t characteristic
curve of thematerial is a straight line on the log-log coordinate axis. TheE-t characteristic
curve of XLPE sheet samples can be drawn from the voltage withstand test results, and
then the XLPE electrical life model can be established.

In the course of the study, it was found that some samples were not broken down
in the limited experimental time, although the electrical life of the samples should be
prolonged with the decrease of electric field strength according to the inverse power
law, the proportion of the number of samples that were not broken down to the total
number of samples in the same group was still increasing. On the other hand, through
the statistics of the breakdown time of the breakdown samples, it is known that the failure
time of XLPE sheet samples has a large dispersion, even under the same field strength.
The maximum failure time of the samples is more than a hundred times of the minimum
failure time. Therefore, it is not appropriate to draw the E-t characteristic curve of XLPE
sheet samples directly according to the statistical results of failure time.

According to Fig. 4, failure time of samples under same electric field strength has
a large dispersion, and can be divided into several time intervals, each of which may
correspond to different failure processes of XLPE. Therefore, it is necessary to classify
and discuss different failure processes when establishing a new electrical life model.

In order to reduce the influence of subjective factors on the classification results, a
noisy spatial clustering method based on Density (Density-Based Spatial Clustering of
Applications with Noise) is used. The DBSCAN algorithm divides the failure time of the
broken down samples according to the distribution concentration of data points. Firstly,
the algorithm traverses each data point, calculates the local density of each point and the
distance between each data point, and then finds out the point with the maximum local
density as the clustering center, and completes the data clustering analysis according
to the distance between each point and the clustering center. The clustering results are
shown in Fig. 5.
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Fig. 5. Clustering result of failure time of the breakdown samples

According to Fig. 6, the failure time of the punctured samples can also be divided
into two categories. Considering the availability of unbroken samples, the failure time
of XLPE insulation is distributed in three time intervals.

According to the classification results of DBSCAN algorithm, the XLPE insulation
failure is divided into three failure processes: failure process 1 (samples with short time
breakdown), failure process 2 (samples with long time breakdown) and failure process 3
(samples without breakdown in the experiment). The failure time of samples in different
failure processes is processed byWeber distribution, and the statistical results are shown
in Table 2.

Table 2. Statistical results of failure time of different failure processes of XLPE samples

E (kV/mm) Scale parameter α/H The shape parameter β

Failure process 1 Failure process 2 Failure process 1 Failure process 2

36 0.022 0.609 0.74 2.87

33 0.056 0.790 1.35 3.01

32 0.174 3.674 0.63 5.21

30 0.958 104.8 0.40 3.46

28 2.941 335.8 0.96 3.98

In the experiment, it is found that the number of unbroken samples (corresponding
to failure process 3) increases with the decrease of applied field strength, and the number
of samples in failure process 1 and failure process 2 also changes with the change of field
strength by analyzing the breakdown time data of broken samples. In order to study the
relationship between XLPE failure process and electric field strength, the proportion of
samples in each failure process to the total number of samples in the same group under
different field intensities is calculated, and the calculation results are shown in Fig. 6.
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Fig. 6. The relationship between the proportion of different failure processes and the electric field
strength

It can be seen from Fig. 6 that when the electric field strength is high, the failure
process 1 accounts for the highest proportion, followed by the failure process 2, and
the failure process 3 accounts for the lowest proportion. With the decrease of electric
field strength, the proportion of failure process 1 decreases, while the proportion of
failure process 2 and failure process 3 increases. When the electric field strength E =
30 kV/mm, the proportion of failure process 2 exceeds that of failure process 1, which is
the highest among the three failure processes. When the field strength E = 28 kV/mm,
the proportion of failure process 1 decreases further, and it is the lowest among the three
failure processes. The above results show that different failure processes are affected
by different electric field strengths, and the three failure processes may correspond to
different insulation failure mechanisms.

The relationship between failure probability and time of power equipment meets
the “bathtub curve”, that is, the failure rate of equipment is higher in the early stage
of operation, and the “early failure” of equipment often occurs at this time. When the
equipment runs stably, the failure probability decreases and tends to be stable, and the
failure of the equipment is mostly “random failure”. With the increase of the operation
life of the equipment, the failure probability of the equipment also increases. At this
time, the failure of the equipment is mostly caused by “aging failure”, and the failure
time of different failure processes is quite different.

In the manufacturing process, there are inevitably defects such as cracks or microp-
ores in XLPE. Due to the distortion of the electric field near the cracks or micropores,
the defects bear higher electric stress, which further develops the defects in the material
and eventually leads to insulation failure [6].

Figure 7 is the microtopography of two different XLPE sheet samples, in which the
convex part is the brittle fracture crack generated in the brittle fracture process. It can be
seen that the internal structure of XLPE is not exactly the same even if it is produced by
the same manufacturer in the same batch. There are micropore defects in the samples
shown in Fig. (A) and Fig. (B), in which the micropores in sample 1# are small and
the defects are sparsely distributed, and there are more micropores in sample 2# and
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the defects are densely distributed. Under electric field, the internal defects of XLPE
develop gradually. When the internal defects of XLPE are densely distributed, the fine
defects close to each other are easy to merge into larger defects in the development
process, and the size of the merged defects is higher than that of the original defects,
which leads to more serious electric field distortion at the defects and accelerates the
material deterioration rate until breakdown. This process takes less time and corresponds
to the “early failure” process described above.

When the internal defects of the material are sparsely distributed, due to the long
distance, the defects are not easy to merge into larger defects in the growth process,
but keep relatively independent development, eventually leading to the insulation failure
of the sample, which takes a long time, corresponding to the above “random failure”
process.

The above analysis shows the influence of the sparseness of defects in the material
on its electrical life. When there are no obvious defects, the internal electric field is more
uniform. Under the action of electrical stress, the material is gradually aged and the
insulation performance is continuously decreased.When the breakdown strength of the
sample is lower than the applied field strength, the sample will be broken down under the
action of high field strength, and this process takes the longest time, which corresponds
to the “aging failure” process mentioned above.

(A) 1 # sample        (B) 2 # sample

Fig. 7. SEM images of XLPE samples

Figure 8 is an E-t characteristic curve for different failure processes of XLPE sheet
samples plotted from the data in Table 2. Because that failure time of the sample in the
aging failure process is not observed in the experiment, only the E-t characteristics of
the samples in the early failure and random failure processes are analyzed. It can be
seen from Fig. 8 that the early failure process life index n1 of XLPE is 20.73, and the
random failure process life index n2 is 28.45. Observing Fig. 6, when the electric field
strength E ≥ 32 kV/mm, the early failure (failure process 1) accounts for the highest
proportion among the three failure processes, and the breakdown time of the sample in
the early failure process represents the electrical life of the XLPE sheet sample; When
the field strength E ≤ 32 kV/mm, the random failure (failure process 2) dominates the
three failure processes, and the breakdown time of the sample in the random failure
process is used to represent the electrical life of the XLPE sheet sample, so the modified
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XLPE electrical life model is obtained as follows:

lg t =
{
30.46 − 20.73 × lgE
43.65 − 28.45 × lgE

E ∈ [32, 42.49)
E ∈ (0, 32)

(3)

where E = 42.49 kV/mm is the power frequency breakdown strength of the XLPE sheet
sample. When the electric field strength exceeds this value, the E-t characteristic of
XLPE will no longer satisfy the relationship described in formula (3).

Fig. 8. E-t characteristic curve of different failure process of XLPE sheet sample

According to formula (3), when the electric field strengthE ≥ 32 kV/mm, the lifetime
index n1 of XLPE is 20.73, and when the electric field strength E < 32 kV/mm, the
lifetime index n2 of XLPE is 28.45. The point corresponding to E = 32 kV/mm is the
“inflection point” in the E-t characteristic curve.

It should be pointed out that the proportion of samples in the aging failure process
increases with the decrease of the applied field strength, so it can be determined that
there is a certain field strength Ec, when the field strength E < Ec, the aging failure will
occupy the dominant position in the XLPE failure process. The electrical life of XLPE
will be much larger than that calculated by formula (3), that is, the electrical life model
of XLPE obtained is conservative at lower field strength.

4.2 Traditional XLPE Electrical Life Model

The E-t characteristic curve of the XLPE sheet sample can be drawn from the data in
Fig. 4, and then the traditional XLPE electrical life model based on the inverse power
law is established as shown in Formula (4).

The slope of the E-t curve is related to the life index n. The failure process of XLPE
under high and low electric field strength is different, and the corresponding life index n
is also different. Generally, the E-t characteristic curve of XLPE can be approximately
regarded as a broken line composed of different straight line segments, and the position
of the inflection point of the curve determines the shape of the curve. At present, the
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selection of curve inflection point is mostly from the mathematical point of view. In
the process of curve fitting, the appropriate inflection point is selected to make the
fitting curve have the highest fitting degree. Compared with the traditional method, the
method proposed in this paper gives more consideration to the physical meaning when
determining the position of the inflection point of the curve, so that the modified model
has more application value. The comparison between the traditional XLPE electrical life
model and the modified model is shown in Fig. 9.

lg t =
{
32.47 − 21.69 × lgE
63.44 − 42.04 × lgE

E ∈ [32, 42.49)
E ∈ (0, 32)

(4)

Fig. 9. Comparison of traditional XLPE electrical life model and modified model

5 Conclusion

In this paper, that statistical characteristics of XLPE failure time under different electric
field strengths are studied by voltage endurance experiment on thin XLPE samples, and
the traditional XLPE electrical life model base on inverse power law is improved. The
following conclusions are drawn:

1) in this pap, that failure time of XLPE, which is in the dominant failure process,
is use to express the electrical life of the material under the same field strength
without waiting for the breakdown of all samples, which can improve the efficiency
of voltage durability experiment.

And 2) determine that position of an inflection point in anE-t characteristic curve
of the XLPE through the statistical characteristics of the XLPE failure time under the
action of different electric field strengths, and correcting a traditional XLPE electric
life model based on an inverse pow law according to the position. According to the
modified model, when the electric field strength E ≥ 32 kV/mm, the lifetime index
n1 of XLPE is 20.73; When the electric field strength E < 32 kV/mm, the lifetime
index of XLPE n2 = 28.45.
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3) The results show that the difference of breakdown strength between different XLPE
samples is small, and the difference of failure time of XLPE under the same field
strength is significant, so the voltage durability test can better reflect the insulation
state of the material.
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Abstract. Detachment refers to the process in which negative ions react with neu-
tral particles to produce electrons. The theory of negative glow corona is reviewed
by probing the influence of detachment. In this paper, a numerical simulation
model of fluid dynamics for atmospheric coaxial cylindrical corona discharge is
established. We simulate the negative corona discharge in two cases: considering
detachment and not considering detachment. By comparing the results, we show
the importance of detachment to the corona discharge. The results show that if the
influence of detachment is ignored, the generation rate of electrons in the ioniza-
tion region will be underestimated, resulting in the underestimation of the peak
value of positive and negative ions and electron density. And the amplitude of the
electric field and current peak value of the wire surface will be smaller. Mean-
while, the consumption rate of negative ions will be underestimated, resulting in a
longer pulse period and deviation from the real results. Therefore, it is necessary
to consider the detachment in the simulation of atmospheric corona discharge for
the accuracy of the simulation.

Keywords: Negative corona discharge · Detachment · The Trichel pulse ·
Electric field distribution

1 Introduction

Corona discharge is a common form of discharge in industry, which has a broad impact
on social production. On the one hand, Corona discharge produces plasma [1], which has
good applications in the fields of plasma medicine [2] and environmental governance
[3–5] due to its stability and convenience. For example, in the disposal of oil pollu-
tion, the active material produced by corona discharge plasma attaches to petroleum
hydrocarbons, which will promote their degradation. On the other hand, Corona dis-
charge causes power loss and a series of electromagnetic environmental problems, such
as radio interference, audible noise and the surge of reduced electric field [6].

The regular current pulses that occur during negative corona discharge is known as
the Trichel pulse, whose periodicity is caused by the generation and disappearance of
space charge in discharge. The discharge process can be simulated macroscopically with
a fluid model. There are many scholars who have obtained the Trichel pulse by fluid
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model simulation. Zhuang et al. proposed a fluid model simulation of the wire plate
electrode for negative discharge to obtain the Trichel pulse. The results were in good
agreement with a designed experiment in the laboratory, which provided a reference for
analyzing the transient process of corona on transmission lines [7]; He et al. proposed
a coaxial cylindrical electrode fluid model and discussed the change of electric field,
electron density and negative ion density during the pulse, illustrating the effect of
space charge on the synthesized field [8]. However, these traditional fluid models only
considered ionization, attachment, and recombination. The effect of detachment was
neglected.

Detachment refers to the process in which negative ions react with neutral particles
to produce electrons. It will have an effect on the space charge density in the discharge
area. Consideration for detachment was first proposed by Morrow. He proposed that
the seed electrons required for continuous pulses were mainly provided by detachment
of metastable oxygen molecules with negative ions [9]. Then, Liu et al. used a coaxial
cylindrical electrode structure and mainly considered the detachment of O2−, extending
Morrow’s proposed model to two dimensions. It was found that the discharge current
suddenly increased by more than two orders of magnitude when streamers with filamen-
tary structures appeared [10]. Furthermore, He et al. proposed a chemical-fluid model
and compared it with the model built by Liu Lipeng. The results showed that the model
with the averaged kinetic scheme (AKS) underestimated the detachment that played an
important role in the positive glow corona discharge.

The above studies are all for the positive glow coronamodel. However, little research
has been done for detachment in the negative corona. Compared to positive corona, neg-
ative corona discharge is dominated by negative ions, since positive ions will disappear
rapidly from the electrode surface after being generated. Therefore, detachment in a neg-
ative corona mainly affects the generation and disappearance of space charges, which
differs from its primary role in maintaining discharge in positive corona. In this paper,
we proposed a fluid model that considers positive and negative ions and electrons. An
infinitely long coaxial cylindrical electrode corona discharge model was developed to
simulate separately with and without detachment. The effect of detachment on the neg-
ative corona discharge is illustrated by comparing the electric field strength at the wire
surface, current, and particle distribution.

2 Model Description

2.1 Circuit Structure and Environment Setting

The corona discharge model is shown in Fig. 1, where the discharge area is an infinitely
long coaxial cylindrical electrode with an internal solid wire radius of 0.5 mm. The
applied voltage is −24 kV, and the radius of the ground outer electrode is 20 cm. Since
it is symmetrical, the one-dimensional model is used to simplify the discharge model.
In order to simplify the calculation, we set the artificial boundary at 1 cm [15]. The
discharge occurs at ambient temperature and atmospheric pressure. The gas in the gap
is air.
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Fig. 1. Schematic diagram of circuit structure

2.2 Governing Equations

In this study, a fluid model was constructed with the consideration of detachment. The
Poisson equation is solved to describe the effect of space charge on the electric field
intensity. The continuity equation is solved to describe the generation, disappearance and
transport of positive ions, negative ions and electrons. By coupling the Poisson equation
with the continuity equation, the discharge process of coaxial cylindrical electrode can
be numerically simulated [10].

∇2ϕ = −e(Np − Nn − Ne)/ε (1)

∇ϕ = −E (2)

The Poisson equation is shown above. Where ε is the permittivity of air. e is the
charge of an electron. ϕ is the electric potential. E is the electric field vector. The poten-
tial distribution can be calculated from the charge distribution. Then, the electric field
strength distribution can be obtained from the potential distribution.

The continuity equation of each particle is solved according to the reaction source
term and transport in the discharge process. It involves the ionization and attachment of
electrons and neutral particles, the combination of electrons and positive ions, and the
detachment of negative ions andneutral particles. For positive ions, ionization and recom-
bination are considered. For negative ions, attachment, recombination, and detachment
are considered.

∂Ne/∂t = (α − η)Ne|We| − βNeWe + KdNn − ∇(NeWe) (3)

∂Nn/∂t = ηNe|We| − βNnWp − KdNn − ∇(NnWn) (4)

∂Np/∂t = αNe|We|| − β(Nn + Ne)Np − ∇(NpWp) (5)

Ne,Np, andNn are the densities of electrons, positive ions, and negative ions, respec-
tively. α is the ionization coefficient and η is the attachment coefficient. They are used to
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describe the intensity of ionization and attachment under different electric field strengths.
β is the recombination coefficient, which is independent of the electric field strength.
Kd is the detachment rate coefficient. Since negative ions mostly react with stable back-
ground gas to generate electrons, the detachment rate coefficient characterizes the ability
of negative ions to detach electrons. Wi is the velocity vector of the corresponding sub-
stance, determined by the mobility and the electric field strength of the spatial location.
The specific calculation of the relevant parameters is shown below [13].

Wi = Eμi (6)

β = 2.2 × 10−12 (7)

η = 9.865 × 102 − 5.41 × 10−4|E| + 1.145 × 10−10|E|2 (8)

α =
{
3.632 × 105 × e−1.68×107/E |E| ≤ 4.56 × 106V /m
7.356 × 105 × e−2.01×107/E |E| ≥ 4.56 × 106V /m

(9)

According to values for the detachment rate coefficient taken by previous scholars,
we take theKd value as 1× 105 orders of magnitude [14, 15]. The finite element method
is applied to solve the fluid model. The simulation stops after obtaining the regular pulse.

3 Simulation Results and Analysis

3.1 Characteristics of Trichel Pulse

Figure 2 shows the variation of simulated current and simulated electric field on the wire
surface. The results show that the current pulse has a relatively short rising edge and
duration, and it occurs again after a long dead time. The amplitude of each current pulse
is almost the same, which seems relatively regular, exhibiting the typical characteristics
of Trichel pulse. Analyzing the features of the current pulse, we can observe that the
simulation results conform to the characteristics of negative corona discharge. The pulse
period of the electric field on the wire surface is consistent with the current pulse period.
The value of electric field accumulates continuously during the dead time of the current
pulse, and then drops sharply in the meantime when the current falling edge occurs.
Since the discharge near the wire surface is intense, the variation of the electric field
on the wire surface can basically represent the overall electric field in the ionization
region. Therefore, the pulse discharge can be represented by the electric field on the
wire surface.

The pulse discharge period studied in this paper starts when the electric field on the
wire surface reaches the trough. In a period, the electric field on the wire surface rises
slowly and then drops sharply before the next period begins. The electric field on thewire
surface is affected by the space charge. After the collision ionization and attachment in
the ionization zone, a large number of positive and negative ions are generated, which
will distort the electric field near the cathode. Whereas the positive ions are closer to
the cathode surface and have higher density, they tend to have a stronger impact on the
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electric field distortion on the cathode surface, which leads to a sharp increase on the
electric field; When the positive ions collide with the cathode surface and disappear,
the electric field on the conductor surface will also drop sharply. However, when the
reactions of the ionization zone become weak, the influence of positive ions on the
surface field strength of the conductor becomes little. The electric field strength of the
wire surface is mainly affected by the inhibition of the negative ions that are gradually
away and run out. As negative ions lose inhibition gradually, the electric field strength
presents a slowly rising trend.

The detachment mainly affects the distribution of negative ions. When the detach-
ment is considered in the simulation, the current amplitude will increase and the period
will be shortened, corresponding to the increase in the amplitude and decrease of the
period length of the electric field on the wire surface.

(a) Model without detachment (b) Model with detachment

Fig. 2. Trichel pulse characteristics

3.2 The Distribution of Particles in a Single Period and the Effect of Detachment

The period of the discharge model without detachment starts at 355.9 μs and ends at
368.7 μs. While the period of the model with detachment starts at 362.3 μs and ends
at 373.1 μs. Select five moments with typical characteristics to describe the changes of
positive and negative ions and electrons in a period discharge process. These moments
will be further illustrated in the next section.

Figure 3 shows the changes of the radial number density distribution of each particle
in a period in the model without detachment. After the field strength trough arrives, each
reaction stagnates. Since a large number of electrons come from the ionization zone,
the electron density reaches a peak near the ionization zone, but the value of density is
diminutive; Positive ions collide with the cathode and they gradually run out; Negative
ions mainly accumulate outside the ionization zone. There are almost no negative ions
in the ionization zone. Then, the negative ions gradually move away from the cathode,
decreasing with the progress of recombination. When the electric field strength in the
ionization zone reaches a certain value, the electron ionization rate increases sharply.
Due to the different migration directions of positive ions and electrons, the peak of
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positive ion density appears near the cathode in the ionization zone. These positive ions
distort the electric field near the cathode, resulting in a sharp increase on the surface field
strength of the cathode; Whereas the peak of electron density appears in the outer region
of the ionization zone, a large number of negative ions are generated by attachment at
the same position. At this stage, the density of positive and negative ions and electrons
and the surface field strength of the wire reach their peak value almost simultaneously.
As the positive ions begin to collide with the cathode, the field strength in the ionization
zone drops rapidly, and all reactions come to a standstill. Due to the large specific charge,
the electrons rapidly migrated away from the ionization region under the effect of the
electric field force. Due to the concentration of the positive ions, they quickly collide
with the cathode and run out. There are almost only negative ions left in the space. They
slowly move away from the cathode, and gradually depleted.

(a) Electron distribution (b) Negative ion distribution

(c) Positive ion distribution(complete) (d) Positive ion distribution(detailed)
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Fig. 3. Spatial distribution of positive and negative ions and electron densities (the model without
detachment)

Figure 4 shows how positive and negative ions and electrons change in a period in the
model with detachment. After the field strength trough arrives, each reaction stagnates.
Since the detachment greatly accelerates the loss of negative ions, the negative ions
rapidly come to a lower level not far from the ionization zone. Compared with the
model without detachment, the electric field intensity in the ionization zone reaches a
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higher level in advance, shortening the period length. When the ionization zone gets
into the active state, the electrons generated by the detachment are positive feedback
to the collision ionization to generate a large number of electrons. More positive ions
are generated at the same time, which will make the electric field strength near the
cathode greater. As a result of great electric field strength, the generation of positive and
negative ions is more intense, thus accelerating the reaction rate, which makes the peaks
of positive and negative ions and electrons higher.

Compared with the model without detachment, the peak of positive ion density
increased to 3.10 times, the peak of negative ion density increased to 2.78 times, and
that of electron density increased to 2.65 times.

(a) Electron distribution (b) Negative ion distribution

(c) Positive ion distribution(complete) (d) Positive ion distribution(detailed)
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Fig. 4. Spatial distribution of positive and negative ions and electron densities (the model with
detachment)

3.3 Cathode Surface Field Strength Change in a Single Period and the Effect
of Detachment

Given the discharge process is closely related to the wire surface field strength, the
following analysis of the discharge process will be based on the fluctuation period of the
wire surface field strength as a complete stage to explore the relationship between the
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positive, negative ions and the electron density and the cathode surface field strength, so
as to illustrate the impact of the detachment.

Figure 5 shows the change of the electric field intensity on the cathode surface in a
period in the dischargemodelwithout detachment.At 355.9μs, the electric field intensity
reaches the valley, and only a small number of positive ions remain in the ionization
zone, which hasn’t collided with the cathode. The negative ions gradually move away
from the cathode and the electric field strength begins to rise. Since the electric field
intensity is too low, all reactions will stagnate. Almost no new particles are produced in
the ionization zone. At 358.0 μs, the positive ions in the ionization zone run out. Since
then, the negative ions gradually move away from the cathode and slowly recombine
with a small number of positive ions. The electric field strength gradually increases. At
364.2 μs, the electric field strength reaches a certain level, and the collision ionization
rate of electrons begins to increase sharply, producing a large number of electrons and
positive ions. At the same time, due to the increase in electron density, the attachment rate
of electrons and neutral particles increases, A large number of negative ions begin to be
generated outside the ionization zone. In contrast, the reaction rate of electron collision
ionization is higher than the level of negative ion density, which makes the positive ion
density rise faster. At the same time, due to the closer distance to the ionization region,
the distortion of the electric field in the ionization region is greater. At 365.8 μs, the
electron density is relatively high. The gain of positive ions on the electric field strength
in the ionization region also reaches a higher level. The collision ionization reaction is
further accelerated and continues to promote the attachment, producingmore positive and
negative ions and electrons. The electric field strength shows a trend of sharp increase.
At 366.5μs, some positive ions collide with the cathode surface and emit electrons. Due
to the violent and short-lived collision process of high-density positive ions, the electric
field intensity in the ionization region begins to drop rapidly. At 368.7 μs, only a small
number of positive ions haven’t collided with the cathode, which makes the electric field
intensity reaches the trough again.

Fig. 5. Cathode surface electric field strength
(the model without detachment)

Fig. 6. Cathode surface electric field
strength(the model with detachment)

Figure 6 shows the change of the electric field intensity on the cathode surface in a
period in the discharge model with detachment. At 362.3 μs, the electric field strength
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reaches the valley value. Since more negative ions were generated in the previous period,
the electric field strength will be lower than that without the detachment. At 364.0μs, the
positive ions run out. After that, in addition to gradually moving away from the cathode
and slowly recombining with a small number of positive ions, the electrons will also
detach from the negative ions. It greatly increases the loss rate of the negative ion density
while improving the electron density. Therefore, the electric field strength will increase
at a higher rate, which will advance the stage of violent reaction. At 369.4 μs, positive
and negative ions and electrons begin to generate in large quantities. At 371.0 μs, the
electric field strength begins to rise sharply. At this time, the electric field intensity has
been high. The collision ionization rate of electrons has reached a high level, producing
a large number of electrons and positive ions. As the electron density increases, the
attachment rate of electrons and neutral particles increases. A large number of negative
ions are generated in the area with high electron density. The generated large number of
negative ions will have a violent detachment with the neutral ions, which will consume
part of the negative ion density and continuously increase the electron density. This
process will positively feedback on the collisional ionization of electrons, significantly
increasing the electron density and positive ion density. Due to the further increase of
electron density, the attachment between electrons and neutral particles is intensified,
resulting in a large number of negative ions. On the other hand, due to the higher density
of positive ions, the distortion effect on electric field intensity is also stronger, and
greater electric field intensity is generated in the ionization region. The great electric
field intensity also helps to improve the rate of various reactions and increase the density
of positive, negative ions and electrons. Therefore, in the ionization region with large
field strength, the gain of negative ion density brought by the detachment will be greater
than the loss of negative ion density in the detachment. After considering the detachment,
the reaction rates will be improved, the positive and negative ions and electron densities
will be higher, and a higher maximum density will be generated at the same time. At
371.5 μs, a large number of positive ions collided with the cathode, and the electric field
strength began to decline. The electric field intensity has a higher peak due to the higher
density of positive ions after detachment. At 373.1 μs, only a small number of positive
ions have not yet collided with the cathode, and the electric field strength quickly reaches
the valley. Since the negative ion density is higher after considering the detachment, the
valley value of the electric field strength is also lower.

After considering the detachment, the discharge period is reduced from 12.8 μs to
10.8 μs. The period is only 84.4% of the previous one.

3.4 The Current Change in a Single Period and the Effect of Detachment

Figure 7 shows the changes of current in the two models. The pulse period of the electric
field on the wire surface is consistent with the current pulse period. Considering detach-
ment, the period of the current is shortened. In addition, the peak value of the current
will increase significantly. Since the directional movement of positive and negative ions
and electrons generates the current, the significant increase in their peak density will
cause a significant increase in the peak current.
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Compared to the model that does not consider detachment, the peak current in this
model is 2.4 times higher. Additionally, the gain factor of the current peak is close to the
density gain of each particle, which justifies the model.

Fig. 7. Comparison of currents in a single period between the two models

4 Conclusion

For negative corona discharge with coaxial cylindrical electrode structure, a fluid model
was constructed to analyze the discharge process and the influence of detachment. Com-
pared with the traditional fluid model without the detachment, the model considering
the detachment shows differences in the spatial distribution of particles, the electric field
intensity waveform on the wire surface and the current waveform.

In the process of negative Trichel pulse discharge, the negative ions mainly have an
inhibitory effect on the electric field. The consideration of detachmentmakes the negative
ions not only move away from the cathode surface under the action of the electric field,
but also makes their density continuously depleted in the process of migration. Some of
the negative ions are detached into neutral particles and electrons. As a result, the density
of negative ions outside the ionization region is lower in the model with detachment.
Therefore, compared with the traditional model, when negative ions leave, the inhibition
on the electric field intensity strengthens, the pulse period shortens. Apart from this, due
to the addition of the electron source, the particle activity in the ionization region becomes
more intense. During this period, the positive and negative ions together with electron
production are higher than that in the traditionalmodel. As a consequence, the peak value
of the field intensity on the wire surface is increased, while the peak value of the current
within the period is also greater. Compared with the traditional model, more residual
negative ions also make the trough of the electric field on the wire surface lower, which
makes the electric field peak on the wire surface larger.

It can be seen that if the influence of detachment is ignored, the generation rate
of electrons in the ionization region during the period of high field intensity will be
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underestimated. This could lead to our underestimation of the peak number of particles.
Additionally, the amplitude of the field intensity as well as the peak current of the
wire surface will be smaller. As a result, the consumption rate of negative ions will be
underestimated, and the pulse period will be longer. All of this will deviate from the real
results.
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Abstract. This research presents a simulation analysis of D.C. corona character-
istics to investigate the effects of electric field distribution on corona discharge
caused by different electrode geometries. A model setup with various electrode
shapes is designed to evaluate the corona discharge characteristics. This model
solves the electron and ion continuity and momentum equations with a drift-
diffusion approximation that is coherently coupled with the Poisson equation.
To explore the impact of the electric field (E.F.) on corona discharges caused by
various electrode geometries (sharp, flat, and spherical) and applied voltages, the
electric field dispersal was analyzed using finite element analysis (FEA). The sim-
ulation software models corona discharges with different electrode shapes (sharp,
flat, spherical) and undergoing discrete applied voltages. The bi-dimensional (2D)
model was constructed to investigate the distribution of the electrical field and its
impact on corona discharge. Due to these simulations based on Finite Element
Analysis (FEA), the dispersion of the electric field’s impact on corona discharge
of various electrode geometries and applied voltage will be investigated. To elab-
orate on the influence of variation in applied voltage and the varied shape of elec-
trode geometries on corona discharge, the dispersion of the electric field, electron
current density, and electron density will be evaluated.

.

Keywords: D.C. Corona · Electric Field Distribution · HVDC · Displacement
Current Density · Electron Density · Finite Element Analysis (FEA)

1 Introduction

High Voltage Direct Current (HVDC) transmission automation offers various technical,
cost-effective, and atmospheric advantages for traditional A.C. transmission when bulk
electrical energy is delivered over distance or in the case of asynchronous interconnec-
tions. It is anticipated that HVDC transmissionwill play an increasingly important role in
subsequent power systems, presenting new provocation for electrical engineers. Besides
its well-known advantages, HVDC systems show better corona performance than con-
ventional A.C. transmission. Corona discharge is the most undesirable phenomenon in
H.V. insolation systems.
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This causes equipment insolation to deteriorate, resulting in system failure. [1]. Elec-
trical breakdown refers to the process bywhich a non-conductivematerial is transformed
into a conductive material when a sufficiently strong electric field is applied, a series of
transients such as the collisions of electrons, ions, photons with gas molecules and elec-
trode processes which Occurs at or near the electrode surface [2]. When an electric field
accelerates certain elementary seed electrons in cascade ionization, it invariably leads
to the start of electrical breakdown. After the first phase, the subsequent growth of the
discharge process is influenced by a number of factors, including the gas composition,
pressure, electrode spacing, intensity of the applied field, and electrode shape [3]. Spe-
cial circumstances of electrical breakdown comprise corona, breakdown of non-uniform
fields, lightning discharges, and laser-induced faults in prolonged discharge spaces [4].
Most studies emphasize investigating corona discharge plasmas’ generation mechanism
and development process in different weather conditions and other related parameters
[5].

A phenomenon known as a corona discharge occurs when power conductors ionize
the air around them at a voltage higher than the threshold breakdown voltage [6]. A
hissing noise, a blue discharge, the production of ozone fumes, and a flashover are
often the characteristics of this process. Corona discharge brings many hazards, so it is
necessary to determine influencing factors and prediction methods for corona discharge
[7]. Liang studied the corona discharge properties ofHVDCconductors at various heights
from the ground. However, he primarily concentrated on the correlation between the
corona inception voltage, conductor structure, and height [8]. Mosch investigated the
corona properties of HVDC transmission lines’ shaped and stranded wires [9]. Most
of the Electric energy consumed in forming the corona discharge plasma is directed
preferentially to produce energetic electrons instead of heating the gas components [10].
Plasma breakdown is a fundamental process, and A frequent source of plasma known as
a glow discharge may be created by the avalanche-like ionization of gas neutrals under
certain gas pressure and voltage circumstances [11]. Gas discharges and related plasmas
are used in many application fields and are primarily recognized as promising tools in
the search for new materials [12].

This work studies D.C. corona discharge in dry air at specific temperatures and
pressure but with different voltage levels and electrode geometries. The electric field
distribution (E.F.)was simulated by finite element analysis (FEA) to investigate the effect
of E.F. on corona discharge due to distinct electrode geometries and different voltage
levels. I have designed a simulation model to investigate the effect of various electrode
geometries (sharp, flat, and spherical) on the electric field, electron density, and electron
current density. The designed model will also elaborate on the effect of various applied
voltages on electric field distribution, electron density, and electron current density.
The temperature of the gas is maintained at 600 K, and simulation can be done at any
convenient temperature. This model solves the continuity and momentum equations for
electrons and ions with a drift-diffusion approximation that is coherently coupled with
the Poisson equation. Surrounding field correspondence is employed, which implies that
the assumption is that the source and transport coefficients are accurately specified by the
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reduced electric field (E/N). In the local-field approximation, the mean-electron-energy-
fluid equations are not significantly involved in reducing the complexity of numerical
problems.

2 Simulation Model Setup

Amodel has been designed to demonstrate the impact of the electric field distribution of
various electrode geometries on corona discharging characteristics. The applied voltage
for the developed model is 100 V, and after this, the parametric sweep function is used
to apply the various levels of voltages, e.g., 500–1000 V. All The parameters were kept
constant and the same for multiple shapes of electrodes. A cut-line 2D is drawn in-
between ground, and the electrode is defined to evaluate the electric field distribution,
electron density, and electronic current density.

The primary objective of the simulation model is to analyze the density profiles
of charged particles and currents. R1, R3, and R3 are chemical reactions. Instead, the
prevalent species M is used for background gas. M is ionized to form positive ion p, and
M combines electrons to form negative ion n. The process of generating and destroying
electrons in the contained area is explained by ionization, Townsend coefficient and rate
constant for triple-body attachments and electron-ion recombination. The Townsend
coefficients are derived as a function of the average energy of electrons by appropriately
averaging the electron energy distributions calculated using the Boltzmann solver using
a consistent set of electron dispersing collision cross sections for nitrogen and oxygen.

e + M → p + 2e Ionization (R1)

e + M → n Attachment (R2)

e + 2M → n + M Attachment (R3)

At a steady state, the predominant charged species in plasma are ions. Therefore,
in the initial conditions, the densities of cations and anions are equal, and electrons are
less dense. Charge neutrality is preserved under these preliminary conditions, which is
crucial for numerical reasons. The electrodes’ geometry and applied voltage level play
a critical role in the discharge produced and the overall breakdown voltage. This study
uses software simulation to model the corona discharge under various applied voltage
levels and electrode shapes (sharp, flat, and spherical).

Bi-dimensional (2D) models have been designed to analyze the electric field orien-
tation and its impact on corona discharge. The dispersion of the electric field between
high-voltage electrodes and the ground was examined using electric current physics.
Extremely fine element sizes have been used in a physics-governed mesh to achieve
more precise results. To compute the electric field distribution, time-based analysis is
employed to resolve the model. With the help of these simulations, It will investigate
the effect of variation of applied voltage and the various shape of electrode geometry on
the distribution of electric field, electron current density, and electron density.

To evaluate the distribution of electric field, electron current density, and electron
density, I have defined a cut-line 2D(CL) with coordinate {(0 1.375), (2.5 1.375)} in-
between ground and electrode. Dimensions of the simulation model geometry of various
shapes of electrodes are given in Table 1. In the table, L is for length, andW is for width.
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Table 1. Dimensions of Simulation Model Geometry.

Expression Dimensions (mm) Description

R L; 5 W; 2.5 Corona Cage

R1 L; 1.5 W; 0.3 Electrode

R2 L; 0.25 W; 2.25 Ground

CL {(0 1.375),(2.5 1.375)} Cut-Line 2D

d 2 Distance Between
Electrode and Ground

The applied voltage level and the other designing parameters are given in Table
2. According to the model design, I have used the parametric sweep to apply the two
different voltage levels (500–1000V) for the same electrode but with different geometry.

Table 2. Table of Simulation Model Parameters.

Name Expression Units Description

Vapp V0 −V0*ramp 100 V Applied Voltage

P0 760[torr] Pa Pressure of Gass

T0 600[K] K Temperature of Gas

The model governing equations to calculate the relevant parameters are given below.
The density of electrons is calculated by resolving the equation of drift-diffusion for the
electron density.

∂

∂t
(ne) + ∇�e = Re − (u · ∇)ne (1)

where u is the neutral fluid velocity vector, Re is either a source or a sink of electrons,
and �e is electron flux. ne denotes the electron density.

�e = −(μ · E)ne − De − ∇ne (2)

De is electron diffusivity, E represents the electric field, while µe is either a scalar
or tensor representing the electron mobility. Electron convection due to fluid motion is
spurned. The transport and source coefficients are still presented as the mean electron
energy function when utilizing the local energy estimate or the localized field. However,
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when using the localized-field approximation, we need to provide procedures for the
average of the decreased electric field and electron energy.

ε = F(E/N) (3)

ε is the mean electron energy. The rate of change of the scalar potential V with distance
is what constitutes the electric field.

E = −∇V (4)

In the aforementioned equations, E is the electric field, F is a constant, ∇ V is the
potential gradient, andN is a number density. The following equation is used to calculate
the electrostatic field.

−∇ · (εoεrE) = ρq (5)

The formula is used to simultaneously calculate the space charge density ρ

appertaining to the model-specified plasma dynamics.

ρ = q

[
N∑

k=1

Zknk − ne

]
(6)

In the above equation, nk is a number density for specie k, ne is electronic number
density, q is the unit charge, and Zk is the charge species k.

Boundary conditions for the designed corona model to evaluate the influence of
various electrode geometries are specified. Electrons are demolished to the wall due to
randommobility within a few accessible paths and acquired due to subsequent emission
effects, resulting in the boundary condition for the electron flux.

n · �e =
(
1

2
Ve.thne

)
−

∑
p

γp(�p · n) (7)

The gain of electrons due to secondary emission phenomena is represented by the
second component on the right-hand side of Eq. 7, where γp is the secondary emission
coefficient. Ions are dispersed to the wall due to surface interactions in heavier species,
and the electric field is deflected towards the wall.

n · Jk = MwRk + MwckZμk(E · n)[Zkμk(E · n) > 0] (8)

In Eq. 8, Jk is the Diffusive flux vector of species k, ck is a molar concentration
of species k, Rk Rate expression, species k, and μk averaged mobility of species k.
A D.C. electric potential (V0) is provided with the inside conductor of the various
geometries, triggering the discharge. A step function modulates V0 with the transient
applied potential, assuming the form, to assist the initiation of the simulation.

V = V0 tanh(
t

τ
) (9)

−n · D = 0 (10)
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n · �e = 0 (11)

V = V0 (12)

Equation 10 elaborates that displacement fields cannot penetrate the perimeter by
defining boundary conditions, and the entire potential will be discounted across the
boundary. Equation 11 defines the normal component of electrons’ energy flux as zero.
Similarly, Eq. 12 defines the electrode’s applied voltage asV0,which is the ramp function
of the applied voltage. The resulting equation for the wall of electronic flux is given.

n · �e = 1 − re
1 + re

(
1

2
Ve,thne

)
− (

∑
γi(�i · n) + �t · n) (13)

In the above equation Ve,th is the thermal velocity, γi Secondary emission coefficient,

3 Results and Discussion

Gas discharges are mainly composed of several particles, mostly electrons, ions, neutral
atoms, and molecules. Plasmas are electrical discharges. Since plasmas are chemically
reactive, they can degrade insulators chemically. Fast-moving ions found in plasmas have
the potential to cause electrode damage. The extent of field homogeneity and strength
in the system determines the path to high-voltage breakdown. A well-designed high-
voltage system eliminates high-field zones by contouring the electrodes and screening
sharp points.

The type of discharge created and the total breakdown voltage are both significantly
influenced by the shape of the electrodes. In this simulationmodel, the impact of different
shapes of the electrode on electric field distribution on corona discharge is investigated.
The simulation result is evaluated on cut-line 2D after one second so that the results will
be accurate and complete, and the simulation will be in a stabilized state.

3.1 Effect on Electric Field Distribution

A bi-dimensional (2D) model was created to investigate the effects of electrode geome-
tries and different applied voltage levels on the electric field distribution and Corona
discharge. Figure 1 shows the simulation model results of various shapes of electrodes
(sharp, flat, and spherical). ‘ “ The electric field configuration between the high-voltage
electrode and the ground was examined using “Electric Current Physics”. After one
second, the simulation results are evaluated to be in a stabilized state.

The modelling of the distribution of the electric field produced by various electrode
types at high voltage is illustrated in Fig. 2. While the bottom plate was grounded, a
high voltage was provided to the top electrode. Comparing Figs. 2A, B and C. The sharp
electrode tip has the strongest electric field, followed by the flat and spherical electrodes.
In comparison to flat and spherical electrodes, the inception field of corona discharge
underneath sharp electrodes is the smallest. The maximum charge magnitude is highest
under the sharp electrode, followed by the flat and spherical electrodes. Again, this is
because of electric field magnitude is the highest at the sharp electrode tip compared
to the flat and spherical electrodes. More ionizations can occur when the electric field
strength is higher.
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(A) (B)                                         (C)

Fig. 2. Electric field distribution for spherical (A), sharp (B), and flat (C) geometries of electrodes.

3.2 Electron Density

The chance of an electron existing in a microscopic portion of space surrounding any
particular place is measured by electron density, also known as electronic density. It is
a scalar number that depends on three spatial factors and is usually represented as ρ.
In this simulation model, I have also investigated the effect of electron density by the
various geometry of electrodes and different levels of applied voltages.

(A) (B)                                       (C)

Fig. 3. Effect of the electrode’s various shapes (spherical A, sharp B, and flat C) on electron
density.

The effect of different shapes of electrode geometries is elaborated graphically in
Fig. 3 A, B, and C. It is observed that the effect is more dominant by the sharp electrode’s
geometry than spherical and flat geometrical shapes on electron density. It strongly
influences the corona discharge, keeping the other parameter the same.

3.3 Electron Current Density

The quantity of electric current flowing through a unit cross-sectional area is known
as electron current density, which is associated with electromagnetism. It is a vector
quantity. When electrons slow down, the particle density rises, maintaining the same
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current density. The current density of more particles with lower speeds equals that of
fewer particles with higher speeds. In this simulation model, I have investigated the
effect of the various geometrical shape of the electrode and the different applied voltage
levels on the electron current density.

(A) (B)         (C)

Fig. 4. Effect of electrode geometrical shapes (A-spherical, B sharp, C flat) and different applied
voltages on electron current density.

It is clear from the above Fig. 4 A, B, and C that the sharp geometrical shape of the
electrode has the highest electron current density compared to the other two geometrical
shapes. Electron density and electron current density both have a similar trend of increas-
ing and decreasing regarding the different geometrical shapes of the electrode. We know
that electron and current density depend on the creation and destruction of electrons in
contained space. By dent of this, the sharp geometrical shape of the electrode has a more
penetrating effect than the spherical and flat. That’s why it is strongly influenced by
corona discharge keeping the other parameter the same and causing earlier discharge.

4 Conclusion

Electric field distributions for all electrodes have been victoriously simulated. By the
simulation results and comparing Fig. 2, 3, and 4, the electric field, electron density, and
electron current density The sharp electrodes have the greatest possible magnitude at the
tip, accompanied by the flat and spherical electrodes.When the electric fieldmagnitude is
higher, the maximum charge magnitude becomes higher, and increased ionizations may
take place, generating a longer streamer development that causes an earlier discharge.
Therefore, the corona inception field is lowest under the sharp electrode in comparison
to the flat and spherical electrode. The modelling findings also anticipated that the
maximal charge magnitude is at its peak. Beneath the sharp electrode, pursued by the
flat and spherical electrodes. That’s why electrode geometries strongly influence corona
discharge characteristics.
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Abstract. With the development of urbanization, overhead lines in urban areas
are commonly transformed into the underground power cables. Since the single-
circuit cables’ load, which is limited by the cross-sectional area of the cable,
cannot be matched with the original overhead line, it has become one of the
trends to use the parallel cables in phase. The sheath circulating current during
normal cables’ operation can lead to the rise of temperature and influence the
cable capacity and insulation life. In addition, the core current’s distribution for
parallel cables is a key factor affecting the capacity. In order to investigate the
effect of mixed arrangement and inconsistent length on the circulating current and
current distribution of parallel cables, a model for calculating each circuit current
of cross-connected grounding single-core cable is established, and the circulating
current and core current under different arrangements or lengths of cross-connect
section are calculated in this paper. The results show that the sheath circulating
current can reach up to 30% of the core current when the mix of triangular and
vertical arrangement are used for the cables; when the combinations of the length
of cross-connected sections are 450 m-500 m-550 m and 450 m-525 m-525 m,
both of sheath circulating current are less than 10% of the core current. It is
demonstrated that parallel cables core current distribution mainly depends on the
layout of each section of cable and after the layout is determined the length of each
section has little effect. Thus, the mixed arrangement of parallel cables should be
avoided as much as possible, and the length of each section can vary to some
extent.

Keywords: Parallel cables · Cross connection · Sheath circulating current ·
Mixed arrangement · Inconsistent length

1 Introduction

With the urbanization process accelerating, some urban high-voltage overhead lines
are constantly transformed into the power cable in order to beautify the city and save
urban land resources. Underground cables are widely used in urban transmission lines
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of 110 kV and above due to their advantages of stable and reliable power supply, space
saving, and low environmental impact. In order to adapt to the rising urban load and
match with the overhead line transmission capacity, the double-circuit parallel are used
to solve the shortcomings of the single cables with low transmission capacity. Because
no fault cable circuit can continue to run in the emergency, the operational stability of
the line [1, 2] is improved greatly.

When the core of single-core cable flowing across the load current, the alternating
magnetic field which produces an induced voltage in metal sheath are generated. To
ensure the safety of the worker, the high-voltage cable sheath must be grounded. If both
ends of the sheath are directly or cross-connected grounded, the sheath and the earth will
form a circulating current, and in the condition of both ends grounded directly, sheath
circulating current will be the same order of magnitude as the core current [3, 4].The
standard (Q/GDW11316-2014) requires that the absolute value of the grounding current
is less than 100 A, the ratio of the grounding current to the load current is less than 20%,
and the ratio of the maximum value of the single-phase grounding current to the mini-
mum value is less than 3 [5]. The large circulating current not only causes huge losses,
its heat also directly affects the cable load capacity and insulation life. Lots of research
has been carried out worldwide on cable sheath circulating current in cross-connected
grounding methods. Roberto C. studied the effect of different types of sheath connec-
tion on circulating current [6]. Liu, Y. compared the circulating current in double-circuit
cable with that in single-circuit cable, and suggested that the compact arrangement and
larger grounding resistance can effectively reduce the circulating current [7]. Zhu, G.
analyzed the impact of cable phase spacing and loop spacing on circulating current in
double-circuit cables [8]. Wang, R. analyzed the different circulating current suppres-
sion methods and proposed a new combination to achieve better suppression effect [9].
Wang, B. calculated the sheath circulating flow for single and double-circuit cables with
different arrangements and section lengths [10, 11]. Zou, H. [12] investigated the effect
of three and four-circuit factors on circulating current and proposed the phase sequence
with minimum circulating current under different arrangements.

Significantly different from that in the traditional multi-loop cables, the current
of each phase of sub-cables in parallel cables may be unevenly distributed, and the
system transmission capacity is not fully utilized [13, 14]. Although some scholars
have calculated the current distribution and optimized the cables’ arrangement based on
Carson’s theory [15–17], the impact of inconsistent arrangement and section length on
parallel cables has been little involved.This paper establishes amodel for calculating each
circuit current of the cross-connected grounded parallel cables, calculates the circulating
current and core current of parallel cables through the simulation software ATP-EMTP,
and analyses the current distribution and sheath circulating current of the parallel cables.

2 Parallel Cable Modelling

The cables’ core and sheath are equivalent to a hollow transformer. When the cable is
in operation and the core through the load current will produce a sinusoidal steady-state
magnetic field in space, which lead to an induced voltage in sheath. If the sheath and
the earth form a circuit, sheath circulating current will be generated. When the length of



126 W. Zou et al.

cable is longer than 1000 m, it is usually divided into several sections, and each section
of cable sheath is cross-bounded. This paper mainly analyses the core and sheath current
of parallel cable in cross-connected grounded situation.

2.1 Cables Impedance

Taking the cross-connected grounded double-circuit parallel cables as an example, it has
a total of 12 conductor-earth circuits (Fig. 1).

A2

A3B2

B3C2

C3

A1

B1

C1A

B

C

Fig. 1. Illustration of double-circuit parallel cables

The elements in the impedance matrix Z of double-circuit parallel cables can be
divided into the four categories, and the impedances are calculated as follows.

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Zcc = rc + re + j0.1445log De
dGMRc

Zss = rs + re + j0.1445log De
dGMRs

Zsc1 = rs + re + j0.1445log De
dGMRs

Zsc2 = re + j0.1445logDe
D

(1)

where Zcc, Zss, Zsc1, and Zsc2 represent the self-impedance per unit length of the core-
earth circuit, the self-impedance per unit length of the sheath-earth circuit, the mutual
impedance per unit length of the core-earth and sheath-earth circuits of the same cable,
and the mutual impedance between other circuits, respectively; rc, rs, and re denote AC
resistance per unit length of cable core, AC resistance per unit length of cable sheath, and
the earth equivalent resistance, respectively; De is the equivalent depth with the earth as
the equivalent circuit; dGMRc is the geometric average radius of the core; dGMRs is the
geometric average radius of the sheath; D is spacing of each circuit.

The12-order impedancematrix of double-parallel cables canbe calculated byEq. (1).
Because the cross connection has changed the relative positions of the sheath and core,
the impedance matrix of each section is not the same. If each section is in the same
arrangement, only the impedance matrix of the first segment should be computed, and
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the impedance matrix of the remaining sections can be transformed from the above-
mentioned one. If not, the impedance matrix for each section needs to be calculated
separately. The global impedance matrix of the parallel cable is obtained by weighting
the impedance matrix of each section by length, and the voltage equation can be written
as follows:

U = Z
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∣
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∣

(2)

where the current phasors are the core current of the first circuit (Ica1, Icb1, Icc1), the
core current of the second circuit (Ica2, Icb2, I cc2), the sheath current of the first circuit
(Isa1, Isb1, Isc1), and the sheath current of the second circuit (Isa2, Isb2, I sc2) in sequence,
and the voltage phasor is the voltage drop across each conductor.
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(3)

The impedance matrix Z can be reduced to a block matrix, as shown in (3), and
the diagonal from top to bottom are the first-circuit core impedance matrix Zcc11, the
second-circuit core impedance matrix Zcc11, the first-circuit sheath impedance matrix
Zss11, and the second-circuit sheath impedance matrix Zss22, respectively.

2.2 Current Calculation

The current in each phase of the parallel cables is shared by sub-cables, and it can be
seen from the Kirchhoff current law that the n-circuit parallel cables have the following
current equation.

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Ica = ∑n
i=1 Icai

Icb = ∑n
i=1 Icbi

Icc = ∑n
i=1 Icci

(4)

In (4), Ica, I cb, Icc are the total load current of each phase, and Icai, I cbi, Icci are the
load current carried by the number i in each phase of the sub-cables.



128 W. Zou et al.

The cores of the sub-cables in phase in parallel cables have electrical connections at
both ends. It is easy to know that the voltage drop of the sub-cables are equal, and for
n-circuit parallel cables, it can be written as,

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

�Uca1 = �Uca2 = · · · �Ucan

�Ucb1 = �Ucb2 = · · · �Ucbn

�Ucc1 = �Ucc2 = · · ·�Uccn

(5)

where �Ucan denote the core voltage drop of A-phase No. Nth sub-cables, and �Usan

are the sub-cables sheath voltage drop in the same named regularity. According to the
Kirchhoff voltage law, when the cable sheath is grounded, its voltage drop complies with
the following equation.

�Usa1 = �Usb1 = �Usc1 = (Isa1 + Isb1 + Isc1)RG (6)

where RG is the sum of the grounding resistances of each sheath.
The cross-connected grounded double-circuit cables need to calculate 12 current

phase, the formula (4) can determine three equations, and substituting Eq. (5) & (6) into
voltage Eq. (2) can determine the remaining nine equations. Finally, all the current phase
quantities can be obtained, and the matrix of joint cubic equation system is drawn as
follows.
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where RG =
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, 0 is the third-order zero matrix.

Select the upper left part of the impedance matrix Z as the core impedance matrix
Z

′
,

Z
′ =

∣
∣
∣
∣
Zcc11 Zcc12
Zcc21 Zcc22

∣
∣
∣
∣ (8)

If the cable sheath is single-ended grounding, as shown in Eq. (8), the global
impedance matrix Z will not contain sheath-related impedance elements, and the voltage
equation can be written as follow.
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where U1,U2 are the voltage drops of two circuits of cable cores, and I1, I2 are the
core currents of each circuit. The sub-cables in parallel of each circuit of core voltage
drops are equal. if the core line current distribution is uniform, then the matrix meets the
following equation.

Zcc11 + Zcc12 = Zcc21 + Zcc22 (10)

In order to satisfy (10), the parallel cables’ layout must be symmetrical. Double-
circuit cables in tunnel can choose a variety of arrangements, and some arrangement has
multiple phase sequence combinations, which can make the cable layout symmetrical
and have the uniform core current distribution. Under the condition of a unsymmetrical
phase sequence resulting in the uneven current distribution, the nonuniformity coefficient
ε is defined in order to measure the degree of imbalance of the core current distribution,

ε = Imax/Imin (11)

In (11), Imax and Imin are the maximum and minimum absolute value of core current
in each sub-cables of each phase in the parallel cables, respectively.

3 Simulation of Parallel Cables

3.1 Triangular and Vertical Arrangements

There are two main types of layouts when the cables are laid in tunnel: triangular layout
and vertical layout. The two layouts are illustrated as Fig. 2.

A

B

C

A

BC

Fig. 2. Illustration of triangular and vertical layout

The voltage phasor diagrams of single-circuit cables in triangular and vertical layouts
which only take the core currents into consideration is shown as follows.

As can be seen from Fig. 3, when the cable is triangular layout, the phase volume
of induced voltage of each section forms a closed triangle. Due to the cable not meeting
the three-phase symmetry in a vertical layout, its phase diagram cannot form a closed
graph, however, it can form a zero sequence voltage, which will lead to a large grounding
current on the sheath.
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Fig. 3. Phasor diagram for the induced voltage of single-circuit cable sheath

If the core current distribution is not taken into account, the parallel cables can be
treated as the multi-loop cables. It is assumed that the core current is evenly distributed
in the double-circuit parallel cable, whose layout is triangular. Unlike the single-circuit
cables, the double-circuit cable sheath induced voltages are generated by other circuit
core and sheath currents in addition to core current induction. The phasor diagram of
induced voltage in a double-circuit parallel cables is shown as follows.

Fig. 4. Phasor diagram for the induced voltage of double-circuit cable sheath

It can be seen that when the number of cable circuit exceeds 1, even if a triangular
layout is used, the voltage phase of sheath cannot form a closed graph, and this situation
is similar to single-circuit cable in vertical layout. Figure 4 can be decomposed as
a superposition of the single circuit voltage phase quantities and one zero sequence
voltage phase quantity. With the increase of the number of cable circuit in the tunnel,
the essence is that there are multiple zero sequence voltages superimposed on the single
circuit voltage phase quantity.

Actually, the currents of three phases in each sub-cables do not necessarily meet the
equal amplitude and phase difference of 120°, making the sheath voltage phase diagram
deformed.
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3.2 Mixed Arrangement

Taking YJLW03 1 × 2000 mm2 127/220 kV double-circuit cable as an example, its
outer diameter of conductor is 54.4 mm and outer diameter of metal sheath is 136.7 mm,
the thickness of the sheath is 2.8 mm, the outer longitude of cable is 146.7 mm, the total
length of the cable is 1.5 km, the length of each cross-connected section is 500 m, the
grounding resistance is 1 �, and the load current is 2 × 1000 A.

In order to study the effect of themixed arrangement on the sheath circulating current
and core current distribution, for the basic arrangements, 2 phase sequences are selected
and the diagram of four layouts is shown in Fig. 5.
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B C
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B C

1.5m

A

BC

A

B C

1.5m

(a) (b)
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3m

1.5m

A

B

C

A

B

C

0.
3m

(c) (d)

Fig. 5. Four layouts of parallel cables

The double-circuits cables are symmetrical layout in Fig. 5(b) and (c). The length of
each section of cable is 500 m, and the cables’ layout of each section is selected from the
above four types which form a total of 12 combinations. The sheath circulating current
and nonuniformity coefficient are listed in Table 1.
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Table 1. Sheath circulating current for mixed arrangements

Arrangement Maximum and minimum values of circulating current (A) ε

a-a-a 0.19/0.17 1.0167

b-b-b 1.03/1.01 1

c-c-c 3.08/3.04 1

d-d-d 1.77/1.74 1.2030

a-a-c 314/144 1.0126

b-b-c 312/142 1

a-a-d 288/145 1.0495

b-b-d 285/144 1.0559

a-c-c 307/93 1.0080

b-c-c 350/105 1

a-d-d 274/99.1 1.1250

b-d-d 270/99.3 1.1339

From the results in Table 1, it can be seen that the nonuniformity coefficient of
asymmetrical combinations a-a-a and d-d-d under the same layout of each section are
larger than 1, and the d-d-d combination has the largest nonuniformity coefficient. The
nonuniformity coefficients of b-b-b and c-c-c combinations which are the symmetrical
combinations are 1, and their core currents are evenly distributed. The nonuniformity
coefficient of single layout can be acted as the nonuniformity coefficient of the layouts.
When the layouts of each section are not the same, the global nonuniformity coefficient
will be between the nonuniformity coefficient of each section layouts. For instance,
the nonuniformity coefficients of a-a-c and a-c-c combinations are between the nonuni-
formity coefficients of a-a-a and c-c-c combinations. If the layout of each section is
symmetrical, the nonuniformity coefficient after the combination is still equal to 1, such
as b-c-c and b-b-c combinations. If the nonuniformity coefficient of each section meets
the requirements, the overall nonuniformity coefficient will also meets the requirements.

When the each section of parallel cable’s layout is the same, the maximum values
of sheath circulating current of each phase are close, and they are less than 1% of the
core current. If not, the maximum values of the sheath circulating current can reach
up to 30% of the core current, which greatly exceeds the standard, i.e. 10%. Due to
the cross-bounding sheath, one sheath-earth circuit consists of three different sections
of cables sheath. The sheath with a large current will generates a lot of heat and the
current will directly affects the load capacity and insulation life of all cables. When the
parallel cables are of mixed arrangement, each phase sheath current varies widely, and
the sequence component decomposition of the sheath current is shown in the Table 2.
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Table 2. Sequence decomposition of sheath current

Arrangement Positive, negative and zero sequence components (A)

a-a-c 245/101/0.85

b-b-c 242/101/0.57

a-a-d 231/86/0.66

b-b-d 229/85/0.48

a-c-c 220/126/1.91

b-c-c 239/140/1.93

a-d-d 210/102/0.95

b-d-d 199/100/0.73

When the arrangement is triangular-triangular-vertical (a-a-c or b-b-c), the induced
voltage generated by the triangular layouts is positive sequence components, and the
induced voltage generated by the last section of vertical layouts contains both positive
and negative sequence components. The superposition of the two makes the synthetic
induced voltage contain a large positive sequence component, whereas the negative
sequence component in the synthetic induced voltage is only generated by the section
of vertical arrangement. The zero-sequence currents of sheath in Table 2 are at a small
level, so the grounding currents do not change significantly compared to the arrangement
with single layout. Increasing the grounding resistance can merely suppress the zero-
sequence current, and adding a small resistance in the sheath cross interconnection can
effectively suppress the positive and negative sequence circulating currents.

3.3 Inconsistent Section Length

Actually, it is difficult to achieve the equal length for each section of sheath. Assuming
that the length of the third section of single-circuit cable sheath is slightly less than the
other two sections, the induced voltage phasor can be acquired, as shown in Fig. 6.

Fig. 6. Voltage phasor under the difference section length.
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From Fig. 6, it is easy to know that when the section lengths are not the same, the
sheath synthetic induced voltage is positive sequence. Since the vertical layout is not
three-phase symmetrical, its sheath synthetic induced voltage also contains part of the
negative sequence component in addition to the positive sequence component.

This section still selects YJLW03 1 × 2000 mm2 127/220 kV type double-circuits
parallel cables, and other parameters are the same as the previous section except for
the section length. The length combinations of three cross-bounding section are 500 m-
500 m-500 m, 450 m-500 m-550 m and 450 m-525 m-525 m, respectively. There are
four combinations with single layout aiming to the arrangements of parallel cables, and
the results in the case of 500 m-500 m-500 m combination are listed in Table 1. Only
the last two combinations need to be calculated and the results are shown in Table 3.

Table 3. Calculation results for inconsistent section length

Length combinations (m) Arrangement extreme value of sheath circulating
current (A)

ε

450-500-550 a-a-a 47.7/47.1 1.0166

b-b-b 48.5/46.8 1

c-c-c 72.5/46 1

d-d-d 60.2/45.6 1.2025

450-525-525 a-a-a 41.3/40.8 1.0166

b-b-b 41.6/40.2 1

c-c-c 55.2/31.9 1

d-d-d 52.6/37.3 1.2030

Compared with the results in Table 1, the sheath circulating current increases sig-
nificantly when the section lengths are not equal. The result of circulating currents in
Table 3 are always less than 10% of the core current, and the difference in the amplitude
of the circulating current of each phase is small. The sequence component decomposi-
tion of the sheath circulating current shows that the positive sequence component is very
high, and the zero sequence component is the same when the section length is equal.
Comparing the nonuniformity coefficients in Table 1 with those in Table 3, the results
show that the inconsistent section length has little effect on the current distribution of
parallel cables.

3.4 Mixed Arrangement and Inconsistent Section Length

When the cables are not arranged in the same layout, the lengths of each section are
often not equal. The superposition of two factors may further increase the circulating
current and nonuniformity coefficient of parallel cables. In this section, the circulating
current and nonuniformity coefficient under the four arrangements are calculated, and
the length combination are to select 450 m-500 m-550 m and 450 m-525 m-525 m in
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order to investigate the influence of the two factors on parallel cables. The results are
depicted in Table 4.

Table 4. Sheath circulating current and nonuniformity coefficient for mixed arrangements and
inconsistent section length

Length combination (m) Arrangement Extreme value of sheath circulating
current (A)

ε

450-500-550 b-b-c 359/193 1

b-c-c 399/146 1

a-a-d 335/198 1.0466

a-d-d 304/128 1.1318

450-525-525 b-b-c 335/172 1

b-c-c 398/114 1

a-a-d 314/117 1.0448

a-d-d 309/127 1.127

The maximum values of circulating currents in Table 4 are larger than those in
Table 1, and the circulating currents of each phase in Table 4 has a large difference.
As mentioned in Sect. 3.2, the induced voltage of vertical layout contains positive and
negative sequence components. The positive sequence induced voltage of vertical layout
is several times higher than that of triangular layout. InTable 4, the layoutwith the longest
section is the vertical layout. Now replace the vertical layout with the triangular layout,
the recalculated results are indicated in Table 5.

Table 5. Sheath circulating current after replacement

Length combinations (m) Arrangement Extreme value of sheath circulating current (A)

450-500-550 c-b-b 262/98

c-c-b 277/72

d-a-a 242/101

d-d-a 240/73

450-525-525 c-b-b 257/93

c-c-b 303/93

d-a-a 235/95

d-d-a 264/93

After the cable arrangement is changed, the maximum value of circulating current
is reduced by almost 100 A and the nonuniformity coefficient is altered slightly.
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4 Conclusion

When the parallel cables are in the same layout for each section, the circulating current
is small and mainly zero sequence current. When the layout of each section are different,
the circulating current of three phases differs greatly from each other, and the maximum
value of circulating current reaches up to 30% of the core current.

The current distribution of parallel cables depends on the cables layout of each
section, the overall nonuniformity coefficient is within the nonuniformity coefficient
of each section. If the arrangement of each section is selected properly, the overall
nonuniformity coefficient can also meet the engineering standard.

The inconsistent section length leads to a rise in the sheath circulating current but
are still within the reasonable range. In the case of mixed arrangement, the inconsistent
section length will change the proportion of four layouts in the cable. This will produce
moderate impact on the current distribution of parallel cables. Considering its length
difference relatively smaller than the full length of cable, the impact can be ignored.
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Abstract. The discharge caused by metal particles is one of the key reasons for
the fault of SF6 gas insulation system, and the threat of metal particles to gas-solid
interface insulation is greater than that of gas gap only. In this paper, cylinder and
conical epoxy resin insulator samples as well as a parallel plate electrode fixed
by a metal protrusion are employed to simulate the discharge in SF6-epoxy resin
interface. The arc channel of samples immersed in 0.06MPa SF6 under negative
standard lightning impulse voltage is observed by a photoelectric joint diagnostic
platform based on ICCDs. The results show that the breakdown voltage of cylinder
insulator is the highest both in the clean and protrusion case, for the protrusion is
the farthest from the insulator surface and its electric field is the least distorted.
The arc pictures show that compared with the cylindrical insulator, it is easier for
the conical insulator to attract the discharge channel to its surface, for the higher
normal component of electric field strength along the surface. In conclusion, the
attractive effect from the insulator surface is the weakest in the cylinder insulator,
and the probability of participating in the discharge process along the surface is
the lowest. Therefore, in engineering design, two methods can be used to restrain
the harm of metal particles to surface discharge: keep free metal particles away
from the solid surface, and avoid the wedge-shaped triple junction structure.

Keywords: Gas Insulation · SF6 · Interface Discharge · Breakdown Voltage ·
Arc Channel

1 Introduction

SF6 gas insulated equipment is widely used in modern power system for its excellent
insulation performance, arc extinguishing performance and chemical stability. Operat-
ing experience shows that the conducting metal particle is the most serious threat to
the dielectric performance of SF6 gas insulated equipments, especially to the gas-solid
interface which may eventually result in surface flashover [1–3].

In order to improve the insulation strength along the surface, the inclined arc surface
is generally used to increase the creepage distance along the surface. It is generally
believed that the solid dielectric plays a positive role in the gas discharge process, the
surface structure will distort the electrostatic field distribution and the photoemission
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process on its surface could also providemore charged particles for the discharge process.
Verhaart et al. [4] found that in SF6, photoemission becomes the prevalent contributor
to the avalanche below a critical value of field. Jorgenson et al. [5] investigated the
effect of dielectric photoemission on surface breakdown process, and they proposed that
photoemission plays a role at low field values near the breakdown threshold by Monte
Carlo simulations.

In some studies, streamer channels were observed to be attracted to propagate along
the dielectric surface rather than through the bulk gas only. Trienekens et al. [6] found
that surface streamers along the dielectric surface can be up to twice as fast as streamers
through bulk air by recording the discharge process with an ICCD camera. Sobota et al.
[7] found that the streamer discharge has a tendency to propagate in all directions along
the dielectric surface, not only toward the grounded electrode in argon. Li et al. [8,
9] found that the attraction of streamers to the dielectric is mostly electrostatic which
relative with the distance between the discharge channel and dielectric surface in air by
numerical simulation model.

In conclusion, scholars believe that the existence of the gas-solid interface could
promote the gas discharge channel, but the attractive effect of the gas-solid interface
on the discharge channel is doubtful. To clarify the attractive effect from the epoxy
resin surface to the gas discharge in SF6 gas, the photoelectric joint diagnostic platform
was built in this paper, and the breakdown voltage, arc channel and electrostatic field
distribution of six insulator samples were combined to analysis the attractive effect, and
finally the method of restraining the harm of particles to surface discharge is proposed.

2 Experimental Setup

2.1 Photoelectric Joint Diagnostic Experimental Platform

As Fig. 1a shows, the optical observation platform is based on a photomultiplier tube
(PMT) a high-speed framing camera (HSFC). For PMT, its wavelength range is 185–
900 ns and the response time is 2.2 ns. HSFC is capable to shoot four times successively
with a 3 ns shutter time and a 1 ns inter-frame time, and its triggering time sequence
is shown in the Fig. 1b. The resolution of the HSFC is 1280 * 1024 pixels, and the
observable spectral range is 160–1300 nm, which meets the requirements of optical
observation of discharge process in SF6 [10]. The discharge circuit consists a Marx
generator supplying the negative standard lightning impulse (-LI, 1.1/50 µs), a tapered
voltage sensor monitoring the impulse waveform and a test vessel providing SF6 gas at
ambient temperature for test samples. The insulator samples are set in the coaxial cylin-
drical structure in test vessel by threaded connector. Since the time lags and amplitude
of the breakdown voltage were both affected by the time interval between successive
voltage applications, a pause time about 5 min between the impulse voltage applications
was set. All the optical images are all captured at 0.06 MPa SF6.

2.2 Insulator Samples

Six samples composed of epoxy resin insulator and aluminum parallel plates electrode
with a metal protrusion. As shown in Fig. 1a, the insulator samples are set in the coaxial
cylindrical structure in test vessel by threaded connector. The height of insulator samples
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Fig. 1. Experimental platform (a) and the triggering time sequence of the HSFC (b).

is 20mm, and top diameter is 20 mm, while the bottom inclination is 90°, 60° and 45°,
respectively. The curvature radius of the protrusion tip is 0.5 mm. As shown in Fig. 2b
and 2c, the length of protrusion I is 2 mm and it is 3.5 mm away from insulator surface
(A, C, E), while the other one is 4 mm in height and 7mm away from insulator surface
(B, D, F).

Fig. 2. The mounting structure of sample in the test chamber (a), sample structure (b) and the
number rule (c).

3 Results and Discussion

3.1 Breakdown Voltage

The breakdown voltage (Ub) of insulator samples is shown in Fig. 3. Under clean condi-
tion,Ub of cylinder insulator is the highest, andUb of the 60° cone and 45° cone insulator
are much lower, which are almost only 60% and 50% of the cylinder one, respectively.
When the protrusion I is attached to the high voltage electrode, Ub of three samples
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Fig. 3. Breakdown voltage of insulator samples with and without metal particle (a) and the
decrease ratio of breakdown voltage caused by metal particle (b).

significantly decreases. In this case, Ub of the cylinder insulator is still the highest, 60°
cone and 45° cone insulator is next to it, respectively.

Define the decrease rate ofUb as η according to Eq. (1), and η of three sample shows
in Fig. 3b. It is clear that Ub of the cylinder insulator decreases the most, then comes
45° cone, and 60° cone decreases the least. The decreasing rate of Ub increases fastest
in 45° cone with the gas pressure increasing. Obviously, when there is a metal particle
attached, the increasing rate of Ub decreases with the increasing of gas pressure.

η = Ub − Ubp

Ub
× 100% (1)

whereUb—the breakdown voltage without metal particle,Ubp—the breakdown voltage
with metal particle, η—the decreasing rate of breakdown voltage caused by meatal
particle.

3.2 Breakdown Arc Channel

As shown in Fig. 4a, the arc channel of sample A differs from each other. The arc channel
in A1 directly penetrates the gas gap, that in A2 slightly deflects to the insulator surface
in the first half but deflects away and penetrates the gas gap in the second half, that in
A3 deflects to the insulator surface and arrives at the insulator surface in the second half,
that in A4 deflects and arrives at the insulator surface in the first half. The arc channel of
sample B, both in B1 and B2, directly penetrates the gas gap and the insulator surface
has no attractive effect on it. As the protrusion is too close to the insulator surface, the
arc channels of sample C and sample E all develop along the insulator surface. There is
obvious attraction effect on the arc channels in sample D and sample F. Although the
arc paths are not identical, they all deflect to the insulator surface from the beginning.

The 3D electrostatic field distribution (E-distribution) of six insulator samples is
calculated by the finite element analysis method. The relatively permittivity of epoxy
resin, SF6 is set as 5.0 and 1.002, and the electric potential is set as 1 kV and 0 kV in the
calculation model. The E-distribution is normalized by the average electric field strength
of the gas gap (0.05 kV/mm). The normalized E-distribution of observation section is
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shown in Fig. 4b. The maximum value of E (Emax) is at the protrusion tip. It is clear
that the smaller the inclination, the closer the protrusion to the insulator surface, and the
higher value of the Emax. The normalized Emax of sample F is the highest in these six
samples, in other words, its electric field non-uniformity is the highest, and that is why
η of sample F increases sharply with the gas pressure increases [11].

Fig. 4. Arc channel pictures (a) and the electric potential line and normalized electric field strength
distribution along insulator surface (b).

The normal component of electric field along the insulator surface is much higher in
the cone samples, which means the electrostatic force could help to attract the discharge
channel to develop along gas-solid interface. In other words, the attractive effect from
the surface is the weakest in cylinder insulator, and the probability of participating in the
discharge process along the surface is the lowest. Compare the arc channels of sample D
and sample F in Fig. 4a with Ub in Fig. 3a, it is clear that the more the insulator surface
participating in the discharge, the lower the breakdown voltage.

Therefore, the cylinder is the best structure of insulator, of which the insulator perfor-
mance is the best both in case of clean and protrusion condition. The 45° cone is theworst
structure, which has the lowestUb under clean condition and the highest decreasing rate
of Ub when attached with metal particle.

4 Conclusions

In this paper, breakdown voltage and arc channel pictures of six epoxy resin insulator
samples immersed in 0.06MPa SF6 were measured and recorded by the photoelectric
joint diagnostic experimental platform under negative lightning impulse. Conclusions
are drawn as follows:

1) Breakdown voltage of insulator with cylinder surface is the highest both in the clean
case and protrusion case, because the protrusion is the farthest from the insulator
surface and the electric field is the least distorted.

2) Compared with the cylindrical insulator, it is easier for the conical insulator to attract
the discharge channel to its surface, for the electrostatic force promoting attractive
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effect caused by normal component of electric field strength is higher. The attractive
effect from the insulator surface is the weakest in the cylinder insulator, and the
probability of participating in the discharge process along the surface is the lowest.

3) In engineering design, twomethods can be used to restrain the harmofmetal particles
to surface dis-charge: keep freemetal particles away from the solid surface, and avoid
the wedge-shaped triple junction structure.
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Abstract. To investigate the effect of cellulose impurities on partial discharge
(PD)of oil-pressboard insulation, aDCvoltage experimental platformwith needle-
plate electrode model and was established. Processes including the generation and
bridging of cellulose impurities within the insulation were observed, where the
dynamic basis of the latter being analyzed. PD characteristics including the repe-
tition rate, the average discharge intensity and the maximum discharge intensity
were recorded on samples with and without cellulose impurities, respectively.
Afterwards, plate-plate electrode model was adopted to measure the leakage cur-
rent of oil-pressboard samples with/without cellulose impurities and moisture,
and to further explain the mechanism of PDs’ differences due to the influence of
the impurities. The results indicated that the cellulose impurities were affected by
electric field force, gravity, buoyancy and oil viscous resistance. When the electric
field strength was higher than 2.12 × 105 V/m, the impurities began moving and
bridging along the direction of maximum voltage gradient. The bridged impuri-
ties distorted the electric field, resulting in an increased PD repetition rate, and
a decreased discharge intensity. Further experiments showed the cellulose bridge
increased the leakage current of oil gap, which led to the local overheating and
gasification of water impurities into tiny bubbles. Bubbles with lower conductivity
compared to oil with-stand higher DC voltage and stronger electric field consid-
ering their minimal size, resulting in breakdown in bubbles, and therefore more
concentrated but less severe PDs macroscopically.

Keywords: Oil-pressboard Insulation · DC Voltage · Cellulose Impurity · Partial
Discharge

1 Introduction

Oil-pressboard insulation is a typical composite insulating material. The insulating oil
has good electrical strength and thermal conductivity. The insulating pressboard has
excellent insulating performance, oil absorption performance, and outstanding mechan-
ical strength. The combination can significantly enhance the overall performance as
insulations [1, 2]. However, in practical applications, due to the influence of manu-
facturing process, oil treatment environment, operating conditions and other factors,
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oil-pressboard insulation is often mixed with impurities such as cellulose, moisture and
metal particles. Their existence affects the insulating performance of oil-pressboard, and
even causes discharge, resulting in power system accidents [3–5].

Based on above issues, researches at home and abroad have carried out a series of
studies on impurities in oil-pressboard insulation, most of which focus on moisture and
metal particle impurities [6–8]. E.g., Chen Qingguo studied the influence of moisture on
the discharge characteristics of oil-paper insulation of converter transformer, and con-
sidered that the moisture in oil may dissolve low molecular organic acid, and thus has
a high conductivity. Meanwhile, the moisture in pressboard increased the carrier con-
centration, which reduced the partial discharge initial voltage of the oil-paper insulation
[9]. R. Tobazeon studied the discharge phenomenon caused by conductive particles in
oil under DC voltage, and concluded that the local electric field distortion caused by
conductive particles was the main cause of discharges [10]. In summary, scholars have
made a variety of explanations on the discharge mechanism of oil-pressboard insulation
caused by impurities, including the electric field distortion theory, and the thermal effect
theory. However, the rationality and applicability of these explanations have not been
verified.

In fact, the most effective way to remove impurities in oil-pressboard insulation is
to filter, or to prevent impurities from being mixed into the material from the beginning.
However, in addition to moisture andmetal particles, self-generated impurities produced
by the insulation material itself, such as cellulose impurities in oil-pressboard insulation,
also exist in the insulation system in large quantities. Such impurities cannot be removed
simply by filtration alone, because cellulose impurities are produced by the surface of
pressboard. As long as there is an electric field and the field strength exceeds a certain
value, the cellulose impurities will always appear after a period of time. Therefore, self-
generated impurities, such as cellulose impurities, have a greater impact on the insulating
performance of the materials than other filterable impurities.

This paper is mainly focused on partial discharge characteristics of oil-pressboard
insulation under the effect of cellulose impurities. Processes including the generation
and bridging of cellulose impurities within the insulation were observed first. PD char-
acteristics including repetition rate, average discharge intensity and maximum discharge
intensity were recorded based on samples with and without cellulose impurities after-
wards. Leakage current measurement was then carried out to explain the mechanism of
PDs’ differences due to the impurities.

2 Experimental Platform and Method

The oil adopted in the experiment was KI25X transformer oil produced by Kunlun
Company. Before the experiment, the oil was filtered, degassed, and dehydrated under a
vacuum heating environment, so to meet the IEC296-82 standard. The pressboard used
was produced by Taizhou Weidmann Company, the thickness of which was 0.5 mm.
Before the experiment, the pressboard was cut into 100 mm × 100 mm square samples,
and vacuum dried at 60 °C for 48 h. Afterwards, the pressboardwas placed in the vacuum
experimental chamber for oil immersion at the temperature of 60 °C for 24 h.

In order to study the partial discharge characteristics of oil-pressboard insulation
under the effect of cellulose impurities, the experimental platform shown in Fig. 1 was
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built in a shielded room. A needle-plate electrode oil-pressboard insulation model was
used to produce cellulose impurities and to initiate discharges. Diameters of the needle
and the plate were 1 mm and 10 mm, respectively. The thickness of the plate, and the
distance of the oil gap were both 10 mm. To start the experiment, DC voltage generated
by a voltage doubling circuit was applied to the model. High-frequency coupled current
sensor with a minimum measuring value of 1 pC was adopted to measure the partial
discharges during the voltage applying. The measured signal was transmitted to an
oscilloscope for further statistical analysis on the computer.

1-voltage doubling circuit; 2-protection resistor; 3-resistance voltage divider; 4-High-
frequency coupled current sensor (HFCT); 5-experiment samples; 6-Oscilloscope

Fig. 1. Schematic diagram of the experimental setup

On the other hand, in order to measure the leakage current of oil-pressboard samples
with and without cellulose impurities, a plate-plate electrode model was adopted. The
diameter and the thickness of the plate electrode was 50 mm and 10 mm, respectively.
The oil gap distance was set to 5 mm. Cellulose impurities in the model are extracted
from the previous experiment and artificially added. The Keithley 6517a electrometer
was selected as the high resistance meter to measure the leakage current within the
model, where its measurement range can reach 1 × 10–17 A–2 × 10–2 A, with an error
rate of 1%. At the same time, the built-in 1 kV DC power supply of the electrometer
facilitated the measurement of insulation dielectric leakage current. The experimental
data generated by Keithley was recorded in real time on the computer at a sampling
rate of 1 time/min. The data transmission between the high resistance meter and the
computer was realized by GPIB IEEE-488 bus.

According to IEC-61620 and IEC-60247, when DC voltage is applied to a solid
insulation sample, the current within the sample will gradually decrease to a stable value
due to the polarization process. In this experiment, we measured the current within oil-
pressboard sample as shown in Fig. 2. The results show that the current of the model
becomes stable after 10min. Therefore, in this experiment, the current value after 10min
is read as the leakage current flowing through the sample.
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Fig. 2. Relationship between the leakage current and the voltage duration time (Electric field
strength 1 kV/mm, oil gap distance 5 mm, Temperature 25 °C)

3 Experimental Results and Analysis

3.1 Generation of Cellulose Impurities and Their Effects on Partial Discharge

To generate cellulose impurities within oil-pressboard insulation, 15 kV positive DC
voltage was applied to the model. When the voltage duration time reached 108 min,
cellulose impurities were observed at the surface of the pressboard. With the duration
time increasing to 189 min, a cellulose bridge formed in the oil gap, as shown in Fig. 3.

Fig. 3. The generation and bridging of cellulose impurities

After the cellulose bridgewas generated, the voltagewas stepped up 1 kVwithin 30 s,
and maintained for 10 min each time. During this time, any possible partial discharges
were recorded by the high-frequency coupled current sensor. The results shown thatwhen
the applied voltage reached 27 kV, partial discharge occurred. The number of partial
discharges was approximately 8 in 10 min. Considering that partial discharges emerged
at such a high voltage amplitude, where cellulose impurities had already generated far
below this, the generation of the cellulose impuritieswas not caused bypartial discharges.

In order to explore the condition for the generation of cellulose impurities, voltage
withstand experiments were further carried out on needle-plate electrode oil-paper insu-
lationmodels, under 5 kV, 10 kV, 20 kV, 25 kV and 30 kV, respectively. The duration time
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under each voltage was set to 4 h. Figure 4 shows the cellulose impurity generation time
at various voltages. According to the results, the higher the applied voltage amplitude
(the greater the electric field strength), the shorter the generation time of cellulose impu-
rities. Therefore, it can be inferred that the generation of cellulose impurities is related
to the electric field strength on the surface of the pressboard. The greater the electric
field strength on the surface of the pressboard, the faster the generation of cellulose
impurities.

Fig. 4. The generation time of cellulose impurities under each voltage

On the other hand, according to our pre-experiment, partial discharges can always
emerge at 30 kV whether there are cellulose impurities in the oil. The generation of
cellulose impurities under this voltage, however, takes 23 min. Therefore, we can set
up two groups of samples to investigate the influence of cellulose impurities on partial
discharge characteristics. One group is artificially added with cellulose impurities, and
the other group is not treated. After the sample preparation, 30 kV DC voltage was
applied to two groups of the samples, and the partial discharges emerged within the
10th minute to the 20th minute were recorded. Since the cellulose impurities will not
generate during this period, the difference in partial discharge characteristics between
the two groups of samples was only due to the cellulose impurities. Based on the above
method, results in Table 1 were derived, that when there were cellulose impurities in the
oil gap, the repetition rate of partial discharge increased, while the discharge intensity
decreased obviously.

3.2 Analysis of the Mechanism of Cellulose Impurities Effect on the Partial
Discharges

Under AC voltage, when there are cellulose impurities with high dielectric constant in
the oil gap, the electric field in the part of the oil channel in series with the impurities will
be strengthened, and the discharge in the oil will be induced. If the cellulose impurities
are connected to form a small bridge, the oil gap breakdown along the small bridge will
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Table 1. PD characteristics of the experimental model with and without cellulose impurites

Group Cellulose
impurities

Repetition rate
(Times per minute)

Average discharge
intensity (pC)

Maximum discharge
intensity (pC)

➀ None 11 107 154

➁ None 14 124 169

➂ None 9 102 161

Average None 11 111 161

➀ Have 23 105 147

➁ Have 29 100 132

➂ Have 34 87 123

Average Have 29 97 134

also occur. Similar to AC cases, the influencing mechanism of cellulose impurities on
the discharge process under DC voltage can also be analyzed from two aspects: local
electric field distortion, and leakage current local overheating.

Fig. 5. Leakage current of the experimental samples under different moisture with and without
cellulose impurities (Electric field strength 1 kV/mm, oil gap distance 5 mm, Temperature 25 °C)

Figure 5 shows the variation of leakage current with measurement time for the plate-
plate electrode oil gap model with and without cellulose. The moisture in the oil samples
are 9.2 ppm and 27.4 ppm respectively. The cellulose impurity artificially added was
about 4 µg, and the measuring voltage was 1 kV. It can be seen from the results, that
under lowmoisture, the leakage current of the sample increases from 29.8 nA to 63.5 nA
when there was cellulose impurity in the oil gap. That is, the cellulose impurity has a
higher conductivity than the transformer oil. From the perspective of material structure,
the conductivity of the cellulose impurities should be between the transformer oil and the
compact pressboard. However, because the density of the cellulose impurities is far less
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than that of the pressboard, the structure of the impurities is sparse and porous, so the
hydrogen bond between the cellulose molecular monomers is extremely unstable, and
the association reaction between the original glucose monomers will occur reversely,
as shown in formula (1). A large number of intrinsic carriers appear in the cellulose
impurities. As a result, the original impurity carriers plus the newly generated intrinsic
carriers increase the carrier concentration along the cellulose, thereby increasing its
conductivity.

2R - OH ←→ R - OH+
2 + R - O− (1)

On the other hand, the porous structure of the cellulose will absorb more water from
the oil. When no cellulose impurity existed, the moisture in transformer oil increased
from 9.2 ppm to 27.4 ppm, the leakage current of the sample increased from 29.8 nA to
50.2 nA, with an increase of 68.46%. In the presence of cellulose impurities, the leakage
current increased from63.5 nA to 164 nA,with an increase of 158.3%,when themoisture
in the transformer oil changed as above. That is to say, when there are cellulose impurities
in the oil gap, the effect of water on the oil conductivity is significantly enhanced. In the
extreme case of the oil with cellulose impurities and moisture of 27. 4 ppm, the leakage
current of the sample was 164 nA, which was much higher than the sum of the leakage
current of 27.4 ppmwithout cellulose and 9.2 ppmwith cellulose. It proved that cellulose
impurities and moisture have a positive synergistic effect on increasing the conductivity
of transformer oil.

1-experimental cavity; 2-barometer; 3-cylinder; 4-N2gas cylinder; 5-vacuum pump; 6-oil tank; 
7-air valve;

Fig. 6. Schematic diagram of the gas platform of the oil pressure experiments

In order to explore the influencing mechanism of cellulose impurity on the discharge
process, the partial discharge characteristics of the plate-plate electrode oil-pressboard
model was studied under different hydrostatic pressure and cellulose impurity mass. The
platform is shown in Fig. 6. In the figure, the left side of the oil cylinder is filled with
transformer oil, the right side is filled with nitrogen, and there is a piston block between
the oil and gas. By adopting this structure, the oil pressure can be accurately adjusted
while preventing external gas from being mixed into the oil. During the experiment, the
oil pressure was set to 0.1 MPa, 0.2 MPa, 0.3 MPa and 0.4 MPa; the cellulose impurity
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mass was set to 2 µg, 4 µg, 6 µg, 8 µg and 10 µg, and oil gap model with cellulose
impurities was measured. Figure 7 shows the partial discharge inception voltage of the
model under each condition.

Fig. 7. Relationship of PD inception voltage and cellulose impurity mass under different oil
pressure

According to Fig. 7, when the oil pressure changed within the range of 0.1 MPa
to 0.4 MPa, the partial discharge inception voltage increased accordingly. It is worth
noting that under the above oil pressure, when there was no cellulose impurity, the
oil gap does not appear partial discharge phenomenon, and once the voltage reached a
sufficient amplitude, the oil gap breaks down directly. Because the oil pressure directly
affects the volume and thus inner pressure of microbubbles in the oil, and then affects
the breakdown voltage of microbubbles. It can be deduced that for the sample without
cellulose impurities, there are no microbubbles in the oil gap that can cause partial
discharge. Under this circumstance, no matter how the oil pressure changes, partial
dischargewill not occur. For the samplewith cellulose impurities, there aremicrobubbles
in the oil gap, so the partial discharge occurred, and the inception voltage is different
under different oil pressure. To sum up, the existence of cellulose impurities in the oil
gap causes the generation of microbubbles in the oil gap.

The leakage current in the oil gapwill be greatly increased under DC voltage because
of the high conductivity of the cellulose impurities. The higher the applied voltage, the
more obvious the increase of leakage current. A significant problem caused by this is
the local overheating caused by the leakage current. As a result, the mechanism of the
effect of cellulose impurities on the discharge process under DC voltage can be explained
as follows: when the transformer oil contains cellulose impurities, water accumulates
around the impurities. Under the heating effect of leakage current, the local gasification
rate of water increases and is greater than the dissolution rate of water in oil, which
produce a large number of microbubbles around the cellulose impurities. Under DC
voltage, the bubbles bear a stronger electric field, while the field for breakdown of
the bubbles is lower, a large number of bubbles discharge within the oil, leading to
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the increasement of the discharge repetition rate. On the other hand, as the temperature
increases, the breakdown voltage of the bubble decreases. Therefore, in the experimental
results PD characteristics, both the average and maximum partial discharge intensity
decreased.

4 Conclusion

In this paper, the generation and bridging of cellulose impurities in oil-pressboard insu-
lation under DC voltage is observed. The influence of cellulose impurities on the partial
discharge process of the insulation is studied, and explained based on local electric
field distortion and leakage current local overheating theories. The conclusions are draw
below:

Cellulose impurities and moisture have a positive synergistic effect on increasing the
conductivity of transformer oil. The intrinsic carriers generated by the reverse association
reaction of sparse cellulose molecules can also dissolve in the water film on the surface
or inside of the cellulose impurities, which further increases the conductivity of the oil.
Cellulose impurities increase the leakage current of the oil, leading to local overheating,
which caused the gasification of water. This results in a large number of microbubbles.
Under DC voltage, the gaseous bubble bears a stronger electric field and discharges
before the transformer oil, which is shown macroscopically as the change of the partial
discharge characteristics of the oil-pressboard insulation.

Future researches on cellulose impurity within oil-pressboard insulation may focus
on its generation mechanism and dynamic basis.
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Abstract. The corona discharge phenomenon of transmission lines is a problem
that needs to be paid attention to and solved during line design and operation. Since
long-distance transmission lines are affected by dust, sand, and other environmen-
tal contamination, it is of great academic significance and engineering value to
study the effect of contamination on the corona voltage of transmission lines under
negative voltage. The electric field strength of the surface of the fouled conduc-
tor under a high-voltage electrostatic field is calculated by simulating the charge
method, and then the corona voltage calculation model is designed by combining
the photoionization model and gas discharge theory. The model is used to system-
atically analyze the influence of the form, size, and relative dielectric constant of
the fouling on the corona initiation voltage of transmission lines under negative
voltage. It is shown that the presence of fouling distorts the electric field on the
transmission line surface, which increases the electric field strength and reduces
the corona voltage. At the same time, the reduction of the radius of curvature of
dirt particles will also significantly reduce the corona voltage. An increase in the
relative permittivity of the dirt will also significantly reduce the corona voltage
of the attached transmission line, but the effect on the corona voltage decreases
when the relative permittivity of the dirt is greater than 8.

Keywords: Conductors · Corona Discharge · Dirt · Dielectric Constant

1 Introduction

China has a wide geographical range, uneven distribution of power resources, and large
demand for electricity in some areas, so long-distance DC transmission is an important
part of the national power system. With the continuous development of the country, the
demand for electricity and voltage level is increasing, and the corona discharge phe-
nomenon of the line is becoming more and more serious. Based on the topographic
characteristics of China’s low east and high west, long-distance DC transmission will
face great changes in environmental factors. And China plans to build several ultra-high
voltage DC transmission lines that need to cross high-altitude areas. The existence of
dust, sand, and other harsh environments in some areas will make the surface of DC
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transmission lines adhere to dirt particles. And for AC transmission lines, DC trans-
mission lines are more likely to produce attached dirt [1]. The attached dirt will make
the corona voltage of the wire reduced, and the relative dielectric constant of different
materials of dirt is also different. At the same time, the corona voltage is also affected
by different shapes and sizes of dirt particles, so the study of the corona characteristics
of DC transmission lines affected by the law of dirt has strong theoretical and practical
significance.

The current research on the calculation of corona voltage is roughly divided into three
methods: the formula empirical method, theoretical simulationmethod and experimental
method. Peek, a foreign scholar summarized the empirical formula for the relationship
between the corona voltage and air density. Later, Whitehead, Stochmeyer, Lowke, and
others introduced similar formulas one after another, but their studies did not consider that
electrons would be attached to air molecules to form negative ions, which would produce
relative errors. Although new simulation models have been proposed by many scholars
on this basis, the accuracy of the calculation results is insufficient because the parameters
of these models are mostly empirical and too idealized [2]. Therefore, this paper adopts
the theoretical simulation method in the study, using Matlab software for simulation,
and uses the corresponding physical model for simulation. At the same time, for the
different relative permittivity of the fouling simulation calculation, in consideration of
the AC field simulation can not be achieved, the use of a high-voltage electrostatic field
for the replacement, and then studying the fouling on the negative DC wire surface
corona voltage effect law.

2 Calculation Model of Corona Onset Voltage with Dirty Negative
DC Conductor

2.1 Calculation Model of Negative DC Corona Onset Voltage

The essence of corona generation is a self-sustaining discharge phenomenon formed by
the uneven electric field near the uneven conductor, which is a form of gas discharge [3].
In the vicinity of the electric field with uneven distribution of field strength, when the
voltage on the curvature of the electrode rises to a certain value, the free electrons in the
air are subjected to the action of the electric field force to collide with the gas molecules
to ionize the gas molecules, and then the initial electron avalanche is formed. In the
process of the initial electron avalanche, the air molecules are ionized, and the ionized
molecules continue to collide with photons to form a secondary electron avalanche,
and the electron avalanche develops continuously and eventually produces a corona. At
this point, the voltage at the time of corona generation is defined as the corona starting
voltage.

The corona onset voltage is influenced bymany internal and external factors. Among
them, whether a free electron can be generated on the cathode surface to trigger the for-
mation of a secondary electron avalanche when the initial electron avalanche occurs is
the key to the self-sustainability of the pulse discharge [4]. While the mechanism of
secondary electron emission from the cathode surface is still in disagreement among
different researchers, here we consider a combination of two mechanisms: surface pho-
toelectron emission and positive ion collision emission [5–9]. These two mechanisms
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are collectively referred to as the photoionization model. The corona voltage is calcu-
lated based on the photoionization model and the gas discharge theory, which is a more
mature and widely accepted method.

A plane right-angle coordinate system is used, and the origin of the coordinates is
set at the point of the wire nearest to the earth, with the p-coordinate direction vertically
downward and the q-coordinate direction parallels to the earth. Assume that there exists
a free electron on the cathode surface, which will develop downward to form an initial
electron avalanche. When the initial electron collapse develops to p, the number of
electrons Ne(p) contained in the electron collapse is

Ne(p) = exp(
∫ p

0
(α(p

′
) − η(p

′
))dp

′
) (1)

where α(p
′
) is the ionization coefficient and η(p

′
) is the attachment coefficient. The

electrons generated at coordinate p cause collisional ionization at �p distance, and the
number of photons generated while collisional ionization is

Δnph(p) = α∗(p)Ne(p)Δp (2)

where α∗(p) is the photon production rate, proportional to the ionization coefficient,
with a scale factor of k.

Because some of the photons formed from the initial electron avalanche will be
directed towards the cathode surface, and while emitting towards the cathode surface,
the photons will be irradiated evenly in different directions, and at the same time, some
of the photons will be attracted by the surrounding air molecules during the process of
irradiation towards the cathode surface, which affects the number of photons reaching
the cathode surface, so the number of photons reaching the cathode surface is

�nsph = kα(p)Ne(p)�pg(p)e−μp (3)

where g(p)e−μp is the ratio of photons reaching the cathode surface to the total number
of photons generated at p. It is a function of the distance p from the electrode structure
g(p) to the cathode surface and the air photon absorption coefficient µ. The formula for
g(p) can be found in the literature [10].

When the effective ionization coefficient α(p) − η(p) < 0, the number of electrons
in the electron avalanche stops increasing and gradually attaches to the molecules thus
forming negative ions. The number of photons produced is very small and the vast
majority is absorbed by the air molecules and can be neglected.

The ionization region has a radius of pi . Photons reaching the cathode surface produce
at least one photoelectron at the surface, a new secondary electron avalanche can be
formed, and the negative DC corona can be self-sustaining. As in Eq. (4).

Neph = γph

∫ pi

0
α(p)g(p) exp(−μp +

∫ p

0

(
α
(
p′) − η

(
p′))dp′)dp ≥ 1 (4)

Neph is the number of photoelectrons on the cathode surface, γph is the surface
photoelectron emission coefficient, and the scaling factor k is included in γph because it
is considered a constant.
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To calculate the negative DCwire corona onset voltageU, the voltage is continuously
increased in steps ofΔU, and the spatial electric field distribution is calculated using the
simulated charge method to calculate the ionization coefficient, attachment coefficient,
electrode structure, and the number of photoelectrons on the cathode surface for different
electric field strengths in space. The voltage corresponding to Eq. (4) when the equal
sign holds is the negative DC corona onset voltage U. The formulas and values of the
parameters used in the calculation can be found in the reference [11].

2.2 Modeling of the Voltage Solution at the Corona Point of the Attached Fouling
Conductor

Before calculating the onset voltage of the corona of the wire, the spatial electrostatic
field distribution of the wire is required. Here, the simulated charge method is used for
the calculation [12]. Compared with the finite difference method, the simulated charge
method can avoid the numerical differentiation of the potential and directly calculate
the field strength at any point in the field, and is not limited by the size of the area [11,
13–15].

The shape of the attached dirtywire is simulated by setting a number of linear charges
of infinite length in an infinitely large region. The electrostatic field in the space of the
attached wire is then calculated by superposition. In order to facilitate the analysis of the
complex situation of the attached dirt in the actual environment, this paper classifies the
dirt into three shapes, as shown in Fig. 1, which are conical, spherical, and hemispherical.

Fig. 1. Sketch map of dirt shape.

Accordingly, the design of the corresponding electric field of the corona of the
attached wire corona voltage calculation process is shown in Fig. 2, considering the
high-voltage transmission line for the ideal state, is a smooth surface cylindrical shape.
The radius of the wire is r, and the height of the wire to the ground is h.

Simulate the charge distribution in the interface section of the attached wire, set the
corresponding matching points on the surface of the wire, set the radius of the wire r as
0.005 m, and the height of the wire to the ground h as 0.4 m. Set a distance of 0.1 m, in
the vertical direction of the wire and the ground down to 10,000 calculation points.
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Fig. 2. Calculation process of corona onset voltage of attached dirty conductor.

3 Calculation Results

3.1 Data Comparison

The calculated results of the starting corona voltage when spherical dirt is attached to
the smooth conductor are compared with the experimental data done by Zhou at North
China Electric University [16]. The radius of the smooth wire is 20.5 mm, and the radius
of the dirty particles is 150, 250, and 550 µm. It can be seen from Table 1 that as the
dirty particles grow, the degree of reduction of the corona voltage of the wire in the
experiments done by Zhou and the calculated results are basically the same.

It shows that the designed simulation experiment can reflect the effect law of dirt on
the corona onset voltage of the wire.

3.2 Effect of Conical Dirty Particles on Corona Voltage

The physical characteristics of cone contamination are analyzed, and the factors affecting
cone contamination include bottom radius, height, and relative dielectric constant. Based
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Table 1. Degree of influence of the growth of the radius of dirty particles on the starting voltage
of the corona.

Dirty particles increase radius ( µm ) 100 300

Dirty particle radius increase ratio 66.67% 120%

Experimental corona voltage reduction ratio 8.85% 6.95%

Simulation of corona voltage reduction ratio 10.26% 8.52%

on this, experiments were designed to calculate the corona onset voltage of the attached
cone-contaminated conductor.

The radius length of the bottom of the cone-contaminated conductor was set to 300,
400, and 500 µm respectively. Its height was varied and the corresponding corona onset
voltage was calculated. The simulation results are shown in Fig. 3. As the height of the
cone increases, the corona onset voltage of the conductor with different bottom radius
cone contamination increases.

Fig. 3. Variation of corona inception voltage of conical dirt with height.

The height of the cone contamination is set to 400, 500, and 600 µm, the bottom
radius is varied and the corresponding corona onset voltage is calculated. The simulation
results are shown in Fig. 3. Unlike varying the height, the corona onset voltage of the
conductor decreases and then increases as the radius of the bottom of the cone increases,
but all are much lower than the corona onset voltage of the smooth conductor (Fig. 4).

Finally, varying the relative permittivity of the cone contamination, the simulation
results are shown in Fig. 5.With the increase of relative permittivity, the corona initiation
voltage of the conductor gradually decreases.
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Fig. 4. Variation of corona inception voltage of conical dirt with radius.

Fig. 5. Variation of corona initiation voltage of conical dirt with relative dielectric constant.

3.3 Effect of Spherical Dirty Particles on the Starting Corona Voltage

The physical properties of the spherical contamination are analyzed, respectively, the
radius of the spherical contamination and the relative permittivity. Accordingly, exper-
iments were designed to calculate the corona onset voltage of additional spherical
contaminated conductors.

The relative permittivity of the spherical contamination was set to 4, 6, and 8. The
radius was varied and the corresponding corona onset voltage was calculated. The simu-
lation results are shown in Fig. 6. As the radius of the spherical contamination increases,
the corona onset voltage of the conductor decreases continuously.

The radii of the spherical contamination were set to 1000, 800, and 600 µm. The
relative permittivity is changed and the corresponding corona onset voltage is calculated.
The simulation results are shown in Fig. 7. As the relative permittivity increases, the
corona onset voltage of the conductor gradually decreases.
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Fig. 6. Variation of corona inception voltage of spherical dirt with radius.

Fig. 7. Variation of corona initiation voltage of hemispherical dirt with relative dielectric constant.

3.4 Effect of Hemispherical Dirty Particles on Corona Voltage

Analysis of the physical properties of hemispherical contamination shows that its prop-
erties are similar to those of spherical contamination. It is also influenced by the radius
and its relative permittivity.

Accordingly, experiments were designed to calculate the corona onset voltage of
the attached hemispherical contaminated conductor by varying its radius to calculate
the corresponding corona onset voltage. The simulation results are shown in Fig. 8. As
the radius of hemispherical contamination increases, the corona onset voltage of the
conductor continues to decrease.

Likewise, the corona onset voltage of the conductor gradually decreases as the
relative permittivity of the hemisphere increases. The results are shown in Fig. 9.
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Fig. 8. Variation of corona inception voltage of spherical dirt with radius.

Fig. 9. Variation of corona initiation voltage of hemispherical dirt with relative dielectric constant.

4 The Relationship Between the Attached Fouling and the Corona
Starting Voltage of the Wire

4.1 The Effect of Dirt on the Electric Field Strength of the Wire Surface

When three kinds of dirt are attached to the wire, the presence of dirt will make the wire
surface electric field intensity increase significantly. The calculated results are shown in
Table 2. Compared with the surface electric field strength of the smooth wire, it can be
seen that the presence of dirt will make the wire surface electric field distortion, which
will affect the corona onset voltage of the wire.

Among them, the impact caused by conical dirt is the most obvious, so the presence
of conical dirt caused by the corona onset voltage reduction is also the most dramatic.
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Table 2. The electric field strength on the surface of the wire in different cases.

Wire attachment dirt condition Maximum electric field strength on the surface of the

conductor (kV · cm−1)

Smooth wire 11826.84

Hemispherical dirt 15041.75

Spherical dirt 19478.99

Conical dirt 35373.07

4.2 Effect of Relative Dielectric Constant of Dirt on Corona Voltage

By comparing the three shapes of soiling in Fig. 10, it is easy to see the effect of
changing their relative permittivity on the corona starting voltage. Regardless of which
type of soiling, the larger the relative permittivity, the larger the relative permittivity,
which makes the corona starting voltage of the attached soiled wire appear to drop
significantly. When the relative permittivity is in the range of 2 to 8, the decline is faster.
When the relative permittivity is greater than 8, the decrease of corona voltage caused
by the increase of relative permittivity slows down significantly.

Fig. 10. The corona inception voltage of three shapes of dirt varies with the relative dielectric
constant.
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5 Conclusion

(a) The presence of contamination distorts the electric field on the surface of the con-
ductor, increasing the electric field strength and thus reducing the corona onset
voltage of the conductor.

(b) By comparing the degree of reduction in the corona onset voltage caused by the
three types of contamination, it is known that the smaller the radius of curvature of
the contamination, the more likely the conductor is to corona.

(c) The relative permittivity of the contamination has a significant effect on the corona
starting voltage. As the relative dielectric constant of contamination increases, the
corona voltage of the wire will gradually decrease, when the dielectric constant
increases from 2 to 8, the corona voltage decreases more obviously. When the
dielectric constant is greater than 8, its increase on the corona onset voltage effect
gradually weakened.
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Abstract. Surface discharge of insulatingmaterials is themain form of insulation
failure of electrical equipment under special operating environment such as high
humidity, high pollution and easy condensation. Therefore, it is of great signif-
icance to study the discharge initiation characteristics of wet insulated material
surface to improve the operation reliability of electrical equipment. In this paper,
the discharge initiation characteristics of insulating materials under the action of
condensation and pollution were studied. Firstly, COMSOL software was used to
construct a single droplet model under the action of a flat electrode, and FEMwas
used to calculate the electric field distribution on and around the surface. Secondly,
a method for predicting the initial voltage of surface discharge of wet insulation
materials based on photoionization criterion is proposed. Finally, the corona test
was carried out on the surface of the wet epoxy resin plate, and the corresponding
corona voltage was calculated by the leakage current method. The results show
that the error between the experimental value and the simulation value is small,
which verifies the validity of the method for predicting the negative polarity DC
corona initial voltage.

Keywords: Condensation · Contaminant · Electric field calculation ·
Photoionization model · Negative DC corona

1 Introduction

With the proposal of the strategic goal of “double carbon”, the electric power system
in our country will transform to new energy distributed access, multi-state energy inter-
connection and multi-voltage level AC-DC interconnection [1]. Vigorously developing
offshore wind power is an optimal option for achieving carbon peak and carbon neu-
tralization in southeast coastal area of our country [2]. However, the southeast coast of
our country is a typical hot and humid climate. The special operating environment of
high humidity, high salt fog and high pollution makes the condensation and pollution
flash of switch equipment prominent. Condensation will gradually reduce the insula-
tion performance of the insulation parts, and the insulation defects will be constantly
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exposed, which will gradually develop from initial discharge to surface flashover and
even insulation breakdown, and eventually lead to serious accidents, which brings great
challenges to the reliability of the operation of electrical equipment. Therefore, it is of
great significance to study the surface discharge of internal insulating parts of switchgear
under wet and dirty conditions to accelerate the transformation and upgrading of power
system under the background of “carbon peaking and carbon neutrality” strategy.

Surface discharge of wet insulation materials is a complex process involving multi-
stage coupling effects of condensation phase transition [3, 4] and local arc development
[5–7], which belongs to the intersection field of engineering thermal physics and dis-
charge plasma. The condensation phase transition involves gas-liquid-solid multiphase
flow, and the discharge process is a complex physical process with the synergistic effect
of electricity, heat, light and so on. In recent years, many scholars at home and abroad
have carried out some exploratory studies on the evolution of condensation and the
preparation of anti-condensation materials, but there is still a lack of research on surface
discharge under the combined action of condensation and pollution on the surface of
insulating materials. Therefore, this paper will study the initial characteristics of surface
discharge of wet insulation materials. The main research contents are as follows: First,
COMSOL simulation software is used to calculate the electric field distribution when
condensate droplets are distributed on the surface of contaminated epoxy resin plate,
and the influence of different droplet radius, droplet contact Angle, droplet spacing and
plate spacing on the electric field distortion is analyzed. Secondly, based on the existing
photoionization model, a negative DC corona voltage predictionmodel considering tem-
perature and humidity was proposed to predict the corona voltage on the surface of wet
insulation materials. In addition, the influences of the effective ionization coefficient and
the light absorption coefficient on the corona voltage in the process of discharging elec-
tricity in different ambient temperature and humidity are analyzed. Finally, the corona
test was carried out on the surface of the wet epoxy resin plate, and the corresponding
corona voltage was calculated by the leakage current method. The results show that the
error between the experimental value and the simulation value is small, which verifies
the validity of the prediction method of negative polarity DC corona initial voltage. The
study in this paper will initially reveal the influence mechanism of condensation and
pollution on the surface electric field of insulating materials, improve the accuracy of
the initial discharge voltage prediction, help to improve the surface dischargemechanism
of insulating materials under wet and dirty conditions, and provide the corresponding
theoretical reference for the improvement of the reliability of new energy power system
and the modification and enhancement of the structure of insulating materials.

2 Single Droplet Electric Field Simulation

2.1 Electric Field Simulation Model Construction

In order to explore the influence of condensation droplets on the surface electric field
distribution of contaminated insulating materials, this paper uses COMSOL finite ele-
ment software to construct a single droplet electric field calculation model on the surface
of contaminated epoxy resin plate. The effects of plate spacing d, droplet radius r, water
contact angle θ and droplet spacing h on the distribution of surface electric field around
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the droplet were investigated by using this model. The simulation model is shown in
Fig. 1. A pair of cylindrical stainless steel flat electrodes with a diameter of 50 mm and
a length of 40 mm are placed on an epoxy resin plate with a size of 150 mm × 150 mm
× 3 mm. In order to simulate the contamination on the surface of the insulation parts
under actual conditions, a pollution layer of 150 mm × 150 mm × 0.5 mm is attached
to the surface of the epoxy resin plate. A drop of water with a radius of 2 mm and a
contact angle of 90° is placed in the center of the board. The air domain size is 200 mm
× 200 mm × 200 mm.

Fig. 1. Simulation model of single droplet electric field on the surface of stained epoxy resin
plate.

2.2 Analysis of Electric Field Simulation Results

The simulation results show that the electric field distortion at the junction of “gas-
liquid-solid” three-phase is the largest due to the great difference between the relative
dielectric constant values of air (ε = 1), water (ε = 78.5) and dirty layer (ε = 10), as
shown in Fig. 2. When the applied electric field is low, the air near the surface of the
droplets and the dirty layer is prone to corona discharge. In this paper, the distribution
of electric field around water drops under −1 kV DC high voltage was studied by the
distance between electrode plates, the radius of droplets, the contact Angle of droplets
and the distance between droplets, and the influence of the above factors on the corona
discharge of wet epoxy resin surface under DC high voltage was analyzed.

Change Plate Spacing. In order to study the effect of applied electric field intensity
on the distribution of electric field around water drops, the single droplet electric field
distribution on the surface of stained epoxy resin plate was simulated and analyzed
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Fig. 2. Simulation of single droplet electric field.

when the plate spacing d was 20 mm, 25 mm, 30 mm, 35 mm, 40 mm and 45 mm,
respectively. The electric field simulation results are shown in Fig. 3(a). The results
show that the degree of electric field distortion at the three-phase junction decreases
with the increase of plate spacing. Since the inter-polar voltage is always fixed at−1 kV,
and the equivalent electric field between the plates decreases with the increasing of the
distance between the plates, the degree of electric field distortion caused by water drops
will also decrease. The electric field simulation results calculated along the selected path
are shown in Fig. 3(b). The electric field intensity near the “gas-liquid-solid” three-phase
junction on the surface of the water bead presents a “cliff” rise, and with the increase
of the distance between the plates, the electric field distribution curve along this path
continues to move down. It can be seen that the electric field intensity at the edge of the
water bead decreases as a whole with the increase of the distance between the plates.
It can be clearly seen from Fig. 3(c). that the maximum electric field mode value at the
edge of water drops also increases with the decrease of plate spacing.

Fig. 3. Simulation results of surface electric field under different plate spacing.
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Changing the Radius of the Drop. In order to study the influence rule of droplet
radius on the electric field distribution around water drops, the single droplet electric
field distribution on the surface of the stained epoxy resin plate was simulated and
analyzed when the droplet radius r was 1.0 mm, 1.5 mm, 2.0 mm, 3.5 mm, 4.5 mm and
5.0 mm, respectively, and the static contact Angle of the droplet was 90°. The electric
field simulation results are shown in Fig. 4(a). The results show that the radius of the
water bead has only a slight influence on the electric field distribution around the water
bead. With the increase of the radius of the water bead, the maximum value of the
electric field along the surface of the stained epoxy resin plate only increases slightly.
The electric field simulation results are shown in Fig. 4. The area where the electric field
intensity increases significantly expands with the increase of the droplet radius. With the
increase of the droplet radius, the surface electric field distribution between the droplet
and the two plates becomes more uniform and the electric field modulus increases. The
electric field simulation results calculated along the selected path are shown in Fig. 4(b).
The electric field near the edge of the droplet on both sides of the electrode increases
sharply, while the electric field inside the droplet is very small and lower than the average
electric field intensity outside the droplet. Combined with Fig. 4(b) and Fig. 4(c), it can
be seen that the change of drop radius has no obvious influence on the surface electric
field distribution of the contaminated epoxy resin.

Fig. 4. Simulation results of surface electric field under different droplet radius.

Change the Droplet Contact Angle. In order to study the influence of droplet contact
angle on the electric field distribution around water drops, the electric field distribution
of single droplet on the surface of epoxy resin plate was simulated when the droplet
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contact angle was 30°, 60°, 90°, 120° and 150°, and the volume of droplet was 16.8 µL.
The simulation results show that the distortion degree of electric field decreases with
the increase of droplet contact angle. The electric field simulation results are shown
in Fig. 5(a). The electric field distortion degree at the three-phase junction of droplet
edge on the surface of insulating materials with different wettability is significantly
different, and the electric field distortion degree decreases with the increase of droplet
contact Angle. The electric field simulation results calculated along the selected path
are shown in Fig. 5(b) and Fig. 5(c). There is little difference in the internal electric
field intensity of droplets with different wettability surfaces, which are all lower than the
surface field intensity outside the water droplets, and the modulus is about 1× 105 V/m.
The external field intensity of water droplets on different wettability surfaces also tends
to 3 × 105 V/m, and there is no significant difference. However, the maximum field
intensity of water bead edge on different surfaces decreased gradually with the increase
of contact Angle.

Fig. 5. Simulation results of surface electric field under different droplet contact angles.

Change the Distance Between the Two Drops. In order to study the influence law
of droplet spacing on the electric field distribution around water drops, the electric
field distribution of single droplet on the surface of the stained epoxy resin plate was
simulated when droplet spacing h was 2 mm, 4 mm and 6 mm respectively. The droplet
radius was all 2 mm and the contact Angle was all 90°. The simulation results show
that with the increase of droplet spacing, the average value of the electric field intensity
in the surface region between two droplet drops gradually, and the degree of distortion
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decreases significantly. The electric field simulation results are shown in Fig. 6(a). With
the widening of the droplet spacing, the field distortion areas along the surface of the
two droplets are basically separated from each other, and a low electric field area similar
to that on the surface of the droplet appears in the middle. The electric field simulation
results calculated along the selected path are shown in Fig. 6(b), and the maximum
electric field intensity values under different paths are given in Table 1. According to
the analysis of Fig. 6(b) and Table 1, when the droplet spacing is small, the electric field
distortion is the most serious and occurs at the inner edge of the droplet near the high
voltage electrode. With the increasing of the droplet spacing, the degree of electric field
distortion between the droplet decreases.

Fig. 6. Simulation results of surface electric field under different distance of two droplets.

Table 1. Maximum electric field intensity along surface path at different distance of two droplets.

The distance between two droplets (mm) Maximum electric field intensity (V/m)

2 342475.5948

4 303950.8153

6 307554.7245

3 Prediction Model of Initial Discharge Voltage

3.1 Construction of Negative Polarity Photoionization Model Considering
Temperature and Humidity

In order to explore the influence of different ambient temperature and humidity on the
surface discharge initiation process of wet insulation material, a model of discharge ini-
tiation voltage was established considering temperature and humidity. When negative
discharge occurs, there are usually three reasons for the emission of electrons from the
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negative plate: photoelectric effect, positive ion collision on the cathode surface, and
field ionization. Although the intensity of positive ion collision ionization is greater than
the photoelectric effect, it rarely occurs. In contrast, the initial free electrons of negative
discharge are mainly generated by photoionization. Therefore, wet insulation surface
generally belongs to glow discharge. In this paper, based on the negative polarity pho-
toionization criterion [8], and considering the influence of temperature and humidity
on ionization coefficient α, adhesion coefficient η, photon absorption coefficient μ and
other factors, a prediction model of surface discharge initial voltage and field intensity
of wet insulation materials was established. The model can predict the initial discharge
voltage and field intensity of insulating material surface under different ambient temper-
ature and humidity and condensation radius, and can be used as a theoretical reference
to control the surface discharge of insulating parts.

Physical Model. When the negative DC high voltage is applied on the flat electrode,
when the field intensity around the electrode exceeds a certain critical value, the free
electron collision ionization coefficient α in the air will be greater than the adhesion coef-
ficient η, the number of electrons and positive ions produced by the collision ionization
of free electrons is greater than the number of negative ions produced by the adhesion
process of free electrons, the number of electrons increases exponentially, causing the
initial electron collapse. The electron collapse head keeps developing away from the
negative plate, and the collision ionization of free electrons will radiate photons to the
surrounding areas. Photons are photoionized with molecules or atoms of gases in the
air to produce photoelectrons, which further collide and ionize, thus triggering a sec-
ondary electron avalanche. When at least one photoelectron is generated by the number
of photons hitting the cathode surface in the corona layer, the condition of secondary
electron collapse is satisfied, and the corona discharge can be self-sustaining. The process
diagram of negative DC corona is shown in Fig. 7.

Fig. 7. Schematic diagram of negative DC corona process on wet epoxy resin plate surface
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When the initial electron avalanche moves forward to coordinate z, the number of
free electrons contained in the electron avalanche head Ne(z) is:

Ne(z) = exp(
∫ z

0

(
α(z′) − η(z′)

)
dz′) (1)

Within the initial electron collapse movement �z, the number of photons radiated
during the collision ionization process �nph(z) is:

�nph(z) = α∗(z)Ne(z)�z (2)

where, α*(z) is the photon generation rate [9, 10], and the relationship between α(z) and
the collision ionization coefficient is as follows:

α∗(z) = kα(z) (3)

In the gap between the water bead and the flat electrode, photons generated by
collision ionization will not reach the cathode surface completely, but some photons will
be absorbed by air. Affected by the absorption coefficient of air photon μ and geometric
factor g(z), the number of photons reaching the cathode surface �nsph is:

�nsph = kα(z)Ne(z)�zg(z)e−μz (4)

In the ionization region from z = 0 to z = zi, if the photon generated by collision
ionization reaches the cathode surface and produces at least one photoelectron, the
self-sustaining condition of corona discharge is satisfied. The photoelectric ionization
criterion of negative DC corona to self-sustaining discharge is as follows:

Neph = γph

∫ zi

0
α(z)g(z) exp(−μz +

∫ z

0
(α(z′) − η(z′))dz′)dz ≥ 1 (5)

Parameter Choice. In order to construct the prediction model of discharge initial volt-
age under different ambient temperature and humidity conditions, the calculation meth-
ods of ionization coefficient α, adsorption coefficient η and photon absorption coefficient
μ in wet air proposed by Abdel-Salam [11] were adopted in this paper, and α, η and μ

were expressed as functions of the ratio of field intensity to air pressure. The calculation
method of parameters used in this model is as follows:

The ionization coefficient α, adsorption coefficient η and photon absorption coef-
ficient μ are decomposed into water vapor component and dry air component. The
relationship is given by (6):

λ = Pd

P
λd + Pw

P
λw (6)

where, λ is the ionization coefficient α, adsorption coefficient η, photon absorption
coefficient μ; P is the total pressure; Pd is partial pressure of dry air; Pw is water vapor
partial pressure.
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Ionization coefficient α.

αd =
{
2.0 × 10−20N exp

(−7.248 × 10−19N/|E|), |E|/N > 1.5 × 10−19

6.619 × 10−21N exp
(−5.593 × 10−19N/|E|), |E|/N ≤ 1.5 × 10−19

αw =N
[
3.536 × 1017(|E|/N )2 − 6.0 × 10−2(|E|/N ) + 2.828 × 10−21

]
(7)

where, E is the electric field intensity, V/m; N is the total number of molecules in the
air at pressure P, m3; N = 2.6876 × 1025/m3 under standard atmospheric conditions.

Adhesion coefficient η.

ηd =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

N

(
8.889 × 10−5|E|/N + 2.567 × 10−23+
N × 3.7986 × 10−74(|E|/N )−1.2749

)
, |E|/N > 1.05 × 10−19

N

(
8.889 × 10−5|E|/N + 2.567 × 10−23+
N × 3.7986 × 10−74(|E|/N )−1.2749

)
, 1.2 × 10−21 ≤ |E|/N
≤ 1.05 × 10−19

1.0681 × 104, |E|/N < 1.2 × 10−21

ηw =

⎧⎪⎪⎨
⎪⎪⎩
N

(−8.841 × 1013(|E|/N )2−
2.50 × 10−6|E|/N + 6.645 × 10−24

)
, |E|/N ≥ 1.09 × 10−19

N

(−1.298 × 1015(|E|/N )2−
2.60 × 10−4|E|/N − 7.726 × 10−24

)
, |E|/N < 1.09 × 10−19

(8)

Photon absorption coefficient μ.

μd =500/m

μw =3 × 104/m (9)

Surface photon emission coefficient γ ph.

γph = 3 × 10−3 (10)

FlowChart. The calculation process of the negative discharge initial voltage prediction
model constructed in this paper is shown in Fig. 8. Firstly, the surface path electric
field data calculated in COMSOL software is imported, and the voltage is increased
continuously with �U as the step. The ionization coefficient α, adhesion coefficient η

and photon absorption coefficient μ are calculated by using the corresponding voltage
level along the path electric field distribution. Finally, the trapezoidal integral formula and
the complex Simpson quadrulation formula are used to judge whether the photoelectric
ionization criterion (5) is valid. When the equal sign is true, the corresponding voltage
is the corona initiation voltage Uc.

3.2 Discharge Starting Voltage Prediction

Selection of Electric Field Simulation Path. According to the finite element electric
field simulation analysis, the electric field distortion degree at the junction of “gas-liquid-
solid” three-phase is the largest, which makes the air near the surface of the droplet and
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Fig. 8. Flow chart of prediction model of negative polarity corona voltage

the dirty layer prone to corona discharge when the applied electric field is low. Therefore,
a line segment close to the surface of the epoxy resin, running through the center of the
droplet and connected with two high-voltage electrodes was selected as the calculated
electric field path, with a length of 3 cm. The electric field simulation results calculated
along this path are shown in Fig. 9. The red dashed line segment in the figure is the path.

Fig. 9. Schematic diagram of electric field calculation path

Analysis of the Prediction Results of the Initial Discharge Voltage. The electric field
simulation results of different plate spacing, droplet radius, droplet contact angle and
droplet spacing were respectively used to predict the initial discharge voltage, and the
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results were shown in Fig. 10. According to the predicted results, the initial discharge
voltage increases with the increase of plate distance, droplet contact angle and droplet
distance, but decreases with the increase of droplet radius. From the angle of electric
field distortion affecting discharge process, the above conclusions are analyzed: when
changing the distance between the plates, the electric field intensity at the edge of the
bead decreases as a whole with the increase of the distance between the plates, resulting
in a small ionization coefficient. Therefore, it is necessary to continuously increase the
voltage to deepen the degree of electric field distortion to meet the conditions of corona
self-holding. When the droplet radius is changed, the degree of electric field distortion
is deepened with the increase of droplet radius, and the effective ionization coefficient is
increased accordingly, and the corona self-sustaining condition becomes easier to meet.
Therefore,with the increase of droplet radius, the corona voltagewill decrease somewhat.
When the droplet contact angle is changed, the degree of electric field distortion decreases
with the increase of droplet contact angle. Therefore, the corona initial voltage on the
surface of insulating materials with larger contact angle is higher. When the droplet
spacing is changed, the distortion degree of the electric field between droplet drops with
the increasing of droplet spacing, but the difference is not obvious. Therefore, the corona
initiation voltage only increases slightly with the increase of droplet spacing, indicating
that droplet spacing has little effect on corona initiation.

Fig. 10. Prediction of corona initial voltage under different geometric factors at T = 25 °C and
RH = 90%

Influence of Ambient Temperature and Humidity on Corona Voltage. In order to
quantitatively analyze the influence rule of ambient temperature and humidity on corona
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initiation voltage, the negative polarity photoionization model was adopted in this paper
to predict the corona initiation voltage Uc of the stained epoxy resin plate under different
temperature and humidity conditionswhen plate spacing d = 3 cm, drop radius r = 2mm,
and drop contact angle θ = 90°. The predicted results are shown in Fig. 11. Firstly, the
corona voltage is calculated under the conditions of ambient temperature T = 25 °C
and relative humidity RH of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90%,
respectively. It can be seen that when the relative humidity in the environment increases,
the corona voltage slightly decreases. In addition, when the relative humidity RH is 80%
and the ambient temperature T is 20 °C, 25 °C, 30 °C, 35 °C and 40 °C, the corona
voltage is calculated, and the result shows that the corona voltage also decreases slightly
with the increase of temperature.

Fig. 11. Prediction of corona initial voltage under different geometric factors when d = 3 cm and
r = 2 mm

The changes of ionization coefficient α, adhesion coefficient η, effective ionization
coefficient α-η and photon absorption coefficientμwith the increase of ambient temper-
ature and humiditywere compared, as shown in Figs. 12, 13, 14 and 15.With the increase
of relative humidity or temperature, the ionization coefficient α curve will shift upward
by a small distance, while the adhesion coefficient η curve will decrease downward by
a small distance, thus increasing the effective ionization coefficient. It can be seen from
the analysis of (1) that the increase of ionization coefficient α and effective ionization
coefficient α-η will increase the integrand value of negative polarity photoionization
criterion, and it is easier to meet the condition of corona self-holding under the same
electric field path. The light absorption coefficient μ also increases with the increase of
relative humidity or temperature. As a result, the number of photons absorbed by the
ionization region increases, the number of photoelectrons reaching the cathode surface
decreases, and the negative corona initial voltage may increase. The influence of tem-
perature and humidity on the corona voltage depends on the game between the effective
ionization coefficient α-η and the light absorption coefficient μ. The results show that
the corona voltage decreases slightly with the increase of relative humidity or temper-
ature, indicating that the effect of light absorption is not important compared with the
ionization intensity per unit length of the ionization zone, but the effective ionization
coefficient α-η has a more significant effect on the corona voltage.
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Fig. 12. Trend diagram of α with T and RH

Fig. 13. Trend diagram of η with T and RH

Fig. 14. Trend diagram of α-η with T and RH
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Fig. 15. Trend diagram of μ with T and RH

4 Surface Halo Test of Wet Epoxy Resin Plate

4.1 Test Layout

Figure 16 shows the schematic diagram of the test platform for epoxy resin surface halo
and breakdown. The output voltage of the negative DC high voltage generator used in
the test ranges from 0 to −200 kV. The high voltage connection line of the DC voltage
source is connected with one of the flat electrodes, and the other electrode is grounded
through the 1 k	 resistance. The stainless steel plate electrode was placed on the epoxy
resin plate with a thickness of 3 mm. In order to reduce the influence of the burr on
the electrode surface on the corona test, the edge of the electrode was chamfered. The
PTFE board is used as an insulating partition and placed under the epoxy board. To
prevent the high voltage electrode from discharging to the ground, place the teflon plate

Fig. 16. Schematic diagram of test platform construction
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above the insulator. Connect the high voltage probe of the oscilloscope to one side of
the 1 k	 resistance connected electrode, and calculate the leakage current by measuring
the voltage at both ends of the resistance.

In this paper, corona and breakdown tests were carried out on the epoxy resin plate
with plate spacing d = 3 cm and droplet radius r = 5 mm. The test was carried out
in atmospheric pressure environment, the ambient temperature was about 20 °C and
the relative humidity was about 90%. The uniform voltage boost was adopted, and the
voltage boost gradient was 1 kV/s. The start of corona was determined by observing the
voltage pulse waveform measured by oscilloscope, and the breakdown was determined
by the arc between the plates. Due to the randomness of discharge phenomenon, it is
necessary to conduct multiple experiments to reduce the influence of error. In addition,
the influence of surface space charge on the corona formation process should be excluded,
and a new epoxy resin plate should be replaced before each discharge test.

4.2 Interpretation of Result

In the negative corona test, the sampling function of oscilloscope was used to record the
voltage waveform corresponding to each voltage level, and the voltage waveform was
divided by the 1 k	 resistance to obtain the leakage current waveform, which was then
integrated against the time. The voltage waveform at both ends of the 1 k	 resistance
collected during the voltage boost process of epoxy resin plate with or without water
drops was shown in Fig. 17 and Fig. 18. The corona voltage can be roughly judged by
the time of negative initial pulse.

Fig. 17. Voltage waveform changes at both ends of 1 k	 resistance when there is no water bead
on the surface of epoxy resin during voltage boost

According to the analysis of Fig. 17 and Fig. 18, when there is no water drop on the
surface of the epoxy resin plate, the leakage current pulse occurs when the voltage rises
to −20 kV. When there are water droplets on the surface of the epoxy resin plate, the
leakage current pulse occurswhen the voltage rises to−15 kV. It indicates that the corona
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Fig. 18. Voltage waveforms at both ends of 1 k	 resistors with water droplets on the surface of
epoxy resin during voltage boost

voltage is about −15 kV and −20 kV respectively when there is no water droplets. In
this paper, the leakage integral value of the voltage waveform obtained from the test is
fitted after processing and integration, and the fitting curve is shown in Fig. 19. It can
be seen that the integral curve of leakage current corresponding to dew on the surface
of the epoxy resin plate changes abruptly when the plate voltage is about 15 kV, and the
increase slope reaches the maximum, indicating the beginning of corona at this time.
However, the integral curve of leakage current corresponding to the absence of dew on
the surface of the epoxy resin plate changes abruptly when the plate voltage is about
24 kV, so it is preliminarily determined that the corona voltage is about 24 kV.

Fig. 19. Leakage current integral change trend diagram

The test results of corona initiation voltage are compared with the predicted value
of negative DC corona initiation voltage in Sect. 4, as shown in Table 2. It can be seen
that the simulation results are in good agreement with the experimental values, which



Electric Field Distortion and Corona Inception Characteristics 183

verifies the effectiveness of the negative polarity photoionization model in predicting
the corona voltage.

Table 2. Comparison of test and simulation values of corona voltage on epoxy resin surface

The presence of water
droplets on the surface

Test value of corona initiation
voltage (kV)

Predicted value of corona
voltage (kV)

Existent −15 −14.2323

Nonexistent −24 −21.5663

5 Conclusion

In recent years, scholars at home and abroad have carried out a lot of research work
on the mechanism of droplet condensation phase transition and negative DC corona
process respectively. However, there is a certain separation between the study of corona
discharge and the study of condensation process. In order to solve the above problems,
electric field simulation and corona test were carried out considering the influence of
condensation on the surface discharge process of wet and dirty insulating materials.
Combined with simulation and test, the conclusions are as follows:

1) A simulation model of single droplet electric field under the action of flat elec-
trode was constructed. The influences of plate spacing, droplet radius, droplet
contact angle and droplet spacing on electric field distortionwere compared and ana-
lyzed. The simulation results showed that the electric field distortion at the junction
of gas-liquid-solid phase was the largest.

2) A negative corona initial voltage prediction method considering temperature
and humidity is proposed. It is concluded that the discharge initial voltage will
increase with the increase of plate distance, droplet contact angle and droplet dis-
tance, but will decrease with the increase of droplet radius. It is found that the corona
initial voltage decreases slightly with the increase of relative humidity or tempera-
ture. The influence of temperature and humidity on corona initiation voltage depends
on the game between the effective ionization coefficient α-η and the light absorption
coefficient μ.

3) The effectiveness of the electric field simulationmodel and the negative polarity
corona voltage prediction method was verified by the surface corona test of the
wet epoxy resin plate.
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Abstract. Corona discharge can cause energy loss in high-voltage transmission
lines, and can also seriously threaten the stable operation of the line. The distortion
of the surrounding electric field by water droplets on the surface of the conductor
in the rain environment becomes an important factor affecting the corona, and
the environmental factors in different areas will also have an impact on the con-
ductor corona, so the study of environmental factors on the impact of the corona
voltage of positive DC conductors with raindrops has high practical engineering
significance. According to the gas discharge theory, a simulation model is estab-
lished for a comprehensive study, and whether the number of secondary electron
avalanche positive ions is greater than the number of initial electron avalanche
positive ions is used as a criterion for corona initiation. The results show that the
corona voltage is influenced by both environmental factors and raindrop morphol-
ogy. Under the same environmental factors, the larger the raindrop, the smaller the
corona voltage, because the electric field strength near the large raindrop is large,
the effective ionization coefficient is large; the pressure drops, the temperature
rises, the ionization area increases simultaneously with the effective ionization
coefficient, so that the corona voltage decreases; the humidity rises, the effective
ionization coefficient rises, the collisional ionization ability in space increases, so
that the corona voltage decreases, but the decrease is small.

Keywords: Corona · positive direct current · raindrops · environmental factors

1 First Section

Corona is an important factor that must be considered in the construction of ultra-high
voltage transmission lines. At present, the scale of China’s ultra-high voltage trans-
mission lines is growing, based on the large geographical cross-service and uneven
energy distribution, China has built a number of high-voltage transmission lines such
as Jinbei-Jiangsu, Ningdong-Zhejiang, etc., to realize the redistribution of energy. Since
the DC transmission method has the advantages of large capacity and low loss during
transmission, most of the current UHV transmission lines adopt the DC transmission
method.
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With the increasing voltage level of transmission lines, the electric intensity on the
line surface may exceed the free strength of air molecules, leading to the occurrence
of corona phenomenon. Corona can interfere with some radio equipment, causing loss
of energy, and can be accompanied by a series of chemical reactions that can easily
corrode metal electrodes. In normal weather conditions, the wire generally does not
occur corona, but when the raindrops attached to the wire, equivalent to an increase in
the wire surface with the ability to conduct a bump, making the wire around the space
around the electric field uniformity decreases, corona phenomenon is more likely to
occur [1–4]. And because of the transmission lines across a wide area, different areas
of the air pressure, temperature and humidity and other environmental factors there
are obvious differences, the corona has a different degree of impact [5, 6]. In addition,
although positive DC is more difficult to corona than negative DC transmission, the
degree of corona is more intense and produces more harmful effects. Therefore, it is of
high practical engineering significance to study the effect of environmental factors on
the corona voltage of positive DC with raindrop conductors.

Many scholars at home and abroad are currently engaged in the study of corona
characteristics of conductors, but few have combined environmental factors with rain-
drops to study their effects on the corona voltage of conductors [7–9]. Xiaobo Meng
and Xingming Bian of Tsinghua University studied the relationship between smooth
wire corona and environmental factors, but did not explore the working conditions of
the wire with raindrops [10]; Fan Jianbin of the Chinese Academy of Electrical Sciences
studied the effect of raindrops on wire corona, but it did not combine environmental
factors [11]. And most of the current research on conductive wire corona is conducted
through experiments in the corona cage, which requires high equipment and equipment,
complex experiments, and there are certain safety risks [12–14].

In this paper, theMATLBsimulationmodelwill be built according to the air discharge
theory using numerical calculationmethod, firstly, the corona voltage of thewire attached
to different forms of raindrops is calculated, and then the corona law of the wire attached
to raindrops under different environmental factors is studied, in which the electric field
is calculated by the simulated charge method.

2 Computational Model

2.1 Calculation of Electric Field

The essence of the influence of raindrop shape on the corona onset voltage is that it
changes the spatial electric field distribution around the conductor. The calculation of
the spatial electric field mainly includes the finite element method, the finite difference
method, and the charge simulation method. In this paper, the simulated charge method is
used to replace a continuous charge distribution in space with a finite number of discrete
charges. Compared with other methods, it can solve the electric field distribution in the
infinite field, and the solution is simple. The Electric field calculation model is shown
in Fig. 1.

Let the radius of the conductive wire is 10 mm, the distance between the wire and
the ground h is 4 m. When the radius of 1 mm semi-circular raindrop attached to the
wire, when the 350 kV voltage is applied, the field strength at the end of the raindrop
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Fig. 1. Electric field calculation model

in the vertical ground direction is shown in Fig. 2. It can be seen that the high field
strength area near the wire is mainly concentrated at the end of the raindrop, and then
drops sharply to near zero. Therefore, the corona area of the wire should occur in a very
small area at the end of the raindrop.

Fig. 2. Electric intensity as a function of the distance from the ground

2.2 Calculation of the Initial Corona Voltage

For overhead positive DC transmission conductors, when the applied voltage rises grad-
ually, the electric field in the space near the conductor will also increase, and when the
electric intensity rises to a certain level, the collision ionization coefficient α of electrons
will be greater than the attachment coefficient η. The region where α > η is called the
ionization region, the region due to the role of external ionization factors, free electrons
will move in the direction of the anode that is the wire.
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In the process of movement electrons collide with air molecules, collisional ion-
ization occurs, and electrons will increase exponentially and continuously, and this
avalanche growth of electron flow is called the initial electron avalanche. The charge
density in the initial electron avalanche is large, and the compounding process is fre-
quent, which causes the air molecules to excite and emit photons outward. In the region
of strong electric field at the head or tail of the avalanche, the air molecules absorb the
photons and then cause photoionization to produce new photons. The photon moves in
the direction of the positive conductor under the action of the applied electric field, and
collides with the air molecules during the movement to produce a secondary electron
avalanche. When the voltage rises to a certain value the number of electrons in the sec-
ondary electron avalanche will be greater than or equal to the initial electron avalanche,
corona discharge will occur. DC transmission conductor corona discharge can be self-
sustaining condition is the number of positive ions in the secondary electron avalanche
N2 is not less than the number of positive ions in the initial electron avalanche N1,
when the two are exactly equal, the corresponding voltage Ui that is the corona voltage
[15–17].

The ionization and attachment coefficients are influenced by air pressure and air
humidity and are calculated as Eqs. (1) and (2) [18, 19].

α = Pd
P

αd + Pw
P

αw (1)

η = Pd
P

ηd + Pw
P

ηw (2)

αd and αw are the ionization coefficients in dry air and wet air, respectively; ηd and ηw
are the attachment coefficients in dry air and wet air, respectively; Pd and Pw are the dry
air partial pressure and water vapor partial pressure, respectively [20, 21].

The steps for calculating the positive DC starting corona voltage are shown in Fig. 3,
and the calculation parameters are selected according to Reference 6.

Fig. 3. Calculation steps of the initial voltage

A right-angle coordinate system with the parallel ground direction as the X-axis,
the vertically downward direction as the Y-axis, and the closest point of the wire to the



The Influence of Environmental Factors on Corona Voltage 189

ground as the coordinate origin is established. And let the vertical coordinate of the
ionization zone boundary be yi, then the initial electron avalanche produces the number
of positive ions as shown in Eq. (3) [22].

N1 = exp

(∫ yi

0
(α(y) − η(y))dy

)
(3)

Let the electron diffusion coefficient be De; the electron drift velocity be Ve, then
the radius of the electron avalanche is [22]:

r1 =
√
6
∫ yi

0

De

ve
dy (4)

Let the number of photons emitted for one collisional ionization be f1, and the
probability of photoionization after absorption of photons by air molecules be f2. The
location of the initial electron avalanche to the boundary of the ionization region is
divided into of layers thickness dy, and the coordinates of a layer are y and its distance
from the head of the electron avalanche y − r1. The number of photons generated by the
absorption of photons by the air in this layer is f1f1N1me−m(y−r1)g(y), where μ is the
photon absorption coefficient and g(y) is the geometric coefficient considering partially
vanishing photons. Then the total number of positive ions in the secondary electron
avalanche N2 is [22]:

N2 =
∫ yi

r1
f1f2N1μe

−μ(y−r1)g(y) exp

(∫ yi

r1
(α(y′) − η(y′))dy′

)
dy (5)

2.3 Validation of the Calculation Procedure

The calculation was programmed using Matlab software as described above, and the
results of the smooth wire were compared with the classical experimental results of
Abdel-Salam in Table 1 [22].

Table 1. Comparison table of simulation results and experimental results

Radius of conductor/mm 5 10 15 20

Calculation results/KV 218 360 488 602

Experimental results/KV 138 – 220 282 – 373 395 – 491 472 – 605

It can be seen that the calculation results of this program are within the range of
experimental results, so it can be verified that this program can meet the requirements
of positive DC initial corona voltage calculation conditions and has the reasonableness.
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3 Calculated Results

3.1 Effect of Raindrops on Corona

In this paper, three different forms of raindrops, namely, hemispherical raindrops with
a radius of 1 mm; semi-ellipsoidal raindrops 1 with a short axis of 1 mm and an axis
ratio of 3; and semi-ellipsoidal raindrops 2 with a short axis of 1 mm and an axis ratio of
5, are selected to simulate the process of raindrops continuously converging and being
stretched at the end under the dual action of electric and gravitational fields. A smooth
wire surface is considered to have zero volume of raindrops attached, and the raindrops
are classified into 1, 2, 3, and 4 categories according to the order of their volume from
small to large (Fig. 4).

Fig. 4. Raindrop shape

At standard atmospheric pressure, a temperature of 293 K, and a humidity of
15 g.m−3, the effect of different sizes of raindrops on the corona of the wire is calculated
in Fig. 5.

Fig. 5. Initial corona voltage as a function of raindrop size

With the increase of raindrop level, the corona voltage is decreasing, from the smooth
wire to the process of attached hemispherical raindrop, the corona voltage decreased by
24.5%; from the attached hemispherical raindrop to the process of the attached semi-
ellipsoidal raindrop 1, the corona voltage decreased by 21.7%; from the attached semi-
ellipsoidal raindrop 1 to the process of attached semi-ellipsoidal raindrop 2, the corona
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voltage decreased by 7.2%. It can be seen that the corona voltage will drop rapidly after
the wire is attached to the raindrop, but the drop will gradually become slower as the
raindrop increases.

Corona occurs mainly within a very small area at the end of the raindrop, and the
maximum electric field strength in this area is calculated in relation to the raindrop in
Fig. 6. After the hemispherical raindropswere attached to thewire, themaximumelectric
field intensity increased by 73.3%; the maximum electric field intensity increased by
23.6% in the process of changing the shape of raindrops from hemispherical to semi-
ellipsoidal 1; then the maximum electric field intensity increased by 3.7% in the process
of changing fromsemi-ellipsoidal 1 to semi-ellipsoidal 2. It canbe seen that themaximum
electric field intensity increases rapidly after the wire is attached to the raindrops, but
the increase of the maximum electric field intensity slows down with the increase of the
raindrops, which is consistent with the trend of the corona voltage.

Fig. 6. Maximum electric field as a function of raindrop size at the same voltage

The effective ionization coefficient is calculated as a function of the maximum field
strength in Fig. 7. It can be seen that the electric field strength directly affects the effective
ionization coefficient, which rises with the electric field strength when the environmental
factors are the same.

3.2 The Effect of Environmental Factors on Corona

The Effect of Air Pressure on Corona. The relationship between the initial corona
voltage and air pressure was calculated for three types of raindrops, hemispherical and
semi-ellipsoidal1 and 2, when attached to a 10mmwire, setting the temperature at 293 K
and the humidity at 15 g.cm−3, and the results are in Fig. 8.

It can be seen from Fig. 8 that the initial corona voltage of the three types of wires
attached with raindrops increases linearly with the air pressure. For every 0.01 MPa
increase in air pressure, the corona starting voltage of the wire attached with semi-
spherical raindrops increases by about 21 kV; The corona starting voltage of the con-
ductor with semi ellipsoidal raindrop 1 increases by about 18 kV; The corona starting
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Fig. 7. Effective ionization coefficient as a function of electric field

Fig. 8. Variation of corona onset voltage associated with raindrops at different air pressures

voltage of the conductor with semi ellipsoidal raindrop 2 increases by about 16 kV. It can
be seen that the larger the raindrop is, the smaller its corona onset voltage is affected by
the air pressure. This is because the corona onset voltage is also affected by the electric
field strength. Under the same environmental conditions, the electric field strength is
higher near large raindrops, and the influence of air pressure is relatively weak [23].

The calculation of the effective ionization coefficient on the air pressure is shown in
Fig. 9.

At the same electric field strength, the effective ionization coefficient decreases
with the increase in air pressure. At 0.05 MPa, the increments of the effective ionization
coefficient were 670 and 131when the electric field strength increased from 78KV.cm−1

to 108 KV.cm−1 and then to 113 KV.cm−1, respectively; at 0.1 MPa, the increments of
the effective ionization coefficient with the change of electric field were 443 and 86. The
increase in air pressure also effectively weakened the effect of electric field strength.

When the initial corona occurs on three kinds of wires with raindrops attached to the
surface, the ionization zone length versus air pressure is calculated as shown in Fig. 10.
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Fig. 9. Variation of corona onset voltage with respect to electric field at different air pressures.

It can be seen from the above figure that the ionization zone length at the initial corona
decreases for all three wires with attached raindrops as the air pressure increases. This
is due to the fact that the effective ionization coefficient decreases with increasing air
pressure at the same field strength, and the ionization zone decreases with the decrease
of the effective ionization coefficient. However, the relationship between the length of
the initial ionization region and the raindrop size is not reflected in the figure. The reason
for this is that the initial voltage decreases with an increasing raindrops, and the electric
field strength of large raindrops at low voltage may be lower than that of small raindrops
at high voltage, which in turn affects the length of the ionization zone.

Fig. 10. Variation of the length of the ionization region associated with raindrops at different air
pressures

Effect of Temperature on Corona. Corona voltage versus temperature was calculated
for a temperature range of 273 K to 523 K with a temperature gradient of 50 at standard
atmospheric pressure and a humidity of 15 g.cm−3.

As can be seen from Fig. 11, regardless of the size of the raindrops attached to
the wire surface, the corona voltage decreases with the rise of temperature, and its
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Fig. 11. Variation of corona onset voltage associated with raindrops at different temperatures

decreasing trend is approximately linear overall. In the interval from 273 K to 523 K,
the change of corona voltage is about 20 kV for hemispherical raindrops, 16 kV for
semi-ellipsoidal raindrops 1, and 15 kV for semi-ellipsoidal raindrops 2 for every 50
K change in temperature. It can be seen that the larger the raindrop, the smaller the
influence of temperature on the corona voltage, and the electric field strength can also
weaken the influence of temperature on the corona voltage.

Fig. 12. Variation of effective ionization coefficient related to electric field at different temperature

The relationship between the effective ionization coefficient and the temperature was
calculated and the results are shown in Fig. 12. The effective ionization coefficient of
the wire with attached raindrops is positively correlated with the electric field strength
at the same electric field strength and is independent of the electric field strength. At
273 K, the increment of electric field strength from 78 kV-cm−1 to 108 kV-cm−1 to
113 kV-cm−1 corresponds to the increment of effective ionization coefficient of 421 and
85, respectively; at 473 K, the effective ionization coefficient increases with an electric
field strength of 415 and 75, respectively. The results show that the variation of the
effective ionization coefficient with field strength becomes smaller as the temperature
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Fig. 13. Variation of the length of the ionization region associated with raindrops at different
temperatures

increases, and the temperature also weakened the effect of the electric field on effective
ionization.

As shown in Fig. 13, the length of the ionization zone of the threewireswith raindrops
on the surface increases with the increase in temperature at the initial corona. This is due
to the increase of the effective ionization coefficient with temperature, and the length
of the ionization zone varies with the effective ionization coefficient. In addition, the
electric field strength at the initial corona is not proportional to the size of the raindrops
because of the different initial voltages of the raindrop wires at the corona, so this graph
does not reflect the relationship between the size of the raindrops at the initial corona
and the length of the ionization zone.

Effect of Humidity on Corona. The humidity in the air varies greatly in rainy weather,
and the relationship between humidity and initial corona voltage is studied in the interval
from 0 to 15 g.m−3 as shown in Fig. 14.

Fig. 14. Variation of corona onset voltage associated with raindrops at different humidity levels
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As can be seen from Fig. 14, when water droplets exist on the wire surface, the
corona voltage decreases with the increase in humidity, and the decreasing trend is
approximately linear. Absolute humidity per 1 g.cm−3 rise, the corona voltage of the
three raindrop wires are decreased by 1 kV, the decline is not affected by raindrops,
which is due to the comparison with air pressure and temperature, humidity on the
corona voltage of the wire is weak.

From Fig. 15, it can be seen that the effective ionization coefficient increases with
the increase of humidity at the same electric field strength, and the increase is approxi-
mately linear. For each 1 g.cm−3 increase in absolute humidity, the effective ionization
coefficient increases by 0.1 at 78 kV.cm−1 electric field strength, by 0.3 at 108 kV.cm−1

electric field strength, and by 0.4 at 113 kV.cm−1 electric field strength. It can be seen
that the effect of humidity on the effective ionization coefficient at high electric fields is
greater than that at low electric fields, but the increase in the effective ionization coef-
ficient with The increase of the effective ionization coefficient with humidity is small
for both high and low electric fields, thus confirming the weak effect of humidity on the
corona of the wire.

Fig. 15. Variation of effective ionization coefficients associated with electric fields at different
humidity

As can be seen from Fig. 16, if the voltage on the wire with attached raindrops is
equal to the initial corona voltage, the ionization region length decreases with the rise of
the initial corona voltage, and the opposite trend of the effective ionization coefficient,
the reason for this is that the change in effective ionization coefficient is very small
when the air pressure changes and the length range of the ionization region is mainly
influenced by the electric field strength. The electric field of the same type of attached
raindrop wire decreases synchronously with the corona voltage, and when the initial
corona occurs under low humidity, the corona voltage is high, which leads to a large
electric field strength near the raindrop and therefore a large length of the ionization
region.
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Fig. 16. Variation in the length of the ionized region associated with raindrops at different
humidity levels

4 Analysis of Results

4.1 Analysis of the Effect of Raindrop Morphology

Under the same environmental factors, when raindrops attach to the smooth conductor,
the initial corona voltage decreases rapidly, but the decrease will gradually slow down
with the increase of raindrops. This is because the raindrop attached to the wire surface
is a conductor, which is equivalent to adding a bulge with a certain radius of curvature
on the wire. The charge converges at the end of the raindrop, distorting the surrounding
electric field strength. The larger the raindrop, the greater the electric field distortion, but
the amplitude of distortion increase will gradually slow down. The effective ionization
coefficient increases when the electric field intensity increases with the raindrop. The
criterion of positive DC conductor corona can be expressed as Eq. (6) [22].

f1f2gμ
∫ yi

r1
(exp(−μ(y − r1) +

∫ y

r1
(α − η)dy′)dy ≥ 1 (6)

Therefore, the greater the field strength is, the greater the effective ionization coef-
ficient is, the more likely the conductor is to corona, and the lower the initial corona
voltage is.

4.2 Analysis of the Influence of Environmental Factors

Air pressure, temperature, humidity, and other environmental factors will affect the
corona inception voltage of the conductor attached with raindrops. Taking the conductor
with hemispherical raindrops as an example, for every 0.01MPa increase in air pressure,
the corona onset voltage increases by 21 kV, which is 8.5% at 0.1 MPa; When the
temperature rises by 50 K, the corona starting voltage decreases by 20 kV, which is 7.7%
of 273 K; When the humidity rises by 1 g.cm−1, the corona onset voltage decreases by
1 kV to 0 g 0.4% at cm−3, it can be seen that the air pressure has the greatest influence
on the initial corona voltage of the conductor, and the humidity has little influence on it.
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Corona is affected by the rain droplet form, environmental factors,when the larger the
droplet, its end has a larger electric field strength canweaken the impact of environmental
factors on it. When the air pressure rises and the temperature falls, the ionization area
length decreases simultaneously with the effective ionization coefficient, at this time
when the voltage remains unchanged, the left side of Eq. (6) becomes smaller, and it is
difficult to reach the corona conditions, so the corona voltagewill rise; when the humidity
changes, the ionization area length and the effective ionization coefficient change in the
opposite trend, the two interact with each other, and the corona voltage is mainly affected
by the effective ionization coefficient, the reason is that the effective ionization coefficient
increases with the When the humidity rises, the collisional ionization capacity in space
is enhanced.

5 Conclusion

1) The corona onset voltage decreases significantly after raindrops are attached to the
conductor; as the size of attached raindrops increases, the corona onset voltage
decreases, but the trend slows down.

2) The corona voltage of the conductor with raindrops attached rises with increasing air
pressure, and the effect of air pressure on corona voltage decreases with increasing
size of raindrops attached to the wire.

3) When the temperature increases, the corona onset voltage decreases accordingly;
an increase in raindrop size also attenuates the effect of temperature on the corona
onset voltage.

4) With the increase of humidity, the corona onset voltage will decrease, but the change
amplitude is far less than the impact of air pressure and temperature on the corona
onset voltage. The impact can be ignored when the humidity changes little.

5) The corona onset voltage of a conductor is influenced by a combination of raindrops
and environmental factors. Under the same environmental conditions, the electric
field near the conductor with large raindrops attached to the surface is stronger, and
the influence of environmental factors on the corona onset voltage is relatively small.
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Abstract. Moisture is one of the main factors affecting the insulation perfor-
mance of transformer oil paper in operation, and it is of great engineering value
to carry out diagnostic analysis of the moisture state of the paper. In order to
study the partial discharge characteristics of oil-impregnated paper after damp-
ness, this paper selects the turn-to-turn discharge models as normal model and
damp model according to the actual situation of valve-side winding of the con-
verter. The experimental platform of AC-DC composite voltage partial discharge
test is built. Through the experimental study, it is found that the partial discharge
characteristics of the two models are different under the action of AC-DC com-
pound voltage. The partial discharge onset voltage of the damped model is 7.69%
lower than that of the normalmodel, and the discharge volume and pulse repetition
rate of different discharge stages are higher than those of the normal model as the
discharge develops. The types of gas production in the two models were also not
the same, and the methane content was higher in the dampedmodel. The electrical
strength of the oil-impregnated paper after dampness is lower than normal, and the
results of this paper can provide some reference for the operation andmaintenance
of the converter transformer.

Keywords: Oil-impregnated Damp Paper · Partial Discharge · Oil-paper
Insulation · Discharge Gas Production

1 Introduction

In recent years, with the construction of high-voltage DC transmission projects, the
reliability of the DC transmission system has also attracted much attention. The reliable
operation of the converter station and converter transformer is an important guarantee for
the safe operation of theDC transmission system.Among them, the insulation level of the
converter transformer directly affects the operation status of the converter station. Due
to the complex operating conditions of the converter transformer, it is difficult to design
and operate and maintain the insulation due to the joint action of AC, DC and AC/DC
compound voltage for a long time. According to the research, nearly half of the accidents
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of converter transformers are caused by the deterioration of insulation performance.
Among them, moisture in oil-paper insulation is the most important cause of transformer
insulation failure. The moisture in the air is easily invaded into the transformer tank
during the process of installation or operation. When the moisture is invaded, it will be
dissolved in the insulation oil, and then the moisture will spread to the oil-impregnated
insulation paper in the insulation oil,whichwill lead to the damppaper seriously affecting
the electrical strength of the oil-paper insulation, gradually triggering the discharge,
expanding the insulation defects, and finally the insulation failure.

Researchers at home and abroad have long been concerned with the problem of
moisture in oil-paper insulation structures, and have conducted numerous studies on
moisture exposure in operating conditions. For the moisture exposure of the oil paper
structure, Quanmin Dai et al. concluded that the moisture content in the longitudinal
upper part of the multi-layer oil paper structure is higher than that in the lower and
middle parts of the transformer oil tank [1]. Ming Dong et al. studied the polarization
and conductivity processes of the oil paper structure under the influence ofmoisture. And
moisture has a significant effect on the surface discharge activity of oil-paper insulation
[2]. It was shown that the discharge onset voltage and flashover voltage decreased with
the increase of water content [3, 4].

The current research focuses on the dielectric properties of damped paper, but the
quantitative analysis of the discharge characteristics of insulating paper after dampness
is less, so it is necessary to study the partial discharge characteristics of damped oil-
impregnated paper. Therefore, a partial discharge detection platform under the action
of AC-DC compound voltage is established, and the results such as discharge volume
and gas production characteristics of the damped model of oil-impregnated paper at
different stages are obtained, and the partial discharge characteristics of the processed
damped model are compared with those of the normal model. The results show that
the partial discharge characteristics of different models are different, and the partial
discharge accident of the internal insulation of the converter transformer cannot be
detected according to the uniform fault monitoring standard, and the results of this paper
provide some reference for transformer fault monitoring.

2 Test Model and Test Method

2.1 Test Platform

Since the operating conditions of the converter transformer are very complex, this paper
takes into account the requirements of experimental temperature, oil flow, electric field
conditions and online oil extraction in the test conditions in order to simulate the actual
operating conditions. In order to realize the above requirements, the test platform has
circulating oil circuit, magnetic oil pump, heating system, flow rate detection and online
oil extraction port and other parts in addition to the test chamber, and the experimental
chamber is shown in Fig. 1(a).

The entire experimental circuit is heated using an external oil bath, and the oil
circulation function is performed by a magnetic pump and a flow meter. The circulation
pump is responsible for driving the flow of transformer oil within the test chamber, and
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the flow meter is used to monitor the transformer oil flow in real time and control the
real time flow rate through a valve [5].

When the test platform is used, first connect the AC voltage and DC power supply
to the test chamber respectively, put the model to be tested and test products in the test
chamber, close the test chamber, open the oil filter, circulation pump and oil bath heating
box to fill the transformer oil, wait for the oil bath heating box to heat the transformer
oil to the specified temperature, adjust the valve at the flow meter to control the oil flow
rate of the whole circulating oil circuit, wait for the whole test platform environment
to reach the required When the entire test platform environment reached the required,
connect the detection and acquisition equipment. The experimental circuit diagram is
shown in Fig. 1(b).

Fig. 1. Experimental chamber and test circuit

2.2 Test Model

In this paper, two test models were designed, a normal model and a damped model. Both
models have the same dimensions and are installed in the same way inside the cavity.
The purpose of the damped model is to control the moisture in the insulating paper to
simulate the operating condition after moisture intrusion in the converter transformer.
The insulating paper was treated by first drying it through a blast drying oven for 24 h.
Then the vacuum drying oven was set at 85 °C with a vacuum of 100 Pa and the
insulating paper was dipped in oil for 24 h. After setting the vacuum drying oven at
room temperature and continuing the oil dipping cooling treatment for 24 h, the water
content in the normal model insulating paper was 0.5%, which met the actual operating
requirements of the transformer. After putting the dried insulating paper into a constant
temperature and humidity box under certain conditions, a specimen with 2% water
content in the paper is obtained as a model with moisture defects.

The paper used for the test is the actual transformer insulation paper and the trans-
former oil is Kunlun Kramer 25# transformer oil, and the specific effects of the two
models are shown in Fig. 2.
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Fig. 2. Test model

3 Analysis of Test Results

In this paper, the ratio of AC-DC compound voltage is set to 1:3, and the partial discharge
tests are conducted on the normal model and the damped model under the action of
AC-DC compound voltage. The partial discharge characteristics of the two oil-paper
insulation models are obtained from the test, and the whole partial discharge process
is divided into three stages of initiation, development and danger, and the change of
discharge law is summarized.

3.1 Experimental Model Discharge Gas Production Law

Figure 3 shows the gas production characteristics of the two models during partial
discharge under the action of AC-DC compound voltage. The test circuit realized the
online oil extraction function, and the dissolved gas in the oil was taken every 20 min
and analyzed by gas chromatograph. The changes of gas in the oil were mainly recorded
from the beginning of pressurization to 120 min. The changes of dissolved hydrogen
and acetylene in the oil were more obvious with the development of partial discharge
after the occurrence of normal model. However, the content of hydrogen did not increase
significantly after the partial discharge of the damped model, and the change of methane
was very obvious, reaching about 3 ppm after 120 min, and acetylene was still not
detectable in the oil after the partial discharge of the damped model, and the content of
ethane was also very small.

(a) Normal Model                                         (b) Damp Model
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Fig. 3. Model partial discharge gas production characteristics
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3.2 Variation Law of Partial Discharge Onset Voltage of the Test Model

The test uses the step-upmethod to test the partial discharge onset voltage, and the exper-
imental result statistics are shown in Fig. 4(a). Since this paper uses AC-DC composite
voltage, the partial discharge onset voltage is defined as the sum of AC voltage RMS and
DC voltage average as the total onset voltage Ui. By comparing the test results in the
figure, the partial discharge onset voltage of the dampedmodel is 12 kV, which is smaller
than the partial discharge onset voltage of the normal model. Compared with the normal
model, the partial discharge onset voltage of the damped model decreased by 7.69%. In
addition, the phenomena recorded by the video show that there are no obvious bubbles
or sparks during the whole process of inter-turn discharge of oil-paper insulation under
the action of compound voltage.

Fig. 4. Starting voltage and pulse repetition rate

3.3 Variation Pattern of Local Discharge Pulse Repetition Rate and Discharge
Volume

In this paper, the pulse repetition rate is defined as the number of discharges per unit time
[8]. The AC-DC compound voltage is applied to the test model and the partial discharge
test is performed on the oil-paper insulation model, and the results are statistically
presented inFig. 4(b). Thefiguremainly shows the trendof the repetition rate of discharge
pulses for the normal model and the damped model in the discharge initiation phase,
development phase and danger phase. During the development of partial discharge, the
repetition rate of discharge pulses of the damped model is always higher than that of
the normal model. The pulse repetition rate of both models was not high in the initial
stage of discharge, and was 3.2 for the normal model and 4.6 for the damp model per
unit time. The measured pulse repetition rate increased for both the normal and damp
models during the development of partial discharge, and the number of partial discharges
increased significantly and the development speed was faster for the damp model. When
the partial discharge develops to the dangerous stage, the pulse repetition rate of the
damp model has reached 42.5, which is 3486% higher than the initial stage. This is due
to the fact that the electric field inside the insulating paper is assumed by the presence of
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water molecules in the damp model compared to the normal model, resulting in many
electric field distortion points and a higher probability of partial discharge, which leads
to a higher repetition rate of discharge pulses.

Figure 5(a) shows the trend of the maximum discharge volume of the oil-paper
insulation partial discharge starting stage, development stage and dangerous stage under
the action of AC-DC compound voltage for both models. The maximum discharge
qmax refers to the maximum value of all discharges at that stage. Figure 5(b) indicates
the trend of the average discharge (the ratio of the total discharge to the number of
discharges in this phase) for both models. Figure 5(c) represents the trend of the total
discharge for both models. The results in the figure show that the metal impurity model
has a higher maximum discharge than the normal model throughout the development of
partial discharge, which is due to the presence of the metal impurity model that produces
a large distortion in the electric field of the oil-paper insulation, and the probability of
partial discharge at the location where the electric field is distorted is more than that of
the normal model.

Fig. 5. Variation of discharge amount in different stages

3.4 The Variation Law of the Discharge Phase of the Test Model

The figure shows the phase distribution of partial discharges of the two models. From
the results of the figure, it can be seen that the discharge points are less in the beginning
and development stages of the normal model, and the phases in the later stages of the
discharge are mainly concentrated in 120° – 180°, 220° – 260°, 330° – 360°. With the
development of partial discharge, the discharge defects are expanded resulting in a large
number of discharge points in several phases. Under the influence of moisture, the damp
model has a large number of discharge points in the positive half of the discharge when
it first appears, and the discharge in the negative half is mainly concentrated in 240° and
300°. With the development of the discharge, the discharge phases of the developing
and dangerous phases of the damped model are basically the same as the initial phase,
but the number of discharge points increases significantly (Table 1).
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Table 1. Phase change of two model discharges
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4 Conclusion

(1) According to the installation and operation specifications of converter transform-
ers, moisture intrusion into the transformer interior can result in elevated moisture
content in transformer oil and insulating paper. In this paper, partial discharge tests
were conducted on the dampmodel and the normal model of insulating paper under
the action of AC/DC compound voltage. It is found that the electrical strength of
the damp model is significantly lower than that of the normal model, and the partial
discharge characteristics of the two models are different.

(2) This paper mainly compares the partial discharge characteristics of the two models.
The discharge onset voltage of the damp model is lower and more likely to have
partial discharge accidents. And the number of discharges in the damp model is
34.49% higher than that of the normal model in unit time. Comparing the partial
discharge characteristics, the discharge volume and discharge phase of the two
models are very different, and the gas production characteristics of the discharge
are also different.

(3) It is suggested that the subsequent study can set up the insulating paper discharge
modelwithmoisture gradient and explore the relationship betweenmoisture content
and the discharge characteristics of oil-paper insulation. Alternatively, the creep-
age characteristics and breakdown strength variation of insulating paper with high
moisture content under the action of different voltage types could be investigated.
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Abstract. The stable power supply of monitoring devices on the transmission
lines has been a practical problem for a long time. In this work, we propose an
electric filed and mechanical energy hybrid harvester (EFMEH). With a coaxial
rotatory freestanding triboelectric nanogenerator combined with a high-potential
electric filed energy harvester as the basic structure, the EFMEH can capture the
electric filed energy from the grid transmission line and the mechanical energy
such as wind and raindrop energy from the external environment simultaneously.
Compared with mechanical energy harvester (MEH), it can significantly improve
the power supply reliability of the monitoring devices on the transmission lines. In
order to study the output characteristics of the EFMEH and clarify the influence of
key parameters on the output, a finite elementmodel has been built. The simulation
results show that both the operating voltage and the triboelectric effect cause
periodic changes in the potential of the stator electrode. It has been demonstrated
show that the output voltage amplitude can reach 810.81 V when the radius of the
transmission line is 1 cm, and the total coupling capacitance is 38.79 pF when the
number of stator electrodes is 16.

Keywords: Condition monitoring device · electric filed energy harvesting ·
triboelectric nanogenerators

1 Introduction

With the economic growth, human society’s demand for electricity is increasing, and
sustainable energy sources has also been developing in order to achieve national carbon
peak and carbon neutral goals [1]. In the power system, it is particularly important to
monitor working conditions of the equipment or real-time monitoring of power lines
status, such as lightning, ice cover, fouling, vibration, etc. [2] Most of the high-voltage
lines are in remote areas and it will consume a lot of manpower for daily operation and
maintenance. The deployment of monitoring devices can achieve remote monitoring
and solve the problem. However, the monitoring device needs to work on or around the
high-voltage power lines, how to supply stable power to them is a difficult problem [3].
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In the practical engineering, solar, wind, electric field and other energy harvest-
ing methods are typically used, and other energy are converted into electrical energy
through the energy harvester. The obtained electrical energy is stored in the battery
and discharge when the monitoring device needs electricity [4]. However, solar energy
harvester efficiency is low, and it is vulnerable to weather and time. In rainy weather
or night, it cannot be used, resulting in unstable power supply. Although wind energy
harvester technology is mature, it still has some disadvantages and is difficult to put into
an encapsulated structure. Therefore, its service life is limited and it requires frequent
maintenance. Electric filed energy harvester is stable and the structure is simple, but the
output is AC small current. The circuit presents high capacitive impedance, and there
is a dead zone of power supply [5–7]. In order to overcome this drawback, a compos-
ite power supply system combining electric filed energy on the high-voltage side and
artificial light source on the low-voltage side have been proposed [8], using artificial
light source as a backup power source. This system can solve the problem of dead zone
of electric field induction. However, the low-voltage side artificial light source requires
external power supply, which is more inconvenient to use, and the energy is not highly
efficient to utilize after secondary conversion.

In this work, we take advantage of the fact that the triboelectric nanogenerator can
effectively convert the mechanical energy into electrical energy and combine the electric
field energy harvester and the triboelectric nanogenerator. Then, we propose a dual-
capture energy harvester combining electric field energy and vibration energy. In order
to study the output characteristics of the hybrid harvester and clarify the effects of
different design parameters on the output, a finite element model of the hybrid harvester
was established. The hybrid harvester mode can effectively capture both electric field
energy and mechanical energy.

2 Principle of Dual Capture Energy Technology

2.1 Principle of Electric Field Energy Harvester Technology

The basic principle of Electric filed energy harvesting (EFEH) is the basic principle
is to charge the capacitor through the displacement current between the high-voltage
line and the electrode. After the capacitor acquires enough energy, it then supplies the
load through the management circuit [8, 9]. There are stray capacitance Cce between
transmission line andmetal plate, and coupling capacitanceCed betweenmetal electrode
and ground. The equivalent capacitance Ceq between transmission line and ground is:

Ceq = CceCed

Cce + Ced
(1)

The voltage of the transmission line is Uac, then the current Iac between the
transmission line and ground is:

İac = U̇ac

jwCeq
(2)
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The transmission line voltage Uac is a stable value and the capacitance Ceq between
the transmission line and ground is a fixed value. So the current Iac is a stable value from
Eq. (2). The electric field energy harvester technology is to use this stable current to
convert electric field energy into electrical energy and store it with capacitor or directly
power the load. In the high potential energy harvester mode, the load is connected in
parallel at the capacitor Cce, which can directly power the load. The main influence of
the current is the coupling capacitor Ced, and the stray capacitor Cce has little influence
on the current (Fig. 1).

Fig. 1. Schematic diagram of electric field harvester

2.2 Principle of Triboelectric Nanogenerator Energy Harvester Technology

Triboelectric nanogenerator (TENG) is an energy harvester technology that converts
mechanical energy into electrical energy, working on the combination of both frictional
and electrostatic induction effects. This technology converts mechanical energy into
electrical energy by using mechanical movements derived from body movements, wind
energy, and environmental vibrations. According to the operating principle, TENG is
divided into four main categories: vertical contact separation, lateral sliding, single
electrode, and independent frictional electric layer modes [10–12]. In this work, the
transverse sliding mode is selected, and the specific process is shown in Fig. 2.

The outer metal electrode rubs against the friction material under the action of exter-
nal mechanical energy. Due to the different electronegativity of the metal and the friction
material, electrons move from the outer metal electrode to the friction material, so the
metal electrode is positively charged and the friction material is negatively charged.
Because the surface area of the outer metal electrode is the general surface area of the
friction material, the charge density of the outer metal electrode is twice the charge den-
sity of the friction material. Step 1: The inner left metal electrode is induced as positive
potential, and the right electrode is induced as negative potential, so the current direction
is from left to right. Step 2: The outer metal electrode gradually moves to the right under
the action of external vibration, reaching the middle of the two inner metal electrodes.
There is no potential difference between the two pole plates, and the load has no current.
Step 3: When the outer metal electrode moves to the top of the right inner electrode, the
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right electrode induces a positive potential, the left electrode induces a negative poten-
tial, and the current direction is from right to left. Change the structure in the figure to a
ring shape, then the load can be powered continuously.

Fig. 2. Principle of energy harvester of triboelectric nanogenerator

3 Hybrid Harvester Model Design and Simulation

A dual-capture simulation model was built using COMSOL Multiphysics as shown in
Fig. 3, in which the triboelectric nanogenerator structure is composed of rotor electrode,
PTFE and stator electrode together, and the field energy harvester structure is composed
of transmission line, insulation layer and stator electrode.

Fig. 3. Schematic diagram of hybrid harvester

3.1 Electric Field Energy Harvester Model Simulation

To investigate the factors affecting the output voltage amplitude of the electric field
induction, three main aspects are analyzed: the transmission line radius rl, the insulation
layer thickness di, and the dielectric constant εi of the insulation layer.

1) The effect of transmission line route radius rl
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The thickness of the insulation layer is 1cm and the relative dielectric constant of
the insulation layer is 10. The effect of rl on the output voltage amplitude is investigated
by changing the wire radius of the transmission line, which is shown in the Fig. 4. The
output voltage waveform at rl = 2 cm is shown in the Fig. 5. As the line radius increases,
the output voltage amplitude decreases gradually from 810.81 V to 413.37 V. However,
the magnitude of the decrease gradually decreases. When the transmission line radius is
1.03 cm, the voltage amplitude is reduced by about 127.75 V because of an increase of
0.3 cm line radius. When the transmission line radius is 2.37 cm, the voltage amplitude
is reduced by about 38.6 V because of an increase of 0.3 cm line radius.

Fig. 4. Effect of rl on output voltage amplitude

Fig. 5. Output voltage waveform when rl = 2 cm

2) The effect of insulation layer thickness

The radius of the transmission line is 2 cm and the relative dielectric constant of the
insulation layer is 10. The thickness of the insulation layer is varied and the results is
shown in Fig. 6. It can be seen that as the thickness of the insulation layer increases,
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the output voltage amplitude increases accordingly, but the magnitude of the increase
decreases. The transmission line is cylindrical, and the electric field in close proximity
can be approximated as a uniform electric field with constant voltage. So the increase
in insulation thickness makes the potential difference larger, which means the output
voltage increases. But the further away from the transmission line, the smaller the field
strength, so the amplitude increase is reduced.

Fig. 6. Effect of insulation thickness on output voltage amplitude

3) The effect of the relative dielectric constant of the insulation layer

The radius of the transmission line is 2 cm and the thickness of the insulation layer
is 1 cm. The relative dielectric constant of the insulation layer is changed and the results
is obtained in Fig. 7. It can be seen that the output voltage amplitude decreases with the
relative dielectric constant of the insulation layer. When the relative dielectric constant
of the insulation layer increases from 5 to 10, the voltage amplitude decreases from
1019.01 V to 511.15 V. When the relative dielectric constant increases from 30 to 35,
the voltage amplitude decreases from 171.27 V to 146.84 V.

Fig. 7. Effect of relative dielectric constant of the insulation layer on the output voltage amplitude
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From the previous analysis, it can be demonstrated that the device can be installed
on the transmission line of small radius. If we want to increase the output voltage of
the electric field energy harvester, the thickness of the insulation layer can be increased
and the relative dielectric constant of the insulation layer can be reduced. However, it is
necessary to consider the line insulation and the actual local environment to avoid the
impact on the line. In addition, the larger device is more likely to cause damage, so the
insulation thickness should not be too large.

3.2 Triboelectric Nanogenerator Model Simulation

To investigate the factors affecting the output voltage amplitude of the triboelectric
nanogenerator, two main aspects are analyzed: the PTFE surface charge density σ and
the PTFE thickness dp.

1) The effect of PTFE surface charge density σ

The PTFE thickness is 2mm, Fig. 8 and Fig. 9 show the effect of PTFE surface charge
density on the output voltage amplitude of TENG. With the increase of σ , the output
voltage amplitude gradually increases, and the voltage amplitude is linearly related to σ .
When σ increases by 2 × 10–6 C/m2, the output voltage amplitude increased by about
305.69 V.

Fig. 8. Output curves of triboelectric nanogenerator

2) Effect of PTFE thickness dp

The σ is kept at 2 × 10–6 C/m2, and Fig. 10 shows the effect of PTFE thickness on
the output voltage amplitude of TENG. With the increase of PTFE thickness, the output
voltage amplitude gradually decreases, and the magnitude of the decrease gradually
decreases. When the dp is 1 mm, the output voltage amplitude can reach 1294.1 V, and
when the dp is 5 mm, the output voltage amplitude is 483.97 V, which is only 37.40%
of that at 1 mm.
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Fig. 9. Effect of σ on output voltage amplitude

Fig. 10. Effect of dp on output voltage amplitude

From the above analysis, it can be found that the output voltage amplitude of the
triboelectric nanogenerator is positively related to σ and negatively related to dp. There-
fore in order to increase the output voltage, the friction material is suitable for the use
of materials that are easy to gain and lose electrons, and the material thickness should
be thin.

4 Discussion on Coupling Capacitance

From theworking principle of energy harvester by electric field, it is known that when the
capacitance of the energy harvester electrode plate to ground is larger, the capacitance
impedance is smaller and the current flowing through the load is larger. Due to the small
size of the stator electrode, the single electrode capacitance is small, so the coupling
capacitance value can be improved by connecting the stator electrodes in parallel. In
order to study the influencing factors of coupling capacitance, a simulation model has
been established.

The simulation results show that the single capacitance decreases and the coupling
capacitance increases as the number of stator electrodes increases. When the number
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of stator electrodes is 4, the individual capacitance value is 3.54 pF and the coupling
capacitance is 14.15 pF. When the number of stator electrodes is 16, the individual
capacitance value is 2.42 pF and the coupling capacitance is 38.79 pF. As the number
of stator electrodes increases, the width of electrodes decreases, so the size of single
capacitance decreases. Due to the small size of the electrodes, the single capacitance
decreases, but the reduction is not significant. Themagnitude of the coupling capacitance
is approximately linearly related to the number of stator electrodes, and the results
obtained from the theoretical analysis and simulation are the same (Fig. 11).

Therefore, to make the total coupling capacitance larger, the number of stator elec-
trodes can be increased. But if the number of stator electrodes become greater, it means
that the width of the electrodes is thinner and the strength is smaller, which is more
likely to cause damage to the stator electrodes. Therefore, it is necessary to choose a
suitable number of stator electrodes in the device, which can increase the total coupling
capacitance and have a certain strength at the same time.

Fig. 11. Effect of the number of stator electrodes on capacitance

5 Conclusions

In this work, a power supply technology has been proposed for condition monitoring
devices based on the dual capture method of electric field and vibration energy. A hybrid
harvester structure has been established, inwhich electric field induction and triboelectric
nanogenerator are used to capture energy through the same structure. The electric field
energy comes from the internal grid and the mechanical vibration energy comes from
the external environment, and the energy harvester sources are complementary, which
can improve the reliability of power supply.

We have analyzed the influencing factors of the electric field energy harvester mod-
ule and the triboelectric nanogenerator energy harvester. The transmission line radius,
insulation layer thickness, insulation layer relative dielectric constant, PTFE surface
charge density and PTFE thickness are investigated. It has been demonstrated show that
the EFEH output voltage amplitude can reach 1233.52 V and the TENG output voltage
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amplitude can reach 1528.44 V. In addition, the single coupling capacitance is 2.42 pF
and the total coupling capacitance is 38.79 pF when the number of stator electrodes is
16.
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Abstract. Arc restriking will prolong the arc extinguishing time and increase
the erosion of the contacts, seriously reduces the electrical life and reliability
of the relays. In particular, arc restriking is more likely to happen in DC circuit
with inductive load. Therefore, based on MHD theory, this paper uses COMSOL
Multiphysics to establish a two-dimensional mathematical model of arc plasma
of HVDC relays. By applying different sizes of magnetic field, the arc voltage,
current and images are obtained to analyze the arc restriking characteristics in a
circuit with a load of 100 V/100 A. The results show that increasing the external
magnetic field in a certain range is beneficial to accelerate the arc extinguishing.
However, as the external magnetic field increases further, the arc restriking is more
easily and earlier to happen.

Keywords: HVDC relay · DC arc · restriking · magnetohydrodynamics

1 Introduction

In the process of DC arc movement, there are only high-temperature gases and a small
amount of metal vapor exist in the arc gap [1]. When the electric field strength of
the arc gap reaches the critical restriking field strength, arc restriking happens. At the
same time, the arc will temporarily stay between the arc gap or the arc root will move
on the surface of the contact, which is called arc stagnation [2]. The arc restriking
phenomenon of relays with a arc extinguishing chamber has been the focus of scholars
[3, 4]. Literature [2] showed the influence of different current on arc stagnation and
restriking, and obtained the critical restriking field strength through the combination
of experiment and simulation. Multiple arc column restriking phenomenon are showed
in literature [5] under the condition of 450 V/10 A DC, and relationship between the
restriking frequency of silver contacts and the strength of the magnetic field and electric
field. Literature [6] showed the restriking phenomenon at DC V. The probability of
arc restriking phenomenon under different voltages is studied in literature [7], and a
simplified simulation model of analyzing the mechanism of restriking is established.
The above studies on arc restriking did not consider the effect of metal vapor and was
all carried out under high voltage direct current.

In this paper, the arc restriking characteristics of 100 V/100 A DC are studied. The
result shows that the arc restriking increases increases the arcing time and the erosion of
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the contacts, which will reduce the electrical life and reliability of the relays. Therefore,
a mathematical model of DC arc is established based on MHD and the influence of
external magnetic field on arc restriking characteristics is studied.

2 Experiment

2.1 Structure of the Arc Test System

In this paper, a DC arc test system is used to collect arc images and parameters of
the HVDC relay. The test system includes main circuit, controlling circuit, high-speed
camera, and data acquisition part, as shown in Fig. 1. The main loop current is 100 A
and the switching voltage is 100 V. A high-speed camera is used to capture images of
the arc during the breaking process, and the data acquisition part collects the arc current
and voltage. A permanent magnet is added to the back of the two pairs of contacts to
provide transverse magnetic field with different magnetic field strength.

Fig. 1. Structure of the arc test system

2.2 Experiment

Figure 2 shows the images of DC inductive arc restriking during the breaking process
when the magnetic flux density is 40 mT and the arc voltage and current is 100 V and
100 A respectively. As shown in the picture, at t = 1.18 ms, a prebreakdown channel is
formed at point A, which is white spot, namely luminescent plasma. At t = 1.24 ms, the
luminescent plasma is transformed into arc, and the arc reignites between the contact
and the arc column.

The free gas remains due to the temperature of arc area, and needs a certain amount
of time to spread, decreasing the strength of the insulation of the arc gap. The arc root
moves to the edge of the contact. Then the arc is elongated, the arc voltage increases
rapidly, which leads to the arc restriking. The new arc column and the original arc column
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form a parallel channel, which makes the arc resistance drop rapidly. Figure 3 is the arc
voltage waveform. It can be seen from the figure that the arc voltage drops at point 1
marked in the figure, corresponding to point A in Fig. 2. The drop of voltage is precisely
because the arc restriking, two arcs are connected in parallel, and the resistance drops,
and the voltage also drops.

Arc restrikigwill be affected by voltage, current,magnetic field and arc extinguishing
medium. In this paper, the experiment of breaking100V/100A inductive loadwas carried
out for 40 times for HVDC relay. The obtained arc restriking times in air medium are
shown in Fig. 4. It can be seen from the figure that with the increase of the applied
magnetic field, the frequency of arc restriking also increases.When the appliedmagnetic
field is greater than 40 mT, the probability of arc restriking is more than 50%, and when
it is 60 mT, the probability of arc restrking is 95%.

Fig. 2. Arc restriking images during the breaking process
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Fig. 3. Arc restriking voltage during the breaking process

Fig. 4. The number of arc restriking times under different magnetic field sizes

3 Numerical Model

3.1 Geometric Model

In this paper, a high voltage DC relay with bridge double break point structure is studied.
The rated voltage of the relay is 150 V, the current is 100 A, the diameter of the moving
contact and the fixed contact is 8 mm, and the material is silver tin oxide. Its structure is
shown in Fig. 5. In the simulation of arc plasma, the improved model makes the calcula-
tion easier and reduces the simulation time. Because the contact system is symmetrical,
only half of the arc extinguishing chamber needs to be simulated. The structure of the
improved model is shown in Fig. 6. In the figure, the upper part is fixed contact and
the lower part is moving contact, which moves in the negative direction of the y-axis.
Through the relationship between moving contact time and displacement, the change of
arc re-ignition during contact movement can be obtained.
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Fig. 5. Contact structure

Fig. 6. Simplified model of the contacts

3.2 Government Equations

Through the above simulation, the change lawof arc in the arc extinguishing chamber can
be obtained. The flow field can be expressed by N-S equation and energy conservation
equation, and the electromagnetic field can be expressed by Maxwell equation group
[10].

The mass conservation equation as shown by (1):

∂ρ

∂t
+ div

(
ρ
−→v ) = 0 (1)

where ρ is the plasma density, which is related to the local temperature, t is the simulation
time, and −→v is the velocity vector. B is obtained by solving the N-S equation, as shown
in (2).

∂ρvi
∂t

+ div
(
ρvi

−→v ) = − ∂P

∂xi
+ div(ηgradvi) + (

−→
J × (

−→
B arc + −→

B PM )) (2)

where vi is the ith component of the velocity vector. In 2-D MHD method, it stands
for x and y components of the velocity p is the pressure which is also dependent on
the temperature and η is the dynamic viscosity of plasma. The body force exerted on
the arc plasma is the Lorentz’s force which is generated by the self-generated magnetic
field provided by the arc itself as well as the external magnetic field provided by the
permanent magnets. The Lorentz’s force exerted on each cell is calculated by

−→
J × −→

B ,
here,

−→
J is the current density and,

−→
B is the total magnetic flux density that consists of

the magnetic flux densities generated by the arc itself
−→
B arc and that generated by the

permanent magnets
−→
B PM .
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Where vi is the ith component of −→v . In two-dimensional space, it represents the
component of velocity on the x and y axes. P is the pressure, indicating the dynamic
viscosity of the plasma, and its value is related to the temperature. The arc plasma is
affected by Lorentz force, which is generated by the arc itself and the permanent magnet.
Lorentz force on each battery is represented by

−→
J × −→

B , and
−→
J is the current density

and
−→
B is the total magnetic flux density.
Moreover, the physical property of the ambient atmosphere is closely related to the

temperature. In MHD model, the solution of temperature is shown in formula (3).

∂(ρh)

∂t
+ div

(
ρh−→v ) = −div

(
λ

cp
gradh

)
+ σE2 (3)

where h is the enthalpy, λ is the thermal conductivity, cp is the specific heat under
constant pressure, σ is the electrical conductivity, and E is the magnitude of the electric
field strength, σE2 is the heat source for the arc which is the Joule’s heat generated by
the huge current density inside the arc column.

Where h is enthalpy, λ is thermal conductivity, cp is specific heat, σ is conductivity,
E is electric field strength, and σE2 is heat generated by large current in the arc column.

It can be seen from the above equation that each physical quantity generated by the
arc itself can be obtained from (4) – (6), as follows:

div(σgradϕ) = 0 (4)

−→
J = σ

−→
E = −σgradϕ (5)

div(gradAi) = −μ0Ji (6)

−→
B arc = rot(

−→
A ) (7)

where ϕ is the potential and
−→
A is the vector of magnetic potential.

3.3 Assumptions and Boundary Conditions

The arc motion is generated by the interaction of multiple physical quantities. The
simulation assumptions are as follows [11, 12]:

(1) The arc environment is assumed to be LTE constant.
(2) Ignore the time of arc starting, and assume that the arc starts to burn steadily from

0.4 mm. Set the starting value of transient simulation as the temperature obtained
by static simulation.

(3) Ignore the function of arc sheath.

The boundary conditions are determined by the theoretical basis of hydrodynamics,
electromagnetism and plasma. In the electric field, as shown in Fig. 5, the movable
contact is represented as anode, and the fixed contact is represented as cathode. The
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current flows in from the anode, flows out from the cathode, and flows back to the
anode through the external circuit current. Assuming that there is no current flow at the
boundary of the simulation area, the calculation formula is −→n · −→J = 0. In the air flow,
the boundary of the simulation area is open, and the fluid can flow out of the boundary.
The temperature involved in the calculation is the steady-state temperature value.

4 Simulation and Analysis

In this paper, uniform and constant transverse magnetic field is adopted, and its magnetic
flux density of 40mT, 50mT and 60mT is applied in simulation. The temperature change
of the arc when the magnetic flux is 40 mT is shown in Fig. 7. The arc moves to the
edge of the contact under Lorentz force at t = 0.86 ms, and the pre-breakdown channel
appears at the root of the arc at t = 1.06 ms. At t = 1.15 ms, the luminescent plasma
is transformed into arc, and the arc restriking between the contact and the arc column.
Two arcs are connected in parallel way, and the resistance decreases.

Fig. 7. Variation of arc temperature with time under 40 mT magnetic field

The simulated and measured arc voltage when the magnetic flux is 40 mT are shown
in Fig. 8. The time 0 point corresponds to the time 0 of the experimental test, and the
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simulation starts from when the distance of contact is 0.2 mm, corresponding to t =
0.22 ms in the actual measurement. The arc voltage rises rapidly after 0.86 ms seen from
the figure when the arc moves to the edge of the contact. At point 2 in the figure, at t
= 1.15 ms, the voltage drops suddenly, which corresponds to point B in Fig. 7. This is
mainly because the arc restriking decrease the resistance,which leads to the decline of the
arc voltage and the prolongation of arcing time. The simulation calculation is consistent
with the variation trend of the measured voltage curve, but there is a slight difference in
the numerical value. During themovement of arc root, themeasured arc voltage increase,
but the trend is not obvious in the simulation, and the arc movement time in the contact
is shorter. It is because the sheath is simplified in simulation and the concentration of
metal vapor is different. In addition, the displacement current is ignored in the simulation
model, and the arc plasma is assumed to be laminar incompressible, and only one side
contact is simulated. And the starting point of the arc in the experiment is random, and
the unbalanced combustion of the arc may be caused in the bridge double-breakpoint
structure.

Fig. 8. Arc voltage under 40 mT magnetic field

Based on the accuracy of simulation model, the influence of magnetic field on arc
restriking is discussed. The arc voltage are simulated when the magnetic flux are 40 mT,
50 mT and 60 mT. As shown in Fig. 9, as the magnetic flux increases the arc movement
time decreases and moment of rapid rise of arc voltage is advanced. It can be seen that
when the magnetic flux is 40 mT, 50 mT and 60 mT, the time of the arc restriking is
1.16 ms, 1.01 ms, and 0.85 ms, respectively.

The critical breakdown field strength of arc gap which is affected by the temperature
of the arc gap anddistance between the contacts, is themain factor affecting arc restriking.
The smaller the critical breakdown field strength is, the easier the arc gap is to be broken
down. On one side, As the moving speed of the arc root increases, the critical breakdown
field strength decreases. On the other side, the critical breakdown field strength increases
with the increase of dielectric thickness, which is the distance between the contacts in this
paper. Under different sizes of magnetic field, the arc restriking time is different, so is the
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distance between the contacts. The distance between contacts during arc restriking can
be calculated according to the displacement-time curve of moving contacts. When the
magnetic field is 40 mT, 50 mT and 60 mT, the distance between contacts is 1.010 mm,
0.852 mm and 0.768 mm, respectively. Therefore, with the increase of magnetic field,
the dielectric thickness decreases, the critical breakdown field strength decreases, and
the the probability of arc restriking increases.

The increase of the magnetic field has a dual effect on the movement characteristics
of the breaking arc. On the one hand, the increase of the magnetic field increases the
movement speed of the arc root, reduces the arc stagnation time and the metal vapor,
which is beneficial to the arc movement. On the other hand, the larger the magnetic field
is, the faster the arc moves, so the high temperature gas can not be emitted immediately,
and the arc gap insulation strength decreases. Because the arc column moves out of the
arc gap quickly and the contact gap is small, it is easy to cause dielectric breakdown and
arc restriking.

Fig. 9. Arc voltage under different magnetic field

5 Conclusion

Based on the magnetohydrodynamics (MHD) model, under the conditions of different
magnetic flux density plate, this paper carries out simulation and analysis on the arc
restriking characteristics. The conclusions are as follows:

(1) As the magnetic flux density increases, the probability of arc restriking and erosion
of the contacts increase. The simulation model in this paper can be used in finding
the best magnetic flux density to shorten the arcing time and reduce the erosion of
the contacts.

(2) When the temperature of the arc zoneis high, there will be a large amount of silver
vapor, which will hinder the arc movement and increase the probability of arc
restrikin. Therefore cooling the arc can reduce the probability of arc restriking to a
certain extent.
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Abstract. The excessive electric field intensity on the surface of the grading ball
of the converter transformer bushing will lead to corona discharge, which may
damage the secondary control system of the thyristor. Therefore, it is necessary
to calculate the electric field intensity on the surface of the converter transformer
bushing and the grading ball. In this paper, a three-dimensional finite element
model of bushing and grading ball of converter transformer is established, the
electric field distributions on the surface of bushing and grading ball are obtained,
and the maximum electric field intensity is extracted. The results show that the
maximum electric field intensity is at the end of the grading ball in the upper
bushing, which is 9.02 kV/cm. The influence of the maximum diameter of grading
ball, the distance to the wall, the distance to the ground and the capacitor core on
the electric field is analyzed. The results show that the maximum electric field
intensity of the upper grading ball can be reduced to 8.46 kV by reducing the
distance to the ground. The results can provide reference for the optimization
design of the bushing and grading ball structure of the converter transformer, and
ensure the safe and stable operation of the converter transformer.

Keywords: converter transformer · valve-side bushing · grading ball · electric
field · finite element method

1 The Introduction

High voltage direct current (HVDC) transmission has become an important development
direction of power system due to its advantages such as large transmission capacity, long
transmission distance and strong economy [1]. Converter transformer plays an important
role in HVDC transmission system. The electric charge generated by the corona of DC
hardware fittings will seriously distort the electric field on the insulating material of
converter station equipment or the surface of hardware fittings. Therefore, corona must
be strictly prevented to avoid the generation of corona charge. The calculation of the
electric field intensity on the surface of the hardware fittings inside the valve hall can
provide guidance for the design of the hardware fittings and is of great significance for
the safe operation of the valve hall [2–4].
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At present, some researches have been carried out on the calculation of electric field
on the surface of fittings in the valve hall in China. Literature [5–8] has carried out simu-
lation analysis on surface electric field of local fittings. The literature [9–12] focuses on
the numerical simulation inside some equipment such as converter transformer bushing
in valve hall, or the analysis of insulation coordination in converter station. Literature
[13–17] conducted fullmodel numerical calculation for±500kV,±600kVand±800kV
valve halls.

In this paper, three-dimensional finite elementmodels of converter valve-side bushing
and grading ball of converter transformer are established by finite element method. The
electric field distributions on the surface of transformer bushing and grading ball were
obtained and the maximum electric field intensity was extracted. The influence of the
maximumdiameter of the grading ball, the distance to thewall, the distance to the ground
and the capacitor core on the electric field was analyzed.

2 Original Model and Calculation Results of Bushing and Grading
Ball of the Converter Transformer

2.1 Calculation Model and Parameters

The relevant dimensions of the converter valve-side bushing are shown in Fig. 1. The
maximum diameter of the grading ball is 2300 mm. The distance from the end of the
grading ball of the bushing located on the top to the wall is 7932 mm, and the distance
from the ground is 6472 mm.

In this paper, a three-dimensional finite element model for electrostatic field analysis
of bushing and its grading ball is established. Since the electric field distributions around
bushing and grading ball are focused on, only bushing, grading ball and air enclosure
are established. The overall model is shown in Fig. 2. The outer air enclosure is a 40 m
long cube.

The tetrahedron element is used to divide the model, and the total element quantity is
5412066. The bushing and grading ball grids are shown in Fig. 3. The loading potential
of the grading ball and capacitor core at the top position is 800 kV, and the loading
potential of the grading ball and capacitor core at the bottom position is 715 kV. The
shell is loaded with zero potential, and the metal part at the bottom of the bushing is also
loaded with zero potential.

Fig. 1. Schematic diagram of structural parameters of bushing (mm)
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Fig. 2. 3D computing model

Fig. 3. Schematic diagram of grid

2.2 Calculation Results of the Original Model

The electric field on the surface of the grading ball of the original model is shown in
Fig. 4. The electric field distributions of bushing overall surface are shown in Fig. 5.
The electric field intensity distributions of the middle section of the bushing are shown
in Fig. 6.

a) The upper grading ball b) The lower grading ball

Fig. 4. The original model grading ball surface electric field (kV/m)

It can be seen from Fig. 4 that the maximum electric field on the surface of the
grading ball of the high voltage end bushing is at the end of the grading ball of the upper
bushing, and the maximum electric field intensity is 9.02 kV/cm, while the maximum
electric field on the lower bushing grading ball surface is 7.86 kV/cm.
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a) Bushing surface electric field b) Vertical view

Fig. 5. Overall surface electric field distributions of bushing (kV/m)

a) The upper bushing b) The lower bushing

Fig. 6. Electric field distributions of bushing section (kV/m)

3 Electric Field Influence Analysis of Different Factors

The influence of the maximum diameter of grading ball, the distance to the wall, the
distance to the ground and the capacitor core on the electric field is analyzed.

3.1 Influence of the Maximum Diameter of the Grading Ball

In the original model, the maximum diameter of the grading ball was 2300 mm, keep
other parameters unchanged and change the maximum diameter of the grading ball to
1500 mm. The calculation results are shown in Figs. 7, 8 and 9.

It can be seen from the analysis that when the maximum diameter of the grading
ball is reduced to 1500 mm, the maximum electric field intensity of the upper grading
ball is 12.86 kV/cm, which is 42.57% higher than the original model, and the maximum
electric field intensity of the lower grading ball surface is 10.13 kV/cm, which is 28.88%
higher than the original model.
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a) The upper grading ball b) The lower grading ball

Fig. 7. The original model grading ball surface electric field (kV/m)

a) Bushing surface electric field b) vertical view

Fig. 8. Overall surface electric field distributions of the bushing (kV/m)

a) The upper bushing b) The lower bushing

Fig. 9. Electric field distributions of bushing section (kV/m)

3.2 Influence of the Wall Distance and the Ground Distance

The electric field distributions are calculated and analyzed respectivelywhen the distance
to the wall is reduced by 1 m, the distance to the ground is reduced by 1 m, the distance
to both the wall and the ground is reduced by 1 m, and the distance to the ground is
symmetrical to the wall. The distance from the upper bushing to the strong and the
ground is 7776 mm when the distance to the wall is symmetrical to the ground.

It can be seen from Table 1 that with the change of the distance between the bushing
and the wall and the ground, the change trend of the electric field of the grading ball on
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the two bushings is basically the same. When only the distance to the wall is reduced,
the electric field intensity on the surface of the grading ball increases, and the amplitude
of increase is within 3%. When only the distance to the ground is reduced, the electric
field on the surface of the grading ball decreases. Compared with the reduction of the
distance to the wall, the reduction of the distance to the ground has a greater impact on
the electric field on the surface of the grading ball. When the distance to the wall and the
ground is reduced at the same time, themaximum electric field intensity on the surface of
the grading ball increases. When the distance to the wall and the ground is symmetrical,
it is equivalent to reducing the distance to the wall, increasing the distance to the ground,
and the maximum electric field intensity on the surface of the grading ball decreases.
The electric field distributions are shown in Fig. 10. Electric field distributions when the
distance to both wall and ground is reduced by 1 m and Fig. 11.

a) The upper grading ball b) The lower grading ball

c) The upper bushing d) The lower bushing

Fig. 10. Electric field distributions when the distance to both wall and ground is reduced by 1 m
(kV/m)
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a) The upper grading ball b) The lower grading ball

c) The upper bushing d) The lower bushing

Fig. 11. Electric field distributions under symmetrical condition (kV/m)

3.3 Influence of the Capacitor Core

On the basis of the original model, remove the capacitor core and load the potential. The
calculation results are shown in Figs. 12, 13 and 14.

a) The upper grading ball b) The lower grading ball

Fig. 12. Electric field on the surface of the grading ball (kV/m)

It can be seen from the analysis that the maximum electric field intensity of the upper
grading ball is 10.25 kV/cm without a capacitor core, which is 13.64% higher than the
original model, and the surface electric field of the lower grading ball is 9.21 kV/cm,
which is 17.18% higher than the original model. It can be seen that the maximum
electric field intensity of the surface of the grading ball increases without a capacitor
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a) Bushing surface electric field b) vertical view

Fig. 13. Overall surface electric field distributions of bushing (kV/m)

a) The upper bushing b) The lower bushing

Fig. 14. Electric field distributions of bushing section (kV/m)

core. Because there is no capacitor core, the electric field intensity of the low-voltage
end of the bushing is significantly reduced.

Table 1. Calculation results of the maximum electric field intensity

Model The upper grading
ball (kV/cm)

Percentage
difference/%

The lower grading
ball (kV/cm)

Percentage
difference/%

original model 9.02 / 7.86 /

The maximum
diameter of
grading ball is
1.5 m

12.86 42.57 10.13 28.88

The distance to
wall is reduced by
1 m

9.11 1.00 8.02 2.04

(continued)
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Table 1. (continued)

Model The upper grading
ball (kV/cm)

Percentage
difference/%

The lower grading
ball (kV/cm)

Percentage
difference/%

The distance to
ground is reduced
by 1 m

8.46 −6.21 7.06 −10.18

The distance to
both wall and
ground is reduced
by 1 m

9.98 10.64 8.85 12.60

symmetric 8.95 −0.78 7.74 −1.57

Removing
capacitor core

10.25 13.64 9.21 17.18

4 Conclusion

In this paper, a three-dimensional finite element model of the converter valve-side bush-
ing and the grading ball is established, and the electric field distributions on the surface of
the bushing and the grading ball are calculated and the maximum electric field intensity
is extracted. Conclusions can be drawn that:

1. The maximum electric field on the surface of the grading ball of the high voltage
end of the bushing is at the end of the bushing ball of the upper bushing, with a
maximum electric field intensity of 9.02 kV/cm, and the maximum electric field on
the surface of the grading ball of the lower bushing is 7.86 kV/cm.

2. The effects of the maximum diameter of the grading ball, distance to the wall and to
the ground and the capacitor core on the electric field intensity were analyzed. It is
found that the optimization effect of reducing the distance to the ground is the best.
The maximum electric field on the surface of the upper grading ball can be reduced
to 8.46 kV/m by reducing the distance to the ground by 1 m, which is 6.21% lower
than the original model.
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Abstract. Temperature changes usually accompany the deformation and dis-
charge of conductive water droplets on the insulator surface. This work aims
to reveal the internal temperature evolution characteristics during the deformation
anddischarge of the conductivewater droplets on the silicone rubber surface. Three
fiberBragg gratings are implanted at the interface between the silicone rubber plate
and the epoxy resin plate to measure the interface temperature. Results show that
the elongation of water droplets can characterize the deformation state of water
droplets under an electric field. The significantly different interfacial temperature
rise rates can be used to distinguish between the water droplets’ deformation and
the water droplets’ flashover discharge on the silicon rubber surface, with a tem-
perature rise rate of 1.68 × 10−3 °C/s for water droplet deformation and 4.46 ×
10−2 °C/s for flashover. This work is of great significance in realizing the surface
condition detection of composite insulators.

Keywords: Interface Temperature · Surface Temperature · Droplet Deformation

1 Introduction

Due to the high humidity and high salt content of fog in coastal areas, it is easy to form
discrete water droplets with high salt and conductivity on the surface of hydrophobic
composite insulators [1]. The discharge and flashover of water droplets on the surface of
composite insulators are not only electrical processes but also closely related to thermal
processes. Xie et al. studied the temperature change of water droplets at the initial
discharge stage using infrared thermography. They find that the discharge develops from
droplets with high potential to droplets with low potential, and the temperature rise of
low-potential droplets is more pronounced [2]. Hao et al. implanted fiber Bragg gratings
(FBG) at the interface between the composite sheath and the mandrel to measure the
internal temperature. They observed that the interface temperature drops sharply and
then increases rapidly in the presence of surface arc discharge [3, 4].
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To date, the relationship between the temperature and the surface discharge on the
hydrophilic insulator surface has been well studied, but the temperature characteristics
of water droplets’ deformation and discharge on hydrophobic surfaces have seldom been
studied. In this paper, wemade a specimen by implanting FBGs at the interface between a
hydrophobic silicone rubber plate and an epoxy resin plate.We then conducted discharge
tests on the sample with water droplets arranged in a straight line on the silicon rubber
surface. The temperature at the interface between the silicon rubber plate and the epoxy
resin plate (T i) is measured during the deformation and discharge of water droplets.
The relationship between T i and the discharge state on the hydrophobic surface was
explored.

2 Experimental Setup

Figure 1 shows the experimental measurement system, including the power supply,
grating demodulator, infrared thermal imager, ultraviolet imager, camera, and silicone
rubber-epoxy resin flat specimen. The thickness of the sample is 4 mm, and the spacing
between the two electrodes is 100 mm. 8 drops of water droplets with a size of about
50 µL and a conductivity of 20 mS/cm are arranged on the surface of the specimen,
numbered as droplet #1 to droplet #8. Three FBGs, marked FBG1, FBG2, and FBG3,
are arranged at the silicon rubber-epoxy resin interface. The temperature measurement
principle byFBGs is referred to reference [3].After the voltage is applied to the specimen,
if no partial discharge occurs, the voltage resistance time is not less than 60 s, and then
continuing to boost the voltage amplitude. The UV imager and the camera are used to
observe the discharge processes. The interface FBGs are used to measure T i.

Fig. 1. Experimental measurement system for the water droplets discharge on the silicone rubber
surface.
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3 Results and Discussion

After applying voltage, the water droplets of the silicon rubber surface elongate along
the electric field direction due to the electric field force and the surface tension, as shown
in Fig. 2. The water droplet #1 begins to elongate rapidly at 600 s, and the maximum
elongation is 0.19. At around 628 s, water droplet #2 elongates quickly with a maximum
elongation of 0.32. Water droplet #3 shows a significant extension from 1020 s to 1200 s
and begins to move at 1200 s. The combined action of gravity, surface tension and
electric field force might cause the movement of droplet #3. The shape of water droplet
#2 changes from ellipsoid to triangle, with the semi-major axis decreasing significantly.

Fig. 2. Dynamic deformation of water droplets on the silicon rubber surface.

The interface temperature between the silicon rubber plate and the epoxy resin plate
(T i) shows two significant rises during the deformation and flashover of water droplets,
but the characteristics of the two temperature rises are significantly different, as shown
in Fig. 3. The temperature rise caused by the water droplets deformation occurs from
1020 s to 1740 s. The temperature measured by FBG1, FBG2, and FBG3 increases by
1.2 °C, 0.85 °C and 0.86 °C, respectively, with rise rates of 1.68 × 10−3 °C/s, 1.19 ×
10−3 °C/s and 1.20 × 10−3 °C/s, respectively. On the other hand, the temperature rise
produced by the water droplets flashover occurs from 4930 s to 4943 s. During this time,
the temperature measured by FBG1, FBG2, and FBG3 increase by 0.64 °C, 0.75 °C and
0.58 °C with the increase rate of 4.92× 10−2 °C/s, 5.77× 10−2 °C/s, and 4.46 × 10−2

°C/s, respectively.
The temperature rise of the flashover process is smaller than that of the deformation

process. Since the duration of the flashover discharge is short in our experiments, the
heat release is less. The temperature rise rate generated by the water droplets’ flashover
is more than 10 times that produced by the water droplets’ deformation. The primary
heat source during the flashover of water droplets is arc discharge, while Joule heat is
the main source of temperature rise in the deformation of water droplets.
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Fig. 3. Temperature rise at the interface between the silicon rubber plate and the epoxy resin plate
during the water droplets’ deformation and discharge processes.

4 Conclusion

This paper explores the relationship between the temperature at the interface between
the silicon rubber plate and the epoxy resin plate and the deformation and discharge of
water droplets on the silicon rubber surface based on the principle of FBG temperature
measurement. Results show that the significantly different interfacial temperature rise
rates can be used to distinguish surface water droplets deformation and flashover dis-
charge. The temperature rise rate generated by the water droplets’ deformation is 1.68
× 10−3 °C/s, and that produced by water droplets flashover is 4.46 × 10−2 °C/s.
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Abstract. With the deepening of the application of atmospheric pressure low-
temperature plasma in the field of biomedicine, the accurate regulation of active
particle components and doses also needs to be broken, and all aspects of plasma
still need to be studied in depth. Based on this, Ben In this paper, a needle-ring
electrode was used to build a plasma discharge device to study the characteristics
of 0.1 MPa argon plasma jet number, plasma irradiation at 4 mm, 8 mm, 12 mm,
16mm, 20mm away from the nozzle was collected degree, analyze the change law
of the type and number of active particles in argon plasma. The results showed
that argon plasma. The active particles are mainly oxygen atoms and hydroxyl
groups; When argon plasma acts on the copper foil, the surface of the copper foil
is low in argon. The relationship between the density of energy levels is ns4 >

ns5 > ns2 > ns3; Metastable (1s3 and 1s5) number density versus resonant state
(1s2 Similar to 1s4), the number density changes the linear type, and the change
trend increases first and then decreases with the increase of axial distance. This
paper provides methods and ideas for the generation and optimization of argon
plasma jet and the optimization of diagnostic methods, and establishes plasmacy.
The control model of the descendant provides a reference and basis.

Keywords: active particles · metastability · resonance state · Number density

1 Introduction

Atmospheric pressure cold plasma has a wide range of applications in the biomedical
field, among which the most concerned include: biomutagenesis breeding, disinfection
and sterilization,wound treatment, cosmetic and dermatological treatment, toothwhiten-
ing and root canal disinfection, cancer treatment, etc. [1]. Plasma jets greatly broaden
the scope of application of plasma medicine because they can generate plasma in an
open space, so that the treated sample is not limited by the size of the discharge gap [4].

With the rapid development of plasmabiomedicine in the past 20 years, somenewkey
problems need to be broken, and the accurate regulation of active particle components
and dosage [2] is one of them. A large number of studies have found that the biomedical
effects of plasma are mainly achieved through active particles, including charged par-
ticles, oxygen-containing active particles, nitrogenous active particles, etc. Therefore,
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in plasma biomedical applications, it is ultimately necessary to control the composition
and dose of these active particles [2], and Lu Xinpei et al. of Huazhong University of
Science and Technology proposed the equivalent total oxidation potential as the plasma
dose for the leading role of reactive oxygen species in plasma biological effects, which
is a major breakthrough for the application of plasma in medicine. Yue Yuanfu [5], a
student of Lu Xinpei, applied laser-induced fluorescence spectroscopy to diagnose and
optimize hydroxyl and oxygen atoms in atmospheric pressure low-temperature plasma
jets. Senior brother Yang Chen [3, 6] used PLS-800 equipment and argon plasma jet
spray gun to confirm the composition in the argon plasma jet. At present, the regulation
of active particle components and dosage still faces the problem that the microscopic
mechanism of plasma chemistry is not clear enough, and it is difficult to comprehen-
sively consider various factors to achieve fine control. In view of this, it is necessary to
take a variety of measures to break down complex plasma chemistry [7], classify and
study the biomedical effects of active particles at a quantitative level; It is necessary
to precisely control the plasma generation conditions, especially to fully consider the
influence of surrounding environmental factors, so that the active particle components
and doses generated during the discharge process remain unchanged under different
environmental conditions and in the long-term operation of the plasma source.

Based on this, this paper builds a plasma generation device under the needle-ring
electrode structure, generates argon plasma jet in an open environment of 0.1 MPa, uses
emission spectroscopy to obtain spectral data of different axial distances in the plasma jet
process, analyzes the changes of active particles in argon plasma, calculates the number
density of argon metastable state and resonance state, and analyzes and discusses its
change law.

2 Argon Plasma Jet Experimental Platform Established

The experimental platform can be divided into three parts, namely the drive power supply
[8], needle-ring discharge electrode, and spectral acquisition diagnostic system. Among
them, the drive power supply is composed of 0–220 V adjustable DC power supply,
PWM drive unit, half-bridge circuit and resonant high-voltage transformer. The output
frequency is adjustable from 15–40 kHz, and the voltage amplitude is adjustable from
0–15 kV; The high-voltage electrode of the needle-ring discharge electrode is a copper
rod with a length of 30 mm and a diameter of 1mm, the ground electrode is a copper
ring with a width of 6 mm, and the length of the high-voltage electrode from the ground
electrode is 6 mm. The insulating medium is a uniform texture quartz glass tube with
a length of 50 mm, an inner diameter of 6 mm and an outer diameter of 8 mm. The
plasma generation and measurement device is shown in Fig. 1, wherein the working
gas is argon with a volume fraction of 99.99%, and the spectrometer model used for
the experimental acquisition of plasma emission spectroscopy is ULS2048-USB2. In
order to exclude the influence of external light sources on the experimental results, this
experiment was carried out with the lights turned off at night.
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Fig. 1. Plasma generation and measurement device

2.1 Pin-to-Ring Discharge Electrode

Compared with other dielectric blocking discharge electrode structures, the biggest dif-
ference is that the ground electrode is above the high-voltage electrode, so that the
electrons generated by the discharge at the tip of the needle are more likely to migrate
to the ground electrode driven by the air flow, thus forming a plasma jet. In addition,
the electric field strength at the tip of the needle is large, and it is easy to discharge to
generate plasma. As a result, the plasma jet source can break down the gas at lower
voltages, creating a discharge-stable plasma jet.

2.2 Plasma Spectral Acquisition System

In the experiment, the working gas is first introduced into the discharge device, the
power supply is turned on, the voltage value is adjusted, the plasma is observed to
observe whether the discharge nozzle is generated, and the spectrum is acquired when
the nozzle produces a relatively stable plasma jet. Treat the glass tube spout as the
starting point as 0 cm. It is observed that the length of the plasma natural jet produced
by this experimental device under different input voltages is different, and the maximum
jet length is 20 mm. Taking the distance from copper foil to glass tube nozzle as the
independent variable, considering the experimental operability, 4 mm intervals were
selected, that is, the distances between copper foil and glass tube nozzle were 4 mm,
8mm, 12mm, 16mm, and 20mm, respectively, and plasma spectral data were collected.

During the experiment, it is always ensured that the fiber optic probe and the glass
tube mouth of the needle-loop discharge device are on the same horizontal line, and the
distance between the optical fiber probe and the copper foil is always consistent at 2 mm.
The experiment was repeated at least ten times, and three sets of spectral data were saved
under the same experimental conditions at each distance to ensure the accuracy of the
experimental results and reduce the influence of accidental factors on the experimental
results.
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2.3 Plasma Spectroscopy Analysis System

When the plasma system is affected by external factors such as electric field, the par-
ticle number density of the excited state increases. But excited particles are inherently
extremely unstable and short-lived, and they transition to lower energy levels and release
photons through spontaneous and stimulated radiation, a process that forms the emission
spectrum. Different kinds of particles correspond to different wavelengths of emission
spectral lines, so the emission spectrum can diagnose the specific particle species in the
plasma discharge system.

In addition, the parameters of other plasmas can also be obtained by the analysis
of emission spectroscopy, and the emission spectroscopy method is used to acquire the
spectra in the plasma jet process. Through Avasoft software, the irradiance changes of
each particle spectral line in the plasma can be intuitively observed, and the generated
Excel table contains the accurate value of the irradiance of each particle wavelength of
the plasma, and important parameters such as electron temperature and electron density
can be obtained through the analysis of irradiance.

3 Spatial Distribution of Argon Plasma Jets

In the experiment, the spectrum is acquired by spectrometer (effective range of 200–
1000 nm), where the abscissa is the wavelength, and the particle type can be determined;
The ordinate is irradiance, which refers to the radiation flux that falls on the surface area
of the unit detector.

3.1 Particle Species and Spatial Distribution

After analysis, it is found that the length of argon plasma jet produced by the needle-ring
discharge device starting from the nozzle is 20 mm, and a total of 22 argon atomic lines
at 690–1000 nm, 21 nitrogen molecular lines at 300–500 nm, 1 hydroxyl radical line at

Fig. 2. Spectral line variation plot of each particle increasing with distance
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306–318 nm, and 2 oxygen atom lines at 750–850 nm were collected. The spectral lines
of each particle increase with axial distance are shown in Fig. 2.

With the increase of the distance between the copper plate and the nozzle, the irra-
diance of each particle gradually decreases. The highest irradiance at 4 mm, which may
be due to the fact that at 4 mm, the plasma acts on the copper plate closestly, and the
copper plate has an adsorption effect on the plasma, so that more particles move along
the glass tube nozzle to the copper plate, accumulating near the copper plate to increase
the irradiance.

This device adopts sinusoidal AC power supply, and the gas flow rate is adjusted by
the gas flow meter, and the length of the jet is related to the gas flow rate. According to
the theory of gas dynamics, it is divided into laminar flow, transition state and turbulent
flow by Reynolds number [8]. Re = ρνd/μ where: the working gas is argon, ρ take
1.6228 kg/m3; ν is the gas flow rate, m/s; d is the diameter of the glass tube, d = 6
× 10−3 m, μ is the kinematic viscosity coefficient, take 2.23 × 10 − 5 kg/(m · s) [9].
When Re < 2300, the gas flow is in a laminar flow state; When 2300 < Re < 8000, the
gas flow is in a transitional state; When Re > 8000, the gas flow is in turbulent state
[10]. According to the formula: when Re = 2300, v = 5.27 m/s; When Re = 8000, v =
18.32 m/s. According to a large number of studies in fluid dynamics, the length of the
jet produced when the gas flow is in a transitional state is the maximum [11], that is, the
maximum length of the jet should theoretically occur between 5.27 m/s and 18.32 m/s in
argon flow velocity. The gas flow rate in this experiment is about 12 m/s, which belongs
to the transition state, and the maximum length of the plasma jet is 20 mm, and the place
with the largest number of plasma particles is 4 mm.

3.2 Spatial Distribution Analysis of Active Particles

The active particles in the argon plasma jet are oxygen atoms and OH radicals, and the
irradiance changes of the three active particles are shown in Table 1 below.

Table 1. Irradiance of active particles at different distances

Active
particles

wavelength
λ(nm)

4 mm
I(μW/cm2)

8 mm
I(μW/cm2)

12 mm
I(μW/cm2)

16 mm
I(μW/cm2)

20 mm
I(μW/cm2)

Oxygen
atoms

777.5 1.16 1.39 1.63 0.89 0.76

Oxygen
atoms

844.6 1.01 1.18 1.32 1.04 0.95

OH 308 9.48 7.77 7.08 3.35 2.77

It can be seen from the table that the irradiance of oxygen atoms increases first and
then decreases with the increase of the distance from the copper foil to the surface of
the material, and the irradiance of OH radicals gradually decreases with the increase of
the distance from the copper foil to the surface of the material and the analysis of the
gradual decrease in the irradiance of oxygen atoms suggests that the oxygen atoms in the
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atmospheric pressure low-temperature plasmonic jet are mainly the following reactions
[14]:

e + O2 → O∗ + O + e
O∗ + Ar → O + Ar

e + O2 → O + O∗ + e
e + O2 → 2O + e

Oxygen atoms are mainly produced by the reaction of electrons and metastable
oxygen atoms with gas molecules or atoms. During the experiment, the plasma jet came
into contact with the air, and it is obviously unrealistic to assume that oxygen atoms do
not react with other particles since they are generated. The reaction of oxygen atoms
and other particles is bound to cause the attenuation of oxygen atoms, coupled with the
impact of the life of oxygen atoms themselves, which will inevitably cause the irradiance
to show a downward trend or even disappear.

According to the analysis of the gradual decrease of OH irradiance, the mechanism
of free radicals in atmospheric pressure low-temperature plasmonic jets [12] mainly
comes from electron collision, metastable particle decomposition, ion-electron and ion-
ion recombination, etc. [13]. These processes aremainly concentrated during or in a very
short time after discharge, and the subsequent processes are mainly the disappearance
and attenuation of free radicals [15]. In argon plasma, the first excited state OH(A2�+)
is produced by the collision of high-energy electrons e* in the plasma and argon atom
Ar* in the excited state with water vapor doped in the air, respectively [15, 16].

e∗ + H2O → OH
(
A2�+) + H + e

Ar∗ + H2O → OH
(
A2�+) + Ar + H

OH(A2�+) → OH
(
X2�

) + hv

The disappearance and attenuation of free radicals is mainly affected by chemical
reactions, free diffusion, surface adsorption, and gas flow [15]. In the atmospheric pres-
sure low-temperature plasma jet, because the jet is in direct contact with the air, OH
radicals may also react with some other particles such as O, O2, etc., and some of the
reaction formulas are as follows [11],

OH + O → O2 + H
OH + H → H2O

OH + O2 → HO2 + O

These reactions are another important attenuation mechanism for free radicals in
atmospheric pressure low-temperature plasma jets. In addition, OH free radicals them-
selves have a certain lifespan, assuming that OH does not react with other particles since
it is generated, as long as the collection time during the experiment exceeds the life of
the OH free radical itself, then OH free radicals will disappear. Therefore, these factors
may cause OH irradiance to decrease or even disappear.

Therefore, in this experiment, when the distance between the copper plate and the
glass tube nozzle increases, the irradiance of OH radicals decreases, partly due to the life
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of OH radicals themselves, and partly due to the chemical reaction between OH radicals
and other particles in the air.

According to the irradiance change of each particle, in order to further study the argon
plasma discharge mechanism, the argon metastable state and resonance state density in
the argon plasma jet process are calculated and analyzed.

4 Argon Metastable and Resonant State Density Calculation

In plasma, an optical transition from energy level i to energy level j occurs at the r
position, and photons with a frequency of v0 (or wavelength λ0) are emitted during this
optical transition. In general, only a portion of photons can leave the plasma volume,
while other photons are reabsorbed by J-class atoms as they are transported through the
plasma. In spatially resolved OES measurements, only photons emitted along the line of
sight are considered, in which case a one-way escape factor (rij) can be used to describe
the self-absorption effect [13]. Assuming that the atomic density of class i is ni and the
Einstein coefficient of i to j is Aij, the emission intensity can be expressed as [19]

Iij(r) = rijAijni (1)

We consider a transition from a common high energy level i to different lower levels
j and k, and the emission intensity ratio can be expressed as:

Iij(r)

Iik(r)
= rijAij

rikAik
(2)

As can be seen from the above equation, the spectral line emission intensity ratio
depends on the escape factor and Einstein coefficient, and is independent of the ni of
the upper energy level density. By using a global approximation of the escape factor, the
analysis can be greatly simplified. In the work of this article, we use Mewe’s expression
[20]:

rij ≈ 2 − exp
(−10−3kij(�v = 0)L

)

1 + kij(�v = 0)L
(3)

where L is the plasma volume depth accessible to the photon detector, and kij (�v = 0)
is the absorption coefficient [19], defined as:

kij(�v) = λ2ij

8π
Pij(�v)

gi
gj
njAij (4)

where λij is the wavelength, gi and gj are statistical weights, nj is the low-level density,
and Pij is the spectral line frequency distribution.

This experiment is carried out in an atmospheric pressure environment, the spectral
line is affected by these four mechanisms, combined with the literature that has been
consulted, this paper only calculates the logarithmic density from theDoppler broadening
angle to analyze the change trend of the number density. When the Doppler effect is the
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main broadening mechanism, the spectral line frequency distribution Pij [21] is defined
as:

Pij = λij

√
m

2πkBT
(5)

where m is the mass of the atom, kB is the Boltzmann constant, and T is the gas
temperature.

In summary, the emission intensity ratio can be expressed as [22] for the transition
from a common high energy level i to different lower energy levels j and k

Ipi−sj

Ipi−sk
=

2−exp
(
−10−3Cpi−sjnsj l/

√
Tg

)

1+Cpi−sjnsj l/
√

Tg

2−exp
(
−10−3Cpi−sknsk l/

√
Tg

)

1+Cpi−sknsk l/
√

Tg

Api−sj

Api−sk
(6)

where Cpi−sj is

Cpi−sj = λ3pi−sj

8π

gpi
gsj

√
m

2πkBT
Api−sj (7)

The spectral lines and associated parameters selected for calculating metastable (1s3
and 1s5 levels) and resonant density (1s2 and 1s4 levels) are shown in Table 2.

Most of these lines have strong emission intensity in the visible range.The experiment
selected the ratio of the cooperation intensity of two sets of spectral lines with the same
upper energy level. The specific combination arrangement is as follows: 2p2 → 1s5, 2p2
→ 1s2; 2p2 → 1s4, 2p2 → 1s2; 2p3 → 1s5, 2p3 → 1s2; 2p3 → 1s4, 2p3 → 1s2; 2p4
→ 1s3, 2p4 → 1s2. A total of five combinations were selected to establish a system of
equations, and the density of metastable states (1s3 and 1s5 energy levels) and resonant
state densities (1s2 and 1s4 energy levels) was fitted by the least squares method. Make

Table 2. Argon emission lines used to calculate metastable and resonant state densities [23]

number λ(nm) Aki × 106 (s−1) Paschen gi gj

1 826.45 1.53 2P2 → 1S2 3 3

2 727.29 1.83 2P2 → 1S4 3 3

3 696.54 6.39 2P2 → 1S5 3 5

4 840.82 22.3 2P3 → 1S2 5 3

5 738.4 8.47 2P3 → 1S4 5 3

6 706.72 3.8 2P3 → 1S5 5 5

7 852.14 13.9 2P4 → 1S2 3 3

8 794.84 18.6 2P4 → 1S3 3 1
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D minimal during fitting [24]:

D =
∑

i

∑

j

∑

k

(
Ii→j

Ii→k
− rijAij

rikAik

)2

(8)

The trend of number density changes in metastable states (1s3 and 1s5 energy levels)
and resonant state densities (1s2 and 1s4 energy levels) at different distances is plotted
as shown in Fig. 3.

Fig. 3. Trend chart of number density change

It can be seen from Fig. 3 that with the increase of the distance between the copper
plate and the glass nozzle, the metastable and resonance state number density of argon
shows a trend of first increasing and then decreasing, which is different from the trend of
particle irradiance gradually decreasing with the increase of distance. When the distance
from the copper plate to the glass nozzle is 4 mm, 8 mm, 12 mm, 16 mm, and 20 mm, the
number density relationship is ns4 > ns5 > ns2 > ns3, and when the distance is 4 mm,
8 mm, 12 mm, 16 mm, 20 mm, the number density of the 1s5 energy level is similar
to the density of the 1s4 energy level, and the number density of the 1s2 energy level is
similar to the number density of the 1s3 energy level.

It is believed that the ionization energy of argon metastable atoms and the excitation
energy to higher excited states are smaller than those of ground state atoms, and the
vast majority of low-energy electrons in the plasma can directly ionize or excite argon
metastable atoms to higher energy levels, making them the most important source of
electrons, ions and highly excited particles in addition to ground state argon atoms [25].
For the obtained number density relationship ns4 > ns5 > ns2 > ns3, the analysis believes
that argon plasma is produced in atmospheric pressure air in the experiment, andwhen the
plasma acts on the copper foil, the particle irradiance increases, the particle reacts more
violently, and a large number of low-energy electrons will excite the metastable argon
atom to a higher energy level. In addition, due to the energy it carries, argon metastable
atoms can decompose gas molecules to produce active particles in the mixed discharge
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of argon gas and other molecular gases [26], so the resulting metastable number density
will be lower than that of the resonance state.

5 Conclusion

In this paper, a needle-ring medium is used to block the plasma discharge device to
generate a stable argon plasma jet under atmospheric pressure conditions, and its spectral
data are collected and diagnosed, and the metastable and resonant state number density
changes of the active particles and argon acting on the surface of copper foil by argon
plasma jet are studied, and the results show that:

The active particles in the argon plasma jet produced by the needle-ring typemedium
that blocks the plasma discharge device in atmospheric pressure air are mainly oxygen
atoms and hydroxyl radicals; When argon plasma acts on the copper plate, the oxygen
atom increases first and then decreases with the increase of the distance from the copper
plate to the nozzle, and the hydroxyl radical gradually decreases.

When argon plasma is applied to the copper plate, the relationship between the
metastable (1s3 and 1s5) number density of argon and the number density of the resonant
state (1s2 and 1s4) is ns4 > ns5 > ns2 > ns3, and the number density of metastable (1s3
and 1s5) is similar to that of the resonant state (1s2 and 1s4), and the trend of first
increasing and then decreasing with the increase of axial distance.
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Abstract. Space probe is one of the important areas for commercial space indus-
try. In order to make the ion propulsion system have good control performance
under the regulation of wide voltage and wide power, a nonlinear controller with
adjustable multi-operating points is designed based on the synergetic approach
to control (SAC) theory. The duty cycle of DC/DC converter can be calculated
by combining the state space equation of DC/DC converter and the evolution law
of manifold. In order to ensure that the overshoot of inductor current is small
and the response speed is fast when the operating point is switched, according
to the convergence characteristics of manifold, the adaptive control parameter is
designed based on capacitor voltage error. According to the simulation results, the
steady-state error of bus voltage under SAC control is 3.3%, which is less than 6%
of PI control. For the transient process of switching, the overshoot of capacitor
voltage and inductor current under PI control are close to 30%, much larger than
that under SAC control, and the duty cycle under PI control also shows a large
oscillation. SAC control has advantages over PI control in terms of steady-state
performance, dynamic performance and duty cycle control.

Keywords: Space probe · ion propulsion system · power electronics · Nonlinear
control

Commercial spaceflight is now the main battleground in the competition among space
powers. Deep space exploration technology is an important field of commercial space
industry. In the future, it can be relied on to realize space travel, space mining, space
base construction and so on. Ion electric propulsion has the advantages of high efficiency
and high specific impulse, so it has become the first choice for deep space exploration
spacecraft [1, 2]. For example, The America’s “Deep Space One” probe launched in
October 1998 is the first deep space probewith electric propulsion as itsmain propulsion,
the ion electric propulsion system completed the main propulsion task in the cruise
stage. Launched in May 2003, Japan’s Hayabusa probe, the ion electric propulsion
system undertook the main task of cruise phase propulsion. The Dawn probe, launched
in September 2007, used the ion electric propulsion system to complete the exploration
mission in a real sense. It used the solar ion electric propulsion system to realize the
rendezvous and orbit exploration of Vesta and Ceres [3–8].
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Ion electric propulsion system uses discharge chamber, discharge cathode, neutral-
izer and other facilities to achieve ion production, ion acceleration and ion neutralization,
and uses ion optical components (grid power supply, acceleration gate power supply) to
complete the separation, focus and acceleration of the ions in the discharge chamber, so
as to generate thrust. The Power Processing Unit (PPU) is used to convert the spacecraft
bus voltage into the electrical power required by each part of the ion electric propeller.
Typical power supply structure of ion thruster is shown in Fig. 1. As electrical equipment,
ion electric thrusters generally have the characteristics of large power consumption and
multiple working modes (wide voltage and wide power range). For example, the PPU
of Hayabusa’s electric propulsion system has a bus voltage range of 70–120 V. The PPU
of Dawn’s electric propulsion system bus has a voltage range of 80–120 V and a power
range of 600–3000 W [9, 10]. The adjustable multiple operating points put forward
higher requirements for the control of spacecraft power system.
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Fig. 1. Power supply structure of ion electric propulsion

According to the requirements of wide range adjustment of ion electric propulsion,
the power electronic converter of the spacecraft power supply and distribution unit will
show the nonlinear characteristics of discrete and variable structure. Meanwhile, the
converter needs to meet the load changes in a wide range and the adjustment process
is affected by various disturbances. The above problems make the converter control
process and controller design more complicated. Therefore, the linear control method
based on the state space average model and the classical cybernetics PI/PID controller
are difficult to achieve the expected effect [11, 12]. At present, there are few researches
on the control method of spacecraft power supply system with wide voltage and wide
power range in China. But in other power systems, some nonlinear control methods,
such as theory of differential geometry, robust control, sliding mode variable structure
control, adaptive control, cooperative control, etc., are applied to PWM control of power
electronic converter. In reference [13], a nonlinear control method based on differential
geometry theory and sliding mode was proposed to solve the problems of low accuracy
and poor dynamic performance of the compensated current control strategy of active
power filter, which realized fast tracking of the command current and accurate control of
the output current. In reference [14], aiming at the robustness of grid-connected resonant
inverters caused by non-ideal conditions such as weak grid, distortion and imbalance,
direct control strategies through feedback robust current with additional unit delay and
robust current with suppression of harmonic current were proposed. In reference [15],
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when the modular multilevel converter is disturbed, PI control and passivity control
cannot guarantee the reliability and dynamic performance of the system, so passive
sliding mode control which could improve the anti-interference ability and response
speedwas proposed. In reference [16], an adaptive control strategy that takes into account
multiple parameters such as power, frequency and virtual moment of inertia of the virtual
synchronous generator was proposed, so that the off-grid switching process has excellent
transient characteristics. In reference [17] a method applied the collaborative control
theory to DC/DC converter control was proposed, so that the converter output can have
a better inhibition effect on the disturbance such as bus voltage and load change.

To sum up, when switching over multiple operating points of ion electric thruster,
the power supply is essentially a wide range of output adjustment, so it requires variable
structure control of the power converter. In the application of sliding mode variable
structure control, chattering and changeful switching frequency are easy to occur [18],
which increases the difficulty of design. Therefore, in this paper, the synergetic approach
to control (SAC) theorywill be used, a variable structure nonlinear control methodwhich
can control the spacecraft power systembetter. Themethod can directlymodel and derive
the nonlinear control law by using the equation of state, which is especially suitable for
the operation mode of wide voltage and wide power regulation.

1 Control Object Mathematical Model

1.1 Deep Space Probe Power Supply Model

The power supply systemof the deep space probe generally adopts themode of combined
power supply of photovoltaic cells and batteries, and the DC bus is drawn through the
DC/DC converter to supply power to the rear stage load. The control of the power supply
system is essentially the control of the DC/DC converter. Therefore, this section only
discusses the modeling of the converter. The topology selected is full-bridge DC/DC,
and its structure is shown in Fig. 2. In this paper, the following assumptions about the
converter will bemade. The on-resistance of bridge arm S1–S4 and rectifier diodeD1–D4
is r. The circuit operates in inductance current continuous mode, and the inductance L
is linear and unsaturated. Ignoring line impedance.

Uin

iL

RLCin

S1 S3

S2 S4

* *
C

D1 D3

D2 D4

uC

L

u1 u2

Fig. 2. Model of deep space detector power converter

According to the state of inductance current, the full-bridge converter can be divided
into two modes within a full switching cycle. Mode one is that the inductor is in the
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charged state. At this time, the transformer secondary voltage u2 is approximately equal
toU in (or−U in). After the diodes D1 and D4 (or D2 and D3) are rectified, the inductor L
and capacitor C are charged, and the energy of load comes from the transformer primary
side. Mode 2 is that the inductor is in a state of follow current, and the transformer
secondary voltage u2 is approximately equal to 0. Diodes D1 and D2, D3 and D4 are in
series and connected into two continuous flow channels. The energy of load comes from
inductor L and capacitor C. According to the above physical process, the state space
equation with x1 = iL(t) and x2 = uC(t) as state variables can be constructed as follows:

ẋ(t) = Ax(t) + BUin (1)

Among them, x(t) = [iL(t) uC(t)]T is the state vector, A is the system matrix, B is
the control matrix, and U in is the input voltage of converter. According to the average
model theory, when the duty cycle of S1−S4 in a switching period is d(0 < d < 50%),
the following relation can be expressed:{

A = A1 · 2d + A2 · (1− 2d)

B = B1 · 2d + B2 · (1− 2d)
(2)

Among them, A1 and B1 are the system matrix and control matrix of mode 1, and
A2 and B2 are the system matrix and control matrix of mode 2. According to the circuit
equation, the matrix A and B can be written as:

A =
[
−

[
k2+(

2k2+4
)
d
]
r

Lk2
− 1

L
1
C − 1

RLC

]
, B =

[ 2d
kL
0

]
, k is the primary secondary side ratio

of the transformer. Thus, the mathematical model of full bridge DC/DC can be written
as follows: ⎧⎪⎪⎨

⎪⎪⎩
ẋ1 = −

[
k2 + (

2k2 + 4
)
d
]
r

Lk2
x1 − 1

L
x2 + 2d

kL
Uin

ẋ2 = 1

C
x1 − 1

RLC
x2

(3)

1.2 PPU Equivalent Model of Ion Electric Thruster

In the mission of far-reaching detection, due to the limited energy supply, the ion electric
thruster mostly adopts the mode of multi-operating point adjustment, that is, the supply
voltage and power of the PPU (including the screen grid power supply, acceleration grid
power supply, etc.) can be adjusted. From the power side, a PPU with adjustable voltage
and power is equivalent to a variable resistance, so in this paper, the PPU is equivalent
to a variable load RL.

2 Design of Controller

2.1 Synergetic Approach to Control Theory

Synergetic approach to control (SAC) is a state-space method for designing nonlinear
controllers. The control law can be obtained according to the selected macro variables
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and the definedmanifold functions. The basic process is shown in Fig. 3. After establish-
ing the state space of the controlled object, macro variables are selected in the space and
manifold functions are constructed to realize the indexes of steady-state and dynamic
control. In addition, the higher order system can be reduced by increasing the num-
ber of manifolds. If the mathematical model of the system is obtained, the calculation
process of deducing the control law based on the synergetic control theory is simple,
with the characteristics of strong nonlinear adaptability and strong control followability.
Results show that the nonlinear synergetic controller has strong robustness to the system
parameters and can obtain better performances of steady-state and dynamic.
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n

1
0i ij j i

j
a xψ β

=
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n

1
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0i iTψ ψ+ =&
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Fig. 3. Design flow of synergetic approach to control

Selectingmacro variables is thefirst but key step in the design of synergetic controller,
which requires the macro variables to contain the steady-state characteristics of the
system. Macro variables are usually defined as linear combinations of state variables
x(t):

ψ = ψ(x, t) = αx(t) + β (4)

Among them, ψ = [ψ1 ψ2 … ψm]T, x(t) = [x1(t) x2(t) … xn(t)]T, α is coefficient
matrix [αij]m×n, β is vector of intercept [β1 β2 … βm]T. In the synergetic approach to
control theory, the essence of the control process is to make the system go from any
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initial state to the manifold ψ = 0 and finally to the steady state. For a system whose
state-space equation is ẋ = f (x,u, t), the dynamic evolution law of its manifold is:

T ψ̇ + ψ = T
∂ψ

∂x
ẋ+ ψ = 0, T > 0 (5)

T is the time constant of the differential equation, which can characterize the con-
vergence rate of the system tending to the manifold ψ = 0. The control law can be
derived by using the Eq. (5). Since manifold ψ = 0 contains all the control information
of the system, when the system runs on manifold ψ = 0, if control variables are added
to stabilize the system, the system will converge to the steady-state equilibrium point
along the manifold. According to Lyapunov and the sliding mode stability theorem, the
sufficient and necessary condition for the manifold ψ = 0 to be stable is that there is a
continuously differentiable function V(t, x, ψ) in the subspace of x where (1) V(t, x, ψ)
is positive definite about ψ; (2) The full derivative of V(t, x, ψ) against t is negative by
dividing by ψ = 0 [19].

We can construct a function V (t, x,ψ) = ψTψ . Obviously, V(t, x, ψ) is positive
definite about ψ. Then, find the full derivative of V(t, x, ψ) with respect to t:

V̇ = ∂x
∂t

m∑
i=1

2ψi
∂ψi

∂x
= 2

j∑
i=1

ψiψ̇i (6)

According to the variable definition in formula (4) and (5), it can be obtained:⎧⎨
⎩ ψ̇i = −ψi

T
, T > 0

ψ̇i · ψi < 0, T > 0
(7)

When the time constant T > 0, the full derivative of V(t, x, ψ) with respect to t is
negative except where ψ = 0. In conclusion, it can be proved that the system is stable
about manifold ψ = 0 and the control law exists.

2.2 Synergetic Controller of Deep Space Detector Power Supply

For the full-bridge DC/DC mathematical model defined by the formula (3), the macro
variable selected in this paper is:

ψ = (x2 − x2ref) + α · (x1 − x1ref) (8)

Among them, x2ref is the given value of the output voltage of the converter. x1ref is
the steady-state value of the inductance current, which can be calculated according to
the given value of the output power Pref and the given value of the output voltage. α is
the synergetic control parameter. Then, the dynamic evolution trajectory expressed in
formula (5) can be expressed as:

T ψ̇ + ψ = T · (ẋ2 + αẋ1) + (x2 − x2ref) + α

(
x1 − Pref

x2ref

)
(9)
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According to the formula (9), the duty cycle d of S1−S4 within a switching cycle
can be written as:

(10)

Theparameterα affects the dynamic performance ofmanifold convergence:when the
value is larger, the overshoot can be reduced, and when the value is smaller, the dynamic
response can be accelerated, but it may cause overshoot. The principle of parameter α

influencing the convergence process is shown in Fig. 4.

x2-x2ref

x1-x1ref

0

slop -1/α

α = 1

α > 1

α < 1

Fig. 4. Geometric representation of the dynamic process of the system by α

As shown in Fig. 4, when the system is in the initial stage of convergence, the
capacitor voltage error (x2 − x2ref) is large. If α is large, -1/α is small, and the slope
of the corresponding line is small, which makes the inductive current overshoot (x1 −
x1ref) small and not easy to cause system oscillation. When the system approaches the
steady state, the capacitor voltage error (x2 − x2ref) is small. If the value of α is small,
the value of −1/α is large, and the slope of the corresponding straight line is large. As
a result, the adjustment speed of the inductor current (x1 − x1ref) is accelerated, and
the time of approaching the equilibrium point is shortened. Therefore, the ideal value
of parameter α can be dynamically adjusted according to the capacitor voltage error
(x2 − x2ref): when the capacitor voltage error is large, it can amplify the error. And when
the capacitor voltage error is small, it can attenuate the error. Taking advantage of the
property of quadratic function, α chosen in this paper is:

α = a(x2 − x2ref)
2 + b (11)
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3 Simulation Analysis

3.1 Simulation Parameter Setting

In order to verify the superiority of the proposed synergetic control method in the multi-
operating point control of the power supply of ion electric propulsion system, the sim-
ulation model is built in the Matlab Simulink, compared with the classical PI controller
to analyze the dynamic response of the output voltage and the inductive current over-
shoot of the full-bridge converter under wide voltage and wide power regulation. The
simulation parameters are shown in Table 1.

Table 1. The simulation parameters

Symbol of parameter Parameter value Unit Physical meaning

U in 80 V DC/DC converter input
voltage

Uo (x2ref) 60,100,120 V DC/DC converter output
voltage (bus voltage)

Pref 4800, 6600,7200 W DC/DC converter output
power given value

RL 0.5,1.5,3 � The operating point of
simulated ion thruster is
adjustable

L 4 mH DC/DC converter rectifier
side inductance

C 200 μF DC/DC converter output
side capacitance

r 0.005 � On - state equivalent
resistance of switching
tube

k 1:2 1 Ratio of turns of primary
secondary side of
transformer

f 20 kHz DC/DC converter
switching frequency

T 6 ms Synergetic controller time
constant

a 0.0002 V−1·A−1 Synergetic control
parameter 1

b 0.03 V·A−1 Synergetic control
parameter 2
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3.2 Simulation Results

In the simulation time of 0.3 s, there are two switching points. At 0 s, the converter
is required to work in high voltage mode, the bus voltage is 120 V, the output power
is 4800 W. At 0.1 s, the operating point of the converter is required to be switched to
the rated operating point, the bus voltage is 100 V, and the output power is 6600 W. At
0.2 s, the converter is again required to switch to the low-voltage working mode, the bus
voltage is 60 V, and the output power is 7200 W.

Figure 5 shows the dynamic response process of the bus voltage at the output side
when theDC/DC converter is respectively controlled by PI control and synergetic control
inmulti-operating point switchingmode. It can be seen that the steady-state performance
of the two controllers is similar, both canmake the converter work in the required voltage
mode, but in low-voltage mode, the steady-state value of the PI controller is lower than
56 V, and that of the SAC controller is about 58.2 V. In terms of dynamic performance,
the overshoot of PI controller at 0 s is 26.7% and that is 27% at 0.1 s. While that of
SAC controller is 4.8%. The first two adjustment time of PI control is about 0.01 s and
0.014 s, which are also longer than SAC controller.

Fig. 5. Dynamic response process of capacitor voltage in multi-operating point mode

Figure 6 shows the overshooting state of inductance current on the rectification side
when the DC/DC converter is respectively controlled by PI and coordinated control in
multi-operating point switching mode. At 0 s and 0.1 s switching, the inductance current
under PI control is overshot, which is 28.7% and 30.6%, respectively. Although there
is no overshoot at 0.2 s switching, there is obvious steady-state error. In contrast, due
to the adaptive adjustment of parameter α according to capacitor voltage error designed
in Sect. 2.2, the overshoot of SAC control is smaller than that of PI control when the
operating point is switched, and the adjustment time of 0s initial state is also faster than
that of PI control.

In conclusion, compared with traditional PI control, SAC control has certain
advantages in steady-state performance and dynamic performance.
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Fig. 6. Overshoot state of inductor current in multi-operating point mode

4 Conclusion

In order to make the deep space detector ion electric propulsion system have good
control performance under wide voltage and wide power regulation, the state space
model of full-bridge DC/DC converter is established by using the idea of state average.
And then, a nonlinear controller based on the cooperative control theory is designed and
its stability is proved. The control law of the converter can be obtained by combining
the state equation of capacitor voltage, inductor current and manifold function. In order
to ensure that the inductor current overshoot is small and the adjustment speed is fast,
adaptive collaborative control parameters based on capacitor voltage error feedback are
also designed in this paper. It is proved by Matlab simulation that the synergetic control
has certain advantages over the traditional PI control in steady-state performance and
dynamic performance. The synergetic controller designed in this paper provides an
effective method to solve nonlinear control problems such as multi-point switching of
power electronic converters in deep space detectors and other scenarios.
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Abstract. Protecting inverter-fedmotor insulation system from failure of inverter
overvoltage is nowadays of paramount interest in the fields of electric vehicles
(EVs), especially when the insulation structure undergoes partial discharge (PD)
and electrical-thermal aging. In this work, the effect of temperature on the PD
characteristics of insulating paper of inverter-fed motor slot is investigated with
bipolar repetitive pulses. The PD spectra with different temperature are plotted.
The distribution of surface charges will change with the growth of temperature.
As a result, the distribution of electric field and generating probability of initial
electrons are affected accordingly. Besides, to verify the experimental results,
numerical simulations of PDcharacteristics are studied. The distribution of electric
field and density of electrons are obtained. These results can provide valuable
information for the study of PD characteristics of insulation systems in inverter-fed
motor.

Keywords: partial discharge · space charge · temperature · modeling

1 Introduction

The booming development of EVs is one of the most effective paths to solve the global
energy crisis and mitigate environmental degradation. However, safety remains to be
overcome in EVs. For instance, the pulse width modulation (PWM) technology used
in EVs leads to drive motors being subjected to overvoltage during the operation. Fur-
thermore, the abrasion on the insulation structure of motor stator wingding during the
operation leads to air gaps between the stator core and insulation layer. As a result,
the probability of PD occurrence grows. The drive motor suffers from the PD erosion
for several years [1], which will destroy the insulation performance and threaten the
safety and stability of EVs [2]. The Nomex type 410 insulating paper has high dielectric
strength, heatproof andmechanical properties, which is widely used in the slot insulation
of motor stator windings [3]. Therefore, the investigation of its insulation durability is
essential for assessing the safety level of the entire motor insulation system.
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Vast researches have already been conducted on PD erosion to investigate its degra-
dation behavior on the insulation materials. The aging phenomenon and discharging
mechanism of the rotating machines under nanosecond pulse were analyzed by Wang.
The influence of voltage frequencies, duty cycles and rise times on the PD character-
istics were discussed [4, 5]. Wu conducted accelerated thermal aging experiments on
Nomex insulating paper, and investigated the characteristics of material surface charges
accumulation and dissipation after charges injected into the insulating paper at different
aging cycles [6]. Illisa established a physical model of PD activity of the void inside the
cable [7]. The PD physical phenomenon of the inhomogeneous electric field inside the
void was simulated with finite element method. The distribution of surface charges and
electric field were obtained. Nevertheless, few studies have been conducted to report the
statistical characteristics of PD of insulating materials and the distribution of electric
field energy under temperature promotion.

In this paper, a PD test system under nanosecond pulse voltage is built, and the effect
of temperature onPDcharacteristics ofNomex type 410 insulation paper is analyzed. The
PD signals and activities are studied with experimental diagnosis. Besides, the process
of PD of Nomex type 410 insulation paper is simulated with the Parallel Streamer Solver
with Kinetics (PASSKEy) [8]. The distribution of electric field and density of electrons
are obtained.

2 Experimental and Modeling Parameters

There are two sections. In the first section, a PD test system is built. PD experiments
are conducted under different temperatures to extract and analyze the PD signals. In
the second section, the simulation model and parameters of PD activities at different
temperatures with the actual experimental conditions are introduced.

2.1 PD Test System

The PD test system is shown in Fig. 1, which mainly consists of the nanosecond impulse
power supply, ultra-high frequency antenna, high voltage probe, oscilloscope, and the

Fig. 1. Schematic of the PD test system.
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heating platform. The test sample is selected for the DuPont Nomex type 410 paper, and
the dimension of the samples is 20× 20× 0.18 mm. Before the experiment, the samples
are cleaned with anhydrous ethanol and dried with ionizing air blower. Finally, the
samples are divided into four groups and subjected to two hours of discharge treatment
at 50 °C, 100 °C, 150 °C and 200 °C, respectively. The applied voltage used in the
experiment is the bipolar repetitive pulses with the peak-to-peak value of 2.6 kV.

2.2 Simulation Modeling

A PASSKEy code [9] is used for the PD simulation under nanosecond pulses, which
can be designed to calculate the electric field and hydrodynamic space time evolution
process in gas discharge plasma containing complex chemical reactions. The Poisson’s
equation is used to obtain the distribution of electric field. Besides, the chemical kinetic
equation is solved to simulate the process of discharge. In our model, 38 reactions and
18 substances are involved. The particles considered in simulation are e, N2, O2, O−,
etc. The scheme of simulation model is shown in Fig. 2. The sample size is set to 20 ×
20 × 0.18 mm, and the diameter of the driven electrode is 8 mm. The pulse voltage is
applied on the driven electrode area, which equals to± 1.3 kV. Simulation experiments
are carried out at one atmospheric pressure, and the gas discharge temperatures are set
to 50 °C, 100 °C, 150 °C and 200 °C, respectively.

Fig. 2. The scheme of simulation model.

3 Results and Discussion

3.1 Effect of Temperature on PD Features Under Nanosecond Pulse Voltage

The Phase Resolved Partial Discharge (PRPD) patterns for 2 h at different temperatures
are shown in Fig. 3. The red points in the Fig. 3 represent the maximummagnitude of PD
at a moment. The PD signal is mainly concentrated at the rising edge of the nanosecond
pulse voltage, the maximummagnitude increases with increase of temperature. Besides,
the phase decreases with increase of temperature. There is no obvious variation in the
PD amplitude at 150 °C and 200 °C.
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The temperature affects the cumulative effect of the surface charges of the insulation
materials [10], and the accumulation of more anisotropic charges is prone to form a
strong distortion of electric field at the insulation air gap for PD [11]. According to the
Richardson-Schottky law, the increase of temperature makes it more likely to excite the
initial electrons generated by PD, resulting in the decrease of Partial Discharge Inception
Voltage (PDIV). Thus, the PD is prone to occur, and the phase decreases.

Fig. 3. PRPD patterns under different temperatures.

Moreover, it is clear that increasing temperature means more active PD activity,
as shown in Fig. 4. The superposition of multiple PD magnitudes leads to increasing
magnitudes of PD. However, the excessive temperature will increase the conductivity
of the material surface, which makes the accumulated charges diffusion and inhibits the
occurrence of PD. Therefore, the PD magnitude does not increase further at 200 °C.

3.2 Effect of Temperature on Simulated Electric Field Activity

The distribution of electric field at the same moment for different temperatures is calcu-
lated by the simulation, as shown in Fig. 5. And the discharge area is shown in Fig. 2.
The bipolar repetitive pulses are applied to the drive electrode, and the discharge process
occurs in the gap between the drive electrode and the Nomex type 410 insulating paper.

The region with high strength of electric field at low temperature is concentrated near
the left and right tips of the electrodes, as illustrated in Fig. 5. However, with the growth
of temperature, the region with high strength of electric field is uniformly distributed on
the material surface. The density of electrons is shown in Fig. 6. The density of electrons
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Fig. 4. Changes in the maximum magnitude of PD with aging time.

Fig. 5. Distribution of electric field at different temperatures.

multiplies for a shorter time at high temperatures and accumulates around the surface of
the sample. When the temperature is 50 °C, the density of electrons accumulates almost
near the electrode. Thus, higher temperatures imply more active electrons activities on
the material surface [12], and the corresponding Fig. 7 reflects the same trend from the
energy of electrons perspective. The high energy region means the region with high
density of electrons. The high collision frequency of electrons reduces the PDIV and
shortens the PD statistical delay. Eventually, PD at higher temperature is more prone to
occur and is repeated with the increase of collision frequency.
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Fig. 6. Distribution of density of electrons at different temperatures.

Fig. 7. Distribution of energy of electrons at different temperatures.

4 Conclusion

The effect of temperature on PD characteristics is investigated by Nomex insulating
paper for drive motor. With the increase of temperature, the amplitude of PD increases
and the phase of PD decreases. The PD behavior is more active at higher tempera-
ture. The experimental results are in good agreements with the simulation results. The
higher temperature is more conducive to the formation of stable electric field with high
strength and the multiplication of higher density of electrons. At the same time, the
ratio of electrons with high energy increases, which has a facilitating effect on PD activ-
ity. Furthermore, the experimental and simulation results proposed in this paper can
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be expected to be applied in the artificial intelligence based on big data analysis, envi-
ronmental protection, exhaust gas disposal technology, which have social impact and
humanity influence.
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Abstract. The advantages of simple construction, high specific impulse, and low
energy consumption are provided by Ablative Pulsed Plasma Thrusters (APPTs).
As a result,APPTs have been used for small satellite station-keeping, dragmakeup,
and attitude control. The APPT’s low propellant utilization, however, significantly
limits its performance, particularly the system’s efficiency. To achieve a break-
through in the propellant selection for APPT performance enhancement, in this
research, a systematic theoretical and experimental study on the discharge char-
acteristics, propellant ablation characteristics, plasma movement characteristics,
and thruster performance of APPT using PTFE-based modified propellants doped
with various contents of carbon fiber, aluminum powder, and boron powder was
conducted. The results show that the different doping components not only affect
the structural and optical properties of the propellant materials but also change the
peak discharge current, discharge period, and equivalent resistance of the APPT
discharge circuit. All mass shots of doped propellants are more than that of PTFE
propellant. When compared to an APPT using pure PTFE as the propellant, the
APPT with 10% Al90% PTFE as the propellant has the maximum impulse bit
and system efficiency, whereas the APPT with 3% Al97% PTFE as the propellant
has the lowest impulse bit. Due to the increased mass of the single pulse ablation
propellant, the specific impulse of the APPT with doped propellants was lower
than that of the APPT with pure PTFE as the propellant.

Keywords: Pulsed Plasma Thruster · Discharge Characteristic · Impulse
Measurement · Inverted Pendulum Thrust Stand

1 Introduction

Pulsed Plasma Thruster (PPT) is a kind of pulsed plasma thruster with solid propellant.
Compared with the PPT which uses liquid and gas as propellant, its biggest advantage is
that the supply of non-toxic propellant and the thruster body are combined into amodule,
which saves the complicated propellant storage and supply system. It has the advantages
of high specific impulse (generally greater than 1000 s), small impulse (50–200 μN-s),
low average power consumption (1–150 W), simple structure, and so on. It is especially
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suitable for small satellites and the implementation of propulsion tasks requiring high
control accuracy [1].

The properties of propellant will greatly affect the ablative properties of APPT.
Therefore, in addition to optimizing the discharge characteristics of PPT, researchers
also try to use substances of different materials as APPT propellants, in order to find a
breakthrough in the selection of propellants to improve the performance of APPT.

In 1995, Leiweke et al. installed PTFE mixed with high-density polyethylene in the
middle of a fork made of PTFE and studied the propellant ablation characteristics and
the macro performance of the thruster according to different arrangement modes. The
results show that the carbon in the surface area of high-density polyethylene (HDPE)
prevents the heat transfer of the arc to the propellant surface, and the ablation of the
single pulse propellant is less than that of the pure PTFE propellant under the same
initial conditions [2]. The specific impulse and average propellant discharge velocity of
the thruster are basically the same when the two propellants are used.

Palumbo et al. conducted an experimental study on the PPT performance of Teflon,
Celcon, Halar, Tefzel, Halon, 10%InBr3 90% Teflon and 30%InBr3 70%Teflon propel-
lants respectively [3]. The study showed that the APPT using Teflon as propellant has the
best overall performance. Since 2001, Kamhawi et al. from the University of Tokyo in
Japan have extensively studied the operating characteristics of APPT using different den-
sities of PTFE, and the propellants used include powdered PTFE, high-density PTFE,
low-density porous PTFE, and carbon-doped PTFE. The results show that compared
with other propellants, the thruster system with pure PTFE as propellant has the best
performance. The thrust power ratio of thrusters can be improved by using powdered
and low-density PTFE as propellants, but the specific impulse of thrusters is reduced
because the powdered PTFE has more propellant loss. Using 2% carbon-doped PTFE as
a propellant thruster, because of the reduction of propellant consumption, the efficiency
of the thruster system has been improved, but because of the carbon mixing will make
the PPT discharge fluctuations, greatly reduce the stability of the thruster work [4, 5].

Kyushu Institute of Technology in Japan, in cooperation with the National Associa-
tion of Advanced Industrial Science and Technology, has carried out PPT performance
tests using different mass ratios of HTPB/AP composite energetic materials as propel-
lants, and compared with the PPT using PTFE as propellants. Research shows that with
the increase of AP content in HTPB/AP, the impulse bit of the thruster system increases.
However, the ablationmass of propellant increaseswith the increase ofAP content, so the
specific impulse and efficiency of the system decrease with the increase of AP content
[6]. Schonherr et al. respectively conducted a comparative analysis of PPT discharge
characteristics using PTFE, al-PTFE, and Zn-PTFE as propellants, and measured the
motion characteristics of PPT plasma using different propellants by using high-speed
photography. Limited by the experimental conditions, the PPT performance of different
propellants is not significantly different [7].

Due to the shortcomings of APPT using Teflon as propellants, such as the non-
uniformity of propellant ablation and the serious pollution of C and F particles in the
ablation products on the performance of space-based optical components, researchers are
trying to find the use of gas and liquid as a substitute for Teflon. The PPT using gas and
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liquid propellant is better than that using solid propellant, and the system performance
will be greatly improved [8, 9].

However, it is undeniable that the propellant storage, supply and heating and insula-
tion devices of GPPT and LPPT greatly increase the complexity of the thruster system,
and their structure, size, and weight also further affect the practicability of use on satel-
lites. Therefore, the current research focus of APPT is still on solid propellant APPT.
In order to improve the propellant selection of APPT, PTFE-based modified propellants
doped with different contents of carbon fiber, aluminum powder, and boron powder were
used in this study. The discharge characteristics, ablation characteristics of propellant,
plasma motion characteristics, and propeller performance of APPT were systematically
studied theoretically and experimentally.

2 Experimental Details

2.1 Thruster and Vacuum Chamber

The experimental setup is shown in Fig. 1. Four 3 uF polyester film capacitors with a
rated voltage of 2 kV were used in the experiment. They were charged to 1500 V and
the discharge energy was E0 = 13.5 J.

Fig. 1. Schematic of the experimental set-up.

Choose the 3M company PTFE molding powder (Dyneon, size 25 μm), by doping
in PTFE micro aluminum powder, boron powder, and carbon fiber material on modifi-
cation of propellant manufacture. 97%PTFE3%Al, 90%PTFE10%Al, 97%PTFE3%B,
90%PTFE10%B and 97%PTFE3%Cf were fired respectively. In order to eliminate
the influence of different PTFE production processes on the experimental results,
100%PTFE was used as pure PTFE propellant in the experiment.

Due to the limitation of APPT configuration, it is required that the material used
as propellant should have good insulation characteristics. UT502 insulation resistance
tester was used to test the insulation resistance of the doped modified propellant. The
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measurement results show that the insulation resistance of the fired propellants is infinite
at 2500 V voltage, which can be used as the propellants of APPT.

PTFE-based propellants with different proportions were processed to 35 × 15 ×
45 mm3. The thrust electrode is made of oxygen-free copper material. The electrode
configuration is rectangular, the size is 35 × 15 × 3 mm3, and the distance between the
electrodes is 35 mm.

A vacuum chamber 2.5 m in diameter and 3 m in length provides a simulated space
environment for the thruster. The vacuum chamber pressure is 3 × 10−3 Pa when the
thruster is working.

2.2 Discharge Parameter Measurement and Estimation Method

The Tek P5100 high-voltage probe was used to measure the discharge voltage of APPT
and the CWT150 Rogowski coil was used to measure the discharge current. The four-
channel Tek DPO4034 oscilloscope is powered by the UPS and used to collect and
measure signals.
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Fig. 2. (a) Equivalent circuit diagram and (b) typical discharge current waveform of APPT.

The discharge circuit of APPT can be equivalent to the inductor-capacitor-resistance
(LCR) circuit [10, 11]. Figure 2 shows the typical discharge current waveform of APPT.
Byfitting thewaveform, the equivalent resistanceReq and inductanceLeq of the discharge
circuit can be obtained as

Leq =
(

T

2π

)2 1

C
(1)

Req = 4Leq
T

ln

[ |Imax|
|Imin|

]
(2)

and thus

Leq = Lext + Lp (3)
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Req = Rext + Rp (4)

Lext is the sum of LC , Lt1, and Lt2. Rext is the sum of RC , Rt1, and Rt2, and T is the
discharge cycle. Imax is the maximum discharge current value, and Imin is the minimum
discharge current value. Lext , Rext , and the electrode.

Themeasured discharge voltage and current can be used to calculate the energy input
into the APPT discharge channel Etr and the efficiency of the system energy translated
into discharge energy ηtr .

Etr =
∫ ∞

0
V (t)i(t)dt (5)

ηtr = Etr/E0 (6)

2.3 Performance Parameters

Fig. 3. (a) Pendulum micro impulse scale and (b) schematic diagram of working principle.

As shown in Fig. 3, the impulse bit Ibit was measured using a pendulum micro
impulse scale [1]. The XS205DU electronic scale will measure the change in mass of
the propellant after it is discharged 5400 times. The mass of single-pulse ablative solid
propellant mbit , can be calculated by averaging system-specific impulse Isp, efficiency
η, and average velocity of the ablated propellant ve can be obtained as

Isp = Ibit/mbitg (7)

η = I2bit/2mbitE0 (8)

ve = Ibit/mbit (9)
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The APPT impulse bit is the sum of the impulses generated by Lorentz force and
aerodynamic force [14]

Ibit = IEM + Igas (10)

IEM can be obtained by the Guman estimation formula [14]

IEM =
∫ ∞

0
FEM dt = 1

2
L′

∫ ∞

0
I2(t)dt (11)

Ψ is the time integral value of the square of the current.

ψ =
∫ ∞

0
I2(t)dt (12)

β is ratio of the impulse which is generated by the Lorentz force to the impulse bit,
which can be expressed as

Ibit also can be expressed as

Ibit = mbit(1 − α)Cgas + mbitαVp (13)

where α is the proportion of the ablated propellant which is accelerated by the
Lorentz force, Cgas is the movement speed of the ablated propellant accelerated by
the aerodynamic force.

Four double Langmuir probes with a bias voltage of 27 V were placed in the thrust
shaft APPT plume region 8 cm, 12 cm, 16 cm, and 20 cm away from the propellant
exposure surface. Plasma velocity Vp was measured by the time of flight method [15].

3 Experimental Results and Discussion

3.1 Physical Properties of the Modified Propellant

It can be seen fromFig. 4 that thefired propellant has porousmorphology,which ismainly
caused by the fact that the propellant is fired in the Ar protective gas environment. The
existence of pores will lead to the increase of adsorbed gas on the propellant surface.
Therefore, before the propellant is applied to APPT for performance tests, degassing
treatment for a certain period of time is required to prevent the influence of adsorbed
gas on the experimental results. The doped aluminum, boron, and carbon fiber particles
are embedded in the PTFE crystal matrix, and defects such as cracks and pores can be
observed on the fired propellant matrix. The existence of these defects will have a certain
effect on the mechanical properties of the fired propellant matrix.

Figure 5 shows the surface reflection optical characteristics of different propellants
measured by UV-4100UUV-visible spectrometer. Compared with pure PTFE, the modi-
fied propellant has different reflection characteristics in the range of light spectrumdue to
the different types andmass percentages of doped particles. In the range of 200–1500 nm,
the reflectance of doped modified propellant decreases. In the range of 1500–2500 nm,
the reflectance of doped modified propellant increases. The ablative properties of the
propellant will be affected by the change in surface optical properties.
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Fig. 4. SEM photomicrographs of different propellants

Fig. 5. Surface reflection optical properties of different propellants

3.2 Discharge Characteristics and Discharge Parameters

In the experiment, when the PTFE-based modified material doped with Al and carbon
fiber is used as a propellant, the APPT can work stably. But with PTFE propellant doped
with B, the APPT discharge has great dispersion, and the thruster is very unstable. As
shown in Fig. 6, when PTFE doped with B is used as a propellant, the form of APPT
ejection plasma can be seen. The thruster plasma arc only exists near the propellant end
face in the discharge channel, and effective ejection cannot be generated.
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Fig. 6. Discharging photo of APPT discharge using B-doped PTFE as propellant

Figure 7 shows the discharge current and voltage wave patterns with each propellant
APPT. It can be seen from the figure that, compared with APPT using pure PTFE as pro-
pellant, doping modification of propellant has a certain influence on the discharge char-
acteristics of thruster, and the discharge current peak and discharge period of different
doping modified propellant APPT have certain changes.

Fig. 7. APPT discharge current and discharge voltage waveforms with different propellants

As shown in Table 1, APPT with pure PTFE propellant has the largest peak forward
discharge current; Compared with the APPT using pure PTFE as the propellant, the
equivalent resistance of the discharge circuit of the APPT using 10%Al90%PTFE and
3%Cf97%PTFE is obviously reduced, and the square integral of the discharge current is
increased to a certain extent. The equivalent resistance of the discharge circuit and the
equivalent impedance of the discharge channel of APPTwith 3%Al97%PTFE propellant
increase, while the discharge current squared integral value decreases.
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Table 1. APPT discharge circuit parameters

propellant Imax
[KA]

Leq
[nH]

Req
[m�]

Ie
[KA]

Ze
[m�]

	

[A2 • s]

100%PTFE 14.56 50.01 25.71 4.62 35.53 365.75

3%Al97%PTFE 13.61 50.14 28.94 4.28 40.32 296.66

10%Al90%PTFE 13.98 48.37 18.22 4.32 34.91 384.81

3% Cf 97%PTFE 13.98 47.90 17.14 4.39 34.22 393.79

3.3 Ablative Mass of Different Propellants

As can be seen from Table 2, pure PTFE propellant has the smallest ablation mass, while
doped propellant has a relatively larger ablationmass, inwhich the propellant dopedwith
10% Al has the largest ablation mass.

Table 2. Ablative properties of propellant

100%PTFE 3%Cf 97%PTFE 3%Al97%PTFE 10%Al90%PTFE

mbit
[μg]

41.94 ± 0.35 53.21 ± 0.42 55.19 ± 0.21 58.63 ± 0.25

The weak phase interface between the filler and the matrix reduces the mechanical
properties of the matrix, and the propellant firing process does not select the appropriate
coupling agent, resulting in a poor interface binding force between the PTFE matrix
polymer and the filler. As a result, the loss of doped propellant increases.

3.4 Performance of Thruster with Different Propellants

As can be seen from Fig. 8, under a given working condition, APPT plasma velocity with
different propellant materials are distributed between 28–33 km/s, with no significant
difference.

From Fig. 9, it can be seen that the performance of APPT system with different
doping propellants is significantly different. Compared with the pure PTFE propellant,
the APPT with 10%Al90%PTFE propellant has the largest APPT element impulse,
which reaches 263.7 μN-s. The APPT impulse of 3%Al97%PTFE propellant is 169.6
μN-s, which is the lowest.

It can be seen fromTable 3 that, comparedwithAPPT using pure PTFE as propellant,
when 10%Al90%PTFE as propellant, the Lorentz force, the aerodynamic impulse bit of
APPT and the equivalent ejection velocity of the propellant accelerated by aerodynamic
force are all improved to a certain extent. The significant increase in aerodynamic impulse
bit may be caused by the increase of the ablation mass of propellant, which leads to the
increase of the ejected neutral gas. It may also be caused by the chemical exothermic
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Fig. 8. Plasma velocity of APPT with different propellants

Table 3. Performance parameters of APPT

IEM
[μN-s]

Igas
[μN-s]

α

[%]
β

[%]
Cgas
[km/s]

ve
[km/s]

100%PTFE 151.19 57.37 11.57 72.49 1.65 5.32

3%Al97%PTFE 125.24 44.43 8.11 73.84 0.87 3.07

10%Al90%PTFE 160.13 103.62 8.16 60.71 1.92 4.50

Cf%Al97%PTFE 158.41 50.79 9.71 75.72 1.06 3.93

reaction between the F produced by the ablation and dissociation of PTFE and the
doped Al in the propellant, which increases the aerodynamic impulse of the thruster.
The specific reasons are to be further studied in the future.

When 10%Al90%PTFE was used as the propellant, the Lorentz force impulse to
the impulse bit proportion, the Lorentz force accelerated propellant proportion and the
average ablation propellant discharge velocity ve were all reduced, and the propellant
mass consumed in a single pulse was increased, so that compared with the APPT using
pure PTFE as the propellant, When the propellant is used, the specific impulse of APPT
system decreases, but the efficiency of APPT system increases at the same time.

Under the same condition, the performance of the APPT system using
3%Al97%PTFE as propellant is different from that using 10%Al90%PTFE as pro-
pellant. The impulse bit, specific impulse, and system efficiency of the APPT with
3%Al97%PTFE as propellant are smaller than those with 10%Al90%PTFE as propel-
lant. Compared with the APPT using pure PTFE as propellant, the performance of the
APPT using 3%Al97%PTFE as propellant is significantly reduced. It can be seen from
the above analysis that the amount of Al doping has a direct impact on the improvement
of APPT system performance.

The doping of carbon fiber in PTFE has no significant effect on the impulse of APPT.
However, the addition of carbon fiber did not reduce the propellant ablation mass, but
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increased the propellant mass of single pulse ablation, thus reducing the specific impulse
of the thruster and system efficiency.

4 Conclusions

Under the given initial energy, the discharge characteristics, the ablative characteris-
tics, and the system performance of APPT with different PTFE-based modified propel-
lants were studied experimentally and theoretically. Several conclusions were drawn, as
follows:

(1) Compared with the APPT using PTFE as propellant, doping modification of the
propellant has an effect on the structure and optical properties of the material.

(2) The discharge current peak and discharge period of propellant thrusters modified
with different doping have changed to some extent. Compared with the pure PTFE
propellant, the mass of the doped propellant is relatively larger.
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(3) The performance of the APPT thrust system with different doping propellants has
great differences. Compared with the APPT with pure PTFE as propellant, the
APPTwith 10%Al90%PTFEas propellant has themaximum impulse bit and system
efficiency, while the APPT with 3%Al97%PTFE as propellant has the minimum
impulse bit.

(4) The amount of Al doping has a certain influence on the performance improvement
of APPT system. The specific impulse of APPT with doped propellant is lower
than that with pure PTFE because of the increase of propellant mass in single pulse
ablation.
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Abstract. Aplasma sheath is generated on the surface of a hypersonic vehicle dur-
ing high-speed flight, significantly changing the vehicle’s electromagnetic (EM)
characteristics. In this paper, a model of the EM characteristics of a plasma sheath
is proposed that combines the flow field and EM wave propagation. A numerical
solution for the plasma flow field on the surface of vehicle is obtained using a
Computational Fluid Dynamics (CFD) method. Then, the parameters of the field
are discretized and input into the open-source Particle-in-Cell (PIC) simulation
software EPOCH. This is used to calculate EM wave transmission in the plasma
sheath and to analyze the EM properties of the sheath. Most studies that use a PIC
method to analyze the EM characteristics need to set the plasma density distribu-
tion using the distribution density function. In this paper, the density distribution
of the plasma is calculated using a CFD method. This makes the plasma density
distribution closer to real plasma sheath, which greatly improves the accuracy
and practicality of the simulation model. Moreover, EPOCH is an open-source
software, which is easy to obtain and maintain. It modifies code according to
requirements, and is highly flexible. This paper provides a convenient and flexible
simulation platform for the study of the EM characteristics of a plasma sheath.

Keywords: plasma sheath · co-simulation · Epoch software

1 Introduction

When the vehicle is flying in the atmosphere at a high hypersonic velocity, the air on
its surface is compressed, and a shock wave layer is formed. The temperature of the
layer is so high that air passing through it is rapidly heated, causing air on the surface
of the vehicle to become dissociated and ionized, creating a plasma sheath around the
vehicle. The sheath absorbs, reflects, and scatters electromagnetic (EM) waves, greatly
changing the EM characteristics of the vehicle. This seriously affects the communication
and positioning of the vehicle [1–3].

With the rapid development of hypersonic vehicles, many scholars have started to
investigate the EM characteristics of plasma sheaths. In 2016, Bo et al. obtained the
plasma sheath distribution for different flight states using flow field simulations; they
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studied the transmission and reflection characteristics of microwaves incident on the
plasma using a Z-transform finite difference time domain method [4]. In 2019, Wu
Wei et al. simulated the radar scattering cross section of a complex composed of a
hypersonic vehicle and a plasma sheath [5]. In 2020 Bian et al. investigated the dynamic
EM scattering characteristics of a hypersonic vehicle covered by a plasma sheath [6]. In
2021 Wang et al. developed a multi-physics field simulation model of Electromagnetic
Field and Fluid Field of a plasma sheath in thermodynamic equilibrium and chemical
nonequilibrium [7]. In these studies, numerical simulation plays an essential role due to
its many advantages, such as low cost, fast results, and flexibility. Numerical simulation
models for plasma are divided into three main categories: fluid models, kinetic models,
and Particle-in-Cell (PIC) models. A fluid model, which studies the evolution equations
of local average quantities, such as plasma density, temperature, and velocity, posits
continuous media and is applicable where the gyration radius of charged particles is
much smaller than the characteristic spatial scale of the plasma. A kinetic model is
used to directly study the variation in a plasma distribution function in phase space by
means of statistical mechanics; The process used to obtain a solution is rigorous and
self-consistent, but the numerical solution is difficult. A PIC model is set up with a
large number of microscopic particles in the study area, which follow Newton’s laws of
motion and Maxwell’s equations to solve the motion of every particle in the simulation
area and the evolution of the EM field. The macroscopic properties of the plasma, such
as density, velocity, and temperature, are obtained from the coordinates of each particle,
its velocity, and the EM field components in the simulated area. The fluid model is easy
to solve but less accurate, and the kinetic model is more accurate but difficult to solve.
The PIC model directly simulates the motion of individual particles inside the plasma
without need of phenomenological parameters and can be considered a method that lies
between the fluid model and the kinetic model.

EPOCH is an open-source plasma simulation computing software that uses a PIC
algorithm. The software has the advantages of easy access, low cost, easy maintenance,
dynamic allocation of computing resources, convenient parallel computing, and conve-
nient data processing. It is widely used in plasma numerical simulation, in industry [8,
9], and is used mainly for laser plasmas. Most recent studies that use the PIC method to
study the EM properties of plasma sheaths use functions to set the distribution of param-
eters, such as plasma density, temperature, and velocity [10], but the real distributions of
parameters in a plasma sheath are strongly non-uniformity [11–13]. Distribution func-
tions do not describe the plasma distribution well, lowering the accuracy of simulation
results. However, the use of computational fluid dynamics (CFD) to simulate plasma
sheath generation is well established and is significantly accurate [14–16]. To improve
the accuracy of the simulation results, a co-simulation model based on CFD and PIC
is proposed in this paper. Macroscopic parameter distributions, such as plasma density,
temperature, and pressure, in the plasma sheath are solved for using CFD, and these
parameters are discretized and entered into EPOCH software as initial conditions. Then,
simulation of the EM properties of the plasma sheath is performed using the EPOCH
software.We compared the simulation results with other EM simulation software (Vsim)
and proved that the simulation results of EPOCHhave high accuracy.Moreover, EPOCH
is an open-source software, we can obtain it for free, and can add calculation modules
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according to requirements. This paper provides a convenient and flexible simulation
platform for the study of the EM characteristics of a plasma sheath.

2 Simulation Model

The simulation model consists of two parts: a hypersonic fluid model and an EM wave
transmission model, as shown in Fig. 1. The velocity, altitude, angle of attack, and
temperature of the hypersonic vehicle are input into the hypersonic fluid model. The
CFDmethod is used to obtain the density, temperature and pressure of the plasma sheath
on the surface of the vehicle. These parameters are discretized, after which, they and the
EM wave parameters are input into the EM transmission model as initial variables. The
EM wave transmission model is constructed using EPOCH software to obtain the EM
wave transmission in the plasma sheath. Finally, the EM characteristics of the plasma
sheath are obtained by analyzing transmittance, reflectance and absorbance.

Fig. 1. Simulation model structure.

2.1 Hypersonic Fluid Model

As shown in Fig. 2, the geometry of the vehicle used in the simulation model is the same
as that of an RAMC-II vehicle, with a nose cap radius of 15.24 cm, a half-cone angle
of 9°, and a length of 1.295 m [17] Outflow boundary is that lets fluid flow out of the
domain, but does not let it flow in; Inflow boundary is opposite to outflow boundary;
noSlip boundarymeans all velocity components on the boundary are 0. The flight altitude
of the hypersonic vehicle is 40 km, the speed is 3150m/s, the angle of attack is 0°, and the
atmospheric temperature is 265 K. The mass fractions of N2 and O2 in the atmosphere
are 0.77 and 0.23, respectively. In this paper, seven components (N2, O2, N, O, NO,
NO+, and e) and 18 chemical reactions are used in the chemical reaction model [18].
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Fig. 2. Schematic of the hypersonic vehicle geometry and boundary conditions.

The hypersonic flow field model is constructed using a multi-component single
velocity flow model [19, 20]. The simulation model consists of two parts, the Navier–
Stokes equation and the component transport equation. The Navier–Stokes equations
[Eqs. (1)–(3)] represent the conservation of mass, momentum, and energy of the fluid,
respectively.

∂ρ

∂t
+ ∇ · (ρu) = 0 (1)

∂(ρu)

∂t
+ ∇ · (ρuu + pI) = ∇ · τ (2)

∂e

∂t
+ ∇ · (u(e + p)) = ∇ · (τ · u) + ∇ · (k∇T ) (3)

Here, ρ is the mass density, u is the speed, I is the identity matrix, p is the pressure; τ is
the stress tensor; e is the energy density; k is the thermal coefficient; T is the temperature.

The component transport equation is used to calculate the evolution of each
component of the plasma sheath with time, as shown in:

∂ni
∂t

+ ∇ · (uni) = si (4)

where ni is the number density of component i, and si is the chemical reaction source
term of component i. In hypersonic flow, chemical reactions are divided into three types
of flow: chemical freezing flow, in which the chemical reaction rate is 0, and the compo-
nents of the fluid micro-element leave the flow field before the reaction occurs; chemical
nonequilibrium flow, in which the chemical reaction rate is a finite value, and the com-
ponents of the fluid micro-element react at a finite chemical reaction rate, with unequal
forward and reverse reaction rates, and are in a flow state; and chemical equilibrium
flow, in which the chemical reaction rate is infinite, and the components in the fluid
micro-element fully react and reach equilibrium. Chemical reaction modes are usually
differentiated from each other using the Damkohler number [21], as shown in Table 1.
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Table 1. Relation between chemical reaction mode and Damkohler number on vehicle surface.

Da Chemical Reaction Mode

<<1 chemical freezing flow

~1 chemical nonequilibrium flow

>>1 chemical freezing flow

The Damkohler number is Da = τf /τc, the characteristic time of the flow is τf = l/v,
the characteristic length of the flow is l, and the flow velocity is v. τc is the characteristic
time of the chemical reaction. According to section II.A., the length of the vehicle is
1.295 m and the flow velocity is 3150 m/s; thus, τf = 4.11 × 10−4 s. In the simulation
conditions considered here, the vehicle is in a chemically nonequilibrium flow, i.e., Da
~ 1. Therefore, the order of magnitude for calculating the characteristic time of the
chemical reaction is 10−4. The EM wave transmission time added here is around 10 ns,
and the order of magnitude for calculating the electrical characteristic time of the flow
field is 10−8. The chemical reaction characteristic time is considerably larger than the
electrical characteristic time. Therefore, the chemical reaction of the fluid field is almost
static when calculating the electrical characteristics of the flow field; i.e., the effect of a
hypersonic fluid model can be disregarded when calculating the EM wave transmission
model.

2.2 Parameters Passing

Since the geometry of a hypersonic vehicle is irregular, it is necessary to use an unstruc-
tured mesh when constructing the hypersonic fluid model. This makes the mesh fit the
surface of the vehicle; therefore, an unstructured quadrilateral mesh is used in this paper,
as shown in Fig. 3(a). EPOCH software uses a positive quadrilateral mesh, as shown
in Fig. 3(b). As shown in Fig. 3, the grid shape and density used by CFD and EPOCH
software are different.

Fig. 3. Grid shape and density distribution: (a) CFD and (b) EPOCH.
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In order to make the simulation result calculated in the hypersonic fluid model to
pass to the EM wave transmission model, it is necessary to discretize the parameters in
each grid to individual data points; and then, with these data points, the parameters are
assigned to the corresponding EPOCH grid.

Fig. 4. Parameter passing process.

The parameter passing process is shown in Fig. 4. Calculate the coordinates of each
CFD and EPOCH grid center, then, find the CFD grid center closest to the center of each
EPOCH grid and assign the parameters of the CFD grid to the EPOCH grid. Since the
number of EPOCH grids is much larger than the number of CFD grids, each CFD grid
corresponds to multiple EPOCH grids, which reduces the error arising from the different
grid shapes.

Fig. 5. Parameter passing of electron density.
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Figure 5(a) shows the plasma density distribution calculated using the hypersonic
fluid model, and Fig. 5(b) shows the plasma density distribution entered into the EPOCH
software as the initial condition. These two plasma density distributions have high
agreement.

2.3 EM Wave Transmission Model

The boundary conditions of the simulation model are set as shown in Fig. 6. The left
boundary is the incident boundary of EM waves, which only allow EM waves to enter
the boundary, and the incident EM waves are plane waves. The other boundaries are set
as PML (perfectly matched layer), which means the EMwave can be attenuated without
reflection. We set up a large number of iron atoms in the simulation area to simulate the
shell of the vehicle.

Fig. 6. Boundary conditions of EM wave transmission model.

EPOCH uses Maxwell’s curl equations, Lorentz force equation, and Newton’s laws
of motion, as shown in Eqs. (5)–(7)

∇ × E = −∂B
∂t

(5)

∇ × B = μ0J + μ0ε0
∂E
∂t

(6)

Fi = mi
dvi
dt

= qi(Ei + vi × Bi) (7)

where E and B are the self-consistent electric and magnetic fields in the simulation
region, respectively; J is the current density vector; mi is the mass of particle i; qi is
the charge of particle i; Fi is the Lorentz force on particle i; Bi is the magnetic field on
particle i; and Ei is the electric field on particle i.
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The EPOCH calculation involves the following main steps:

(1) Set the number of real particles, initial coordinates and velocity distribution
represented by each macro article according to the physics problem.

(2) Themacro particles are assigned to the grid points of the square grid, and the charge
density and current density vectors are calculated for each grid point according to
the area occupied by the grid.

(3) The value of the EMfield component at each grid point is obtained using the discrete
form of Maxwell’s curl equations combined with the specific boundary conditions
and the current density vector found in step (2).

(4) Using the EM field components at the grid points, we obtain the electric and
magnetic field for each macro particle.

(5) The motion of each macro particle in one time step is calculated using the Lorentz
force equation and Newton’s law of motion to obtain the location and velocity of
each macro particle at the next moment.

(6) Calculate the collision between particles and update themotion state of the particles.
(7) Repeat steps (2)–(6).

In step (1), the number of macro particles needs to be set according to the particle
distribution of the plasma sheath. The particle density distribution function is often
used in numerical simulations to simulate the particle density distribution in the plasma
sheath:

(1) Bilinear distribution

y(x) =

⎧
⎪⎪⎨

⎪⎪⎩

− b

a1
x + b x1 ≤ x ≤ 0

b

a2
x + b 0 ≤ x ≤ x2

(8)

(2) Double exponential distribution

y(x) =
⎧
⎨

⎩

be
x
a1 x1 ≤ x ≤ 0

be
− x

a2 0 ≤ x ≤ x2
(9)

(3) Skew normal distribution

y(x) =
⎧
⎨

⎩

be
−( x

a1
)2

x1 ≤ x ≤ 0

be
−( x

a2
)2

0 ≤ x ≤ x2
(10)
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(4) Segmented Epstein function distribution

y(x) =
{
2b(1 + e−x/a1)−1 x1 ≤ x ≤ 0

2b(1 + ex/a2)−1 0 ≤ x ≤ x2
(11)

where y is the particle number density; b is the peak particle number density; a1 and
a2 are particle number density attenuation constants; and x1 and x2 are the coordi-
nates of the nearest and farthest plasma sheaths with respect to the surface of the
vehicle, respectively. These distribution functions reach a maximum particle den-
sity at x = 0. Since the electron density in the plasma sheath can be approximately
equal to the plasma density, it directly affects the EM properties of the plasma
sheath [22]. Figure 7 shows the electron density distribution obtained using the dif-
ferent distribution functions, setting a1 = 0.1, a2 = 0.2, x1 = −0.5, and x2 = 0.5.
Figures 7(a)–7(d) show the bilinear distribution, double exponential distribution,
skew normal distribution, and segmented Epstein distribution.

Fig. 7. Commonly used electron density distribution functions: (a) bilinear distribution, (b) dou-
ble exponential distribution, (c) skew normal distribution, and (d) segmented Epstein function
distribution.

Figure 8 shows the electron density distribution of a real plasma sheath. The elec-
tron density distribution differs considerably from that in Fig. 7, and the electron density
distribution of the plasma sheath varies significantly as a function of position on the
vehicle. Therefore, using distribution functions to represent the plasma density distribu-
tion would have significant errors. Consequently, using the electron density distribution
of a real plasma sheath improves the accuracy of the simulation results.
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Fig. 8. Electron density at different locations of a realistic plasma sheath.

3 Simulation Results

3.1 Plasma Sheath Simulation Results

The distributions of electron density, N2 density, N density, O2 density, O density, NO
density, NO+ density, and temperature of the plasma sheath on the surface of the hyper-
sonic vehicle were obtained by hypersonic fluid model calculations, shown in Figs. 9
(a)–9(h).

The particles are concentrated in the region between the shock wave layer and the
surface of the vehicle, and their distribution is strongly inhomogeneous. The particle
density is high at the head of the vehicle, and then gradually decreases with increasing
axial distance. The particle distributions and temperature distribution on the surface of
the vehicle are used as the input of the EM wave transmission model.
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Fig. 9. Particle distribution in the plasma sheath on the surface of the vehicle.

3.2 Microwave Transmission in a Real Plasma Sheath

The commonly used communication bands for hypersonic vehicles are the L and S bands
[23]. Considering the dependence of frequency on the grid during the EM wave simu-
lation (each EM wave wavelength contains at least 10 grids), the frequencies of the EM
waves in this study are set to 1 GHz, 1.2 GHz, 1.6 GHz, and 2 GHz. Figures 10(a)–10(d)
show the transmission of EM waves in the plasma sheath that have an E-field amplitude
of 100 V/m and frequencies of 1 GHz, 1.2 GHz, 1.6 GHz, and 2 GHz, respectively. The
E-field polarization direction is the same as the z-axis.

Figure 10 shows that EMwaves at these frequencies are almost completely reflected
by the plasma sheath. The reason for this is that the electron density in the sheath is high,



298 Y. Chen et al.

and EM waves accelerate the electrons there. The electrons transfer energy to neutral
particles through collisions, resulting in a loss in EM wave energy.

Fig. 10. EMwaves transmission in a plasma sheath calculated byEPOCH: (a) 1GHz, (b) 1.2GHz,
(c) 1.6 GHz, and (d) 2 GHz.

To verify the accuracy of the calculated results, we used the electromagnetic sim-
ulation software Vsim to simulate EM waves transmission in the same plasma sheath.
Figures 11(a)–11(d) show the transmission of EM waves in the plasma sheath that have
an E-field amplitude of 100 V/m and frequencies of 1 GHz, 1.2 GHz, 1.6 GHz, and
2 GHz, respectively. The E-field polarization direction is in the z-axis direction.

The E-field distribution calculated using EPOCH is the same as that calculated using
Vsim. This indicates that the transmission of EM waves in a real plasma sheath can be
simulated accurately using EPOCH software.

To further verify the accuracy of the simulation results, we investigated the attenua-
tion of the EMwaves at different locations on the surface of the vehicle. The attenuation
of the signal can be expressed in terms of the E-field ratio of the EM wave:

G = 20 log(
E0

Efree
) (12)

where E0 is the E-field amplitude at the observation point and Efree is the reference E-
field amplitude in free space. Figure 12 shows the location distribution of the monitoring
points on the surface of the vehicle.
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Fig. 11. EM waves transmission in a plasma sheath calculated by Vsim: (a) 1 GHz, (b) 1.2 GHz,
(c) 1.6 GHz, and (d) 2GHz.

Fig. 12. Location distribution of the monitoring points on the surface of the vehicle: A. 0.0 m, B.
0.4 m, C. 0.8 m, and D. 1.2 m.

Figure 13 shows the attenuation of 1 GHz EMwaves at a monitoring point calculated
using EPOCH and Vsim.

The simulation results show that the attenuation of EM waves is highest in the head
region (near point A in Fig. 12), after which the attenuation decreases with increasing
axial distance from the vehicle. The attenuation values calculated usingEPOCHsoftware
are close to those calculated using other EM simulation software (Vsim), which further
verifies the accuracy of the simulation results.
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Fig. 13. Attenuation of EM waves at different locations on the vehicle.

4 Conclusion

In order to study the EM characteristics of a surface plasma sheath during the flight of a
hypersonic vehicle, a joint CFD and PIC simulation model was proposed to simulate the
transmission of EM waves in the sheath. The distribution of each kind of particle and
the plasma temperature distribution in the sheath under different flight conditions were
simulated using a CFD method. These parameters were then discretized and input into
the open-source PIC simulation software EPOCH to calculate the EMwave transmission
in the plasma sheath. TheEMcharacteristics of the sheath and the simulation resultswere
compared with those obtained using other EM simulation software, which proved that
the model was highly accurate. EPOCH is open-source software and is, therefore, easily
accessible, easy to maintain, and highly flexible, providing a convenient and flexible
simulation platform for EM wave transmission in plasma sheaths.
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Abstract. Electrical explosion spraying, due to its high reaction temperature and
intensemechanical effect, like strong shockwave and high-speed expanded explo-
sive products, is a kind of satisfactory thermal spraying method. It had used to
prepare single- or multi-element wire coating; however, the investigation of mid-
dle physical process was lacked, which was not beneficial to deeply understand
the coating formation characteristics with the explosive process. In this study,
a directional electrical explosion device was designed, which was available for
synthesizing dense and homogeneous coating. Experiments were performed with
intertwined Cu-Ni wire, and intertwined Cu-Ni-Al wire. Electrical and radiational
diagnoses including current/voltage waveforms and self-emission images were
used to investigate the explosive characteristics. SEM and XRD characterizations
were used to study the morphology and crystallography of the produced coating.
For intertwined two-wire (Cu-Ni) explosion, the parameters were measured sepa-
rately to explore more details according to the corresponding dynamic high-speed
images. The results indicated that themulti-wire explosionwas non-synchronously
with different explosive behaviors of wires; therefore, the discharge product chan-
nel showed a mixture of plasma, un-ionized metal vapor, and un-vaporized metal
drops. Accordingly, the sprayed coating was composed by μm-scaled chunks or
plates with some nanoparticles adhering on them.

Keywords: Electrical explosion · Multi-principal-element alloy · Explosive
spraying · Nanoparticles and coating

1 Introduction

Electrical explosion, characterized by ultra-fast atomization and quenching (dT /dt
∼1010–1012 K/s) of the sample, is a unique approach for the one-step synthesis of
nanomaterials [1, 2]. Different species of metals (wire, rod, or foil) who possess good
conductivity can be driven to explode by the pulse current;moreover, electrical explosion
can occur in selectable medium ambience, like air, inert gases, and water. As a result,
pure metal, metal oxides, nitrides, carbides, etc. [3–6].
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Due to the high reaction temperature (>10000 K) and intense mechanical effect of
electrical explosion, like strong shock wave (several to dozen of MPa) and high-speed
expanded velocity of discharge product channel (approximately km/m), it is a kind of
satisfactory thermal spraying method. Wang et al. [7] prepared a uniform and dense
Ag/C composite coating with the coating area 39.25 mm2 and thickness 50 μm in a
single spray by the electrical explosion spraying of powders. Han et al. [8] synthesized
refractory Ta10W and non-refractory Ni60A coatings by exploding alloy wire via a
self-designed wire electrical explosion spraying (WEES) device, the surface coating
morphology showed it is composed of flattened splats and some nanoparticles; fur-
thermore, the coating changed from rough and nonuniform to dense and even with
increased energy densities. In our previous work [9], we designed a directional elec-
trical explosion spraying device and prepared the multi-principal-element alloy coating
of Al13Cu20Ti13Mo15W4Sn35. The synthesized alloy coating showed graded element
distribution and high-entropy effect, and the distribution regularity depended on the dif-
ferent explosive behaviors of wires because of their discrepant electrical and thermal
parameters. In multi-wire simultaneous explosion, due to the discrepant electrical and
thermal characteristics, the explosive behaviors are always complex and result in spe-
cific coating morphology. Pervikov et al. [10] investigated the energy characteristics
of the electrical explosion of two intertwined wires, the results illustrated that energy
deposited into the wire may depend on the relation between the thermophysical param-
eters and specific electric resistivity of the metals, and wires explosion can be divided
into synchronously and non-synchronously with different metal species. It surely indi-
cated that the physical process is complex in multi-wire explosion; however, researches
paid more attentions on the single-wire condition. It is necessary to further study the
physical mechanism and clarify the corresponding relations between physical patterns
and explosive products.

In this paper, a directional electrical explosion device was self-designed to prepare
single or multi-principal-element coating. Electrical and radiational diagnoses includ-
ing current/voltage waveforms, and self-emission images were used to investigate the
explosive characteristics from single wire to intertwined multi-wire. Morphology and
crystallography of the produced coating are characterized and analyzed by SEM and
XRD. A coalition analysis of electrical explosion physical process and explosive prod-
ucts was preliminarily proceeded to reveal more details in multi-wire explosive spraying
alloy coating.

2 Experimental Setup

The experiments were conducted using a μs-timescale pulsed current source based on
a 6 μF pulse capacitor and a triggered spark gap. The circuit was shown in Fig. 1(a),
the DC power supply charged the capacitor up to 9.0 kV (about 250 J stored energy).
Once the spark gap was triggered, the pulsed current would pass through the load and
drove electrical explosion inside the discharge chamber. The schematic diagram of the
chamber was illustrated in Fig. 1(b), and the picture in top right corner gave the detailed
load structure, which was designed as the directional spraying device. The device was
composed by a couple of copper electrodes, a semi-closed tube, an intertwined wire, and
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a silicon substrate. When explosion happened, the high-speed metal jet would spray out
and form alloy coating on the silicon substrate.

The discharge voltage u and current iweremeasuredwith a PVM-5 probe (bandwidth
of 80MHz) and Pearson 101 coil (bandwidth of 4 MHz), respectively. The resistive load
voltage uR was estimated as

uR(t) = u − Ls
di

dt
(1)

where Ls refers to the inductance of the wire and its holder. The correctness of voltage
and current measurement was examined by conducting the pulsed current with a low-
inductance (nH level) ceramic resistor [11]. The energy deposition Ed was calculated
as

Ed = ∫ uR(i) · i(t)dt (2)

High-speed cameras (Phantom VEO) were used to record time-resolved images of
the explosion. Morphology and crystallography characterizations included SEM (Reg-
ulus/Zeiss) and XRD (Rigaku, Ultima IV), respectively. XRD pattern of the sample was
taken using Cu Kα radiation (λ = 0.15406 nm) at the working voltage and current of
40 kV and 20 mA, and the recorded range at 2θ was from 5° to 80° with a step size of
0.02°.

Fig. 1. Schematics of the experimental setup and configurations: (a) circuit diagram and (b)
cross-section view of the chamber.

3 Experimental Results

3.1 Typical Coating Morphology for Single-Element Wire Explosive Spraying

Single-element wire electrical explosion used to spray the surface or inner wall of the
workpiece is the most common application for explosive coating. A 300 μm-diameter,
4 cm-long Cu wire was used to explode in air under the stored energy 250 J. Figure 2



Discharge Characteristics and Dynamic Process 305

shows the typical morphology of coating of the Cu wire explosion. A dense and homo-
geneous coating is formed with extremely low porosity. Some sub-micron or micron
particles are observed; however, the nanoparticles are dominant. The large-size parti-
cles may come from the un-vaporized metal drops during wire explosion, and the rest
nanoparticles may result from the hot metal vapor who undergoes quenching and nucle-
ation processes. It is closely related to the explosive behaviors of wire itself, which has
detailed investigated in our last work [2].

Figure 3 shows the crystalline phase characterized by XRD result. Due to high
reaction temperature and large specific surface area, the explosive products will be
oxidized before and when collide with the substrate; therefore, the formed coating is
mainly composed of both pure metal and its oxides, namely pure Cu, CuO, and Cu2O.
The diffraction peaks of corresponding phase also accord with the crystalline plane
distance, as shown in Fig. 2(d). The experimental result of single-element wire explosion
is in common with general results in electrical explosion, and the detailed researches of
multi-element wire explosion will be further discussed in next section.

Fig. 2. Typical morphology characterized by SEM of Cu explosive products in air under 250 J
stored energy.
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Fig. 3. XRD result of the Cu wire explosive products.

3.2 Typical Physical Process and Coating Characteristics for Cu-Ni Binary
Wires Explosive Spraying

High-quality coating is verified to be successfully produced under such directional elec-
trical explosion device in last section. In this section, copper and nickel wires are used to
investigate the discrepant physical process and corresponding alloy coating characteris-
tics when explodes multi-wire simultaneously. Cu and Ni wires with 200 μm-diameter,
4 cm-long are made into the intertwined wire as the explosive load to spray coating. The
semi-closed tube is with the 5 mm inner diameter and 3 cm long. Under 250 J initial
stored energy, the electrical parameters and dynamic high-speed images are shown in
Fig. 4.

Figure 4(a) shows the voltage and current waveforms of the Cu-Ni intertwined wire
explosion. The discharge belongs to a periodic mode, the peak values of current and
voltage are 11.2 kA and 7.4 kV, respectively. The breakdown moment occurs at approx-
imately 3.1 μs, and then followed by formation of the high-conductive plasma channel.
The whole discharge process lasts at about 29.5 μs. Figure 4(c) gives the corresponding
high-speed images of the intertwined wire explosion in a semi-closed tube. The interval
of each frame is 5 μs, and the exposure time is 0.97μs. The feedback signal is shown as
the blue line, and the falling edge of each pulse represents the shoot moment of every
frame. From the dynamic process, a cylindrical discharge is formed in early 20 μs, and
the drastic flash means an intense plasma process. Form frames #6 to #9, due to no extra
energy injection, the quenching process begins, and the plasma is going to extinguish. It
is worth noticing that the channel is composed of a mix of plasma (high-temperature and
low-density) and un-ionized metal vapor or un-vaporized metal drops (low-temperature
and high-density). Until approximately 50μs, the plasma part quenches and experiences
later nucleation process. During explosion, part of the wire who confined in the tube
brings the local high pressure, before tube fragmentation, it can only be released from
the open end of the tube. As a result, a high-speed and directional metal jet will form and
spray to the Si substrate, which seems as mushroom-like spraying trajectory, as shown
in frames #9 and #10.
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In order to investigate more details in this physical process, the intertwined wire is
separated into two adjacent wires in parallel, and the current of each wire is detected
respectively. The load structure is illustrated in the first picture in Fig. 4(d). In parallel
wires explosion, discrepant current waveform is shown in Fig. 4(b). Due to the dif-
ferent load structures (with/without tube, load inductance), the total current has some
discrepancies; however, we consider that it can still describe the characteristics of paral-
lel wires explosion. At early time, the currents of Cu and Ni wires are mostly identical,
until approximately 0.84 μs, they develop into an opposite trend. The current continu-
ally increases for Cu, however, it decreases for Ni, which means Ni wire experiences
vaporization early than Cu. Higher resistivity (6.93 μ�·cm for Ni, and 1.68 μ�·cm for
Cu) will achieve greater deposited energy, therefore, leading to a fast phase process.
Then, at approximately 1.9 μs, current of Ni begins to increase, and the Cu current
rapidly decrease, which means that breakdown occur in Ni channel and the Cu channel
is short-circuited. Combined with the self-emission images in Fig. 4(d), it can be seen
the bright Ni plasma channel and the lightless Cu vapor channel. It is well accorded with
the characteristics that is shown in current waveform.

To sum up, in binary wires explosion, current between wires will re-distribute which
depends on the different electrical and thermal characteristics ofwires, typical as resistiv-
ity, latent heat, and etc. In Cu-Ni system, Ni can form high-temperature and low-density

Fig. 4. Electrical parameter waveforms of the Cu-Ni intertwined wire explosion (a) and Cu-Ni
parallel wires explosion (b), and the corresponding high-speed images of the intertwined wire
explosion (c) and the parallel wires explosion (d).
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plasma; however, low-temperature and high-density vapor or un-vaporized drops for
Cu. And that is the reason why the discharge channel of the intertwined wire explosion
shows a mixture of plasma and metal vapor/drops.

Figure 5 gives the SEM results of the surface morphology of the Cu-Ni alloy coating.
Figure 5(a–c) shows the relatively macroscopic morphology at a low-amplifying degree,
it can be seen that the coating is composed of μm-scaled chunks, which is very like the
single wire explosion condition. Furthermore, from the amplifying images in Fig. 5(d–
e), the nanocrystalline adheres on the chunks. The chunks are still considered to result
from the un-vaporized metal drops, and Cu element should be dominant here according
to the analysis of electrical characteristics and dynamic process. And the nanocrystalline
comes from the cooled Ni plasma products, as well as part of the Cu metal vapor, who
undergo nucleation and growth into nanoparticles.

Fig. 5. Typical morphology characterized by SEM of Cu-Ni alloy coating formed by the
directional electrical explosion device in air under 250 J stored energy.

Figure 6 is the XRD characterization result of Cu-Ni alloy coating, similar to the
single-element coating, the phases are mainly corresponding metal oxides and little pure
metal. Diffraction peaks at 35.4°, 35.5°, and 38.7° correspond to the CuO crystalline
plane (002), (−111), and (111), respectively. And peaks at 36.4° and 42.3° come from
the (111) and (200) planes of Cu2O, in addition, no obvious peak of pure Cu is detected.
For Ni element, diffraction peaks appear at 37.2° and 43.2° representing the (111) and
(200) planes of NiO. An un-conspicuous peak at 44.6° means a small amount of pure
metal Ni in the alloy coating.
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Fig. 6. XRD result of the Cu-Ni coating.

3.3 Typical Physical Process and Coating Characteristics for Cu-Ni-Al Ternary
Wires Explosive Spraying

When adding Al wire into the original binary system into a ternary alloy system, the
characteristics of the discharge and coatingmorphology are simply investigated. Figure 7
shows the electrical parameters and the high-speed images. From the waveforms, the
discharge is similar to the binary wires explosion. The difference is that the breakdown
time delay from approximately 3.1 μs to 4.3 μs, and the duration time of the whole
discharge decreases from approximately 29.5 μs to 23.3 μs. These phenomena can be
easily explained that explosive process needs more time and energy for phase change
with the increased loadmass. It can be seen that the discharge still be amix of plasma and
high-density metal vapor or drops. Obviously, the inner part clearly shows the spraying
trajectory, leaving the low-density plasma surrounding it.

Fig. 7. Electrical parameter waveforms of the Cu-Ni-Al intertwined wire explosion (a), and the
corresponding high-speed images (b).

Observing the surface morphology of Cu-Ni-Al alloy coating, the characteristics are
also similar to the former results. The chunks become larger than before, and the size can
reach a dozen micrometers. This may be due to that energy is so insufficient to vaporize
most of the wires that they exist as the large metal drop, forming the main bulk of the
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coating. And the vaporized part still undergoes nucleation and growth processes, finally
forming the nanoparticles, as shown in Fig. 8(d–f).

Fig. 8. Typical morphology characterized by SEM of Cu-Ni-Al alloy coating formed by the
directional electrical explosion device in air under 250 J stored energy.

For XRD pattern in Fig. 9, it is almost identical to the result of Cu-Ni system. In our
opinion, a relatively reasonable interpretation is that due to the low melting point of Al
(934 K for Al, 1728 K for Ni, and 1358 K for Cu), when pulse current injection, Al wire
will begin phase change firstly, and the current will be short-circuited because of the
rapidly increased resistance. As a result, the Al element exists mainly as the metal drop
and locates at the front of the metal jet, thus it deposits on the bottom of the coating. Due
to the XRD equipment having measurement depth, according to our former research [9],
the very bottom element may be difficult to detect in such a μm to several tens μm thick
coating.

Fig. 9. XRD result of the Cu-Ni-Al coating.
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4 Conclusion

To conclude, under the directional electrical explosion spraying device, the surficial
homogeneous coating is produced with single- and multi-element. The characteristics of
the coating unit is composed of μm-scaled chunks and plates with some nanocrystalline
adhering on it. Solidified chunk-material is considered to come from the un-vaporized
metal drops, and the rest metal vapor who undergoes quenching, nucleation, and growth
process should be responsible for the formation of nanoparticles. In multi-element wire
(binary and ternary) explosion, due to the discrepant characteristics of electrical and
thermal, the explosive behaviors are different, and the current will re-distribute between
wires which will lead to different product states, like plasma, un-ionized metal vapor,
or un-vaporized metal drops. As a result, the sprayed explosive products are always
a mixture of plasma and metal vapor/drops. This research gives the suggestion to the
practical application that should consider the detailed electrical explosion behaviors of
wires in multi-element wire explosive spraying.
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Abstract. In recent years, the non-equilibrium plasma show great application in
material processing. The nitrogen and oxygen gas driven by Pulsed DC power
at lower pressure in a long dielectric tube have been investigated. With fixed
voltage parameter, the stable and homogeneous plasma propagates along the tube
at pressure ranging from 20 Pa to 1× 104 Pa like the guided ionization wave. The
length of the plasma plume has the maximum value about 100 cm at 100–200 Pa.
With the voltage amplitude increasing, the length of N2 plasma plume and O2
plasma plume increase. With the frequency is lower than 8 kHz, the length of N2
plasma plume is larger than that of oxygen, and after that, the length of O2 become
larger.When the pulsewidth is higher than 10µs, the length ofO2 reduced sharply.
N2 and O2 plasma plume contains bright “bullet” from the high spatio-temporal
resolution photographs. However, the N2 “bullet” has a long tail differing from
O2 at the same E/N. The gas temperature simulated by the second positive system
of N2(C3�u-B3�g) is 330 K for N2 plasma at 100 Pa and 1 × 103 Pa, while it
is 320 K and 330 K for O2 which is suitable for the plasma medicine and other
material application.

Keywords: Non-equilibrium plasma · nitrogen and oxygen discharge · pulsed
DC power · lower pressure

1 Introduction

In recent decades, atmospheric pressure plasma jets have been extensively studied [1–
5]. The researchers have gotten physical insights into its plasma physical properties.
Nowadays, noble gases (He, Ar and Neon) [6–9] are usually used as the discharge
gas otherwise discharges using molecular gases (such as N2, O2, air et. al) [10–13].
Using molecular gases have two difficulties: one is higher breakdown voltage and the
other one is increasing of temperature.With the development of nanosecond pulse power
technology, non-equilibriumdischargewithmolecular gases especially nitrogen, oxygen
and air has come true. The jets driven by high pulse voltage have attractedmany attentions
due to its fast energy transfer effect [14–17].
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The main focus of this manuscript is the discharge characteristics of nitrogen and
oxygen with pulsed high voltage as the motivation source. There are two reasons for
choosing the lower pressure, one is the pressure always lower for the material surface
modification and the other one is the pulsed power limitations on the amplitude and
frequency. The motivation of this study is to provide theoretical guidance for the pulsed
N2 and O2 discharge. In this work, the pressure range for uniform discharge has been
studied. Besides, the optical characteristics of N2 and O2 discharge have been investi-
gated. The sustained voltage has been studied as well. The length of the plasma plume
versus the gas pressure and the voltage parameters have been studied in details. The
propagation processes of the plasma plume have been captured by the ICCD camera
and the propagation velocity inside the plasma plume has been calculated by the ICCD
photographs as well. Besides, the gas temperature has been measured by the second
positive system of N2(C3�u-B3�g).

2 Experiment Setup

As shown in Fig. 1, one side of the discharge tube is terminatedwith stainless steel needle
electrode covered by the quartz barrier and the other side is connectedwith the gas control
system. The gas pressure in the tube is monitored by the barometers (Inficon, Model:
PCG550) and regulated by the gas control system. The gas control system performs two
functions, gas insert and exhaust. The gas insert is controlled by the gas flow controller
(MKS InstrumentsM100B) and the turbo-molecular pump (Agilent, TPS-Bench) is used
as exhaust equipment. The inner and outer diameters of the discharge tube are 6 mm and
8 mm, respectively. The minimum degree of vacuum in the tube is 0.05 Pa. The 99.99%
N2 and 99.99% O2 is used as the working gas in this manuscript.

Fig. 1. Schematic of the experimental setup

The discharge is driven by the high-voltage pulses with amplitude up to 10 kV, pulse
width variable from 200 ns to dc, rise/fall time of 100 ns, and pulse repeatable frequency
up to 10 kHz. The applied voltage is measured by a P6015 Tektronix HV probe and the
current by a Tektronix TCP312A current probe. The voltage and current waveforms are
recorded by a Tektronix DPO7104 digital oscilloscope.
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3 Results and Discussion

3.1 The Plasma Plume of N2 and O2 Discharge

Figure 2 is the photograph of N2 (Fig. 2a) and O2 (Fig. 2b) discharge at pressure (from
20 Pa to 1× 104 Pa) with the voltage parameters of 8 kV, 4 kHz, 1.6 µs. It can be shown
that two kinds of plasma are stable and homogeneous. And the plasma plume propagates
along the tube straightly. The discharge morphology is similar to APPJs. The color of
the nitrogen discharge is pink one and the oxygen discharge is much more canary yellow
color. It can be shown from Fig. 2 that the discharge has been strengthened and then
weakened with the increasing of the pressure at fixed voltage parameters. With the fixed
voltage parameters, N2 and O2 plasma plume reaches its maximum length at 100 Pa to
200 Pa gas pressure.

Fig. 2. Photograph of N2 and O2 discharge.

As has been shown in Fig. 2, the length of N2 and O2 plasma plume achieved the
maximum length at 100 pa to 200 Pa with fixed voltage parameters. The physical mech-
anism of this phenomenon should be investigated. As the applied voltage is fixed, the
electrical field inside the tube is almost the same at the same pressures. The reduced field
strength E/N decrease with the pressure increasing. It is well known that the electrons
acquired more energy from the electrical field with larger E/N. . But why the length of
the plasma plume decreases when the pressure is lower than 100 Pa? In order to solve
this doubt, the sustained voltage of N2 and O2 has been measured as shown in Fig. 3. It
can be seen from Fig. 3 that the N2 and O2 have the minimum sustained voltage.

It has been mentioned in Ref. [17] that the length of the plasma jet is related to the
integrated total charge due to the discharge at the rising edge of voltage as the bullet
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Fig. 3. The sustain maintained voltage of N2 and O2.

propagation will be shut down with the arriving of the bullet. As the excited voltage is
pulsed DC, the ratio of the overvoltage K is very important which can be calculated as
K = (Ua − Us)/Us. The sustain maintained voltage Us has been measured as shown in
Fig. 4. It has exhibited From Fig. 4 that N2 and O2 has the minimum Us at about 100 Pa.
When the voltage parameter is fixed 8 kV, 4 kHz, 1.6 µs, the length of plasma plume
depends linearly on the ratio of the overvoltage K.

In order to have an insight of the discharge of nitrogen and oxygen, the length of
discharge under different applied voltage parameters such as the voltage amplitude,
frequency and the pulse width have been studied in details as shown in Fig. 4. By
the comparison analysis, it exhibited that the length of discharge increases with the
increasing of the applied voltage amplitude in Fig. 4(a). And when the voltage is smaller
than 8 kV, the length of O2 plasma plume is shorter than N2. But, the length of O2 plasma
plume increases more than N2 plasma plumewhen the voltage is larger than 8.5 kV.With
increasing of the applied voltage, reduced field strength E/N has been enhanced and as
a result that the ionization coefficient increases.

It can be shown from Fig. 4(b) that with the f increasing from 1kHz to 9 kHz, the
length of N2 plasma plume decreases and that of O2 decreases firstly and then increases
when the f is larger than 6 kHz. As the plasma plume is terminated by the discharge
(the second discharge) at falling edge of the voltage, the residual species increase with
increasing f which make the second discharge come early and the plasma plume length
reduces.

With the pulse width increasing from 200 ns to 200 µs as shown in Fig. 4(c), the
plasma length of N2 increase and then decrease slowly, otherwise that of oxygen increase
firstly and decrease sharply at 10 µs, and when tw is larger than 10 µs, the length of O2
is much smaller than N2.
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Fig. 4. The length of the nitrogen plasma plume versus (a) voltage amplitude (b) frequency (c)
pulse width at 1 × 103 Pa.

Liu et al. has found that the Ar plasma plume terminates right after the falling edge
of each voltage pulse when tw < 20 µs, whereas it terminates before the falling edge.
When tw is larger than 30 µs, the duration of plasma plume starts to decrease, and
the termination is found to occur at the current zero moment of the discharge current
through the high-voltage electrode, which ismuch different from that through the ground
electrode. In this paper, for N2 and O2, the transition tw is 10 µs.

3.2 The Optical Emission Spectrum

The optical emission spectrum (OES) is another important characteristic. And the OES
of N2 and O2 ranging from 300 nm to 800 nm is shown in Fig. 5. Firstly, the OES



Guided Ionization Discharge Characteristics of N2 and O2 317

intensity of oxygen at the same discharge parameters is about 100 times lower than
that of N2 discharge. Secondly, it can be seen from Fig. 5 that the discharge spectra of
N2 is dominated by molecular nitrogen, while the discharge spectra of O2 discharge is
molecular nitrogen and atom oxygen.

Fig. 5. The optical emission spectrum of N2 and O2 plasma at 1× 103 Pa (Ua = 8 kV, f = 4 kHz,
tw = 1.6 µs).

Gas temperature is one of themost important parameters for plasma applications. The
rotational temperatures of N2(C–B) molecules are often applied to estimate the plasma
gas temperature by spectra-fitting the experimental emission bands. In this paper, the
second positive system of N2(C3�u-B3�g) at rotation-vibrational transitions at (0–2)
has been used to simulate the gas temperature. It should be mentioned here that the
nitrogen percent of O2 gas is about 10–20 ppm and there is N2 emission spectrum as
shown in Fig. 5, so the temperature of O2 plasma plume is simulated by the second
positive system of N2(C3�u-B3�g) as well. The gas temperature is about 330 K of the
N2 discharge at 100 Pa and 1 × 103 Pa as shown in Fig. 6. And that is 320 K for O2 at
100 Pa and 330 K at 1 × 103 Pa as shown in Fig. 7. The temperature in both cases is
appropriate for biomedical application.

Fig. 6. Experimental and simulated spectra of N2 plasma plume at 100 Pa (a) and 1× 103 Pa (b)
by N2 second positive system 0–0 transition.
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Fig. 7. Experimental and simulated spectra of O2 plasma plume at 100 Pa (a) and 1 × 103 Pa;
(b) by N2 second positive system 0–0 transition.

3.3 The Dynamic Propagation Process Analysis of the Guided “Bullet”

It’s well known that the bright plasma plume of atmospheric pressure plasma jet(APPJs)
is driven by “plasma bullet”, so the high-speed photograph of N2 and O2 plasma plume
has been captured by Andor DH340 camera in order to investigate the propagation
processes as shown in Fig. 8. The stable homogeneous plasma plumes are driven by the
plasma bullets as well as the APPJs. However, the plasma bullet of N2 has a longer tail
while the bullet of O2 is much shorter. In order to investigate the physical mechanism of
the length of the bullet, the discharge parameters have been changed and there are shorter
cases inN2 bullet aswell as longer cases inO2 bullet.When the applied voltage amplitude
is lower or the pressure is higher, the N2 bullet length deduces and when the pressure
is lower, the O2 bullet length increases as shown in Fig. 9. It need be mentioned that
the O2 bullet maybe increase with higher voltage while the longer O2 bullet with higher
voltage haven’t gotten due to the limit of the power supply. And in our experiments, the
frequency and the pulse width time have less influence on the length of bullet.

Fig. 8. High-speed photograph of the plasma plume at 1 × 103 Pa pressure (a) N2; (b) O2; the
voltage parameters is fixed as Ua = 8 kV, f = 4 kHz, tw = 1.6 µs.

The physical mechanism of bullet needs to be declared that the bullets seen by eyes
are lights emitted by the excited state particles. There are more excited state particles
behind the bullet head in N2 plasma bullet. We think the reason for this phenomenon
should be divided into two aspects. Firstly, there aremanymetastable states inN2 plasma.
The electrons behind the bullet head motivate the N2 metastable species to higher state
easily. The other is that the quantity of electrons behinds the bullet head in N2 discharge
is larger than that of in O2 discharge due to the attachment of O2 molecules.
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Fig. 9. High-speed photograph of the plasma plume at (a) N2 (1 × 103 Pa pressure, Ua = 3 kV,
f = 4 kHz, tw = 1.6 µs); (b) N2 (7 × 103 Pa pressure, Ua = 8 kV, f = 4 kHz, tw = 1.6 µs); (c)
O2 (1 × 103 Pa pressure, Ua = 8 kV, f = 4 kHz, tw = 1.6 µs).

In order to have an insight of the bullet propagation process, the averaged velocity of
bullet along the discharge tube can be calculated by the high-speed photograph. Figure 10
shows the averaged velocity changes with the gas pressure at different position. It can
be seen that the bullet has been accelerated firstly and then reduces when it propagates
along the tube. The averaged velocity at the same position reached the maximum value
at 100 Pa. The averaged velocity decreases with increasing of the pressure at the range
of 100 Pa to 3 × 103 Pa. The major difference is that the O2 bullet velocity increases
greatly after it left the anode electrode while the N2 bullet increases slightly. There is
an interesting phenomenon by comparing Fig. 10(a) and (b) that the averaged velocity
at the termination point is almost the same at the fixed pressure.
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Fig. 10. The averaged velocity of N2 and O2 plasma bullets versus position under different
pressure.

Fig. 11. The averaged velocity ofN2 andO2 plasma bullets versus position under different voltage
amplitude (a) and frequency (b).

The gas pressure of Fig. 11 is fixed at 1 × 103 Pa. In Fig. 11(a), the frequency
is fixed at 4 kHz and the pulse width is fixed as 1.6 µs. It exhibits that the averaged
velocity increases when voltage amplitude increases from 6 kV to 8 kV. But at the same
voltage, the velocity of O2 is larger than N2. The oxygen bullet has accelerated in a
longer distance. There are amount of positive space charges nearby the anode electrode
which reduce the applied electrical field, in return, the N2 bullet accelerates for a shorter
time. However, the amount of positive species is less than that of N2 so the O2 bullet
gets more electrical energy to accelerate.

Figure 11(b) shows the averaged velocity versuswith the frequency.With the increas-
ing of the frequency, the averaged velocity at the same position decreases and the distance
of the plasma bullet that can arrive reduces. At the same frequency, the velocity of N2
is less than that of O2. It should be mentioned the maximums of the velocity of the
bullet with 8 kHz are almost the same with those of the frequency is 7 kHz but velocity
decreases sharply after the acceleration phase especially for O2 discharge. How the O2
bullet velocity is affected by the frequency after the acceleration phase? This maybe
explained as following. The bullet is mostly driven by the space charges electrical field,
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so there are more residual species which can react with the space charges with f increas-
ing. For O2 gas, there are more O−

2 residued in the tube so the positive ions at the head
of the bullet recombine with O−

2 quickly resulting in the velocity decreases a lot.

4 Conclusion

When the pulsed power is fixed in almost the highest output parameters, we can get stable
and homogeneous nitrogen plasma and oxygen plasma inside the tube at pressure ranging
from 20Pa to 1× 104 Pa. The discharge morphology is similar to atmospheric pressure
plasma jets (APPJs). The plasma plume length can reflect the plasma volume and it is
important for material modification. There are four variable parameters to investigate the
plume length (gas pressure, voltage amplitude, frequency and pulse width). The length
of the plasma plume has the maximum value at 100–200 Pa. Besides, the plume length
under different voltage parameters has been investigated as well. With the amplitude
increasing, N2 plasma plume and O2 plasma plume increase almost linearly. However,
the length ofN2 andO2 plasma plume is inversely proportional to the frequency.With the
frequency is lower than8kHz, the lengthofN2 plasmaplume is larger than that of oxygen,
and after that, the length of O2 become larger. The pulse width plays important influence
on the plasma length. The length increases firstly and then reduces with increasing the
pulse width.When the pulse width is higher than 10µs, the length of O2 reduced sharply.

N2 and O2 plasma plume contains bright “bullet” from the high spatio-temporal
resolution photographs. However, the N2 “bullet” has a long tail differing from O2 at the
same discharge parameter. We explained this by the adsorption electron characteristic
of O2. And in order to prove the suspect, the long tail of O2 bullet appear with lower
pressure at higher voltage parameter.

The gas temperature simulated by the second positive system of N2(C3�u-B3�g)
is 330 K for N2 plasma at 100 Pa and 1 × 103 Pa, while it is 320 K and 330 K for O2
which is a little higher than the room temperature 300 K. But it is almost suitable for the
plasma medicine and other material application.
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Abstract. In this paper, the electrical performance of 225 kV electron gun is
optimized based on the avalanche theory of secondary electron emission. Due
to the electron gun shield, the Angle between the electric field direction of the
electron gun insulator and the insulator surface changes in positive and negative
directions. Different discussions should be made on the insulators in the acting
area of the shield and other areas. Bessel curve and spline curve were selected to
parameterize the model of insulator and shield. The ratio of normal electric field
and tangential electric field of insulator outer contour, integral value of tangential
electric field of insulator outer contour along the outer contour and maximum
field intensity of shield surface were taken as the optimization objective function,
and the Nelder-Mead approximate gradient algorithm method was used to solve
the problem. After optimization, the maximum electric field strength on the shield
surface is reducedby37.3%, thefield strength at the cathode triple junction (CTJ) is
reduced by 76.7%, and themaximumelectric field strength on the insulator surface
is reduced by 25.5%. The tangential electric field distribution on the insulator
surface is also optimized.

Keywords: X-ray · Electron gun · High Voltage Engineering · surface
flashover · Shape optimal design

1 Introduction

Electron gun is electron beam sources for X-ray nondestructive testing instruments,
electron beam lithography (EBL), high-power microwave tubes, accelerators, electron
beamwelding (EBW) and electron microscopy (EM), and it is an important part of these
devices [1, 2]. The electron gun works in a vacuum environment, and the electrons need
a high voltage to get enough speed for processing and testing. Therefore, the electrical
performance of insulators working under vacuum plays a crucial role in the performance
of equipment. Because the electron gun works at a high voltage, the gas breakdown
discharge [3, 4], surface flashover breakdown discharge [5] and partial discharge [6] will
affect the reliability and stability of the electron gun, and the insulator flashover discharge
along the surface is one of the main reasons to reduce the reliability and stability of the
electron gun. At present, although there is no definite explanation for the mechanism of
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surface flashover, the Secondary Electron Emission avalanche SEEA) model has been
widely accepted. [7, 8] and the Theory of electronically triggered polarization relaxation
(ETPR) [9–11]. Based on the secondary electron emission avalanche (SEEA) model,
this paper optimized the electric field distribution on the insulator surface to reduce the
secondary electron yield on the insulator surface, so as to improve the surface flashover
voltage.

Based on SEEAmodel analysis, we have designed the electron gun structure of 90 kV
microlocal X-ray source [12]. At present, the 225 kV electron gun is being developed.
With the increase of voltage, the shape of the electron gun insulator and the related
parts of the electron gun need to be optimized. Aiming at the application of electron gun
at 225 kV DC voltage, this study improves the electrical performance of electron gun
by optimizing the geometry of insulator and shield. Bessel curve [13] is used to draw
the outer contour of insulator, and spline curve is used to draw the shield contour for
parametric modeling. Finally, The Nelder-Mead approximate gradient algorithm [14]
was used to solve the minimum value of the selected objective function, in order to
obtain the best electrical performance of the geometric shape.

2 Analysis of Surface Flashover Phenomenon

2.1 Electron Gun Structure

shield

cavity wall

electrode

insulator

Cable rubber plug

0V

HV

Fig. 1. Triode electron gun structure.

In the previous study, a shield was added to reduce the electric field intensity at
the cathode triple junction and the emission phenomenon of initial electrons at the
cathode triple junction, but the influence of field emission electrons from the shield and
the shield on the electric field intensity distribution on the insulator surface were not
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considered. The electron gun is mainly composed of a gate assembly, an insulator and
a shield. As shown in Fig. 1, the head of the electron gun and the power supply are
connected by a high-voltage cable. The high-voltage cable head is made of standard
rubber material, which is used to discharge air and ensure the stability of electrical
properties. The high voltage cable head is connected to the filament, gate and shield
through electrodes. Insulators separate the cathode from the grounded part and serve to
connect and support the cathode. During the operation of the equipment, we observed
the discharge phenomenon between the shield and the insulator, and also found obvious
carbon marks on the surface of the insulator, as shown in Fig. 2. This study mainly
focuses on reducing the cathode triple junction field intensity and optimizing the shape
of the shield and insulator.

Fig. 2. The trail of destruction

2.2 Model of Flashover Discharge Introduction

The secondary electron emission Avalanche (SEEA) model [7, 8] believes that when
a high voltage is applied, the initial electron is usually emitted from the three junction
points of the cathode, and the initial electron hits the surface of the insulator, leading to the
secondary electron emission and doubling process. In the process of electron movement,
the current increase of various factors can be triggered. The process of desorption of the
gas on the insulator surface and generating the Townsend Townsend discharge, resulting
in flashover. The secondary electron emission Avalanche (SEEA) model [7, 8] believes
that when a high voltage is applied, the initial electron is usually emitted from the three
junction points of the cathode, and the initial electron hits the surface of the insulator,
leading to the secondary electron emission and doubling process. In the process of
electron movement, the current increase of various factors can be triggered. The process
of desorption of the gas on the insulator surface and generating a townlike discharge,
resulting in flashover.

As shown in Fig. 3, in this study, the electrode of the electron gun runs through the
insulator, which will have an impact on the direction of the electric field on the insulator
surface. However, for the part where the shield works, the shield is closer to the insulator
surface than the electrode, so the electric field intensity generated by the shield is larger.
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Therefore, the direction of the normal electric field strength in the part of the shield
acting is directed towards the shield. In this study, the point where the normal field
strength is 0 is the boundary, and the part where the normal electric field strength on the
insulator surface points to the shield is called the shielding shield acting section. Take
the Angle θ < 0 between the electric field intensity and the insulator surface. The part
of the normal field strength pointing to the axis is called the non-shield acting section.
Take the Angle θ > 0 between the electric field strength and the insulator surface. For
the shield acting section with θ < 0, the average energy injected into electrons when the
initial electrons reach the insulator surface again through the electric field action [15] is

A = A0

[
1 + 2

(
Et

En

)2
]

= A0

[
1 + 2(tan|θ |)−2

]
(θ < 0) (1)

A0 is the average emission energy of the initial electron; En is the normal electric field
intensity on insulator surface. Et is the tangential electric field intensity on insulator
surface; θ is the Angle between the electric field intensity and the insulator surface.
According to formula (1), when θ < 0, increasing the value of θ in the acting part of
the shield can effectively reduce the energy of the initial electrons to reach the insulator
surface again, so as to reduce the secondary electron production. However, in practice,
for θ < 0, the larger the value of θ does not necessarily mean the larger the flashover
voltage. According to the study ofYuKaikun et al. [16] andXunT et al. [17], when θ is−
45°, the flashover voltage along the surface is the highest. For the part θ > 0, increasing
the Angle θ between the electric field intensity inside the non-shielding shielding section
and the insulator surface can reduce the probability of electron collision on the insulator
surface.

Fig. 3. Schematic diagram of electric field distribution of electron gun with shield
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Fig. 4. Schematic diagram of flashover of electron gun with shield

As shown in Fig. 4, in the process of flashover discharge initial electronic sources
can be divided into two parts, one is the cathode three point (CTJ) produced by the
initial electron in θ < 0 of the electric field under the action of once again return to the
surface of the insulator, secondary electron hitting the insulator surface, and then under
the action of electric field, the secondary electron is once again return to the surface of
the insulator, The electron avalanche spreads to the vicinity of the insulator surface with
θ = 0, and as the initial electron strikes the non-shield acting section of the insulator
surface with θ > 0, causing flashover along the surface. Second, from the microscopic
point of view, the surface of the shield has many tiny bumps, and the electric field
intensity at the bumps is very large, which may lead to the emission of initial electrons
from the tip of the shield, and the initial electrons fall near the surface of the insulator
with θ = 0, causing flashover along the surface.

According to the Secondary electron emission Avalanche (SEEA) model and the
electric field distributionmodel of electron gun in this study, the optimal design principles
of insulator and shield of HV electron gun in vacuum are as follows:

1) Reduce initial electron emission;
2) Inhibition of secondary electron generation;
3) Make the electric field distribution along the insulator surface uniform;
4) Reduce the difficulty of mechanical processing appropriately and consider the

economy and rationality of mechanical structure.

2.3 Analysis of Electric Field of Electron Gun

In this study, the high-voltage electron gun works in a high-voltage DC environment and
can be analyzed by electrostatic field finite element method. When building the model,
the thread at the connection is ignored, the filament electrode is simplified as a cylindrical
copper pole, and the simplified shape of the cable junction is replaced by a flat cylinder.
The boundary conditions set the cavity wall as a ground potential, and the electrode, gate
and shield as a potential of −225 kV. In the electrostatic field simulation calculation,
the relative permittivity of each component material is 1.0 for vacuum material, 2.5
for PEEK material, and 3.0 for rubber material. In order to calculate the permittivity of
metal conductor, it is usually set to 1.0. COMSOLMultiphysics finite element simulation
software was used to simulate the electrostatic field. The electric field distribution of
electrostatic field finite element calculation results is shown in Fig. 5 and Fig. 6, and
the maximum field intensity is 2.8e7 V/m at the outermost edge of the shield. As shown
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Fig. 5. Electrostatic field simulation electric field distribution diagram

Fig. 6. Electric field curve of shield surface

Fig. 7. Electric field distribution curve on insulator surface
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Fig. 8. The ratio of the normal electric field to the tangential electric field on the insulator surface

in Fig. 7, the electric field intensity at the three junction points of the cathode is 3.0e6
V/m, and the maximum electric field intensity on the insulator surface is 5.5e6 V/m.
The minimum tangential electric field intensity of the insulator surface on the upper part
of the shield is 0.49e6 V/m, and the maximum is 1.7e6 V/m. In this study, the vertical
height between the cathode triple junction point (CTJ) and the insulator surface where
the normal electric field is 0 V/m is called the shielding shield acting section. As shown
in Fig. 8, the ratio of normal electric field to tangential electric field has a maximum
value of 5.5.

According to the simulation results, in order to obtain better electrical performance
of the high-voltage electron gun, we can reduce the field strength of the cathode triple
junction point and the shielding cover, reduce the ratio of the normal electric field to
the tangential electric field of the shielded section of the insulator surface, reduce the
tangential electric field of the non-shielded section of the insulator surface, and increase
the Angle θ between the electric field strength and the insulator surface. Increases the
difficulty for electrons to fall to the insulator surface again.

3 Parametric Modeling

3.1 Insulator Shape Design

In order to ensure the smooth and continuous geometry of insulator outer contour and
make the field intensity evenly distributed, Bessel curve is selected as insulator outer
contour. Bessel curve is a basic tool of computer graphics image modeling and one of
the most widely used basic lines [12]. It can control the geometry of insulators with the
least number of variables on the premise of meeting the shape requirements. As shown
in Fig. 9, four points P1 (starting point), P2, P3 (middle point) and P4 (cut-off point)
control the shape of the curve, and the curve expression is shown in Eq. (2).

B(t) = P1(1 − t)3 + 3P2t(1 − t)2 + 3P3t
2(1 − t) + P4t

3, t ∈ [0, 1] (2)
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P1

P2

P3 P4

Fig. 9. Bessel curve

Fig. 10. Parametric modeling of insulator

As shown in Fig. 10, d is the diameter of the end of the insulator near the cathode;
D is the diameter of the end of the insulator near the ground; h is insulator height; α is
the insulator shape parameter; δu is the initial Angle of the end of the insulating surface
near the cathode; On δo is the initial Angle of the end of the insulating surface near the
ground. According to the parameterized model in Fig. 8, the positions of the four points
in the r-z coordinate system are determined as

P1(0.5d , 0)
P2(0.5d + αhtan(δu), αh)
P3(0.5D − (1 − α)htan(δo), (1 − α)h)
P4(0.5D, h)
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3.2 Shield Design

(See Fig. 11).

Fig. 11. Parametric modeling of shield

Where α, β, γ are the shape parameters of the shield. Under δu is the Angle of the
end of the insulator surface near the cathode; d is the diameter of the end of the insulator
near the cathode;�gas is the air gap between the shield and the insulator surface; L is the
horizontal distance between the starting point and the ending point of the spline curve
of the shield; l is the distance between the furthest point of the shield and the starting
point of the spline curve. H is the height of the straight-line part of the shield.

The parameter modeling of the shield part is divided into two parts. The first part
is a straight line, which is controlled by parameters H and δu. . The second part is the
spline curve, which controls the shape by the position of the four points, the tangential
direction of the starting point of the spline and the curvature of the end point (Fig. 12).

Fig. 12. Spline curve control point

The position of the first part in the r-z coordinate system is

P1
(
0.5d + �gas, 0

)
P2

(
0.5d + �gas + Htan(δu),H

)
The position of the second part in the r-z coordinate system is

P2
(
0.5d + �gas + Htan(δu),H

)
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P3
(
0.5d + �gas + Htan(δu) + βl, (1 + α)l

)
P4

(
0.5d + �gas + Htan(δu) + l, γ (1 + α)l

)
P5

(
0.5d + �gas + L, 0

)
The tangent value of the starting point of the spline curve is tan(δu). The curvature

of the end point of the spline curve is zero.

4 The Selection and Solution of Objective Function

4.1 The Selection of the Target Function

In this study, the electrical performance of the electron gun is improvedmainly by reduc-
ing the field-induced electron emission from the shield and suppressing the generation
of secondary electron emission from the insulator surface.

According to the above description, in order to increase the flashover voltage, it is
necessary to inhibit the generation of secondary electrons so that no “electron avalanche”
can occur on the insulator surface. For the case of θ < 0, the value of θ should be close
to −45° to reduce the energy of electrons hitting the insulator surface and inhibit the
generation of secondary electrons. For the case that θ > 0, the tangential electric field
value of the non-shield acting section on the insulator surface can be reduced to increase
the value of θ , which makes it more difficult for electrons to fall on the insulator surface
again.

In conclusion, the shield acting section of θ value will affect the effect of shield,
by optimizing the insulator outer contour line on the tangential electric field arc long
integral value to control the tangential electric field distribution, on the premise of ensure
uniform electric field, increase the unshielded shield acting section of θ value, increase
the flashover voltage.

f = q
∫
L
Et(r, z)dl + w

(∣∣∣∣max

(
En(r, z)

Et(r, z)

)
− tan

(
45◦)∣∣∣∣

)
+ max(Es(r, z)) (3)

According to the above views, the objective function is summarized as shown in Eq. (3),∫
L Et(r, z)dl is the integral of the tangential electric field along the outer contour of the

insulator; max
(
En(r,z)
Et(r,z)

)
is the maximum value of the ratio of the tangential electric field

to the normal electric field in the shield acting section; max(Es(r, z)) is the maximum
electric field intensity on the shield surface;L is the outer contour line of insulator surface;
q and w are the weighting coefficients of the objective function, In this study, in order
to make the smaller components of the objective function not be masked by the larger
components, q is 50 and w is 1.0e8. En(r, z) is the normal electric field on the insulator
surface; Et(r, z) is the tangential electric field on the insulator surface; Es(r, z) is the
electric field on the surface of the shield. At the same time, the maximum electric field
intensity of all parts shall not exceed 1.0e9 V/m; The maximum diameter of insulator is
not more than 96 mm; The maximum curvature of the outer contour of the shield shall
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not be greater than 0.5 mm−1. Therefore, the optimization model is shown in Eq. (4).

minf = min
(
q

∫
L Et(r, z)dl + w

(∣∣∣max
(
En(r,z)
Et(r,z)

)
− 1

∣∣∣) + max(Es(r, z))
)

s.t. Eall ≤ 1.0 × 109 V · m−1

max(rL) ≤ 48 mm
ρs ≤ 0.5 mm−1

(4)

4.2 Nelder-Mead Approximate Gradient Algorithm and Procedure

After the model is established, it is difficult to find the gradient relationship between
geometric parameters and the objective function. Nelder-Mead approximate gradient
algorithm can solve this problem well. Nelder-Mead approximate gradient algorithm
is a heuristic algorithm, although the efficiency is lower than the gradient algorithm,
but does not need the strict gradient relationship between variables and the objective
function. The solution process of Nelder-Mead approximate gradient algorithm [14] is
shown in Fig. 13.

Fig. 13. The Nelder-Mead Simplex Procedure for Function Minimization

5 Optimization Results and Discussion

5.1 Optimized Insulator and Shield Electrical Performance

After calculation and analysis, the optimization results are shown in Tables 1 and 2.
The optimized electric field distribution is shown in Figs. 14 and 17. The maximum
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field strength is 1.8e7 V/m at the outermost edge of the shield, which is reduced by
37.3% compared with that before optimization. As shown in Fig. 15, the field strength
of the cathode triple junction is 0.7e6 V/m, which is 76.7% lower than that before
optimization, and the maximum field strength of the insulator surface is 4.1e6 V/m,
which is 25.5% lower than that before optimization. The minimum tangential electric
field on the insulator surface of the non-shield acting section is 0.3e6 V/m, and the
maximum tangential electric field on the insulator surface is 1.6e6 V/m, which decreases
slightly compared with that before optimization. As shown in Fig. 16, the maximum
ratio of normal electric field to tangential electric field after optimization is 1.1, and
the proportion of the length of θ between −40° and −50° in the shield acting section
increases from 4.6% before optimization to 38.8%, closer to θ = −45°. The electrical
performance of the optimized electron gun has been greatly improved, which indicates
the feasibility of the optimization method. After obtaining the preliminary results of
optimization, the difficulty of machining is also considered, so the calculated geometric
structure is changed, and the optimal solution is obtained under the premise of taking
into account the economic and electrical performance (Table 3).

Table 1. Optimization results of insulator geometry structure

Parameter Calculation results Unit

d 68 mm

D 90 mm

h 160 mm

α 0.5 1

δu 0.068642 rad

δo 0.068642 rad

Table 2. Optimization results of shield geometry structure

Parameter Calculation results Unit

α 0.3 1

β 0.3 1

γ 0.62 1

�gas 6 mm

L 9 mm

l 12 mm

H 15 mm
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Table 3. Comparison of electrical performance before and after optimization

Optimizing index Before optimization After Optimization Unit

Maximum electric field strength of shield 2.8e7 1.8e7 V/m

Electric field strength of CTJ 3.0e6 0.7e6 V/m

Maximum electric field intensity on
insulator surface

5.5e6 4.1e6 V/m

Minimum tangential electric field intensity
on insulator surface

0.49e6 0.3e6 V/m

The tanθ value of the acting section of the
shield

5.5 1.1 1

The proportion of the length of θ from −40°
to −50° in the action section of the shield

4.6% 38.8% 1

Fig. 14. Electric field distribution diagram of electrostatic field simulation after optimization

Fig. 15. Electric field distribution curve on insulator surface after optimization
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Fig. 16. Ratio of normal electric field to tangential electric field on insulator surface after
optimization

Fig. 17. Electric field curve of shield surface after optimization

5.2 Influence of Different Parameters on the Electrical Properties of Insulators
and Shields

As shown in Fig. 18, the ratio of normal electric field to tangential electric field on
insulator surface decreases with the increase of parameters �gas and l, mainly because
the normal electric field between air gaps is reduced. As δu increases, the vertical distance
between the air gaps decreases so that the ratio of the normal electric field to the tangential
electric field increases. The maximum electric field intensity at the shield increases with
the increase of �gas, which is mainly caused by the shortening of the distance between
the outermost edge of the shield and the cavitywall. Themaximum electric field intensity
of the shield decreases with the increase of δu and H , mainly because the contour of
the shield is changed, which leads to the decrease of the curvature of the shield surface.
Increasing l reduces the distance between the shield and the cavity wall, so the electric
field intensity of the shield increases, but increasing l also reduces the curvature of the
shield, so the field intensity of the shield decreases. According to the calculation results,
increasing l will lead to the decrease of the electric field strength of the shield. For this
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Fig. 18. Effect of parameter variation on electrical properties of insulators and shields (a) �gas
Impact on Electrical Performance (b) δu Impact on Electrical Performance (c) H Impact on
Electrical Performance (d) l Impact on Electrical Performance

shield, the change of the curvature of the shield has a greater impact on the electric field
strength than the change of the distance.

6 Conclusion

(1) This paper analyzes the electric field distribution of the electron gun with a shield.
The optimization problem is divided into θ < 0, which is called shield acting
section, and θ > 0, which is called non-shield acting section. Different methods
should be used to optimize different insulator parts. The optimization is mainly
carried out from the following three parts: 1) tanθ value of the insulator surface in
the acting section of the shield. 2) Integral value of tangential electric field along
the outer contour of insulator. 3) The maximum electric field intensity of the shield.
The objective function is obtained and the constraints are determined.

(2) A parametric model is established for the high voltage electron gun under 225 kV
DC high voltage environment. Bessel curve and spline curve are used to control the
geometry of insulator and shield with the least number of variables on the premise
of meeting the parameter requirements. At the same time, Bessel curves and splines
make the geometry smooth and continuous. TheNelder-Mead approximate gradient
algorithm is used to solve the objective function, which can be calculated without
the first order gradient or second order gradient. The algorithm does not require the
objective function to be smooth.

(3) In this study, the optimization method mainly considers improving the gas break-
down voltage of insulator-shield and reducing the occurrence of flashover on insula-
tor surface. After optimization, the maximum field strength of the shield is reduced
by 37.3%, The field strength at the cathode triple junction point is reduced by
76.7%, The maximum electric field intensity on the insulator surface decreases by
25.5%, The tangential electric field on the insulator surface of the non-shield acting
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section decreased slightly, and the maximum ratio of the normal electric field to the
tangential electric field in the shield acting section was optimized to 1.1.
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Abstract. In this paper, a mathematical model of DC gliding arc plasma was
established based on magneto-hydrodynamic theory (MHD), and the finite ele-
ment software COMSOL was used to solve the coupling process of electromag-
netic field, temperature field and velocity field. The effects of flow rate, electrode
throat and voltage on the gliding arc velocity, temperature and current density
distribution were studied. The results show that the gliding arc discharge presents
a cyclic process of arc breakdown, elongation, disappearance, and re-breakdown.
The flow rate has a significant effect on the arc characteristic distribution, and the
gas blowing makes the arc discharge appear “arc shape”. When arc breakdown,
the arc temperature and current density have the maximum value at the electrode.
As the arc gradually stabilizes to form an arc column, the maximum moves to the
center of the arc column and gradually decreases along the radial direction. As
the flow rate increases, the maximum velocity increases, while the temperature
and current density decreases. With the electrode throat gap narrowing, the tem-
perature and current density reach the maximum quickly. It only needs 0.4 ms to
reach the maximumwhen gap is 2 mm. And the smaller the gap, the easier it is for
the arc to re-breakdown. The temperature and current density increase with the
voltage. This work reveals the motion characteristics of the gliding arc between
the electrodes. The influence of characteristic parameters on gliding arc plasma is
clarified. It provides a certain basis for optimizing the structure of the gliding arc
reactor.

Keywords: Gliding arc discharge · Plasma ·MHD · Multiphysics ·Movement
characteristics

1 Introduction

Plasma, a system composed of a large number of charged and neutral particles, has
received much attention in recent years and plays an important role in biomedicine [1],
materials processing [2, 3], energy conversion [4, 5], pollutant degradation [6, 7], and
environmental protection [8]. At present, the more mature low-temperature plasma jet
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and jet array technologies have good treatment effects in the above-mentioned fields.
However, they have the disadvantages of small treatment area and uneven treatment area.
The gliding arc discharge (GAD), as a way to generate plasma at atmospheric pressure
[9], has a simple generation device, long electrode life, and a wide operating range (i.e.,
pressure range is Torr-atm and above, and the arc current is mA–A). It can generate a
wide plasma in open space, thus increasing the plasma treatment area and improving the
treatment efficiency. It has been successfully applied to plasma-assisted gas treatment
in chemical and environmental protection fields [10, 11].

Many researchers have done a great deal of research on gliding arc plasma because
of its broad range of applications and exceptional benefits. In terms of experiment, He
et al. [12] investigated the effects of electrode expansion angle and air flow rate on the
gliding arc discharge characteristics, and examined the influence of power supply voltage
magnitude on the development of the accompanying breakdown gliding discharge mode
to the stable gliding discharge mode. Sun et al. [13] explored the effect of air gas flow
rate on the percentage of the two modes. Chen et al. [9] studied the effect of different
gas composition addition on the nitrogen gliding arc discharge. Sun et al. [14] analyzed
the arc motion mode of gliding arc. In terms of numerical simulation, Wang et al. [15]
studied the discharge characteristics of the gliding arc. The results show that the arc axis
temperature could reach 5700–6700 K. Zhao et al. [16] used magneto-hydrodynamic
theory to establish the mathematical model of DC arc plasma and simulated the charac-
teristics of the multi-physics field distribution of the arc plasma. Liu et al. [17] compared
the characteristics of AC and DC vacuum arc plasma and found that the AC arc and DC
arc plasma parameters distribute similarly under the same current excitation. And the
AC arc is easier to be opened and broken because its energy decreases faster. Chen et al.
[18] studied the numerical simulation of DC arc plasma torch and found that the highest
value of the plasma temperature appeared near the cathode and decreased with the axial
distance. The working gas flow rate has little effect on the temperature distribution inside
the torch.

At present, most of the numerical simulations are carried out only for the arc plasma
torch. It has fewer simulations for the physical characteristics of the two-dimensional
gliding arc, transient motion processes, etc. Therefore, in order to better understand the
motion characteristics of the gliding arc, this paper constructed a two-dimensional model
of the gliding arc discharge plasma by the magneto-hydrodynamic equation. The motion
characteristics of the sliding arc between the electrodes was simulated. The influence
of the characteristic parameters on the gliding arc plasma was clarified. It provides a
certain basis for optimizing the structure of the sliding arc reactor.

2 Arc Modeling and Simulation

2.1 Geometry Model

The simulation geometry model used in this paper is shown in Fig. 1. A knife-shaped
copper electrode model is used, setting AF as the cathode, BC as the anode, AB as the
fluid inlet and DE as the fluid outlet. The electrode throat is set as 2–6 mm.
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Fig. 1. Gliding arc simulation geometry model

2.2 Model Assumptions

The arc can usually be divided into three parts, namely cathode area, arc column area and
anode area [19]. The generation of the arc plasma is an extremely complex process. In
order to simplify the computational process and reduce the complexity of the simulation
analysis, the following assumptions are made [20–23]:

1) The arc plasma is in local thermodynamic equilibrium state.
2) The gas density, viscosity, specific heat capacity, thermal conductivity, electrical

conductivity and other physical parameters are only a function of temperature.
3) The arc plasma is a constant flow and two-dimensional distribution.
4) The plasma arc is in a laminar flow state and incompressible.
5) The influence of the sheath layer in the electrode region is ignored.

2.3 Boundary Conditions

The simulation boundary conditions are set as follows.

1) Fluid heat transfer conditions: The electrode is set as solid. The fluid is set as argon.
The inlet and outlet temperatures of the fluid domain are set as 293.15 K. And the
rest of the surface is thermally insulated.

2) Pressure boundary conditions: The upper boundary is set as the fluid outlet with a
pressure value of 1 atm. The lower boundary is the fluid inlet with different inflow
velocities. The electrode boundary is set as a non-slip boundary condition.

3) Voltage boundary conditions: The left electrode boundary is set as cathode. The right
electrode boundary is set as anode. A DC voltage is applied to the cathode, and the
ballast resistance Rb is set as 1000 �. Current conservation is observed in all areas.
And the whole outer boundaries are electrically insulated.
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2.4 Simulation Scheme

The following simulation calculation scheme was used to examine the impacts of inlet
gas flow rate, electrode throat, and excitation voltage on the features of the arc parameters
(Table 1).

Table 1. Simulation scheme

number Inlet gas flow rate (m/s) Electrode throat (mm) Excitation voltage (V)

1 3, 5, 7, 9 5 3700

2 5 2, 3, 4, 5, 6 3700

3 5 5 3500, 3600, 3700, 3800, 3900,
4000

3 Results and Discussions

3.1 Simulation Model Validation

Figure 2 shows the shape of the gliding arc discharge and the change of its motion
process when the electrode throat is 2 mm and the inlet gas flow rate is 5 m/s. Arc
breakdown, elongation, disappearance, and re-breakdown are all observed. Firstly, a
short conductive path is formed in the electrode throat, that is, the arc breakdown. And
then the arc slides upward along the electrode and arc is gradually elongated. This process
is called arc elongation. Finally, the arc breaks and disappears. And a conductive path
appears at the electrode throat. This process is essentially identical with the arc discharge
shape captured by high-speed photography in the literatures [24, 25], demonstrating the
accuracy of the model presented in this research.

Fig. 2. Gliding arc discharge process
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3.2 Velocity Field

Figure 3 shows the maximum inter-electrode velocity versus time curves for different
inlet gas rates, different electrode throats and different excitation voltages for the blade
type electrodes.Thevariationof inter-electrodemaximumvelocitywith time for different
inlet gas flow rates at 5 mm electrode throat and 3700 V excitation voltage is shown
in Fig. 3a. The results show that the larger the inlet flow rate, the bigger the maximum
velocity between electrodes. Themaximumvelocity between electrodes can reach 21m/s
when the inlet flow rate is 9 m/s.When the excitation voltage is 3700 V and the inlet flow
rate is 5 m/s, the maximum velocity between electrodes under different electrode throats
varieswith time as shown inFig. 3b. Themaximumvelocity between electrodes increases
with the electrode throat spacing. This is because the shortening of the electrode throat
increases the degree of gas flow compression, which leads to the increase of velocity.
When the spacing is 2 mm, the maximum velocity shows a periodic change, which is
mainly due to the arc re-breakdown and it will be analyzed in detail later. When the inlet
air flow rate is 5 m/s and the electrode throat is 5 mm, the maximum velocity between
electrodes with different excitation voltages varies with time as shown in Fig. 3c, and it is
found that the voltage has almost no obvious effect on themaximum velocity, whichmay
be caused by the small excitation voltage range selected. In order to further investigate
whether the excitation voltage influences the velocity, this paper also selected a voltage

Fig. 3. Plot of the maximum velocity versus time. (a) different inlet gas rates; (b) different
electrode throats; (c–d) different voltages
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of 1000–4000 V for simulation calculation, as shown in Fig. 3d, the results show that
the larger the voltage, the faster the maximum velocity is reached.

In order to observe the maximum velocity change between the electrodes more
intuitively, the velocity streamline distribution cloud diagram is given when the inlet
flow velocity is 9 m/s, the electrode throat spacing is 5 mm, and the excitation voltage is
3700 V, shown as Fig. 4a. The fluid velocity in the throat presents the maximum, about
21 m/s. With the increase of time, the velocity distribution is similar to the jet. And the
velocity gradually decreases along the radial direction at the tail of the flow. The flow
process of fluid between electrodes can be regarded as in the Laval nozzle. Due to fluid
inertia, the fluid mass does not immediately adhere to the wall, but leaves the wall at the
sudden expansion of the pipe. Therefore, a vortex flow appears [26]. Figure 4b shows
the isobaric distribution cloud. It shows that there is a pressure difference at the throat.
And under the action of the pressure difference, the fluid accelerates along the direction
of the pressure gradient. So the velocity is maximum at the throat.

t=1ms t=2ms t=3ms t=4ms t=5ms

(a)
t=1ms t=2ms t=3ms t=4ms t=5ms

(b)

Fig. 4. (a) Velocity flow line distribution cloud (b) Isobaric distribution cloud

3.3 Temperature Field

The arc temperature generally in the range of 3000–20000 K [16, 18, 27–29], is one of
the important parameters of the arc. The maximum arc temperature calculated by the
model in this paper is about 7500K, which verifies the correctness of themodel. Figure 5
depicts the graphs of the maximum temperature between the blade electrodes with time
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for different inlet flow rates, different electrode throats, and different excitation voltages.
It can be seen that the arc temperature basically reaches the maximum value within 1 ms
and then is keeps in a relatively stable state. This is because after the voltage is applied
to the electrodes, the argon between the electrodes is ionized by strongly heated. And
under the action of electric field, the cation moves toward the cathode, and the anion and
free electron move toward the anode. A large number of strong particle collisions occur,
resulting in a high temperature arc between the electrodes. Subsequently, the arc is in a
stable burning state under the maintenance of voltage.

Fig. 5. Plot of maximum temperature versus time (a) different inlet flow rates (b) different
electrode throats (c–d) different voltages

When the electrode throat is 5 mm and excitation voltage is 3700 V, different inlet
gas flow rate between the electrode maximum temperature change with time is shown
in Fig. 5a. When the inlet gas flow rate is 9 m/s, the arc temperature will appear large
fluctuation, in 3.7 ms–4.7 ms.It is caused by the arc re-breakdown. When the flow rate
is 7 m/s, it also begins to appear this phenomenon at 4.5 ms. And the larger the inlet
gas flow rate, the shorter the arc re-breakdown time. When the excitation voltage is
3700 V and inlet gas flow rate is 5 m/s, different electrode throat between the electrode
maximum temperature change with time is shown in Fig. 5b. When the electrode throat
is 2 mm, the temperature will appear to fall and then rise at 2.5 ms. It is caused by the arc
re-breakdown. When the electrode throat is 3 mm, it will also appear this phenomenon
at 4 ms.It indicates that the smaller the electrode throat, the earlier the arc re-breakdown
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occurs. When the electrode throat is 5 mm and inlet gas flow rate is 5 m/s, different
excitation voltage between the electrode maximum temperature variation with time is
shown in Fig. 5c. The arc temperature is basically not affected by voltage in the range
of 3500–4000 V. In order to show the relationship between voltage and arc temperature
more clearly, arc temperature changes with the voltage of 1000–4000 V is shown in
Fig. 5d. When the voltage is 1000 V, the gas is not breakdown. The temperature of
the electrode boundary is also small, indicating that no arc generation at small voltage.
When the voltage reaches a certain value, an arc will be generated. And the higher the
voltage, the faster the arc temperature reaches a stable value. However, when the voltage
exceeds 3500 V, the arc temperature is little affected by the voltage.

The arc re-breakdown phenomenon is shown in Fig. 6. Figure 6a shows the arc
temperature distribution cloud when the electrode throat is 5 mm, the excitation voltage
is 3700 V, and the inlet gas flow rate is 9 m/s. The temperature of arc plasma presents
“arc” distribution. The arc plasma maximum temperature is at the cathode during the
arc breakdown stage. And as the arc gradually stabilizes to form an arc column, the
maximum value moves to the center of the arc column, and the temperature gradually
decreases along the radial direction. A new arc can be seen at 4.7 ms. This is because the
fluid has the effect of blowing arc. On the one hand, it can accelerate the heat diffusion
and reduce the arc temperature. The original arc temperature drops rapidly before the
generation of the new arc channel. On the other hand, it can accelerate the arc elongation
process. The arc voltage rapidly increases, causing the arc to re-breakdown. Therefore,
in order to obtain a stable arc plasma, the inlet gas flow rate should not be too large,
and the electrode throat should not be too small. When the electrode throat is 2 mm,
the excitation voltage is 3700 V and the inlet gas flow rate is 5 m/s, arc temperature
distribution cloud is shown as Fig. 6b. It can be seen that in the process of arc elongated,
the arc burns steadily and the arc column temperature remains basically unchanged.
While at the periphery of the arc, the temperature decreases along the radial direction
according to a certain gradient under the effect of heat transfer.

 t=0.5ms t=2ms t=4ms t=4.7ms t=0.5ms t=2ms t=3.2ms t=4.5ms 

(a) (b)

Fig. 6. arc temperature distribution cloud (a) u = 9m/s, U = 3700V, d = 5 mm (b) d = 2 mm, U
= 3700V, u = 5 m/s

In addition, this paper investigates the difference of arc starting time under different
conditions, seeing Fig. 7. When the excitation voltage is 3700 V and inlet gas flow rate is
5m/s, different electrode throat corresponding to the arc starting time is shown in Fig. 7a.
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The results show that the arc starting time is proportional to the electrode throat spacing
when both the excitation voltage and the inlet gas flow rate are fixed. Figure 7b shows
the arc starting time corresponding to different excitation voltages when the electrode
throat spacing is 5 mm and the inlet gas flow rate is 5 m/s. The results show that the arc
starting time is inversely proportional to the excitation voltage when both the electrode
throat spacing and the inlet gas flow rate are fixed. From the principle of arc generation,
a large number of electrons will be gathered on the cathode plate after applying a certain
voltage. Then the electrons fly to the anode at high speed under the action of electric
field and strike the argon atoms, thus producing ions and free electrons. Among them,
the cations move towards the cathode, and the anions and free electrons move towards
the anode. And an arc starts to be generated between the electrodes under the effect
of strong collision. Therefore, when the excitation voltage is certain, the shorter the
electrode throat, the faster the ions and electrons collide with the cathode, the earlier the
arc appears.When the electrode throat is fixed, the higher the voltage, the more electrons
the cathode emits under the action of the electric field, the faster the electrons move to
the anode direction, thus accelerating the formation of the arc.

Fig. 7. Arc starting time under different conditions (a) different electrode throats; (b) different
excitation voltages

3.4 Electric Field

From J = σE, it is known that the current density is approximately proportional to the
electric field. And the current density provides energy for the formation of the arc. and
it has a large effect on the distribution of arc characteristics [16]. Figure 8 shows the
maximum current density between the blade electrodes with time for different inlet gas
flow rates, different electrode throats, and different excitation voltages. It can be seen that
under different conditions, the current density sharply increases first and then decrease,
stabilized at last. The trend can be explained by the arc voltage-current graph. Figure 9
is the arc voltage-current diagram when the inlet gas flow rate is 5 m/s, the electrode
throat is 5 mm and the electrode voltage is 3700 V. The arc voltage decreases rapidly at
0.73 ms, the current rises rapidly. The gas is broken down to form an arc. Due to current
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density refers to the current per unit area, the arc current density increases rapidly with
current. After 0.73 ms, the current density starts to decrease because of the arc current
starts to reduce. The arc voltage-current diagram obtained in this paper is consistent with
the literature [30], which again verifies the correctness of the model.

Fig. 8. Plot of maximum current density versus time (a) different inlet gas flow rates (b) different
electrode throats (c-d) different voltages

Fig. 9. arc voltage - current diagram, U = 3700 V, d = 5 mm, u = 5 m/s
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When the electrode throat is 5 mm and excitation voltage is 3700 V, different inlet
flow rate between the electrode maximum current density with time is shown in Fig. 8a.
After the current density tends to stabilize, the greater the inlet flow rate, the bigger
the current density. The current density of 9 m/s and 7 m/s appears peak at 3.8 ms and
4.8 ms, respectively. This is due to the limitations of the model space structure. Before
the arc being blown off, the top of the arc will gather at the exit cross-section. At this
time the charge accumulates rapidly. The current density rises rapidly and appears peak.
Thereafter, the arc disappearance and re-breakdown at about 4.7 ms. The current density
distribution is consistent with the distribution of the first arc start. And this phenomenon
also occurs at 7 m/s. When the excitation voltage is 3700 V and inlet gas flow rate is
5 m/s, different electrode throat under the electrode maximum current density changes
with time is shown in Fig. 8b. When the electrode throat is 2 mm, the current density
trend is the same as the first arc. So as the electrode throat is 3 mm. This is because the
arc re-breakdown occurs during this time. When the electrode throat is 5 mm and the
inlet gas flow rate is 5 m/s, different excitation voltage between the electrode maximum
current density with time is shown in Fig. 8c. The voltage and current density have no
obvious relationship. In order to show the relationship between the two more clearly,
the voltage range was expanded to 1000–4000 V shown in Fig. 8d. The results shows
that the higher the excitation voltage, the higher the current density. The current density
is 0 A/m2 at the excitation voltage of 1000 V. And the gas is not penetrated. There is no
conductive path formed in the throat. That is, no arc generation.

In addition, this paper also compares the arc cycle under different inlet gas flow
rate and electrode throat spacing at 3700 V, shown as Fig. 10. When the electrode throat
spacing is 2 mm and inlet gas flow rate is 5 m/s, the arc cycle is about 2.8 ms. As the inlet
gas flow rate increases to 7 m/s, the cycle is correspondingly shortened to about 1.6 ms.
Under the condition of fixed voltage and electrode throat spacing, the larger the inlet gas
flow rate, the shorter the arc cycle. When the inlet gas flow rate is 7 m/s, the arc cycles
of 2 mm and 5 mm electrode throat spacing are 1.6 ms and 5 ms respectively, which
shows that the arc cycle shortens as the electrode throat spacing decreases. Therefore,
in order to get a stable combustion of the gliding arc, the inlet gas flow rate should not
be too large, and the electrode throat spacing should not be too small.

Fig. 10. Different conditions of the arc velocity, temperature and time variation graph
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4 Conclusion

In this paper, the argon arc discharge is simulated based on a simplified geometric
model with a magneto-hydrodynamic theory, coupled with the electric field equations
and considering the gas heat transfer conditions. The conclusions are as follows:

1) The gliding arc discharge presents a cyclic process of arc breakdown, elongation,
disappearance and re-breakdown. The arc cycle is correspondingly shortened as the
inlet gas flow rate increases and the electrode throat spacing decreases.

2) The inlet air velocity has obvious influence on the arc characteristic distribution.
The air velocity drives the arc to glide upward along the electrode, which makes
the arc plasma temperature and current density show “arc shape” distribution. The
arc plasma temperature and current density are maximum at the cathode during the
arc breakdown stage. And as the arc gradually stabilizes to form an arc column, the
maximum value moves to the center of the arc column. The temperature and current
density gradually decrease along the radial direction.

3) As the flow rate increases, the maximum velocity increases, the temperature and
current density decreases. With the narrowing of the electrode throat gap, the tem-
perature and current density reaches the maximum faster. And the smaller the gap,
the easier the arc to re-breakdown. The temperature and current density gradually
increase with voltage. When the voltage is higher than 3000 V, the change is not
obvious.

4) In order to get a stable burning arc, the inlet gas flow rate should not be too large,
the electrode throat spacing should not be too small.
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Abstract. The value of electric field in the ionization region of positiveDCcorona
discharge is a key parameter that affects the accurate calculation of ground electric
field of UHVDC transmission line. In order to research on the measurement of the
electric field in positiveDCcorona ionization zone,we established an experimental
observation system of emission spectrum of positive corona discharge in the rod
to plate air gap under atmospheric pressure. The gas temperature and the spatial
distribution of excited particles of N2

+(FNS,0–0), N2(SPS,0–0) and N2(SPS,2–
5) in the ionization zone under different DC voltages were obtained, where the
electrode radius is 3 mm. From the measurement results, it is noted that with
voltage increase the corona ionization layer thickness tends to be constant and the
spectral line ratio of N2

+ and N2 decreases. To obtain quantitative relationship
between the electric field and the spectrum line ratio, a fluid model with 29 species
and 135 chemical reactions was established. Through simulation, we discussed
the influence of the chemical reaction rate related to the number density of excited
state particles in the ionization zone on the ratio of spectral lines. Based on the
inversion of the experimental spectral ratio, the distribution of the electric field in
the ionization zone of positive glow corona discharge was further obtained. The
above work provides a theoretically feasible solution for measuring the electric
field of UHVDC transmission lines in the future.

Keywords: Glow Corona Discharge · Electric Field · Optical Emission
Spectroscopy · Nitrogen Spectral Bands · Numerical Model

1 Introduction

1.1 A Subsection Sample

With the outstanding advantages of large transmission capacity, long transmission dis-
tance and low transmission loss, the UHV DC transmission technology plays an impor-
tant role in the development of renewable energy bases in northwest and southwest China
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and the external transmission of electric energy [1]. The corona discharge of UHV DC
lines can generate ion flow and cause hazards such as rising ground electric field, radio
interference and audible noise [2, 3]. The corona discharge characteristics and electro-
magnetic environmental effects are the key issues in the design and operation of UHV
DC transmission projects. Especially, the control of total electric field at sensitive points
in the environment has become an important factor to determine the structure of DC
transmission lines and affect the project cost. At present, in order to predict the total
electric field distribution on the ground accurately, the Kaptzov assumption is generally
used as the boundary condition for calculation in engineering. By assuming that the elec-
tric field on the surface is maintained at the critical corona onset electric field, the current
continuity equation is solved to determine the positive ion density on the conductor[2,
3]. It has been found that the value of the electric field on surface of the conductor is a
dominated parameter affects the accuracy of the calculation of the total electric field on
the ground and ion flow distribution [3–5].

In order to obtain the corona onset electric field of the conductor, the corona cages
and test line sections are usually used to measure the corona onset voltage, so as to invert
and calculate the corona critical electric field. However, the roughness of the surface of
the conductors is difficult to simulate accurately, which directly affects the accuracy of
the calculation. Therefore, it is of great significance to carry out direct measurement of
the DC corona onset electric field to improve the accurate calculation of the total electric
field on the ground.

The DC electric field measurement methods include rotating-vane electric field
meter, electro-optic sensor based on Pockels effect, electric field induced second har-
monic generation (EFISH) and bispectral ratio of optical emission spectrum. Due to the
geometric dimensions electro-optic sensor and Pockels cannot meet the requirements of
electric field measurement in the corona ionization region. EFISH has the advantages of
high spatial resolution and non-intervention, but the measurement system composition
is complex and the equipment cost is expensive. The emission spectral ratio method
uses the ratio of the spectral band intensities of the second positive and the first negative
spectral systems of molecular nitrogen is a well recognized method for indirectly esti-
mate the reduced electric field (E/N) [6–10]. This method not only has the advantage of
non-interventional measurements, but also can achieve spatial and temporal resolution
of the electric field, therefore it is widely used in plasma diagnostics and electric field
estimation of the transient luminous events [11–13].

Paris et al. 2005, obtained a quantitative relationship between the spectral intensity
ratio and the average reduced electric field based on the emission spectral ratio method,
used the integrated intensities of the 337.1 nm and 394.3 nm spectral bands intensities in
the second positive band system of molecular nitrogen and the 391.4 nm spectral band
in the first negative band system of nitrogen ions [14]. In 2016, Hoder et al. analyzed the
electric field and electron multiplication phenomena of a DC negative corona discharge
near the cathode using the emission spectral ratio method [15]. Combined with the
research results of Paris, the reduced electric field measured by the emission spectral
ratio method has a high accuracy in the range of 200–1000 Td. Subsequently, scholars
also carried out a lot of research work using the emission spectroscopy ratio method.
In [16] they investigated an experimental study on the average reduced electric field of
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negative DC corona discharge in the needle-plate air gaps and analyzed the distortion of
the electric field caused by the spatial behavior of positive ions. However, the maintained
electrical field of the positive DC corona ionization region at atmospheric pressure may
be lower than 150 Td (36.75 kV/cm at standard atmosphere). At present, there are fewer
studies on the distribution characteristics of the emission spectra of the positive DC
corona ionization region at low reduced field and the quantitative relationship between
the spectral characteristics with the electric field.

To solve these problems, an experimental observation system of the emission spec-
trum of positive glow corona discharge under atmospheric pressure conditions is estab-
lished. From the observation under different voltages, the emission spectra characteristics
of N2 and N2

+ and the gas temperature in ionization zone under different voltages are
obtained. The spatial distribution of the first negative band system N2

+(FNS, 0–0) of
nitrogen molecular ions and the second positive band system N2 (SPS, 0–0) and N2
(SPS, 2–5) of molecular nitrogen in the ionization region are also acquired. At the same
time, a zero-dimensional hydrodynamic model is established to simulate the variation
of excited state particles in the ionization zone of positive glow corona discharge in dry
air at atmospheric pressure, and to study the relationship between the density of excited
states and electric field. Finally, combined with simulation, the spatial distribution char-
acteristics of the electric field in the ionization zone under the low reduced electric field
conditions are discussed. The above work will provide theoretical support for the mea-
surement of the electric field in the ionization zone of positive corona discharge based
on the emission spectrum ratio.

2 Method

2.1 Experiment Setup

The experimental measurement system is shown in Fig. 1. The system includes an air
spaced ultraviolet achromatic focusing lens, two-dimensional electric moving stage, a
spectral acquisition system consists of an ICCD camera and Andor spectrometer, the
high-potential current measurement device, high voltage probe and an oscilloscope, and
other signal acquisition and reception devices.

A high voltageDC source generates the constant voltage through a protective resistor
and is applied to the rod-plate electrodewith a 2 cm air gap distance. The entire discharge
gap is placed in a sealed pot and filled with the dry air. The sealed pot is placed on a
displacement that can adjust both horizontally and vertically to achieve two-dimensional
movement. The real-time measurement of the discharge current is carried out by the
transient current measurement module with a bandwidth of 200 MHz and a sampling
rate of 500 Ms/s. The light source radiated from the discharge region in the experiment
is imaged by the focusing lens onto the entrance slit of the spectrometer, and is divided
by a diffraction grating and then converged to the exit slit through the focusing mirror to
enter the ICCD sensing imaging. The experimental spectrometer grating is 2400 I/mm,
spectral resolution is 0.03 nm, the slit width is 250μm and ambient temperature is 26.75
± 2°C.
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Fig. 1. Schematic diagram of experimental layout.

2.2 0-dimensional Hydrodynamic Model in the Ionization Region

To further understand the intrinsic connection between electric field and optical emis-
sion of positive glow corona, a zero-dimensional hydrodynamic model is established,
where a comprehensive kinetic scheme in the N2/O2 mixtures consisting of 29 chemical
species and 135 chemical reactions is proposed. The number density of excited states
of N2

+(B2∑
u
+,v = 0) and N2(C3∏

u,v = 0) is acquired through simulation, hereinafter
referred to as N2

+ (B) and N2 (C). The luminescence mechanism of the emission spec-
trum is that, under the excitation of electric field, the excited particles jump up from
the energy level q to a higher energy level p by electron impact excitation and decay
into level k by spontaneous emission. The intensity of emission is correlated with the
particle density in the excited state p, so that the characteristic wavelength of 391 nm
is related to the number density of N2

+(B) and the 337nm is related to number density
of N2 (C). Therefore, the reaction system includes the mechanism of generation and the
loss of electrons.The generation of electrons includes ionization, detachment, associa-
tive ionization and the loss of electrons includes attachment, electron-ion recombination
and generation and quenching mechanism of excited state particles.

The detail of the mechanism of generation and loss of electrons is interpretated in
[17], and the typical species considered in the numerical model are shown in Table 1.
The simplified symbols N2(A), N2(a’), O2(a), N2(C), N2(B), O2(b), N2

+(B), N2(X1),
N2

+(X2) represent the excited state N2(A3∑
u
+), N2(a’1

∑
u
−), O2(a1�g), N2(C3∏

u),
N2(B3∏

g), O2(b1
∑

g
+), N2

+(B2∑
u
+), N2(X1∑

g
+) and N2

+(X2∑
g
+).

The chemical reactions about excited species N2
+ (B) and N2 (C) are shown in

Table 1. For the simplified reactions of typical excited state species that are related to the
emission line ratio and reflect the electric field are proposed in [8]. The deviation of the
reduced electric field R(E/N) estimated by the excited state particle number density from
simplified reactions system is less than 1% compared with the complete 617 reactions
system in the established N2/O2 mixture.
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Table. 1. The most important process for the excited state species.

i Reaction Rate, ki

1 e + N2(X1) → N2 + e + e f (E/N)

2 N2
+(B2) → N2(X2) + hv (1.11–2.43) × 107(s−1)

3 N2
+(B2) + N2(X1) → N2

+(X2) + N2(X1) 9.8 × 10–10(cm3s−1)

4 e + N2(X1) → N2(C3) + e kiF(Tv,E/N)

5 N2(C3) → N2(B3) + hv (1.78–3.57) × 107(s−1)

6 N2(C3) + N2(X1) → N2(a’) + N2(X1) 1.0 × 10–11(cm3s−1)

7 e + N2(X1) → N2
+(X2) + e + e kiF(Tv,E/N)

8 N2
+(B2) + O2 → N2

+(X2) + O + O(1S) 1.0 × 10–9(cm3s−1)

9 N2(C3) + O2 → N2(X1) + O + O(1S) 2.9 × 10–10(cm3s−1)

10 N2
+(B2) + N2(X1) + N2 → N4

+ + N2 6.2 × 10–29(300/TeffN2)1.7

11 N2
+(B2) + O2 → O2

+ + N2 6.0 × 10–11(300/TeffN2)0.5

12 e + N2
+(X2) → e + N2

+(B2) f (E/N)

13 N4
+ + e → N2 + N2(C3) 2 × 10–6(300/Te)0.5

14 N2(A) + N2(A) → N2(C3) + N2 1.6 × 10–10(cm3s−1)

15 N2(C3) + O2 → N2 + O + O(1D) 2.5 × 10–10(cm3s−1)

16 N2(C3) + N2 → N2(B) + N2 1.0 × 10–11(cm3s−1)

The transport of the electrons, positive and negative ions in ionization region is given
by:

∂nn
∂t

= (vatt2 + vatt3)ne − βepnnnp (1)

∂np
∂t

= vine − βepnenp − βnpnnnp (2)

∂ne
∂t

= (vi − vatt2 − vatt3)ne + vdetnn − βepnenp (3)

Within this reaction system, the 29 ordinary differential equations are formed, taking
N2

+(B) and N2 (C) as examples:

∂n
(
N+
2

(
B2

))

∂t = ne
(
k1n(N2) + k12n

(
N+
2

)) − k2n
(
N+
2

(
B2

))

−n
(
N+
2

(
B2

))
n(N2)(k3 + k10n(N2)) − n

(
N+
2

(
B2

))
n(O2)(k8 + k11)

(4)

∂n(N2(C3))
∂t

= (
n(N2)k4 + n

(
N+
4

)
k13

)
ne + k14n(N2(A))n(N2(A))

−k5n
(
N2(C3)

) − n
(
N2(C3)

)
n(N2)(k6 + k16) − n

(
N2(C3)

)
n(O2)(k9 + k15)

(5)

where n(i) denotes species i number density, k(j) is the rate coefficient for process j as
listed in Table 2.
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The band emission intensity and the number density of upper excited state p is given
as:

I = n(p)AP
hc

4πλ0
(6)

where n(p) (cm−3) denotes the number density of excited state p, Ap (s−1) is the Einstein
coefficient,λ0(nm) is the centralwavelength of line emission, h is planck constant, c(m/s)
is the speed of light and 4π represents the solid angle d� (isotropic radiation), measured
in steradian (sr).

Table 2. Species considered in the numerical model.

Elelctronics Neutral
molecules

Excited
state
particles

Positive ions Negative ion

e O2 N2 NO
O N N2O
O3 NO2

N2(A)
N2(a’)
O2(a)
N2(C3)
N2(B)
O2(b)
O(1S)
N2

+(B2)
N(2D)
O(1D)

O2
+ N2

+ NO+ O+ N4
+ O4

+ O2
+N2 O− O2

− O3
−

Since the densities depend on the reduced electric field through the electron-impact
processes, the relation between steady state FNS(N2 + (B))/SPS(N2(C)) intensity ratio
and the reduced electric field is given:

I391
I337

= IFNS
ISPS

= T1Ak1n(N
+
2 (B))

T2Ak2n(N2(C))
= R(

E

N
) (7)

Tk is a transmission coefficient, which depends on the characteristics of the optical
system and the sensitivity of the detector. In this work, the deuterium lamp is used as the
radiation light source to calibrate the intensity of the spectral system, the result shows
that T1/T2 = 0.8934.

3 Characteristics of Positive Glow Corona Discharge

3.1 Electrical Properties

TheVoltage-Current characteristic curve obtained in the experiment and the correspond-
ing luminous images are shown in Fig. 2, where U i is the glow corona onset voltage.
According to the current waveform, as the voltage increases continuously the discharge
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enters a stable glow corona stage when the applied voltage is greater than 15 kV. Figure 3
shows the discharge current waveforms when the applied voltages is 22 kV, 24 kV, and
26 kV. The results show that the discharge current of the glow corona at atmosphere
pressure is continuous and stable, presenting DC superimposed ripple state, and the
discharge current is only in the order of μA. The average corona discharge current cor-
responding to the applied voltage of 26 kV is 67μA, which is about twice of the average
corona current when the voltage is 22 kV. As the applied voltage increases, the average
corona current increases significantly and the current oscillation period decreases.

Fig. 2. U-I characteristic curve of corona discharge.

Fig. 3. Variation of corona discharge current with time under different voltages.
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3.2 Luminous and Temperature Characteristics

The emission spectra of the rod to plate glow corona discharge under atmospheric pres-
sure in the wavelength range of 300 nm–400 nm is given in Fig. 4. The distribution of
spectral lines in this range does not change when the voltage increases. The discharge
voltage applied in this experiment is 20 kV. The parameters of the spectral system are
set as follows: the exposure time is 0.7 s, the accumulation times is 50, and the gain
is 1000. It can be seen from the Fig. 4 that the emission spectrum of glow corona dis-
charge at atmospheric pressure is mainly composed of the second positive band system
of nitrogen molecules N2 (SPS) and contains a weak luminescence of the first negative
band system of nitrogen molecule ions N2

+(FNS). Meanwhile, the spectral intensity of
N2(SPS,0–2) and N2(SPS,4–7) is highly susceptible to the influence of gas chemical
reactions, which may cause 30% fluctuations, while N2(SPS,3–6) is unstable and has a
low signal-to-noise ratio. Therefore, N2(SPS,0–0), N2(SPS,2–5) and N2

+(FNS,0–0) are
generally used for the spectral line ratio method to measure the reduced electric field.

Fig. 4. Emission spectrum of positive DC corona discharge (300–400 nm).

The gas temperature can be acquired from the analysis of rotational lines of a vibra-
tional band of a diatomic molecule. Since the energy distance between rotational levels
in one vibrational state is very small, about a tenth of an electronvolt in general, the rota-
tional population can be characterized by a rotational temperature Trot. Trot is obtained
from a comparison of measured vibrational bands with the spectral simulation based on
molecular constants using Specair. The intensity of the first negative band N2

+ (FNS,0–
0,391.4 nm) of nitrogen molecular ions in the glow corona discharge of the atmospheric
pressure is veryweak.While the spectral intensity ofN2(SPS,0–0,337 nm) is very strong,
it is difficult to distinguish its rotation band and cannot be used to fit the rotation and
vibration temperatures of the glow corona discharge. Therefore, we use the spectra of
N2(SPS,2–4,371.0 nm), N2(SPS,1–3,375.5 nm), and N2(SPS,0–2,380.5 nm) with good
rotational spectral bands resolution to fit the gas temperature.



360 W. Zhang et al.

Fig. 5. Variation Rotation temperature and vibration temperature obtained by N2 (SPS) simula-
tion.

As shown in Fig. 5, the fitted spectra of N2(SPS,2–4,371.0 nm), N2(SPS,1–
3,375.5 nm), and N2(SPS,0–2,380.5 nm) are compared with the experimental spectral
lines when the applied voltage is 22 kV, 24 kV, and 26 kV, respectively. The results show
that when the applied voltage changes, the temperature did not change significantly:
the rotation temperature Tr is 450 ± 10 K and the vibration temperature Tv is 3250 ±
100K.Due to the fact that the energy distance between rotational levels in one vibrational
state is very small, so the translational and rotational energies can be easily balanced
by the high-frequency collisions between particles, and the rotational temperature can
be approximated to the gas temperature. Therefore, the corona discharge is a discharge
dominated by collisional ionization, which is suitable for the emission spectroscopy ratio
method.

3.3 Spatial Distribution Characteristics Corona Discharge Emission Spectrum

The spatial distributions of the spectral intensities of the vibrational bands N2(SPS,0–
0,337 nm), N2(SPS,2–5,394 nm), and N2

+(FNS,0–0,391 nm) are shown in Fig. 6, when
different voltages are applied. The electrode area is within the white dashed line, and
the electrode tip position is determined by the focal process of the optical path at the
beginning of the experiment. It shows that the morphology of the corona ionization
region is a crescent shape covering the tip of the rod electrode. At the same voltage, the
intensity of the 337 nm spectral line is the strongest and 391 nm is the weakest. With
the increase of voltage, the intensity of the spectral lines in the same vibrational band
is obviously enhanced. In order to accurately characterize the changes of the corona
ionization layer at different voltages, the distance from the electrode head along the axis
z direction where the spectral line intensity decreases to 5% of its maximum value is
defined as the ionization layer thickness L of the corona discharge.

As can be seen from Table 3, the ionization layer of glow corona discharge at atmo-
spheric pressure is on the order of mm. The excited state with the central wavelength of
337 nm has the thickest ionization layer, and 391 nm has the thinnest ionization layer.
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Fig. 6. Spatial distribution of spectral intensity of N2 and N2
+ vibrational bands at different

voltage, (a)–(c) is the distribution of N2(SPS,0–0,337 nm), (d)–(e) belong to the luminescence of
N2

+(FNS,2–5,391 nm) and (g)–(i) is the distribution of N2(SPS,2–5,394 nm).

With the increase of voltage, although the luminescence of the same excited species is
enhanced, the thickness of the corona ionization region almost unchanged. One possi-
bility is that the lifetime of the excited state species is short, so that its generation and
de-excitation almost in the same spatial location.

Table. 3. Corona ionospheric thickness at different voltage.

Applied voltage/kV L(337)/mm L(391)/mm L(394)/mm

22 0.269 0.194 0.239

24 0.253 0.179 0.239

26 0.270 0.195 0.240

Figure 7 shows the distribution of the intensity ratio of the emission spectrum of
excited state particles with characteristic wavelengths 391 nm and 337 nm along the
electrode axis under different voltage conditions. The results show that the intensity
ratio in the ionization region decreases away from the electrode at the same voltage.
With the increase of applied voltage, the intensity ratio at the same position decreases,
indicating that the electric field in the ionization zone decreases. Due to the lowmobility
of positive ions, they are approximately unable to move. The number density of positive
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ions generated by ionization increases with the applied voltage increases, thus enhancing
the inhibition of the electric field in the ionization zone.

Fig. 7. The distribution of the intensity ratio along the electrode axis.

4 Simulation Results of Corona Discharge Numerical Model

The electrical field and measured rotation temperature T r, vibration temperature Tv are
used as input parameters, and the variation law of different particle number density is
obtained by simulation. Through Eq. (7) the intensity ratio can be further calculated. By
Changing different input electric field, the quantitative relationship between the intensity
ratio and electric field canbe acquired. Since the reactionsR2andR5 reflect the process of
the excited state species decay to the ground state and generate spontaneous emission, it is
important for the intensity ratio. The uncertainty of the I391/I337 ratio can be calculated
by changing the radiation de-excitation rate within the reference range, as shown in the
yellow banded area in Fig. 8. As can be seen from the Fig. 8, the average intensity ratio
calculated by the model in this paper is in good agreement with the experimental results
of Paris. It can further indicate that the simplified model for the excited state species is
appropriate and reflect the characteristics of the electric field in the ionization region of
the corona discharge.

ThedistributionofR391/337 ratio obtainedby experimentalmeasurement, combined
with the quantitative relationship between intensity ratio and electric field obtained by
simulation, can further inverse the distribution of electric field in the ionization zone.
Take the electrode axis as an example, the electric field distributions at the axis when the
applied voltage is 22, 24 and 26 kV are shown in Fig. 9. The uncertainty of the inverse
electric field is caused by the wide range of the simulation parameters, especially the
reaction rate of excited state luminescence. The results show that the axial electric field
decreased exponentially with the increase of distance. As the applied voltage increases,
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Fig. 8. The relation between the ratio of intensities of the two band systems and the electric field.

the electric field decreases slightly. This is because more positive ions are generated in
the ionization region to inhibit the increase of the electric field, and thus the electric field
in the ionization region is lower than that calculated by the Peek criterion.

Fig. 9. Distribution of axial electric field under different voltages (a) U = 26kV, (b) U = 22kV,
(c) U = 22kV.

5 Conclusion

In this paper, the emission spectral characteristics of the N2
+ first negative system and

the N2 second positive system in the ionization zone of positive glow corona discharge
are obtained by carrying out the emission spectrum experiments of the ionization zone
in positive glow corona. The electric field in the ionization region is acquired through
simulation inversion, and the conclusions are as following:
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1) The experimental observation system for the emission spectra of positive corona
discharge under atmospheric pressure is constructed, and the emission spectra of the
first negative band system N2

+ (FNS) and the second positive band system N2 (SPS)
of nitrogen molecular ions in the ionization region are obtained in the wavelength
range of 300 nm–400 nm. Meanwhile, the average current of corona discharge is 32
μA–67 μA when the applied voltage is 22 kV–26 kV. By comparing the measured
N2 vibrational bands with the spectral simulation based on molecular constants, the
glow corona discharge has a rotational temperature of 340 ± 10 K.

2) The spatial distribution of the intensity of the first negative band systemN2
+(FNS,0–

0) and the second positive band system N2(SPS,0–0) and N2(SPS,2–5) of nitrogen
molecular ions at different voltages is obtained. The results show that the thickness
of corona ionization layer tends to be constant with the voltage increase, and the
three excited state particles produced by electron collisions are concentrated on the
electrode surface.

3) The variation law of excited state particles in the ionization zone of positive corona
discharge in dry air under different electric fields at atmospheric pressure is simulated
by0-dimensional hydrodynamic simulation, reflects the characteristics of the electric
field in the ionization zone. According to the measured intensity ratio distribution in
the ionization zone, the electric field is inversely calculated. It is noted that the axial
electric field decreased exponentially with the increase of distance. As the applied
voltage increases, the electric field decreases and is lower than that calculated by
the Peek criterion. Due to the uncertainty of the simulation, it is necessary to further
study the factors affecting the excited state reaction rate, such as the electron energy
distribution function and the collision cross section, to further improve the accuracy
of the inversion results.
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Abstract. Plasma stealth technology has the characteristics of an adjustable
wave absorption band, which is a new stealth technology with wider applica-
tion prospects. The geometry of the cavity is an important external condition
that affects the plasma discharge characteristics, while the thickness of the cavity
directly determines the transmission distance of radar waves in the plasma, and
a decrease in thickness will reduce the attenuation effect of the plasma on elec-
tromagnetic waves. In this paper, the effect of cavity thickness on the discharge
characteristics of inductively coupled plasma (ICP) is studied, and the fluid model
of inductively coupled plasma is established by the multi-physics field coupling
method to obtain the distribution laws of ne and Te in ICP discharge. The heating
electric field of ne is influenced by the coil structure, the peak region of ne is
concentrated in the geometric center of the cavity for larger thickness, and the
electron density increases with the increase of the discharge power. The results
have important reference significance for the application of plasma technology in
the local stealth of aircraft.

Keywords: Inductively Coupled Plasma · Plasma Discharge · Fluid Model

1 Introduction

The planar type inductively coupled plasma source has a wide operating air pressure,
high electron density, large discharge area, and simple device structure, and has out-
standing potential advantages in the direction of plasma stealth. When wave-transparent
cavity plasma is applied to absorb radar waves, the thinner the cavity, the better it is for
installation and use in special areas such as aircraft fuselage surfaces, so the effect of
cavity thickness on the discharge characteristics of ICP is investigated in this paper.

The study of plasma stealth technology dates back to 1957 when scientists in the
former Soviet Union observed that the electromagnetic scattering properties of artificial
satellites under the influence of a plasma layer were different from those of ordinary
metal spheres. During the Cold War in the last century, both the United States and the
former Soviet Union observed the “black barrier” effect on radar waves by the formation
of hundreds of kilometers of plasma regions during low-altitude nuclear explosion tests
[1]. In 1962, Swarner published the first research article on the application of plasma
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to target RCS reduction [2]. After the 1980s and 1990s, with the rapid development of
plasma sources, plasma for attenuation of electromagnetic waves entered a breakthrough
stage of development, the most famous experiment was observed in Hughes Lab in 1992
in the 4 ~ 14 GHz band, the RCS attenuation of 13 cm long microwave reflector by
plasma generated in a ceramic cover reached 2025 dB [3]. Since then, research related
to plasma stealth technology has entered an explosive phase of development.In July
2010, the T-50 fighter jet completed flight tests on the outskirts of Moscow, and related
reports claimed that the fighter jet used electron beam plasma stealth technology with
electron beam vents installed at the inlet of the air intakes [4]. For the diagnosis of the
plasma parameters, several related studies have been carried out [5, 6]. Jingfeng [7] has
proposed an effective method to measure the plasma parameters without the interference
of the fluctuating electric field and studied the characteristics of the hollow alternating
current helium glow discharge. Rui [8] has studied the characteristics of DBD micro-
discharge at a different pressure. Tabaie [9] has studied a dielectric barrier discharge
device producing atmospheric argon plasma needle and used spectroscopy to calculate
the plasma parameters.

In this paper, the simulation study of inductively coupled plasma discharge at dif-
ferent thicknesses is carried out for the stealth requirements of thin wave-transparent
cavities applied to local parts of aircraft, and it is found that the plasma distribution
generated within the cavities at different thicknesses is different, and the results of the
study can provide a reference basis for the stealth application of plasma in local parts of
aircraft.

2 Plasma Discharge Simulation Model

Fluid dynamics modeling is one of the common methods used in current numerical
simulations of low-temperature plasmas. The fluidmodel includes the particle continuity
equation, the momentum conservation equation, the electron energy equation, and the
Poisson equation. Among them, the continuity equations for the density of various types
of particles in a plasma discharge are as follows.

∂ne,i,neu
∂t

+ ∇ · �e,i,neu = Re,i,neu (1)

where the subscripts e, i, and neu represent electrons, ions, and neutral particles, respec-
tively; n denotes the particle number density; R denotes the corresponding source term
for each reactant particle; and � is the flux density of each type of particle, derived from
the law of conservation of momentum. Under the drift-diffusion approximation, this is
given by the following equation.

�e,i = ∓ne,iμe,iE − De,i∇ne,i (2)

�neu = −Dneu∇nneu (3)

where μ and D are the mobility and diffusion coefficients of the particles, respectively,
and the negative and positive signs in the first term on the right side of Eq. (2) apply to
electrons and ions, respectively.
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The electron energy can be obtained by solving the Electron Energy Equation.

∂nε

∂t
+ ∇ · �ε = Rε − �e · E (4)

�ε = −(με · E)nε − Dε · ∇nε (5)

where nε is the electron energy density; Rε is the electron energy change due to inelastic
collisions;�e ·E is the electron energy obtained by electric field acceleration (Joule heat-
ing); �ε is the electron energy flux, με and Dε are the mobility and diffusion coefficient
of electron energy in space, respectively.

For the spatial electric field strength E, it can be described by Poisson’s equation.

∇ · E = −e(ni − ne)

ε0
(6)

where ε0 is the dielectric constant of the working gas.

Fig. 1. Geometry and mesh section of the fluid model of the wave-transparent cavity ICP

In this paper, the fluid model is built using the plasma fluid module of the COMSOL
Multiphysics platform, and the geometry of the transmissive cavity ICP is referenced
in the experimental setup, as shown in Fig. 1 (a). The coil antenna is set up as a solid
copper tube with a diameter of 6 mm, the thickness of the dielectric window is 1 cm
and the material is quartz, the thickness of the cavity wall is 0.5 cm and the material is
stainless steel.

The grid profile is shown in Fig. 1(b). The initial electron number density ne0 and
the initial average electron energy ε0 need to be set in the model, and reasonable initial
conditions are helpful to improve the iteration speed of the model. ne0 and ε0 were set to
109 cm−3 and 5 eV, respectively, and the temperature was set to 297 K. The coil antenna
was used in power excitation mode with power values consistent with the forward power
of the experimental power source.
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3 Discharge Simulation and Experimental Results

Fig. 2. Variation of ne and Te distribution with cavity thickness at 10 Pa, z-r cross section

The effect of different cavity thicknesses on the distribution of characteristic param-
eters was studied by using the established hydrodynamic model. 2 cm, 4 cm, 6 cm and
8 cm cavity thicknesses were selected, the discharge gas was Ar, the discharge pressure
was 10 Pa, the discharge power was 300–600 W, and other discharge conditions were
kept constant. The effect of thickness change on ne and Te distribution at 10 Pa is given
in Fig. 2. When the ICP thickness decreases from 8 cm to 2 cm, the peak region of ne
starts to deviate from the center of the cavity, and the deviation distance increases as the
thickness decrease. When the thickness is reduced to 2 cm, the peak area of ne moves to
the area directly above the coil antenna. At the same power, ne increases with decreasing
thickness, while the distribution of Te is similar for different thicknesses, and the effect
of thickness on the electron temperature is not significant.

The analysis suggests that at a pressure of 10 Pa, the plasma has moved out of the
Langmuir state and random heating dominates in the power absorption mode. Due to the
electromagnetic shielding effect, the RF electric field intensity is small in the area above
the skinning layer. In contrast, the RF electric field at the cavity axis (r = 0 m) increases
with decreasing thickness, so the peak region of the bipolar potential moves toward the
region above the skinning layer, and the central region of ne continues to deviate from the
cavity center with decreasing thickness, while electrons are heated within the skinning
layer and are bounced back to the main plasma region so that ne is lower in the skinning
layer.

In order to compare the effect of thickness variation on ne distribution more visually,
Ar-ICP discharge tests were carried out in a transmissive cavity with a quartz cavity
thickness of 4 cm and 2 cm, and microwave interference transmission was used to
diagnose ne. It is observed that the ICP discharge morphology changes significantly
as the cavity thickness decreases, which mainly shows that the thinner the cavity and
the higher the air pressure, the more obvious the annular characteristics of the plasma,
and the radial width of the annular plasma widens with the increase of power, which is
consistent with the trend of plasma morphology changes predicted by the fluid model.
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Fig. 3. Comparison of radial results at different thicknesses in 10 Pa

Fig. 4. Variation of electron density with power for a cavity of 4 cm

Figure 3 gives the results of the radial ne comparison under different thickness
conditions at 10 Pa. The effective improvement of ne with the reduction of thickness is
due to the reduction of cavity volume resulting in more power energy obtained per unit
volume of ICP at the same discharge power, and its peak value increases from 9.56 ×
1017 m−3 to 1.47 × 1018 m−3.

Figure 4 shows the radial comparison results for different power conditions at 4 cm
thickness. Overall the electron density increases as the discharge power increases, with
the peak electron density about doubling as the power increases from 300 W to 600 W.
The analysis suggests that as the power increases, the energy coupled into the cavity by
the discharge coil also increases, leading to an increase in the density of the plasma pro-
duced by the excitation. Comparing the simulation results with the experimental results
for the same power case, it is found that the peak electron density of the experimental
results is lower than that of the numerical simulation results. It is analyzed that the reason
for this phenomenon is that during the numerical simulation, the power loss and other
phenomena existing in the experimental process are not taken into account, resulting in
low experimental results, but the overall trend remains consistent and the results of both
are in good agreement.
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4 Conclusion

For localized plasma cloaking of aircraft, especially on the surface of the airframe or
inside the air intakes, the thin-layer wave-transparent cavity ICP discharge technology
has a greater potential for engineering applications. In this paper, the discharge of induc-
tively coupled plasma at different thicknesses is studied, and the results of experiments
and numerical simulations describe the trend of ne space variation in agreement. The
experimental measurements of ne are lower than the fluid model results, and the estab-
lished fluid model can reflect the spatial distribution of ne more accurately. When the
thickness is large, the ne of ICP is distributed axially. The electrons first gain energy in
the heated electric field near the coil, and as the low-energy electrons are expelled from
the skinning layer, the peak region of ne moves directly above the heated field region,
and the potential distribution in space also changes simultaneously with the diffusion
migration of electrons, and after reaching the steady state, ne reaches its maximum in the
geometric center of the cavity. Since the external power provides the energy for plasma
excitation, the electron density increases with the increase of the discharge power.
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Abstract. The plasma radiation from a pulsed streamer discharge at 0.2–2 Torr
in the air has been studied. Pulsed discharges at these pressures at a distance
from the electrodes consist of diffuse ionization waves and, therefore, are widely
studied, including within the framework of modeling high-altitude atmospheric
discharges, in particular, columnar sprites. Two setups with different excitation
parameterswere used to excite air at lowpressures.Whenplasmawas formedusing
a capacitive single-barrier discharge feeding byvoltage pulseswith an amplitude of
up to 7 kV, diffuse red-colored ionization waves up to 120 cm long were formed.
Due to the formation of an ionization wave by a discharge forming by voltage
pulses with an amplitude of up to 33 kV between two electrodes, X-ray and
runaway electron beam were recorded.

Keywords: pulsed discharge · streamer · ionization wave · low-pressure air ·
optical and X-ray radiation

1 Introduction

Over the past three decades, much attention has been paid to the study and modeling of
red sprites and other transient light phenomena associated with large-scale discharges in
the upper atmosphere of theEarth [1]. The red spirit usually appears at an altitude of about
7080 km. It consists of several ejectors, which eject towards the surface of the earth and
in the opposite direction. They are usually observed over areas of thunderstorm activity.
Advances in the study of sprites are mainly due to research carried out using instruments
installed on aircraft or on the International Space Station. The red color of sprites resulted
from the emission of the first positive nitrogen system (FPS; N2). Sprite propagation
velocities are 2–10 mm/ns. A sprite radiation pulse duration reaches ~ 100 ms. It is well
known that the propagation and velocity of streamers (ionization waves) depend on the
direction and magnitude of the electric field. Recently, the following has been widely
discussed. Is the formation of red sprites, including column ones, accompanied by the
generation of runaway electrons (RAEs) and X-rays.
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The purpose of this work is to create setups on which it is possible to form and study
red ionization waves at air pressures of 0.2–2 Torr characteristic of the area where red
sprites are observed, as well as to register X-rays during a streamer discharge at these
pressures.

2 Experimental Equipment and Methods

Two experimental setups were used to investigate the optical and X-ray radiation proper-
ties of the streamer discharge plasma in air at low pressures. In setup #1, compared with
papers [2, 3], new systems for the initiation of a streamer discharge (a diffuse ionization
wave – DIW) were used. Its block diagram is shown in Fig. 1. Diffuse ionization waves,
in this case, were initiated by a discharge with one dielectric barrier.

Fig. 1. Scheme of the experimental setup #1– quartz tube with an outer diameter of 21 mmwith a
closed left (relative to the reader) end; 2 – annular high-voltage electrode; 3 – grounded aluminum
flange electrode; 4 – quartz tube; 5 – dielectric flange.

The main part of the setup is a chamber connected to the pump. The chamber con-
sisted of two quartz tubes with electrodes connected to a voltage generator Ug. A glass-
shaped tube 1 had a wall thickness of 1.5 mm and an outer diameter of 21 mm. A
1-cm-width high-voltage (HV) annular electrode 2 was mounted on the outside of tube
1. The latter was inserted into a metal flange 3, which was the second electrode and
was grounded. The second tube 4 had an outer diameter of 55 mm, a wall thickness of
2.5 mm, and a length of 120 cm. On the right side, it was closed with a dielectric flange
5, which had a fitting with a 5-mm-diameter hole for the gas inlet and outlet. This tube
was made of GE 214 quartz with high transparency in the spectral region 210–1500 nm.
Flanges 3 and 5 were vacuum-tightly connected to quartz tubes. To initiate a DIW, the
voltage fromUgwas applied across electrodes 2 and 3. The generatorUg formed voltage
pulses of positive or negative polarity with rise and fall times of ~ 350 ns, an amplitude
up to 7 kV, and a duration at half a maximum of ≈ 2 µs. The pulse repetition rate in
these experiments was 21 kHz. The discharge current between the electrodes flowed
inside the chamber and was limited by a dielectric barrier – the wall of quartz tube 1.
Ambient air with a humidity of 23% was used in the experiments, which was pumped
into the chamber after its preliminary evacuation to the residual pressure of 0.01 Torr.
The discharge current between the ring electrodes was measured using a shunt, and the
voltage at the HV electrode was measured with an AKTAKOM ACA-6039 divider. All
the signals from were recorded with an oscilloscope (MDO 3104,1 GHz, 5 GS/s). Opti-
cal radiation of the discharge plasma was registered with a spectrometer (HR2000 + ES
OceanOptics Inc.), which has a known spectral sensitivity in the range 200–1000 nm
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Fig. 2. Scheme of the experimental setup #2.

(optical resolution ~ 0.9 nm). Integral images of the streamer discharge were taken with
a digital camera (SONY A100).

The second setup for the formation of a fast ionization wave (FIW) with RAEs and
X-rays is shown in Fig. 2, see [4, 5] as well. The discharge was implemented in a quartz
tube with an inner diameter of 10 mm and the outer one of 14 mm. High voltage and
ground electrodeswere cylindrical tubes. The distance between themwas ~ 20 cm. There
were grounded shield plates serving as a current loop. The discharge was driven by a
negative HV generator producing 30-kV-amplitude pulses at the pulse repetition rate of
10 Hz. The discharge environment was air at the pressure of ~ 2 Torr. RAEs in a FIW
discharge was detected with a beam collector having a good impedance matching to 50
�. Signals from the collector were recorded with a digital oscilloscope (LeCroy, 808Zi-
A with a bandwidth of 8 GHz and a sample rate 40 GS s−1). A copper mesh provided
shielding against the discharge displacement current and an 18-µm-thickness aluminum
foil (electron energy cutoff is ~ 45 keV) was used as an energy filter. X-rays from the
FIW discharge arising near the ground electrode were recorded by a LaBr3 scintillator
combined with a photomultiplier. To limit the collecting solid angle a collimator with a
slit width of ~ 1 cm was used.

3 Results and Discussion

Figure 3 demonstrates photographs of the discharge plasma glow at various pressures
The photos were captured in the dark with a camera exposure time of 0.2 s and an
aperture of 5.6.

Fig. 3. Photographs of the discharge plasma glow at air pressures of 0.4 (a,b) and 0.2 Torr (c).
The polarity of the HV electrode 2 (see also Fig. 1) is positive (a) and negative (b, c), the generator
voltage is 7 kV, and the pulse repetition rate is 21 kHz. Setup #1. Ambient temperature and
humidity are 28 °C and 23%, respectively.
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During this exposure time, 4.2 thousand discharges occur in the tube, which made
it possible to register the integral plasma glow consisting of radiation pulses with weak
intensity. It was found that the breakdown of air at pressures of 0.2–2 Torr occurs at the
voltage pulse front if its amplitude is 7 kV. The highest electric field strength in this setup
was achieved near the ring electrodes and in the space between them. With a decrease
in pressure (below 6 Torr) and (or) an increase in the generator voltage, the capacitive
discharge plasma initiated the propagation of diffuse ionization waves (streamers). The
DIW length increased with decreasing pressure and reached 115 cm at the pressure of
0.2 Torr, see Fig. 3c. At air pressures of 0.2–1 Torr, the ionization waves had a red color,
which corresponded to the color of red sprites at altitudes of more than 50 km. The DIW
was also affected by the polarity of the voltage applied to electrode 2. With the positive
polarity of this electrode, the DIW length increased, see Fig. 3a and Fig. 3b.

Figure 4 presents plasma emission spectra at a distance of 21 cm from the right
electrode taking into account the sensitivity of the spectrometer.

Fig. 4. Emission spectra of the air discharge plasma
at the pressure of 0.4 Torr recorded at the distance of
21 cm from the electrode 3 (see arrow in Fig. 3a).
Bands in the ranges of 300–400 and 500–1000 nm
are the second (SPS) and the first (FPS) positive
systems of a nitrogen molecule (see inserted
spectrum). Setup #1.

Fig. 5. HV, RAE beam current, and
X-ray radiation pulse obtained with the
setup #2 at the air pressure of ~ 2 Torr.
The incident voltage amplitude is ~ −
33 kV and the pulse repetition rate is 10
Hz.

The bands of the second positive nitrogen system (N2; SPS; UV range) contain
the highest spectral radiation energy density W in the region of 200–1000 nm for the
discharge regions with a DIW at air pressures of 0.2–2 Torr. The maximum energy
was emitted at the second positive system (SPS N2) and first positive system (FPS N2),
Fig. 4. With a decrease in pressure to 0.2 Torr, this trend persists, but the ratio between
the radiation energy density of the SPS and FPS (SPS/FPS) changes. The red color of
the discharge plasma, which is observed visually and captured in photographs (Fig. 3),
is associated with a relatively high spectral energy density of the FPS N2 radiation at
low pressures. However, in this case, the spectral energy density of the radiation of the
most intense SPS bands was significantly higher than that of the FPS ones. SPS/FPS was
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~ 50 at the air pressure of 0.4 Torr. Under these conditions, the observed color of the
discharge was red.When the air pressure decreased to 0.2 Torr, the color of the discharge
changed somewhat, Fig. 3c. This is due to the appearance of the FNS lines (UV and
visible region) in the spectrum.

Figure 5 shows the HV waveform, RAE beam current, and X-ray radiation pulse
obtained with Setup #2. The HV pulse rise time was ~ 5 ns and the amplitude was ~
-33 kV. The breakdown occurred around the peak voltage and a FIW started to propagate
as HV decaying. RAE beam with an energy higher than ~ 45 keV was detected when
the FIW front approached the ground electrode. The rise time of the RAE beam current
pulse is ~ 50 ps. This means that RAE with an energy higher than the voltage amplitude
appears during the FIW propagation process. Meanwhile, the X-ray radiation pulse was
detected around the ground electrode, which is due to the bremsstrahlung caused by
RAEs. Note that the X-ray pulse rise time was ~ 3 ns, which was much longer than that
of the RAE beam current pulse and limited by the transition time of the PMT used in
the X-ray detector.

4 Conclusion

It was found that the color of diffuse ionization waves and emission spectra can be
similar to those recorded in column sprites. RAE beam with energies up to 45 keV
and X-ray pulse, which is due to the bremsstrahlung of RAEs was detected around the
ground electrode at air pressure 2 Torr. In future studies, it is planned to obtain the same
radiation characteristics as the first setup.
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Abstract. Atwo-dimensional (2-D)fluidmodel is developed to investigate a radio
frequency (RF) negative ion source with the magnetic filter and the electromag-
netic coupling, for associated particle neutron generator (APNG). The influences
of the discharge pressure, RF power and magnetic filter field intensity on the elec-
tron density, electron temperature, electric potential, high vibrational hydrogen
molecular density and negative hydrogen ion (H−) density in discharge region,
diffusion region and magnetic filtration region were investigated, respectively.

Simulation results show that the electron temperature in the magnetic filtra-
tion region is lower than that in the discharge region, forming a good electron
temperature gradient. The electron density, electric potential, H− density in the
discharge region, and vibrationally excited hydrogen molecules (VEHM) density
all increase with the discharge pressure, but the electron temperature decreases;
With an increase in RF power, the electron density, electron temperature in the
discharge region, electric potential, H− density and VEHM density all increase;
However, the electron temperature in the diffusion region decreases and those
in the magnetic filtration region increases slightly; As the intensity of the mag-
netic filter field increases, the electron density, H− density and VEHM density
gradually increase, while the electron temperature and electric potential gradually
decrease.

Considering the magnetic field shielding is not set in the simulation, the
magnetic filter field will affect the discharge region and the diffusion region.

Keywords: Associated particle neutron generator (APNG) · Fluid model ·
Radio frequency (RF) negative ion source · Magnetic filter

1 Introduction

Associated particle imaging (API) technology and the corresponding detection equip-
ment have the advantages of high-cost performance, strong processing capacities, com-
pact structures and ease of maintenance. Apart from nuclear material detection, it also
has broad applications in aerospace [1], astral detection, nuclear reaction [2], carbon
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neutralization [3–5], soil element determination, and other fields. API is one of the most
popular techniques [6, 7] for active neutron activation analysis in the field of nuclear
material identification [8, 9]. As one of the core devices, the associated particle neutron
generator (APNG) [10, 11] still suffers from big beam spot and low yield, which limits
the spatial resolution and signal-to-noise ratio of API technique [12, 13]. Recent studies
have reported the development of neutron generators based on negative ion sources both
at home and abroad. Q. Ji et al. [14] of LBNL have carried out a study of the APNGbased
on RF ion source and ECR ion source, analyzing the induced current density and the
ratio of single-atom deuterium ions (D−), as well as a comparative study of target-side
high voltage and target-side grounding designs to investigate the relationship between
α-detector high-voltage breakdown probability and beam spot size. A. J. Antolak [15] of
SNL, has used RF ion source to generate D− in the APNG studies. Several advantages
of negative ions have been demonstrated, such as high concentrations of single atom
ions in beam, small beam spot size and high neutron yield, etc.

In this paper, a two-dimensional (2-D) fluid model is developed within COMSOL
MULTIPHYSICS to investigate the plasma variation inside the RF negative hydrogen
ion source under different discharge parameters. Based on the numerical results of this
study, it is possible to better understand the distribution of H− density under different
discharge conditions, so as to improve the performance of negative hydrogen ion source,
optimize the design of negative ion sources, and further develop the technology of API.

2 Theory

Magnetic potential [16–18] is used to describe and solve magnetostatic problems in
which no current exists, the following equation:

−∇ · (μ0∇Vm − μ0M) = 0, (1)

are used to simulate the magnetostatics of magnetic filter fields, where μ0 is the
permeability of vacuum, M is the magnetization vector, Vm is the magnetic scalar
potential.

To simulate the electromagnetic field of an RF coil, combine theMaxwell- Ampère’s
law [19, 20]:

∇ × H = J + ∂D
∂t

= σE + σv × B + Je + ∂D
∂t

, (2)

with the constitutive relationships B = μ0(H + M ) and D = ε0E to rewrite Ampère’s
law as

(
jωσ − ω2ε0

)
A + ∇ ×

(
μ−1
0 ∇ × A − M

)
− σv × (∇ × A) = Je, (3)

where Je is an externally generated current density, v is the velocity of the conductor, j
is the imaginary unit, ω is the angular frequency of the RF source, σ is the conductivity,
ε0 is the vacuum dielectric constant, μ0 is the vacuum magnetic permeability, A is the
magnetic vector potential.
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Electron transport is described by the Boltzmann equation, which is a nonlocal con-
tinuity equation in phase space (r, u). The Boltzmann equation can be approximated by
fluid equations by multiplying by a weighting function and then integrating over veloc-
ity space. The fluid equations describe the electron number density, the mean electron
momentum and the mean electron energy as a function of configuration space and time.
The rate of change of the electron density is described by:

∂

∂t
(ne) + ∇ • �e = Re, (4)

where ne is the electron density, �e is the electron flux vector and Re is either a source
or a sink of electrons. The rate of change of the electron momentum is described by:

∂

∂t
(nemeue) + ∇ • nemeueuTe = −(∇ • Pe) + qneE − nemeuevm, (5)

where me is the electron mass, ue is the drift velocity of the electrons, Pe is the electron
pressure tensor, q is the electron change, E is the electric field and vm is the momentum
transfer frequency. The rate of change of the electron energy density is described by:

∂

∂t
(nε) + ∇ • �e + E • �e = Sen, (6)

where nε is the electron energy density and Sen is the energy loss or gain due to inelastic
collisions.

For ions and neutral species [21–23], the transport processes can be calculated with
the multi-component equations. Suppose a reacting flow consists of k = 1,…,Q species
and j = 1, …, N reactions. The equation for the first Q − 1 species is given by.

ρ
∂

∂t
(wk) + ρ(u • ∇)wk = ∇ • jk + Rk , (7)

where jk is the diffusive flux vector, Rk is the rate expression for species k, u is the mass
averaged fluid velocity vector, ρ denotes the density of the mixture, and wk is the mass
fraction of the kth species.

The diffusive flux vector is defined as:

jk = ρwkVk (8)

where Vk is the multicomponent diffusion velocity for species k. The definition of Vk
depends on the option chosen for the Diffusion Model property.

3 Setup of the Ion Source Model

To simplify the calculation and improve the convergence of the model, a 2-D geometric
model was constructed, as shown in Fig. 1. The plasma module and the electromag-
netic field module were coupled within COMSOL MULTIPHYSICS, which facilitated
the study of the influence of the filtered magnetic field on the plasma parameters. A
13.56 MHz RF coil is located on top of the model and maintains the discharge process
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of the ion source. The negative hydrogen ion source chamber is within the range of z
= 0 to z = 80 mm in the axial direction, which is divided into three regions from top
to bottom: the discharge region, diffusion region and magnetic filtration region. At the
lower left and right corners of the 2-D model, two permanent magnets provide parallel
magnetic filter fields for the extraction area. The red line at r = 0 represents the position
of radial measurement, and the axial detection positions of diffusion region andmagnetic
filtration region are set at z = 35 mm and z = 2.5 mm, respectively, due to difficulty in
distinguishing the axial changes between diffusion region andmagnetic filtration region.

A simplified model of the negative hydrogen reaction is shown in Table 1, which
includes electron collision reactions, heavy particle reactions, andwall surface reactions.

Discharge region

Diffusion region

Magnetic filtration region

Filter magnetFilter magnet

Measurement position 
of axial distribution

r
z

RF coil

Fig. 1. 2-D profile of geometric model

Table 1. Reactions considered in the model

Reactions Description Reference

1. e + H2 → e + H2 Elastic scattering [24]

2. e + H2 → e + H2(s) Electronic Excitation [25]

3. e + H2(s) → e + H2 Electronic Excitation [25]

4. e + H2 → e + H2(υ) Vibrational Excitation [25]

5. e + H− → 2e + H Electron detachment [25]

6. e + H → 2e + H+ ionization [26]

7. e + H+
2 → e + H + H+ Dissociative excitation [27]

8. e + H2 → 2e + H+
2 ionization [25]

9. e + H2(υ) → H + H− Dissociative Electron Attachment [25]

(continued)
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Table 1. (continued)

Reactions Description Reference

10. e + H+
3 → e + H2 + H+ Dissociative recombination [25]

11. e + H+ → H Electron detachment [25]

12. H+ + H− → 2H Mutual Ion-Ion Neutralization [28]

13. H+ + H− → e + H+
2 Associative Detachment [28]

14. H + H− → e + H2 Associative Detachment [25]

15. H + H− → e + 2H Electron Detachment [28]

16. H2 + H+
2 → H + H+

3 Heavy Particle Exchange [28]

17. H + H+
2 → H2 + H+ Single Charge Exchange [29]

18. H + H2 → 3H Dissociative Excitation [28]

19. H2(s) → H2 H(s) wall recombination [30]

20. H2(υ) → H2 Vibrational de-excitation [30]

21. H+ → H Ion wall recombination [31]

22. H+
2 → H2 Ion wall recombination [31]

23. H+
3 → H + H2 Ion wall recombination [31]

4 Result and Discussion

In this paper,wemainly study the influenceof dischargepressure,RFpower andmagnetic
filter field intensity on the plasma parameters in the discharge region, diffusion region
and magnetic filtration region. There are several key parameters to investigate, including
electron density, electron temperature, positive and negative hydrogen ion densities,
VEHM density, and so on. The effects of discharge pressure, RF power and magnetic
filter field intensity on the discharge of negative hydrogen ion source are discussed below
in detail.

4.1 Effects of Discharge Pressure

For the investigation of the effect of discharge pressure, other physical parameters were
left unchanged, including the RF power of 1500 W and the intensity of the magnetic
filter field of 0.3 T.

As illustrated in Fig. 2(a), the 2-D electron density distribution is shown when the
discharge pressure is 25Pa.The electron density has a higher value in the discharge region
due to the feed-in energy of the RF power, and decreases gradually as the distance away
from the discharge region. The axial electron density distribution for different discharge
pressure is shown in Fig. 2(b). Under different discharge pressures, the electron density
distribution has a large value in the discharge region and gradually decreases away from
it.Moreover, as the discharge pressure increases, the electron density in each axial region
increases.
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Fig. 2. 2-D profile of the electron density with the discharge pressure of 25 Pa (a); the electron
density in the axial direction for different discharge pressure (b). The RF power is set to 1500 W,
the magnetic filter field intensity is 0.3 T.

Fig. 3. 2-D profile of the electron temperature with the discharge pressure of 25 Pa (a); the
electron temperature in the axial direction for different discharge pressure (b). The RF power is
set to 1500W, the magnetic filter field intensity is 0.3 T.

Figure 3(a) shows the 2-D electron temperature distribution when the discharge
pressure is 25 Pa. The electron temperature presents a good temperature gradient among
the discharge region, diffusion region and magnetic filtration region, with 3.5 eV in
the discharge region and only 0.24 eV in the magnetic filtration region. Obviously, the
collision reaction between low energy electrons and VEHM in the magnetic filtration
region is conducive to the generation of negative hydrogen ions. However, the electron
temperature range in the discharge region is not the most suitable for the generation of
high VEHM, which is also the point that the model needs to be optimized in the future.

Axial electron temperature changes under different discharge pressures are shown
in Fig. 3(b). With the change in the discharge pressure, the electron temperature in
the discharge region changes greatly, but that in the diffusion region and the magnetic
filtration region changes little. Furthermore, as the discharge pressure increases, the
collisions between particles intensify, and the electron temperature in the discharge
region decreases gradually.
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Fig. 4. Radial electron temperature distribution in the diffusion region (a); radial electron
temperature distribution in the magnetic filtration region (b).

Radial electron temperature distribution in the diffusion region under different dis-
charge pressures are shown in Fig. 4(a). The temperature of the electrons in the diffusion
region drops slowly as the discharge pressure increases. However, in the magnetic fil-
tration region, the electron temperature increases slightly, as shown in Fig. 4(b). By
increasing collisions between particles, more energy is transferred into the magnetic fil-
tration region, causing the temperature of the electrons to rise slightly, when the incom-
ing energy exceeds the energy consumed by the collision. Therefore, a higher discharge
pressure is not the better for keeping the electron temperature in the magnetic filtration
region low.

Fig. 5. 2-D profile of the H+ density, with the discharge pressure of 25 Pa (a); the H+ density
in the axial direction for different discharge pressure (b). The RF power is set to 1500 W, the
magnetic filter field intensity is 0.3 T.

The distribution ofH+ density is similar to that of electron density, with a large value
in the discharge region, as shown in Fig. 5(a). Figure 5(b) shows the variation trend of
H+ density in the axial direction under different chamber pressures. It is similar to the
electron density that the axial H+ density increases significantly in all regions as the
discharge pressure increases.

The 2-D distribution, axial and radial changes of VEHM in different regions are
shown in Fig. 6. Due to the higher electron density and electron temperature in the dis-
charge region, the VEHM density is higher as well. In the discharge region, the density
of VEHM increases as the discharge pressure increases, while it decreases in the diffu-
sion region. The electron temperature in the discharge region decreases and the electron
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Fig. 6. 2-D profile of theH2(ν) density with the discharge pressure of 25 Pa (a); The axialH2(ν)

density for different discharge pressures (b); Radial variation of H2(ν) density in the diffusion
region (c); Radial variation of H2(ν) density in the magnetic filtration region (d). The RF power
is set to 1500W, the magnetic filter field intensity is 0.3 T.

density increases as the discharge pressure gradually rises. VEHM is generated by colli-
sions between high-energy electrons and hydrogen molecules, so an increase in electron
density is conducive to the formation of VEHM. Even though the electron tempera-
ture decreases, they still remains at a high level. However, the electron temperature in
diffusion region is at a low level, the slightly increased electron density cannot compen-
sate for the negative effects of electron temperature. For the magnetic filtration region,
the gradually increased electron temperature with the increase of discharge pressure is
conducive to the formation of VEHM.

According to Fig. 7, the correlation of H− density is basically consistent with the
VEHM density since the VEHM density has a great influence on the H− density, but
the increasing electron temperature of magnetic filtration region inhibits the formation
of negative hydrogen ions. The H− density in the discharge region is relatively high.
As the discharge pressure increases, the H− density in the discharge region gradually
increases, while theH− density in the diffusion region and the magnetic filtration region
gradually decreases.

4.2 Effects of RF Power

For the investigation into the law of influence of RF power, the discharge pressure is set
to 25 Pa and the magnetic filter field intensity is 0.3 T.

The electron density is higher in the discharge region, and increases in each axial
regionwith the increase ofRFpower, as shown inFig. 8. The axial and radial distributions
of electron temperature under different RF power are shown in Fig. 9. As the RF power
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Fig. 7. 2-D profile of the H− density, with the discharge pressure of 25 Pa (a); The axial H−
density for different chamber pressure (b); Radial variation of H− density in the diffusion region
(c); Radial variation of H− density in the magnetic filtration region (d). The RF power is set to
1500 W, the magnetic filter field intensity is 0.3T.

Fig. 8. 2-D profile of the electron density with the RF power of 1500 kW (a); The electron density
in the axial direction for different RF power (b); The discharge pressure is set to 25 Pa, themagnetic
filter field intensity is 0.3 T.

increases, the electron temperature increases gradually in the discharge region, decreases
gradually in the diffusion region and increases slightly in the magnetic filtration region.
The discharge region is most affected by the RF coil due to the input of RF coil energy,
where the energy feeding of the coil will intensify the interparticle motion. Compared
to the energy transferred from the discharge region, particle collisions in the diffusion
region consume more energy. However, for the magnetic filtration region, the electron
density is relatively low, and the energy consumption caused by particle collisions is
gradually less than the energy transferred from the diffusion region. Therefore, high RF
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power may cause the electron temperature in the magnetic filtration region to rise, which
is not conducive to generate H−.

Fig. 9. 2-D profile of the electron temperature, with the RF power of 1500 W (a); The axial
electron temperature for different RF power (b); Radial variation of electron temperature in the
diffusion region (c); Radial variation of electron temperature in the magnetic filtration region(d).
The chamber pressure is set to 25 Pa, the magnetic filter field intensity is 0.3 T.

Fig. 10. 2-D profile of the H+ density with the RF power of 1500 kW (a); The H+ density in
the axial direction for different RF power (b). The discharge pressure is set to 25 Pa, the magnetic
filter field intensity is 0.3T.

TheH+ density in the discharge region is higher, and with the increase of RF power,
the H+ density in all axial regions will increase, as shown in Fig. 10.

As shown in Fig. 11, the density of VEHM increased gradually in the discharge
region and diffusion region with increasing the RF power, while the VEHM density
remained nearly unchanged in the magnetic filtration region.
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Fig. 11. 2-D profile of the H2(ν) density with the RF power of 1500 W (a); The H2(ν) density in
the axial direction for different RF power (b). The discharge pressure is set to 25 Pa, the magnetic
filter field intensity is 0.3T.

Fig. 12. 2-D profile of the H− density with the RF power of 1500 W (a); The H− density in the
axial direction for different RF power (b). The discharge pressure is set to 25 Pa, the magnetic
filter field intensity is 0.3T.

As shown in Fig. 12, the distribution and variation trend ofH− density are consistent
with the density of VEHM.

4.3 Effects of Magnetic Filter Field Intensity

In order to investigate the law of influence of magnetic filter field intensity, the discharge
pressure is set to 25 Pa and the RF power is set to 1500 W.

As shown in Fig. 13, the electron density increased in each axial region with an
increasing magnetic filter field intensity, but the increase rate in the diffusion region and
the magnetic filtration region gradually slowed down.

According to Fig. 14, the electron temperature at different magnetic filter field inten-
sity has a good gradient. As the magnetic filter field intensity increases, the electron
temperature decreases in each region of the axial direction.

The filter magnet is designed to increase particle collisions in the magnetic filtration
region which is the H− extraction area, thereby lowering the electron temperature.
Since the 2-D model lacks any magnetic field shielding structure, the filter magnet
has an inevitably effect on the discharge region and the diffusion region. The intensity
distribution of the magnetic filtered field in different regions are shown in Fig. 15 and
the variation of H+ density is shown in Fig. 16.
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Fig. 13. 2-D profile of the electron density with the magnetic filter field intensity of 0.3T (a); The
axial electron density for different magnetic filter field intensity (b); Radial variation of electron
density in the diffusion region (c); Radial variation of electron density in the magnetic filtration
region (d). The discharge pressure is set to 25 Pa, the RF power is 1500 W.

Fig. 14. 2-D profile of the electron temperature with the magnetic filter field intensity of 0.3 T
(a); The electron temperature in the axial direction for different magnetic filter field intensity (b).
The discharge pressure is set to 25 Pa, the RF power is 1500 W.

According to Fig. 17, the density of VEHM increases gradually in the discharge
region, but decreases gradually in the diffusion region and magnetic filtration region as
the magnetic field intensity increases. The magnetic filter field will increase the level of
collisions between particles.Due to the high electron temperature in the discharge region,
it is conducive to the formation of VEHM. As shown in Fig. 14, the electron temperature
in the diffusion region and magnetic filtration region decreases continuously, which will
reduce the density of VEHM.

The density of VEHM and electron temperature have great influence on the H−
generation. The electron temperature and the density of VEHMwith the intensity of the
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Fig. 15. 2-D profile of the magnetic filter field intensity with the magnetic filter field intensity of
0.3 T (a); The axial magnetic filter field intensity for different magnetic filter field intensity (b);
Radial variation of filter magnetic field intensity in the diffusion region (c); Radial variation of
magnetic filter field intensity in the magnetic filtration region(d). The discharge pressure is set to
25 Pa, the RF power is 1500 W.

Fig. 16. 2-D profile of the H+ density with the magnetic filter field intensity of 0.3 T (a); The
H+ density in the axial direction for different magnetic filter field intensity (b). The discharge
pressure is set to 25 Pa, the RF power is 1500 W.

magnetic filter field have been discussed above. The final change of H− density which
is shown in Fig. 18 is determined by the change of electron temperature and VEHM
density in each region.

4.4 Summary

With the increase of dischargepressure, the electrondensity andH+ density both increase
in the axial region, the electron temperature decreases in the discharge region and the
diffusion region, but slightly increases in the magnetic filtration region; The H2(ν)
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Fig. 17. 2-D profile of the H2(ν) density with the magnetic filter field intensity of 0.3 T (a);
The axial H2(ν) density for different magnetic filter field intensity (b); Radial variation of H2(ν)

density in the diffusion region (c); Radial variation of H2(ν) density in the magnetic filtration
region(d). The discharge pressure is set to 25 Pa, the RF power is 1500 W.

density, H− density both rise in the discharge region and decrease in the diffusion and
magnetic filtration region. Obviously, the high discharge pressure is not conducive to
maintaining the low electron temperature in the magnetic filtration region, resulting in
the reduction of the H− density in the extraction area.

With the increase of RF power, the electron density and H+ density both increase
in the axial direction, the electron temperature increases in the discharge region and the
magnetic filtration region, but decreases in the diffusion region. The H2(ν) density and
H− density both rise in the discharge region and the diffusion region, while remaining
almost unchanged in the magnetic filtration region. The results show that the high RF
power does not increase the H− density in the magnetic filtration region, but will cause
the increase of electron temperature in the magnetic filtration region.

With the increase of the magnetic filter field intensity, the electron density and H+
density both increase in the axial direction, while the electron temperature decreases
along the axial direction. The H2(ν) density increases in the discharge region and
decreases in the diffusion region andmagnetic filtration region. TheH− density increases
in the discharge region, rises first in the diffusion region and then falls, and remains almost
unchanged in the magnetic filtration region. From the perspective of diffusion region,
there is a suitable magnetic filter field intensity which makes the H− density reach the
maximum.
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Fig. 18. 2-D profile of the H− density with the magnetic filter field intensity of 0.3 T (a); The
axialH− density for different magnetic filter field intensity (b); Radial variation ofH− density in
the diffusion region (c); Radial variation of H− density in the magnetic filtration region(d). The
discharge pressure is set to 25 Pa, the RF power is 1500 W.

5 Conclusion and Future Study

Based on fluid model simulation, the discharge pressure, RF power and magnetic filter
field intensity were parameterized, as well as the changes in electron density, electron
temperature, H+ density, H2(ν) density and H− density were discussed. As described
in chapter 4.4, the study of plasma parameter variation rules under different physical
conditions is of great significance to optimize the performance of neutron generator and
promote the development of API technology.

For the future study, other physical parameters, including chamber size, coil turns
and position, will be parameterized. The experiments with RF negative hydrogen source
will be carried out to compare the results of the simulation. In addition, the transport of
negative hydrogen ion beam will be simulated in order to study the influencing factors
of beam spot size.

Acknowledgements. The work is supported by the National Natural Science Foundation of
China (Grant No. 11735012), Guangzhou Basic and Applied Basic Research Program (Grant
No. 202102080179).

References

1. Litvak, M.L., Barmakov, Y.N., Belichenko, S.G., et al.: Associated particle imaging instru-
mentation for future planetary surface missions. Nucl. Inst. Methods Phys. Res. A 922, 19–27
(2019)



392 Z. Zou et al.

2. Ruskov, I., Kopach, Y., Bystritsky, V., et al.: TANGRAmultidetector systems for investigation
of neutron-nuclear reactions at the JINR frank laboratory of neutron physics. EPJWebofConf.
256, 00014 (2021)

3. Yakubova, G., Kavetskiy, A., Prior, S.A., et al.: Tagged neutron method for carbon analysis
of large soil samples. Appl. Radiat. Isot. 150, 127–134 (2019)

4. Unzueta, M.A., Ludewigt, B., Tak, T., et al.: Achieving high resolution with an all-digital
associated particle imaging system for the 3D determination of isotopic distributions. Rev.
Sci. Instrum. 92, 063305 (2021)

5. Kavetskiy, A., Yakubova, G., Sargsyan, N., et al.: Neutron-stimulated gamma ray measure-
ments for chlorine detection. IEEE Trans. Nucl. Sci. 68, 1495–1504 (2021)
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Abstract. When SF6 gas insulated electrical equipment has latent defects, SF6
insulation gas in the equipment is subject to high temperature or electric arc,
which will decompose and generate decomposition products, these products lead
to the degradation of insulation and arc extinguishing performance of electrical
equipment. It is of great significance to detect the decomposition products of SF6,
which can reflect the internal conditions of the equipment. The main decompo-
sition product of SF6 is SO2. In order to detect SO2 in the electrical equipment,
in this paper, an experimental platform for gas detection is built, which is based
on infrared spectrum analysis and wavelength modulation technology. Through
analyzing the second harmonic waveform of SO2 with different concentrations,
it is concluded that the SO2 concentration and the average value of the second
harmonic peak have a good linearity, and the error analysis of different concen-
trations of SO2 is further carried out. The experimental results show that there is
a good linear relationship between SO2 concentration and the average peak value
of the second harmonic wave, and the R2 is 0.992. The inversion error of SO2
with different concentrations are all within 5%. The experimental results prove
that the detection method in this paper can effectively detect trace SO2.

Keywords: Decomposition products of SF6 · Infrared spectrum analysis ·
Wavelength modulation technology · SO2 detection

1 Introduction

In modern power systems, gas insulated switchgear (GIS) are widely used as important
electrical equipment [1]. SF6 gas has a largenumber of uses inGISbecauseof its excellent
insulation and arc extinguishing properties [2]. When a partial discharge fault is released
inside a gas-insulated combination appliance, it may lead to the decomposition of SF6
in the equipment [3, 4]. In the process of SF6 decomposition, a series of unstable low-
fluorine sulfides(SFX, x = 1–5) are generated inside the GIS, and a series of complex
chemical reactions occur with other components in the equipment, and decomposition
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components such as CS2,SO2,H2S,SOF2,SO2F2 are generated [5–8]. The generation of
SF6 decomposition components affects the insulation and arc extinguishing performance
of SF6, and increases the operational risk of GIS. Therefore, the effective detection of
SF6 decomposition components in GIS is of great significance in the safe operation of
equipment. As one of the main decomposition components of SF6, the content of SO2
corresponds to the amount of discharge inside the equipment. Effective detection of SO2
helps to judge the discharge situation inside the equipment, which is important for the
evaluation of the insulation status of GIS [9, 10].

At present, the detectionofSF6 decomposition componentsmainly includes gas chro-
matography, mass spectrometry, infrared spectroscopy, electrochemical sensor method,
gas detection tube method, ion mobility spectrometry, carbon nanotube sensor [11–14].
Tunable diode laser absorption spectroscopy (TDLAS) is a technique for monitoring
trace gases in the atmosphere. The technology uses a tunable semiconductor laser to
measure a single or several absorption lines. [15]. The method has the advantages of
fast response time, high sensitivity and strong anti-interference ability. Molecules in the
mid-infrared region have a stronger vibrational transition frequency than in the near-
infrared region, and the sensitivity of gas detection using the mid-infrared band is higher
than the near-infrared band, SO2 has absorption peaks in mid-infrared and near-infrared.
Therefore, mid-infrared TDLAS can accurately detect changes in SO2.

In this paper, the infrared spectrum of SO2 gas is analyzed in depth, and a SO2 gas
detectionmethodbasedonmid-infrared laser spectroscopy is proposed.Themid-infrared
TDLAS is selected to build a SO2 detection experimental platform based onmid-infrared
tunable laser spectroscopy. In the mid-infrared band, by analyzing the detection signals
of different concentrations of SO2, the linear relationship between the second harmonic
signal and the gas concentration value is obtained, and the quantitative detection of SO2
is realized.

2 Principle of Detection

2.1 Detection Band Selection

For the selection of the SO2 detection band, the absorption spectrum of SO2 is simulated
using the HITRAN database. The absorption peaks of SO2 in the mid-infrared and
near-infrared regions are obtained.

The absorption of SO2 gas is shown in Fig. 1 and Fig. 2. In the near-infrared region,
SO2 has infrared absorption peaks in the range of 4000–4093 cm−1, but the absorption
spectral intensity of SO2 is low compared to the spectral intensity of SO2 gas in the
mid-infrared region. Therefore, the detection band of SO2 is selected in the mid-infrared
region to enhance its spectral absorption.
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Fig. 1. Spectral line intensity of SO2 gas in near infrared region

Fig. 2. Spectral line intensity of SO2 gas in mid-infrared region

2.2 Wavelength Modulation

This study is based on the wavelength modulation technique. The concentration of the
measured gas is inferred by measuring the harmonic peak. The measurement principle
is shown in Fig. 3.
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Fig. 3. Wavelength modulation principle

3 Experimental Platform

The experimental platform of SO2 detection based on mid-infrared TDLAS built in this
paper is shown in Fig. 4.

Gas sample 
compounder

Gas cell

Tail gas 
treatment

Computer

Signal 
controllerLaserPrism/diaphr

agm

SO2/N2

Fig. 4. SO2 detection experiment platform

The experimental platform is mainly composed of laser, gas absorption cell, pho-
toelectric detector, signal controller, gas sample compounder, upper computer termi-
nal and so on. Quantum cascade laser is selected as the laser, and the output band is
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1353 cm−1–1356 cm−1. The laser output band can be adjusted by temperature and
driving current.

The gas absorption cell adopts the Herriot type structure with a light range of 15 m.
Reflectors are set on both sides of the gas absorption cell to reflect the incoming laser
light several times and improve the absorption of infrared laser light by the detection
gas in the cell. The inner wall of the cell is coated with corrosion-resistant material to
prevent SO2 adsorption and corrosion.

The optical path of the device adopts the spatial optical path, and there is a collimator
mirror to adjust the incident laser at the laser outlet and the incidence of the absorption
cell. Gas sample compounder can be configured µL/L level of the experimental gas, the
maximum dilution ratio of 300:1.

4 Experimental Result Analysis

4.1 SO2 Concentration Detection

In the experiment, 52.2 µL/L gas is used as the standard gas to prepare the experimental
gas, and the SO2 experimental gas with the concentration of 50.01 µL/L, 34.75 µL/L,
24.92 µL/L, 10.02 µL/L and 1.08 µL/L is prepared. During the experiment, the temper-
ature is constant at 25 °C. The gas absorption cell is first cleaned by high-purity helium
at a constant flow rate of 500 mL/min for several minutes to remove the interference
of impurities in the gas absorption cell. After cleaning the gas absorber cell, different
concentrations of SO2 experimental gas are passed into the gas absorber cell at a constant
flow rate of 500 mL/min, and the optical signal is detected by a photoelectric sensor,
and the optical signal is processed and displayed in the upper computer. The second
harmonic waveform is shown in Fig. 5. This range of second harmonic peaks can be
used for SO2 concentration detection.

Fig. 5. The second harmonic waveform of different concentration of SO2
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For the selected second harmonic peaks, different concentrations of SO2 experimen-
tal gas are used for testing, and SO2 experimental gases with concentrations of 50.01
µL/L, 34.75 µL/L, 24.92 µL/L, 10.02 µL/L, and 1.08 µL/L are prepared by using a
dynamic gas distributor and passed into the gas absorption cell, and different concentra-
tions of SO2 are passed into the gas absorption cell at a constant flow rate of 500 mL/min
during testing. 500 s harmonic peaks are taken for each concentration separately and
averaged to reduce the effect of random errors, and the average values of the second
harmonic peaks at each concentration are shown in Table 1.

Table 1. Different concentration of SO2 corresponds to the average value of the second harmonic
peak value

SO2 concentration (µL/L) Average value of the second harmonic peak

50.01 0.004 926

34.75 0.004 415

24.92 0.003 952

10.02 0.003 309

1.08 0.003 127

Fig. 6. Correspondence between different concentrations of SO2 corresponding to the average
value of the second harmonic peak value

The linear relationship between SO2 gas concentration and the average value of the
second harmonic peak is fitted from the data in Table 1, and the fitting curve is shown
in Fig. 6.

From the results of the analysis of the second harmonic data of different concentra-
tions of SO2, it can be obtained that there is a good correlation between the concentra-
tions. The linear relationship between SO2 gas concentration and the average value of the
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second harmonic peak can be obtained by the fitting calculation as y = 0.0000384641x
+ 0.00302, and its linear fit goodness R2 is 0.992, which has a good linearity.

4.2 Different Concentrations of SO2 Gas Verification

Validation analysis is performed for the fitted curves obtained from the above experi-
ments. SO2 experimental gases with concentrations of 4.99 µL/L, 15.02 µL/L, 30.04
µL/L and 39.88 µL/L are prepared using 52.2 µL/L of SO2 gas as the standard gas for
SO2 experimental gas testing. For each concentration, 500 s harmonic peaks are taken
and averaged, and the average values of the second harmonic peaks at each concentration
are shown in Table 2.

Table 2. Different concentration of SO2 corresponds to the average value of the second harmonic
peak value

SO2 concentration (µL/L) Average value of the second harmonic peak

39.88 0.004 605

30.04 0.004 220

15.02 0.003 444

4.99 0.003 206

Table 3. Error analysis of different concentrations of SO2

SO2 Concentration
(µL/L)

Average Value of the
Second Harmonic Peak

Second harmonic peak
fitting value

Error (%)

39.88 0.004 605 0.004 554 1.11

30.04 0.004 220 0.004 175 1.06

15.02 0.003 444 0.003 598 4.46

4.99 0.003 206 0.003 191 0.19

The measured SO2 concentration value is substituted into the fitting curve obtained
above, the fitting value of the second harmonic peak is calculated, and the error between
the fitting peak and the actual peak is analyzed. The error is shown in Table 3. The errors
between the actual and fitted second harmonic peak values of SO2 experimental gases
with concentrations of 4.99µL/L, 15.02µL/L, 30.04µL/L and 39.88µL/L are no more
than 5%, and most of the errors between the actual and fitted values are within 2%, and
the average values of SO2 concentration and second harmonic peak had a good linear
relationship.

4.3 Response Speed and Recovery Time

The response speed and recovery time is a measure of the detection sensitivity of the
platform during continuous detection. Since different concentrations of SO2 gas pass
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through the detection device at a constant flow rate during the detection process, the
sensitivity of the detection device to different concentrations of SO2 gas has an impact
on the detection time and gas consumption. Therefore, the response speed and recovery
time of the detection platform need to be analyzed.

A dynamic gas distributor is used to prepare 20 µL/L and 0 µL/L of SO2 experi-
mental gas for response rate and recovery time testing, and the flow rate of both gases
is controlled to 500 mL/min during the testing period.

The experiments are conducted at ambient temperature and pressurewith a totalmea-
surement time of 2500 s. The experiments are conducted by passing high purity nitrogen
gas to be stabilized and then passing SO2 experimental gas with a concentration of 20
µL/L, and then continuing to pass high purity nitrogen gas after stabilization. From the
experimental results, the response time of the experimental gas from low concentration
to high concentration is slower than the recovery time from high concentration to low
concentration. The two times are 202.2 s and 49.4 s respectively. Response time and
recovery time include gas line switching time and gas distribution time.

5 Conclusion

In this paper, we firstly briefly discuss the necessity of SO2 detection, introduce the
principle of TDLAS detection, and build a test platform for SO2 detection based on
mid-infrared TDLAS to detect different concentrations of SO2 gas.

1) HITRAN is used to simulate the near-infrared and mid-infrared absorption bands
of SO2. In the near infrared band, the absorption line intensity of SO2 is weak.
In the mid-infrared band, the spectral absorption capacity of SO2 is strong, so the
mid-infrared band can be used as an effective detection band.

2) The linear relationship between the second harmonic peak and the concentration of
SO2 is established by detecting different concentrations of SO2 experimental gas
and extracting the second harmonic peak, and the linearity of the goodness of fit R2

is 0.992. Four different concentrations of SO2 experimental gases are used to verify
the obtained SO2 fitting curve. The verification results showed that the fitting curve is
effective for different concentrations of SO2, and the detection of low concentration
SO2 is realized within the allowable range of error.

3) The response speed and recovery time of the device are studied by using different
concentrations of SO2 experimental gas, and the response speed and recovery time
of the device are 202.2 s and 49.4 s.
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Abstract. The Gas Insulated Switchgear (GIS) with voltage levels of 500 kV
and above adopts three-phase sub-box structure, so the electromagnetic induc-
tion effect generated by wire current may generate a large induction current on
the shell, as well as its connection and support components, which will further
cause local heating and affect the insulation performance of the equipment. How-
ever, the accuracy of GIS circulation calculation in existing studies is insufficient.
As for the grounding scheme, there are only regular optimization measures, no
heating check of full current-carrying components, and no measured data for ver-
ification. Therefore, it is essential to establish an electromagnetic transient model
to calculate GIS branch bus circulation accurately, design a grounding scheme
and perform heat verification. In this paper, a GIS coupling model considering
the phase difference of three-phase current is built to calculate the circulation.
Besides, the influence of the terminal collector strip, the scheme of grounding
wire and shorting strip on circulation is analyzed. Furthermore, a two-dimensional
flow-temperature field coupling model is established using finite element simu-
lation method to calculate the heating of each current-carrying component and
ensure that the temperature result in the optimized scheme does not exceed the
limiting value. Finally, the optimization measures of grounding scheme are put
forward to reduce the circulation.

Keywords: GIS · Circulation · Grounding Scheme · Finite Element · Heat
Verification

1 Introduction

Gas Insulted Switchgear (GIS) with voltage level of 500kV and above adopts a structure
of independent cabinets in three phases. Thus, there is a strong electromagnetic coupling
between the conductor and the enclosure [1], which causes the growth of the potential
on the enclosure and generates a large circulation current and ground current between
the enclosure and the grounding device. This current will further aroused heating of the
enclosure and grounding equipment, accelerate the aging of the equipment and even
threaten the safe operation of the system [2–4].
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For the calculation methods of circulation current and ground current, the main
problems are insufficient accuracy of calculation of equivalent circuit parameters of GIS
branch bus and insufficient accuracy of electromagnetic transient simulation modeling
method.

Firstly, the establishment of the 500 kV GIS branch bus model should not only
considers the electromagnetic induction of the phase wire to the enclosure, but also con-
siders the induction of the other two-phase wires to the phase enclosure. Considering
the small capacitive coupling at power frequency, the influence of coupling capaci-
tance between enclosures has been ignored in existing studies. The mutual inductance
calculation methods of conductors and enclosures are mostly based on theoretical calcu-
lations, which means the magnetic flux and inductance are calculated based on the law
of electromagnetic induction [2, 5], dividing the conductor into different inductor units
according to the Partial Element Equivalent Circuit (PEEC) algorithm [6] or estimating
based on empirical formulas [7]. However, the theoretical results of inductance based
on actual engineering parameters are quite different from the simulation results of the
finite element model.

Secondly, for the calculation of the induced current of enclosure and the current
of the ground strips, the literatures [1, 3, 8] use the electromagnetic transient program
EMPT, finite element orMATLAB-SIMULINK to build the model respectively. Most of
the existing literature has regarded the coupling effect of GIS conductor and enclosure
as the T-type equivalent of space transformer. However, for the modeling of the three-
phase independent structure, the phase difference of current is not considered, so the
rationality of the model under different conditions is controversial.

Besides, the optimization of grounding scheme in domestic and foreign literature
only considers reducing the circulating current of GIS enclosure or grounding current
alone. For example, the literature [6] proposes a method to reduce the enclosure circu-
lation by adjusting the GIS structural parameters and adding grounding points, but does
not verify whether the ground circulation exceeds the limit after the improvement. Liter-
atures [7, 8] offer an approach to reduce ground circulation by adding shorting strips, but
does not take into account that the optimized enclosure circulationmay reached the upper
limit. At present, there is no research on the optimization method of grounding scheme
that comprehensively considers the simultaneous reduction of enclosure circulation and
ground current.

Furthermore, it is obvious that the calculation results will affect the temperature rise
calculation results of each device [4].Aiming at the calculation of equipment temperature
rise caused by circulating current and grounding current, the existing research mainly
establishes a finite element model of electromagnetic-flow-temperature coupling field
for single-phase busbars. The literatures [9–15] were studied on the rationality of heat
exchange process simplification, parameter dynamic characteristics, accuracy of simu-
lation results, and temperature calculation fitting formula. The accuracy of the model has
been widely recognized, but the thermal calculation of non-current-carrying equipment
does not take into account, and only the heat verification is performed for GIS conductor
and enclosure [16].

In order to solve the above problems, this paper first uses the finite element method
to calculate the accurate coupling parameter equivalent circuit of each component. Then
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uses PSCAD to build a 550 kV GIS branch bus electromagnetic transient model consid-
ering the phase difference of the three-phase current to calculate the circulation current.
Besides, this thesis compares and analyzes the influence of different laying schemes of
shorting strips on the current calculation results. Moreover, the COMSOL is used to
build a magnetic-flow-temperature field finite element model to verify the temperature
rise of key components. Finally, the suggestions for the optimization of GIS branch bus
grounding scheme are summarized.

2 Calculation Model of 500 kV GIS Enclosure Circulation

2.1 GIS Structure and Coupling Parameter Calculation

Thematerial of 550 kVGIS conductor and enclosure is aluminumalloy and the insulating
gas is SF6. The specific structural parameters are shown in Table 1 and the electrical
parameters are shown in Table 2.

Table 1. Structure Parameters of GIS Branch Bus

Parameter Value Unit

Rated Voltage 500 kV

Rated Current 4000 A

Rated Frequency 50 Hz

Outer Diameter of Enclosure 2.54E−01 m

Enclosure Thickness 8.00E−03 m

Outer Diameter of Conductor 8.00E−02 m

Conductor Thickness 1.00E−02 m

Rated Density of Insulated Gas 39.6 kg/m3

Rated Pressure of Insulated Gas 0.4 MPa

Phase Spacing 1/1.5 m

Height 5.175/6.97 m

Table 2. Electrical Parameters of GIS Branch Bus

Component Self-induction (H/m) Resistance (�/m) Capacitance (F/m)

Enclosure 2.29E−07 6.90E−06 4.40E−11

Conductor 2.29E−07 8.00E−06 4.40E−11

The two-dimensional static magnetic field model is established using finite element
simulation software to calculate the mutual inductance parameters. The magnetic flux
density distribution diagram of GIS branch bus finite element simulation is shown in
Fig. 1 and Table 3 shows the mutual inductance calculations between the shell and the
three-phase conductor.
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Fig. 1. GIS Branch Bus Finite Element Simulation Magnetic Flux Density Distribution

Table 3. Finite Element Calculation Results of Mutual Inductance Parameters

Mutual Inductance Between Enclosure and
Conductor

Finite Element Calculation Results (H/m)

MAA 2.19E−07

MAB 2.39E−08

MAC 1.14E−08

MBB 2.19E−07

MBA 2.42E−08

MBC 2.42E−08

MCC 2.19E−07

MCA 1.14E−08

MCB 2.39E−08

The specifications of the shorting strip and the grounding wire should compliance
with standards of grounding current, fault duration andmelting temperature of grounding
wire material. The specific parameters are shown in Table 4, where the copper resistivity
is 1.75 × 10–8 (�·m).

The circuits equivalent of the shorting strip and grounding wire are inductor and
resistance series circuits. The resistor and inductance are calculated as follows [4, 17].

R = ρ
l

ωt
(1)
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Table 4. Specifications of Shoring Strip and Grounding Strip

Shoring Strip Indoor (mm × mm) Cu 2 × 100 × 10

Outdoor (mm × mm) Cu 2 × 100 × 10

Grounding Strip Indoor (mm × mm) Cu 50 × 6

Outdoor (mm × mm) Cu 40 × 5

L = μ0l

2π

(
ln

2l

ω + t
+ 0.5

)
(2)

where ρ is the copper resistivity (1.74 × 10−8(�/m)); μ0 is the vacuum permeability
(4π × 10−7(H/m)); l is unit length (m); ω is the cross-sectional length (m); t is the
cross-sectional width (m). The calculation results are shown in Table 5.

Table 5. Equivalent Circuit Parameter of Shoring Strip and Grounding Strip

Component Type Resistance (�/m) Inductance (H/m)

Shoring Strip Indoor 5.80E−05 8.15E−07

Outdoor 8.70E−05 8.59E−07

Grounding Strip H Grounding 8.70E−06 6.63E−07

H shorting 8.70E−06 6.63E−07

E Indoor Grounding 5.80E−05 8.15E−07

E Outdoor Grounding 8.70E−05 8.59E−07

W Grounding 8.70E−05 8.59E−07

ES/FES Grounding 5.80E−05 8.15E−07

The resistivity of steel is 9.78 × 10−8 (�/m), and the grounding resistance is 0.5
(�). Similarly, the equivalent circuit parameters of the bracket can be obtained as shown
in Table 6.

Table 6. Equivalent Circuit Parameter of Holder

Holder Impedance (�)

Single Phase Holder 0.534� 19.80°
Bushing Holder 0.505� 8.28°
VT Holder 0.510� 10.62°
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2.2 Coupled Model Considering the Phase Difference

In this paper, a coupling model considering the phase difference of the three-phase
current is used to construct a 500 kV GIS whole line electromagnetic simulation model.
A schematic of the three coupling models is shown in Fig. 2. MXY represents the mutual
inductance between the X-phase conductor and the Y-phase shell (X = A,B,C; Y =
A,B,C), IXcon represents the X-phase conductor current (X = A,B,C), IXout represents
the X-phase conductor current (X = A,B,C), IXd represents the grounding current (X =
A,B,C), and Rj and Lj represent equivalent resistance and inductance of grounding wire
separately (j = 1,2,3…).
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Fig. 2. Coupling Model Considering the Three-phase Difference

The actual GIS line routing diagram is shown in Fig. 3: the line is divided into
twenty sections with A phase as the reference. The head of the line is connected to a
HVDC transformer with the grounding strips led down from the shell and then connected
between phase, while the end is connected to the circuit breaker. Meanwhile, there are
six three-phase shorting strip set in the middle of the line, which the single grounding
strip is set in the middle of the B and C phases. Moreover, there are two single-phase
grounding in the middle. The connection represented by the letters in the figure is as
follows: H represents that the enclosure is led down by the copper bar and then shorted
in three phases; E indicates that the enclosure is single-phase grounded; W means that
the three-phase enclosure is shorted and then grounded; ES/EFS stands for single-phase
holder surface-mounted copper bar grounding.
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Fig. 3. Schematic Diagram of GIS (Original Scheme)

The RMS values of enclosure circulation, induced voltage, shorting strip current,
and ground current are shown in Fig. 4. Firstly, the overall circulating of the enclosure
showed a trend of high in the middle and low at both ends. Themaximum value appeared
in the A and C phases between the 13rd and the15th section, reaching 3.42 kA. This is
because the enclosure current is looped through the shorting strips especially the strips
close to the end of the line. That is also the reason why the current of the end shorting
strip is as high as 3.09 kA. Secondly, the induced voltage and ground current show the
opposite U-shaped trend of high at the middle and low at end. The maximum induced
voltage appears at the head of the line and the maximum ground current occurs at the
head of the line, reaching 4.82 V and 9.62 A separately. This is due to the distribution
of the induced voltage generated in each section of the enclosure along the line. The
enclosure circulation forms a loop through the ground flowing from one grounding point
to another and the direction of the induced voltage of each section is consistent, resulting
in the higher the induced voltage value closer to the two ends, as well as the greater the
grounding current, which can be seen from the principle of circuit superposition.

3 Simulation Comparison of Shorting Strip Laying Scheme

3.1 The Ground Form of the Shorting Strip at the Head of the Line

The GIS branch bus is connected to a HVDC transformer at the head of line and a circuit
breaker at the end. The span is much larger than in the middle of the line. There are
two schemes for using copper strip to shorting between phases in the first section: the
existing scheme is to use copper row to lead down initially and connect three-phase on
the ground subsequently and then access to the ground network; The comparison scheme
is to connect a single copper bar to the ground grid after connecting three-phase shorting
strips at the enclosure, as shown in Fig. 5.



500 kV GIS Branch Bus Bar Grounding Scheme Optimization 413

0 5 10 15 20

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
En

cl
os

ur
e 

Ci
rc

ul
at

io
n 

(R
M

S)
 (k

A
)

Line (section)

Phase A
Phase B
Phase C

0 5 10 15 20
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

In
du

ce
d 

V
ol

ta
ge

 o
n 

th
e 

En
cl

os
ur

e 
(R

M
S)

 (V
)

Line (section)

Phase A
Phase B
Phase C

a) Enclosure Circulation (RMS)          b) Induction Voltage on the Enclosure (RMS)

1-1 4-5 6-7 9-10 12-13 15-16 18-19
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

C
ur

re
nt

 o
f S

ho
rti

ng
 S

tri
p 

( R
M

S)
 (k

A
)

Shorting Strip

 A-B
 B-C

1-1H 1-1ES 1-1E 4-5W 6-7W 9-10W 12-13W 13-14E15-16W18-19W 20-20E
0

1

2

3

4

5

6

7

8

9

10

G
ro

un
di

ng
 C

ur
re

nt
 (R

M
S)

 (A
)

Type of Grounding Wire

Phase A

c) Current of Shorting Strip (RMS)     d) Grounding Current (RMS)

Fig. 4. Current and Voltage Calculation Results of GIS

a) Original Scheme         b) Comparison Scheme

Fig. 5. Two Grounding Schemes of the First Shorting Strip

The current calculation results for both schemes are shown in Fig. 6. The calculation
results illustrate that the first-end shorting strip only has a slight effect on the current
and voltage calculation results at the head of the line and has almost no effect on the
middle and end of lines. Compared with the original scheme, the growth is slight in the
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circulating current of the first section of enclosure about 0.37 kA (+41.57%), as well as
the current of first shorting strip about 0.36 kA (+40.00%) and the ground current of the
first shorting strip about 1.35 A (+47.70%). On the contrary, there is a modest decrease
of 0.55 V (−11.39%) in the induced voltage and 1.11A (−11.54%) in the ground current
of the first section. The enclosure circulation and the first end of the shorting strip current
have increased, but do not affect the heating verification and component specification
selection with themaximum value of the whole line as the input. Although the grounding
current of the first shorting strip will increase (<1.5 A), it has little impact on the heating
check and specification of the grounding bar. However, it is recommended that the first-
end shorting strip adopt the scheme of leading down and then connecting considering
the large distance in phases, in order to improve the mechanical properties of wind and
earthquake resistance.
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Fig. 6. Calculation Results Under 2 Schemes of First Shorting Strip

3.2 The Ground Form of the Shorting Strip in the Middle of the Line

The phase spacing in the middle of the GIS line does not exceed 1.5 m and the the
layout scheme is to short-circuit and then lead down to ground. In order to analyze
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the influence of the different grounding scheme of shorting strips on the calculation
results, the following two schemes are designed: the original scheme is to access a
single ground bar between the B and C phases; the comparison scheme is that the three
phases are grounded separately, as shown in Fig. 7.

a) Original Scheme                  b) Comparison Scheme

Fig. 7. Two Grounding Schemes of Middle Shorting Strip

The current calculation results for both schemes are shown in Fig. 8. It can be seen
from the results that the grounding form of the shorting strip has basically no effect
on the circulation of the enclosure and shorting strips. However, considering the actual
economic point of view, it is suggested that the shorting strip in the project should adopt
the form of accessing a single ground strip between two phases (A/B or B/C).

3.3 Shorting Strip Laying Scheme in the Middle of the Line

Three typical layout schemes of shorting strips are designed to analyze the influence
of the mid-line short strip laying on the current calculation results, as shown in Fig. 9.
Figure 9 a) is the first scheme, that is, no shorting strip is laid in the middle of the line;
b) for option two, to add shorting strip between Sect. 4 and 5, 18 and 19 (close to the
side); c) for option three, to add shorting strips between Sect. 6 and 7, 15 and 16 (near
the inside).

The calculation results under the four schemes, including the original scheme, are
shown in Fig. 10. In scheme 1, the circulating current of the enclosure in the middle of
the line does not increase significantly and the current of the whole line is less than 1.5
kA, but the induced voltage and grounding current increase remarkably in themiddle and
back sections of the line reaching the maximum at the end of the line (induced voltage:
16.73 V, grounding current: 32.70 A). The key reason is that the circulation only forms
a loop through the steel holder and the grounding bar, which could be equivalent to the
impedance of the two paths in parallel. While the steel impedance is greater than the
copper shorting strip and greater than the copper grounding strip, so that the circulation
is mainly carried by the grounding wire. Meanwhile, the three-phase spacing between
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Fig. 8. Calculation Results Under 2 Grounding Schemes of Shorting Strip

GIS in the middle of the line is only 1m, while the distance between the two ends of
the line can reach 7 m. Thus, the induced magnetic flux generated by the three-phase
current could mostly cancel each other out in the middle of the line, but this offset is
very small at the first end. In short, the addition of a shorting strips can change the main
path of the circulation, reducing the induced voltage and ground current greatly. On
the other hand, it will also increase the enclosure circulation in the middle of the line.
Therefore, the optimization of the shorting strips laying scheme needs to be considered
comprehensively.

The calculation results of the original scheme and the second schemewere compared
to analyze the influence of the number of shorting strips on the calculation results. The
difference between the enclosure circulation, induced voltage, maximum load current of
shorting strip, and grounding current is minimal. After the shorting strips are added in
the middle of the line, the circulation is mainly carried by the outer end of the shorting
strips and the middle have no significant effect on reducing the middle circulation, the
terminal induced voltage and ground current in the middle of the line. Hence the actual
project can only add shorting strip on both sides near the line and the middle part has no
need to add it to improve economy.

The influence of the laying position of the shorting strips on the calculation result can
be seen by analyzing the calculation results of scheme 2 and scheme 3. The circulation
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a) Scheme 1

b) Scheme 2

c) Scheme 3

Fig. 9. Four Schemes of Middle Shorting Strip
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between the shorting strips surge under the two schemes, but the maximum difference
between the two schemes is small (3.3 kA and 3.26 kA, respectively). The shorting stirp
of scheme 3 is close to themiddle comparedwith scheme 2. There is a slight decline of the
maximum current of shorting strip by 0.27 kA (−8.28%), while the induced voltage and
ground current at both ends of the line increase (forward deviation of terminal induced
voltage 4.62 V, positive deviation of ground current 9.05 V). Therefore, it is proposed to
add shorting strips which is close to both ends of the line to reduce the induced voltage
and ground current.
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Fig. 10. Calculation Results Under 4 Schemes of Middle Shorting Strip

4 GIS Branch Bus Heat Verification

4.1 Temperature Calculation Modeling Methods

The coupling model of flow field and temperature field is established based on the
calculation results of electromagnetic field loss to simulate the temperature and gas flow
in single-phase GIS busbar. First, the electromagnetic loss at the wire current of 4000
A (RMS) and the enclosure current of 3500 A (RMS) are calculated. The calculation
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results explain that the electromagnetic loss density of the conductor is 20330 W/m3

and the electromagnetic loss density of the enclosure is 2162.6 W/m3. Furthermore, the
electromagnetic loss per unit length of single-phase conductor is 97.502 W/m and the
enclosure are 27.175 W/m. Eventually, the above-mentioned steady-state periodic loss
is used as the heat source in the GIS flow field and temperature field model built by
COMSOL for calculation.

The finite element model of GIS busbar pipe is shown in Fig. 11. The 550 kV GIS
branch bus conductor and enclosure are made of aluminum and the insulated gas is
SF6. The model considers the influence of fluid density, dynamic viscosity, thermal
conductivity on fluid velocity. The pressure of SF6 gas is set to 0.4 MPa, the molar
mass of the gas is 146.05 g/mol, and the gas constant is 0.008314 MPa· L/(K·mol).
Set the ambient temperature to 40 °C and the wind speed to 2 m/s. In this model,
the heat loss when the conductor and the enclosure are energized is used as the heat
source. Besides, the radiation heat dissipation of the conductor to the shell, the contact
between the conductor and SF6 gas and convection heat dissipation, the convection and
radiation heat dissipation of the enclosure to the surrounding air, and the solar radiation
are considered. It is necessary to solve the problem of skin effect by adopting subdivision
grid and boundary layer mesh partitioning to calculate the SF6 fluid distribution in the
cavity [18–20]. The meshing method uses multi-level meshing, as shown in Fig. 12.

Fig. 11. Two-dimensional Finite element Model for GIS Fig. 12. Grid Division Diagram

4.2 Temperature Calculation Results of GIS Branch Bus

The temperature calculation results of the GIS branch bus tube are shown in Fig. 13.
When the ambient temperature is 40 °C, themaximum temperature of the conductor in the
steady state is 60.67 °C (temperature rise 20.67 °C)and the maximum temperature of the
enclosure is 48.27 °C (temperature rise 8.27 °C). The temperature of two components
is lower than the limit value (60 °C for the personnel accessible part, 70 °C for the
inaccessible part) and the temperature rise is also below the limit value (60 K for the
conductor, 30 K for the enclosure).

The simulated GIS busbar tube temperature field temperature distribution cloud is
shown in Fig. 14. The temperature of GIS conductor and enclosure roughly shows a
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Fig. 13. Temperature Curve of Conductor and Enclosure Surface With Time

geometric distribution trend of symmetrical left and right and the upper part is higher
than the lower. The flow velocity cloud of SF6 in the annular cavity is shown in Fig. 15.
Since the GIS busbar tube is a cylindrical geometry, the gas flow path also shows a left-
right symmetrical trend when there is no forced convection in the outside surroundings.
At the same time, the gas molecules are affected by the acceleration of gravity and the
gas density changes with the temperature, so the gas return movement at the top of the
cavity is strong, resulting in an S-shaped distribution of the inner surface temperature of
the shell near the top, that is, the isotherm reversal phenomenon occurs in the annular
cavity along the radius of the busbar tube, the farther away from the hot surface and
the greater the temperature [9, 21]. The simulation results of temperature and gas flow
rate are consistent with the existing simulation results under the same environmental
conditions [22–24].

4.3 Temperature Calculation Results of Shorting Strip, Grounding Strip
and Holders

For components such as shorting strips, grounding strips and holders, the finite ele-
ment model does not have a laminar flow module. In this paper, a three-dimensional
finite element model is built to calculate the temperature rise for these components. The
ambient temperature is set to 35 °C and the wind speed is 2 m/s. Firstly, the short row
applies a current of 3.1 kA in the model of shorting strips, the emissivity of the copper
surface is 0.65, and the convective heat transfer coefficient is 25. Secondly, 11 A current
is applied and the convective heat transfer coefficient is 7.3 in the model of grounding
wire. Thirdly, the state of the steel in the model of holder is polished and unoxidized,
the surface emissivity of the steel is 0.2 and the convective heat transfer coefficient is
7.3, with current of 300 A.

The temperature distribution cloud of the shorting strips, grounding strips, and holder
is shown in Fig. 16. The temperature of the shorting strips showed a trend of high
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Fig. 14. Steady-state Temperature Distribution Cloud Image of GIS (degC)

Fig. 15. Steady-state Gas Flow Diagram of GIS (m/s)

and low in the middle and the maximum temperature reached 61.27 °C (temperature
rise 26.27 °C). The temperature rise was lower than the limit value (30 K). The local
difference in the temperature rise of the grounding strips is very small, with themaximum
temperature at 35.01 °C. Themaximum temperature rise is less than 1 °C, which is lower
than the temperature rise limit of the copper bar. The temperature distribution of the
bracket shows a slightly lower side and a high middle part. The maximum temperature
in the middle is 35.61 °C, which is lower than the temperature limit of Q235 steel
(the normal use temperature of Q235A steel does not exceed 350 °C; the normal use
temperature of aluminumalloy shellwith pressure requirements does not exceed 160 °C).
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a) Shorting Strip (Cu 100mm×10mm) 

b) Grounding Strip (Cu 40mm×5mmm)

c) Holder (H-shaped) 

Fig. 16. Temperature Distribution Cloud Image of Components (degC)

5 Conclusion

By establishing a three-phase coupling electromagnetic transient model of GIS branch
bus of 500 kV HVDC back-to-back converter station, this paper calculates the enclosure
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circulating current, induced voltage, current of shorting strips and grounding strips. The
following conclusions can be obtained by comparing and analyzing different wiring
schemes and loading the current calculation results as input to verify the temperature of
each component in the finite element coupling model.

1) The circulation of GIS branch busbar enclosure showed a distribution trend of high
in the middle and low at the end of line, while the induced voltage and grounding
current show a distribution trend of low middle and high at both ends. Among
them, the enclosure circulation is mainly formed through the shorting strips and the
maximum carrying current of the shorting strip reaches about approximately 77%
of the rated current of the conductor.

2) In the actual project, the head of the GIS line has a large phase spacing. In order to
improve the windproof and seismic mechanical properties of the components, it is
recommended that the first-end shorting strip should adopt the grounding form that
the enclosure is first led down by the copper bar and then connected in third phase.

3) Under the premise of economic consideration, it is proposed that the shorting strips
in the middle of the line should adopt the grounding form that a single copper
grounding wire is led down in the middle of the A/B phase or B/C phase.

4) Adding a shorting strip can effectively reduce the induced voltage and ground current
at both ends of the line, but will greatly improve the circulation of the shell in the
middle of the line at the same time. In actual engineering, if the temperature of the
grounding wire at both ends of the line does not exceed the limit, there is no need
to laying shorting strips; Otherwise, adding short strips which are only close to both
ends is the most efficient and economical way to reduce the ground current.

5) Only by selecting the cross-sectional specifications of the shorting strips in strict
accordance with the carrying current of shorting strips, the thermal and temperature
rise of GIS branch bus and each component can ensure that the limit value is not
exceeded.
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Abstract. The switchgear is an essential part of the power distribution system,
widely used in substations,Marine ships, and oremining.With the increasing con-
cern for environmental protection, the substitution of SF6 gas has become a trend
in the power industry, and new environmentally friendly switchgear has emerged.
To adapt the insulation performance of the alternative gas to the cabinet’s struc-
ture, the electric and temperature field distribution within the cabinet is studied,
and a suitable structural optimization method is explored in this paper. The Solid-
Works software is used to simplify the modeling of the cabinet body and import it
into the finite element analysis software. An electrical-magnetic-thermal coupling
analysis model of the switchgear cabinet is established to obtain the electromag-
netic field distribution and temperature distribution inside the switchgear cabinet
and explore optimizing the structure. The results show that there are significant
eddy current losses in the switchgear cabinet, which can be reduced by spatial
distance; the field strengths at bus bar joints and corners are enormous, which can
be reduced by chamfering; the error between the simulated cabinet temperature
rise and the actual temperature rise is within 2.3k, and the simulation is reliable.

Keywords: Environmentally friendly switchgear · Temperature rise ·
Electromagnetic field · Structure optimization

1 Introduction

Gas-insulated switchgear has been widely used in various fields, such as power grid
substations and marine vessels, from the 1960s to the present day [1], and SF6 gas
accounts for more than 80% of its total production in the power industry [2–4], however,
SF6 is a gas with the global warming potential (GWP) 23500 times that of CO2. SF6 was
listed as one of the sixmajor greenhouse gases by theKyoto Protocol in 1997 [5–8].With
increased concern for environmental protection, the trend has been to reduce or eliminate
the use of SF6 gas in the power industry. Therefore, a new type of environmentally
friendly gas-insulated switchgear has emerged [9].

Due to fluctuations in distribution line loads and frequent circuit breaker operations,
faults may occur inside the switchgear. To ensure the stable operation of the switchgear
and improve the electrical performance, The finite element method to simulate the inter-
nal physical field of the electrical equipment has become a common means, and the
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problems of a long cycle and extensive investment in the field test have been solved. P.
Zhang et al. [10] simulated a gas-insulated busbar’s temperature and airflow fields under
three-dimensional modeling by simplifying the components and minor features of a 126
kV gas-insulated busbar and using the finite element method with only heat conduction
and heat convection in mind. J. Qu et al. [11] used ANSYS finite element software to
simulate the temperature field of a low-voltage switchgear chamber and predicted the
temperature rise of a low-voltage switchgear chamber by considering contact resistance,
eddy current, heat flow, and electromagnetic heat flow coupling models, and carried
out relevant temperature rise tests under 500 A current flow conditions. Hong et al.
[12] carried out solid modeling of a 12 kV air-insulated switchgear using SolidWorks
software. They simulated the effects of eddy currents and contact resistance on the tem-
perature rise of the switchgear, considering heat conduction, convection and radiation,
and reasonable boundary conditions. Pawar et al. [13] analyzed the temperature rise of
a circuit breaker with SF6 as the filling medium through simulation. Liao et al. [14]
studied the temperature rise of a transformer with insulating oil as the filling medium.
The advantages and disadvantages of the coupled AnsysApdl-Cfx and Maxwell-Fluent
methods were analyzed in a subsequent work by Wang [15] based on an electromag-
netic fluid temperature field model for medium voltage air-insulated switchgear [16].
The above research explored the switchgear structure with SF6 and insulating oil as the
filling medium. However, at present, the insulation performance of the new environmen-
tally friendly alternative gas is still far from the traditional insulation medium. Adapting
the alternative gas to the switchgear structure to enhance the insulation performance
and improve the heat dissipation rate in the cabinet is still a problem that needs to be
explored.

In this paper, the SolidWorks software was used to simplify the modeling of the cab-
inet, and the finite element analysis software COMSOL Multiphysics was introduced
to establish the electric-magnetic-thermal coupling analysis model of the switch cabi-
net, obtain the electromagnetic field distribution and temperature distribution inside the
switch cabinet, and verify the rationality of the simulation model. Finally, according to
the simulation results, the structure optimization method of the switchgear is proposed.

2 Simulation Principles

2.1 Fundamentals of Electromagnetic Field Theory

Maxwell’s equations are at the heart of electromagnetic field analysis and contain four
laws: Ampere’s law of loops, Faraday’s law of electromagnetic induction, Gauss’s law,
and Gauss’s law of magnetism. Maxwell equations expressed in differential form are
shown in Eq. (1).

When the electromagnetic field solved is close to the steady state because the elec-
tric flux density solved by Maxwell’s equations is minimal, it can be wholly ignored
compared with the conduction current density, and the magnetic field generated by the
changing electric field can be ignored. The eddy current field can also be expressed as a
near-steady electromagnetic field with conducting material in the solution domain, for
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which Maxwell’s system of equations can be ignored in terms of Gauss’ law.
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∇ × �H = �J + ∂ �D
∂t = �JS + �Je + ∂ �D

∂t

∇ × �E = − ∂ �B
∂t

∇ × �D = ρ

∇ × �B = 0

(1)

2.2 Theoretical Foundations of Heat Transfer

Heat transfer is the study of the laws of heat transfer between different parts of an object
or the same at different temperatures [17, 18]. Heat can be conducted in three ways -
conduction, convection, and radiation and all three have commonalities and differences
in the three-dimensional heat transfer equation for equipment in the steady state thermal
case expressed as:

λ

(
∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2

)

= −Q (2)

In Eq. (2): T is the temperature; λ is the thermal conductivity; Q is the heat source.

3 Switchgear Simulation Modeling

3.1 Switchgear Model Establishment

According to the switchgear entity, Solidworks’s three-dimensional drawing software is
used to establish the calculated switchgear model. In the cabinet, the dimensions of the
mounting holes for the insulators and the sleeves for wrapping the conductors belong to
the millimeter level. The impact on the calculation results is small and such structures
are ignored. The overall model is shown in Fig. 1.

Fig. 1. The overall model of the switchgear
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3.2 Mesh Dissection

In the simulation model of this paper, the thickness of the bus bar and the size of the
insulator are relatively small compared with the size of the whole model [1]. In order
to make the simulation meet the requirements of accuracy and convergence, multi-level
mesh dissection and boundary layer mesh dissection methods are adopted. The mesh
dissection of the busbar and insulator parts is shown in Fig. 2.

Fig. 2. Busbar and insulator grid sections

4 Analysis of Results and Improvement Options

4.1 Analysis of Switchgear Electric Field Calculations and Suggestions
for Improvement

Analysis of Calculation Results
Eddy Current Loss
The simulation results of eddy current loss are shown in Fig. 3. The results show that
the eddy current losses in the cabinet are mainly concentrated in the inlet and outlet,
where the maximum surface density loss reaches 310 W/m2. Because the busbar passes
through the cabinet, the spatial distance is only a few millimeters, the magnetic flux
density is higher, and the induced current is more significant, so the eddy current here
is much greater than in the rest of the cabinet.

Electric Field Strength
The electric field strength distribution inside the switchgear is shown in Fig. 4. After
the simulation analysis, the electric field strength of phase B in the switchgear is greater
than that of phases A and C. In addition, the electric field strength of the busbar joints,
busbar corners, and busbar connection insulators is also greater, reaching an order of
magnitude of 105 V/m, with the maximum field strength getting 4.54*105 V/m. Through
the above analysis, it is not difficult to conclude that the areas prone to partial discharge
within the switchgear cabinet are the contact between the load switch and the bus bar, the
connection between the bus bar and the cabinet, the corner of the bus bar, etc. Optimizing



Multi-physical Field Coupling Analysis 429

Fig. 3. Overall eddy current loss of switchgear

Fig. 4. Overall electric field intensity distribution in the switchgear

the busbar structure and reducing the electric field intensity in such areas can improve
electrical performance and prevent faults.

Structural Optimization Improvements
Increase the Distance. Increase the Distance between the busbar outlet and the bottom
of the cabinet. Other conditions remain unchanged. The vortex field distribution shown
in Fig. 5 is obtained.

Induction heating is the leading cause of cabinet temperature rise, and eddy currents
also exist at the bottom of this type of switchgear. Comparing Fig. 5 with Fig. 3, it is
found that the eddy current loss present on the cabinet is significantly reduced after
increasing the distance between the outlet and the bottom of the cabinet, which is due
to the increase in spatial distance and the reduction in magnetic induction strength.

Suitable Chamfering. The corner of the bus bar is chamfered, and all other conditions
remain the same. the electric field distribution is obtained as shown in Fig. 6.

A comparisonwith Fig. 4 shows that the electric field strength is significantly reduced
when the busbar is chamfered. Therefore, in practical design, the busbars can be cham-
fered to reduce the probability of failure. In addition, for the problem of excessive field
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Fig. 5. Eddy current losses in the cabinet at the outlet (after increasing the distance from the
bottom of the cabinet)

Fig. 6. Local enlargement of the field strength at the corner of the exit line (after chamfering)

strength at the connection between the busbar and the cabinet, insulators can be added
to the connection. The insulators need to be wrapped entirely around the busbar, and
complete wrapping cannot be reflected in the modeling. Contact crossing errors will
occur, so they are not simulated.

Other Optimization Methods. The parts of the switchgear cabinet with busbars passing
through them generate significant eddy current losses, leading to higher temperatures. To
reduce the above adverse effects, consider using low magnetic permeability materials
for the top frame, providing copper plates with lower resistance on the inside of the
cabinet, and increasing the area of the stainless-steel sealing plate at the busbar inlet.

4.2 Analysis of Switchgear Temperature Calculations and Suggestions
for Improvement

Analysis of Experimental and Simulation Results
As shown in Fig. 7, five temperature detection points are selected for the temperature
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rise experiment of the switchgear. The test current is set to 1.1 times the rated current
according to the standard DL593-2006, and the corresponding temperature rise data
are measured with thermocouples after stabilization. The results are compared with the
simulation results, as shown in Fig. 8. The maximum temperature difference is only
2.3 °C. The errors are all within 5%, which verifies the reasonableness of the simulation
model.

The results of the busbar temperature distribution in the simulation model are shown
in Fig. 9. The highest temperature inside the switchgear cabinet is 71.4 °C when the
running 630A,which occurs at the jointswhere the busbars are connected to the insulators
and the circuit breaker chamber.

When the temperature of a joint rises, the metal is deformed by heat, for example,
if a metal joint overheats into an expanded state, the contact surface is forced to shift,
creating tiny gaps and increasing contact resistance, promoting the thermal effect.

In the simulation model, the temperature rise at the highest point of the cabinet is
51.4K. The temperature rise in other parts is even smaller, far less than the 70K specified
in the national standard, which verifies the reasonableness of the switchgear design.

Fig. 7. Temperature detection point diagram

Structural Optimization and Improvement
Reduction of Eddy Current Losses. The appropriate optimization options have already
been discussed in the previous section and will not be repeated here.

OtherOptimizationMethods.Several factors, such as poor contact, small busbar spacing,
poor copper material, small cross-sectional area, etc cause the high-temperature rise in
the busbar. There is a causal effect between lower bus temperature and current carrying
capacity. Some methods can reduce the bus temperature, such as using me-chanical
structures with better contact, better quality copper, and applying petroleum jelly or
conductive paste to the cover to reduce contact resistance.
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Fig. 8. Comparison of simulated and actual temperatures

Fig. 9. Busbar temperature distribution diagram

5 Conclusion

In this paper, the electromagnetic field distribution and temperature distribution inside
the new environmentally friendly switchgear are simulated based on the finite element
analysis method, and the following conclusions can be drawn:

(1) Eddy current losses exist in switchgear cabinets, especially at the busbar inlet and
outlet and at the bottom of the cabinet. Eddy currents can be effectively reduced by
increasing the distance between the busbar and the bottom of the cabinet.

(2) According to the distribution of electric field strength, we can determine the areas
where the switchgear is prone to partial discharge: the contact between the load
switch and the bus bar, the connection between the bus bar and the cabinet, the
corner of the bus bar, etc. Measures such as chamfering the busbars and adding
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insulators at the connection between the busbars and the cabinet can be taken to
avoid partial discharges.

(3) By conducting temperature tests on five temperature measurement points and com-
paring themwith the simulation results, the errors are allwithin 5%.The temperature
rise at the highest point of the switchgear is 51.4K after long-term operation at a
high current, which is much less than the 70K specified in the national standard

.
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Abstract. The distribution network usually adopts the operation mode of
ungrounded neutral point or grounded through arc suppression coil to improve
the stability of the system, but under these two working modes, the output current
signal of the system is weak when a single-phase grounding fault occurs, which
leads to the difficulty of fault diagnosis. In order to realize the diagnosis of small
current grounding fault under these two working modes and improve the accuracy
of small current grounding fault diagnosis technology in distribution automation
(DA) system, through the analysis of the transient characteristics of the system
when grounding fault occurs, combined with the relationship between the tran-
sient zero sequence current of fault line and non-fault line and the relationship
between transient zero sequence voltage and zero sequence current when ground-
ing fault occurs, Based on the sudden change value of zero sequence voltage
and zero sequence current, a small current grounding fault identification method
is presented. MATLAB is used to simulate the small current grounding system
model of distribution network with ungrounded neutral and grounded through arc
suppression coil, and the simulation results are analyzed to verify the accuracy of
the proposed discrimination method.

Keywords: distribution automation · neutral point operation mode of
distribution network · small current grounding system · ground fault · MATLAB

1 Introduction

The improvement of social economy and the development of power grid technology
promote the construction process of smart grid. Smart grid refers to the intelligent power
grid, which is an information-based, digital and automatic power grid [1]. Distribution
Automation (DA) improves power supply reliability by realizing automatic fault isolation
and automatic power recovery [2]. In today’s society, the development of people’s life
and productivity is inseparable from electricity, and power failure will bring huge losses
to society. DA improves the reliability of power supply significantly.

High voltage transmission line fault identification is of great significance to ensure
the safe and stable operation of power grid. The insulator surface of high-voltage equip-
ment is easy to accumulate dirt and lead to insulation aging. Under severe conditions
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such as thunderstorm, it is easy to cause power line faults, among which power failure
caused by single-phase grounding fault accounts for about 80% [3, 4]. When a single-
phase grounding fault occurs in a small current grounding system, the fault zero sequence
current (referred to as zero current) signal is very weak, and the terminal sampling accu-
racy is inaccurate, which makes it difficult to judge the fault. The traditional grounding
fault judgment methods based on the characteristics of steady-state zero current can
only be used in systems with obvious fault zero current. Therefore, many scholars have
studied the small current grounding fault judgment method. Literature [5] uses the time-
frequency matrix obtained by S transformation from the reliability decision fusion to
carry out fault line selection and improve the accuracy and sensitivity of line selection.
Literature [6] uses the equivalent half wave injection method to inject signal waveforms
into distribution network lines, and compares the injected DC signals extracted from
fault lines, non-fault lines and signal generators to achieve the purpose of fault location.
Literature [7] used sample data processing and ADABOOSTmethod for comprehensive
route selection, but this method requires sufficient sample data support, and data collec-
tion is difficult. Literature [8] improved the efficiency of line selection by constructing
GA-BP neural network to train network parameters for fault measurement data such as
wavelet packet method, active component method, group amplitude comparison method
and fifth harmonic method.

Based on the analysis of the transient characteristics of single-phase grounding fault
in the arc suppression coil grounded system, this paper proposes a judgment method
for small current grounding fault based on zero sequence voltage (referred to as zero
voltage) and zero current sudden change value. By taking the sudden change of zero
current or zero voltage as the fault starting time, the method analyzes and counts the
judgment method of zero sequence power of sampling points meeting the transient
grounding characteristics within 20 ms before and after the starting time. The system
model of neutral grounded by arc suppression coil is built using MATLAB to capture
the waveform of voltage and current when grounding fault occurs in the system. The
waveform is compared and analyzed to verify the correctness of the proposed grounding
fault judgment method.

2 Analysis of Neutral Grounding System of Distribution Network
via Arc Suppression Coil

When a ground fault occurs in the distribution network, the capacitive current of each
phase of the system will flow through the fault point, and the capacitive current at the
fault point will increase. At this time, if no compensation current flows through the fault
point, it is easy to cause arc grounding, which will have a certain impact on the system
stability [9]. Although the neutral point of the distribution network is grounded through
the arc suppression coil, which can effectively prevent the generation of arc, the zero
current in the system is very small at this time, and it is difficult to judge the grounding
fault. When the grounding fault occurs in the small current system, the current of line
n in the neutral point grounding system through the arc suppression coil is as shown in
Fig. 1.
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Fig. 1. Zero sequence current distribution of neutral grounding system through arc suppression
coil.

It can be seen from Fig. 1 that the current flowing through the fault point has both
capacitive current IL and inductive current IC [10]. According to Kirchhoff’s current
law, the current flowing through the fault point can be expressed as:

ID = IC − IL = j(ωC + 1/ωL)U (1)

Because the capacitive current is in the opposite direction to the inductive current,
the inductive compensation current generated by the arc suppression coil reduces the
fault zero current [11]. Only relying on the zero sequence amplitude in the steady state
cannot meet the small current fault judgment under this grounding mode.

The transient process is actually a wave process, so the input zero sequence
impedance Zin of the non-fault line in case of ground fault is obtained according to
the wave equation and S transformation, as shown in Formula (2).

Zin = Zcchγ S (2)

where, chγ S = (êγ S + ê(−γ S))/2,Zc represents wave impedance, see Eq. (3), γ is the
line propagation coefficient, as shown in Formula (4), and S is the line length.

Zc = √
((R0 + jωL0)/(G0 + jωC0)) (3)

γ = R0G0 + jωR0C0 + G0L0 − ω2L0C0 (4)

Since the admittance of the non fault line to the ground is approximately equal to 0,
substitute (3) and (4) into Formula (2) to get:

(5)
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3 Transient Characteristics of Small Current Grounding Fault

3.1 Distribution Characteristics of Transient Current in Small Current
Grounding System

At the moment of line grounding fault, zero voltage and zero current will change sud-
denly. The zero current of the fault line flows from the load side to the power supply
side. When the ground fault occurs, the amplitude of the first 1/2 cycle transient current
is far greater than the amplitude of the steady-state current. The transient current is far
greater than the steady capacitive current; the zero current of the ungrounded line and
the downstream line of the fault point flows from the power supply side to the load side.

For the neutral grounding system through arc suppression coil, the zero current of
the non-fault line flows from the power supply side to the load side; The zero current
direction of the fault line is related to the working state of the arc suppression coil: under
the over compensation state, the zero current direction is the same as that of the non-fault
line; In the under compensation state, the zero current will flow from the load side to the
power supply side.

3.2 Transient Process Impedance Characteristics

When the grounding fault occurs, the current includes both fundamental frequency com-
ponent and high-frequency component. The transient process is dominated by high-
frequency components with short duration. The transient component is mainly the tran-
sient resonance component generated between the equivalent inductance and equivalent
capacitance of the system [12, 13]. In high frequency and low frequency, the influence
of zero sequence resistance on zero sequence impedance is negligible, so Formula (5)
can be simplified as:

(6)

The neutral point impedance is Z, and its value is:

Z = jωL (7)

The parallel resistance value Rf of all lines and the zero sequence admittance Yn of
fault line n can be expressed as:

Yn = 1/Rf − 1/Z − 1/Zin (8)

Substitute Formula (6) and (7) into Formula (8) to get:

Yn = 1/Yn + (1/Rf + (1/ωL − (
√

(C0)/(
√

(L0) cot (ωS
√

(L0C0)))) (9)

Zero sequence impedance of fault line is:

Zn = 1/Yn = (1/Rf − j(1/(ωL) − √
C0/(

√
L0cot (ωS

√
(L0C0)))))

/(1/R2
f + (1/(ωL) − √

C0/(
√
L0cot(ωS

√
(L0C0))))

2 (10)
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When the line has series resonance, the line impedance is theminimum [14]. It can be
seen from Formula (10) that when the non-fault line has series resonance, the impedance
amplitude of the fault line |Zn| is approximately equal to zero, so the fault line also has
series resonance [15]. Since the series resonance of each non fault line will affect the
series resonance of the fault line, the amplitude frequency characteristics of the fault line
will not change at the same frequency band.

4 Judgment Method of Grounding Fault in Small Current System

When the small current grounding system is grounded in the occurrence area, the slope
of the zero voltage waveform is opposite to that of the zero current waveform. When the
operation mode and power supply direction of the line change, the relative direction of
the bus and the line changes, so adaptive adjustment is required according to the power
direction of the line.

When the switch is put into forward operation for power supply, the phase voltage is
consistent with the positive sequence of phase current and the same name terminal, and
the zero current is consistent with the same name terminal of phase current, zero voltage
and phase voltage, so as to ensure that the same name terminal of zero voltage and zero
current is consistent. In case of inconsistency, the phase sequence and polarity shall be
adjusted by parameters. When the line is in reverse power supply, the original power
supply side of the system becomes the load side, and the original load side becomes
the power supply side. Therefore, when the positive sequence current of the switch is
greater than 1% of the rated value and the active power is less than 0, it is necessary to
reverse the zero current sampling value, and then calculate and judge.

In the small current grounding system, most single-phase grounding characteristics
are that the system zero voltage and zero current suddenly rise, and when the grounding
fault occurs, the steady-state zero current is very small, compared with the transient
zero current, it is relatively large. Therefore, the zero voltage sudden change value and
zero current sudden change value reaching the set sudden change fixed value are used
as the starting condition of the grounding criterion, and the transient process within
1/4 cycle after grounding is used as the main criterion of the grounding fault. In the
case of high resistance grounding and slow change of grounding resistance, the phase
relationship between zero voltage and zero current in steady state is used to judge. If the
zero voltage reaches the threshold value for a certain time during the grounding process,
the system can be judged to be grounded. Since the reliability of ground fault judgment is
related to the sampling accuracy, in order to capture the process of transient occurrence,
it is necessary to increase the sampling frequency to ensure that there are more point
responses to the voltage and current values when the fault occurs.

4.1 Transient Criterion

Zero sequence voltage sudden change or zero sequence current sudden change, and the
system has zero sequence voltage, the criteria for zero sequence voltage sudden change
are as follows:

||Uz(i) − Uz(i−N )|−|Uz(i−N ) − Uz(i−2N )||
> 1.25||Uz(i−N ) − Uz(i−2N )|−|Uz(i−2N ) − Uz(i−3N )|| + Uzsetdb

(11)
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Uz(i) > 1.2Uz(i−N ) (12)

Criteria for sudden change of zero sequence current are as follows:

||Iz(i) − Iz(i−N )|−|Iz(i−N ) − Iz(i−2N )||
> 1.25||Iz(i−N ) − Iz(i−2N )|−|Iz(i−2N ) − Iz(i−3N )|| + Izsetdb

(13)

Criteria for zero sequence voltage of the system are as follows:

Uz > Uzset (14)

Uzsetdb represents zero voltage sudden change parameter, which is set as 3% of zero
voltage rated value by default during operation; Izsetdb represents zero current sudden
change parameter, and the criteria to avoid positive zero sequence current sudden change
are as follows: zero current is taken as reference value during normal operation, and it is
set as 8‰ of zero current rated value by default during operation; Uzset represents zero
voltage threshold value to avoid neutral point voltage deviation during normal operation,
and it is greater than the minimum value of neutral point voltage when the current power
grid is grounded. It is not less than 5% of zero voltage rating during field operation; IZ
and UZ represent the current zero current and zero voltage amplitude.

The zero voltage is within the latest 1/6 cycle. If the sampling point of 1/8 cycle
meets the formulas (5) and (6), it means that the system has a sudden change of zero
voltage; The zero current is within the latest 1/6 cycle. If the sampling point of 1/8 cycle
meets the formula (7), it means that the system has a sudden change of zero current.
When the zero pressure meets Formula (5) and (6) or the zero current meets Formula (7),
the sudden change signal occurs first as the starting point, and at least 20 ms within 20
ms –60 ms after the sudden change meets Formula (8), then it is judged that the system
has zero pressure and zero pressure or zero current sudden change occurs.

When the direction of zero current and zero voltage transient quantity is opposite,
the sampling point of 1/5 cycle forward from the judgment time of zero voltage or
zero current sudden change is the single-phase grounding time, and the sampling point
where the instantaneous value of zero current within 1/4 cycle after the grounding time
is greater than the threshold value is the effective sampling point. When the number
of effective sampling points is more than half of the 1/4 cycle sampling points, it is
considered that the zero current is greater than the threshold value. At this time, the
derivative product sum of zero voltage and zero current in the specific frequency band
of 1/4 cycle is calculated from the time of grounding. When the sum is negative and
less than −100, that is, the zero sequence average power is negative, it is judged that a
single-phase grounding fault occurs at this time.

The transient process of grounding fault is complex, especially the harmonic compo-
nent is rich in the transient process of arc grounding. Among the harmonic components,
the third harmonic and higher harmonic are very small, and even harmonics cancel each
other, so the zero current fifth harmonic component is selected as the transient crite-
rion [16–18]. The acquired zero voltage and zero current need to be filtered as follows:
after the zero voltage or zero current suddenly changes, calculate the fifth harmonic and
fundamental wave of the 1/4 cycle zero current from the time of grounding. When the
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amplitude of the fifth harmonic is greater than 50% of the fundamental wave, select a
100–300 Hz filter. When the amplitude of the fifth harmonic is less than 50% of the
fundamental wave, use a 0–200 Hz low-pass filter.

4.2 Steady State Criterion

When zero voltage is detected in the system and formula (14) is met, the fundamental
wave relative angle of zero current and zero voltage is used for grounding judgment.

Iz > Izset (15)

225◦ < tan−1(IZ/UZ) < −45◦ (16)

When zero pressure meets Formula (14) and zero current meets Formula (15), start
to calculate the relative angle between zero current and zero pressure. When the angle
meets the formula (16) and the time exceeds 40 ms, it is judged that a single-phase
grounding fault occurs at this time.

4.3 The System Has No Negative Sequence Voltage

Because there is zero voltage in the systemwhen the line has a phase failure at the power
supply side, it may be mistaken as a ground fault. Generally, the negative sequence
voltage value generated by phase failure at the power supply side will not be lower than
15% of the rated voltage [19, 20]. In order to improve the accuracy of ground fault
diagnosis, the negative sequence voltage lockout criterion can be added on the basis of
the original ground fault diagnosis method by using the characteristics of the negative
sequence voltage of the open phase at the power supply side. When using the transient
criterion, judge the negative sequence voltage after the zero voltage sudden changeoccurs
for 20ms. If the negative sequence voltage is less than 15%of the rated value of the phase
voltage, it is considered that the system has no negative sequence voltage. When using
the steady state criterion, the negative sequence voltage is calculated synchronously. If
the negative sequence voltage is less than 15% of the rated value of the phase voltage,
it is considered that the system has no negative sequence voltage.

4.4 Action Delay Criterion

Considering that transient groundingmay be caused by some special reasons in reality, in
order to avoid the occurrence of ground fault in terminal judgment in this case, a certain
delay criterion needs to be added to ensure the reliability of ground fault judgment.
After satisfying the judgment of grounding protection, start the transient criterion. If the
zero voltage is less than the setting value for more than 200 ms continuously, then the
protection and startup return, and judge that it is not an internal grounding fault at this
time; If the grounding conditions in the area are met, the protection will act after setting
delay.



442 L. Chen et al.

4.5 Small Current Grounding Start

When the zero voltage steady-state value is greater than the setting value, and the ground-
ing signal in the area obtained after calculation is positive, the small current grounding
starts and maintains the starting state. If the zero voltage steady state for more than 200
ms is less than the setting value or the grounding signal in the area is not positive, the
state returns.

5 MATLAB Modeling and Simulation

5.1 Simulation Model Establishment

Simulink is used to build the simulation model of neutral grounding system through
arc suppression coil. The system frequency is 50 Hz, mainly including transformer,
transmission line, load, grounding fault, etc. There are 4 lines in the system.The sequence
parameters of the line are shown in Table 1, and the system simulation model is shown
in Fig. 2.

Table 1. Line sequence parameters.

Positive sequence resistance 0.192 �/km

Zero sequence resistance 0.741 �/km

Positive sequence inductive reactance 1.92 × 10−4 H/km

Zero sequence inductive reactance 8.71 × 10−4 H/km

Positive sequence capacitive reactance 1.65 × 10−6 F/km

Zero sequence capacitive reactance 5.23 × 10−7 H/km

5.2 Simulation Analysis

When the arc suppression coil is connected in the system simulation model, a single-
phase grounding fault occurs on line 4. The zero voltage waveform of the system mon-
itored by Scope10 is shown in Fig. 3. The zero current waveform monitored by Scope3
and Scope4 is compared and analyzed to obtain the zero current waveform shown in
Fig. 4.

It can be seen from the waveform comparison at the first half wave of Fig. 4 and
Fig. 5 that the transient zero voltage and zero current direction of Line 4 are opposite,
and the transient zero voltage and zero current direction of Line 3 are the same. It can
be seen from Fig. 5 that the transient zero current amplitude of Line 4 is greater than
its steady-state zero current amplitude. Comparing the transient zero current of Line 4
with that of Line 3, it is found that their directions are opposite and the amplitude of
transient zero current of Line 4 is greater than that of Line 3. Therefore, the judgment
method is correct by comparing the relationship between the transient zero current of
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Fig. 2. Simulation model of small current grounding system.
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Fig. 3. Zero sequence voltage waveform.

the fault line and the non-fault line and taking the transient zero voltage characteristics
as the auxiliary criterion.

In order to verify whether the above ground fault judgment method is also applicable
to the neutral point ungrounded system of the distribution network, disconnect the access
switch of the arc suppression coil, and compare the zero current waveform of Line 4
obtained under the same grounding mode at the same point to obtain the waveform
shown in Fig. 5.
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Fig. 5. Comparison of zero sequence current waveform.

It can be seen from Fig. 5 that the amplitude and phase of transient zero current
before and after compensation at the first half wave are basically the same, and the
amplitude of steady-state zero current after compensation is smaller than that before
compensation. Therefore, the grounding fault judgment method by comparing the phase
relationship between the transient zero voltage and zero current at the first half wave is
also applicable to the neutral ungrounded system.

In order to analyze the influence of different grounding modes on ground fault
judgment, suppose that different grounding faults occur at the same location of Line
4, and the current flowing into the bus is specified as the positive direction, the data
obtained by analyzing the waveform is shown in Table 2.
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Table 2. Amplitude of zero sequence current under different grounding resistance.

Grounding resistance /� Ground resistance fault distance
/km

Line Electric current /A

0 5 L1 −1.252

L2 −1.345

L3 −1.546

L4 + 4.148

50 5 L1 −0.948

L2 −1.022

L3 −1.172

L4 + 3.151

120 5 L1 −0.546

L2 −0.674

L3 −0.889

L4 + 2.113

It can be seen from the data in Table 2 that the change of grounding resistance only
affects the magnitude of zero current amplitude, and has no effect on the direction of
zero current. Comparing the zero current of the fault line with that of the non-fault line, it
is found that their directions are opposite and the zero current amplitude of the fault line
is equal to the sum of the zero current amplitudes of the non-fault line. Therefore, the
grounding resistance has no influence on the grounding fault judgment method proposed
in this paper.

6 Conclusion

The small current grounding fault judgment method proposed in this paper is not only
applicable to neutral ungrounded system, but also applicable to neutral grounded system
through arc suppression coil. The main conclusions of this study are as follows:

(1) When the grounding fault occurs in a small current grounding system, the zero
voltage and zero current in the system will suddenly change. The characteristics
of the transient zero current at the first half wave are consistent with those of the
transient capacitance current, and the transient inductance current has little effect on
it. By comparing the magnitude and direction of transient components of transient
zero voltage and zero current, correct fault diagnosis can be achieved.

(2) The correctness of ground fault diagnosis can be improved by using the transient
criterion of zero current and zero voltage and attaching the steady-state criterion.
If any of the following conditions is met, ground fault will be judged: a Transient
criterion: not only meet the requirements that the zero voltage and zero current of
the system have sudden changes and the amplitude is greater than the set threshold
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value, but alsomeet the requirements that the transient zero current and zero voltage
have opposite directions; b. Steady state criterion: it is required to ensure that the
system has continuous zero voltage and zero current and the amplitude is greater
than the set threshold value, and that the steady state zero current and zero voltage
are in opposite directions.

(3) In this paper, a judgment method of small current grounding fault combining tran-
sient method and steady state method is proposed, which makes up the shortage of
using a single method to judge the grounding fault. When the running direction of
the line changes, adaptive adjustment can bemade according to the power direction,
which provides an important reference value for improving the technical reliability
and applicability of the temporary location of small current grounding system.
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Abstract. Tree barriers on overhead lines may lead to tripping accidents. Using
the high-energy laser to remove tree barriers on transmission lines is a safe and
effective new method. In this study, different types of typical trees were used as
research objects for establishing ablation models, and experiments on the factors
affecting the efficiency of laser tree removal were conducted. The effects of laser
power, tree type, water content, and wind speed on the efficiency of laser tree
removal were analyzed separately. The results showed that the ablation efficiency
was negatively correlated with tree density and positively correlated with water
content, wind speed, and laser power. The higher the laser power, the shorter the
time required for the laser to clear the tree barrier. Trees with a water content of
50.4% are less likely to produce a charred layer that prevents the laser energy from
penetrating deeper after laser burning and take less time to remove than trees with
a water content of 14.2%. Wind speed has a slight effect on the efficiency of laser
tree removal. The results of this study provide an essential basis for applying a
laser device for clearing tree barriers.

1 Introduction

With the development of the electric power industry, the length of transmission line
circuits is increasing, and a large number of brush forests have to be crossed. As the
height of trees reaches within the safety range of overhead conductors, it is easy for
the conductor to be struck through, thus causing tripping and blackout accidents [1–3].
During 2013–2014, according to national grid statistics, trees in the line channel are too
close to the conductor and led to discharge caused by power grid blackouts, forest fires
and other accidents occurred in many cases. According to the statistics of the last three
years, hidden danger caused by transmission line tripping accidents in the Guangdong
power grid by the tree barrier accounted for 46% of the total tripping accidents, causing
a huge hidden danger to the safe operation of the line.
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At present, the power sector mainly relies on manual removal of tree barriers using
tools such as insulated bucket-arm trucks, telescopic ladders, and chainsaws [4, 5]. This
type of clearing is highly risky in terms of safety for working at height and is not suitable
for mountainous areas with poor road conditions in the field. If the power is cut off for
clearing, it will cause large economic losses and affect the life of residents. For this
reason, the power industry is in urgent need of a new type of efficient, safe and reliable
transmission line tree barrier removal technology.

Laser technology has progressed with the development of science and technology,
and compared with traditional manual removal methods of tree barriers, lasers have
the advantages of noncontact, safety, and efficiency, and the application of laser barrier
removal technology to transmission lines has become a research hotspot in recent years
[6–8]. The interactionprocess between laser andmaterial is a couplingof temperature and
stress, and its extremely high energy density brings about a heating rate [9–11]. Li [12]
et al. introduced the typical application of pulsed laser technology in insulator fouling
cleaning and the cleaning process parameters [13]. Qi et al. conducted a study on laser
deicing, and through simulation and experiment, determined amore suitable laser deicing
for power industry deicing Liu [14] et al. studied the laser ablation behavior of different
carbon materials and proposed the ablation mechanism for different ablation regions.
The literature [15, 16] conducted a numerical modeling study on material charring and
discovered the phenomena and patterns of pyrolysis, charring and ignition processes of
wood under variable heat flow conditions.

Most of the above studies are theoretical mechanism studies on the application of
laser technology and laser removal of foreign objects in substations, and there are few
experimental studies on laser removal of tree barriers. To deeply study the efficiency of
laser tree removal, this paper carries out laser tree removal experiments with different
types of trees as the research object, and based on the experimental results, in-depth
analysis of the influencing factors such as laser power, tree type, water content and wind
speed is carried out.

2 Test Equipment and Methods

2.1 Test Equipment

The laser removal of the transmission line tree barrier device used in this test is shown
in Fig. 1, consisting of an air-cooled continuous fiber laser, collimator, HD camera, head
tripod, and flat plate. The output form of the device is point and line laser switching,
the working distance is up to 200 m, andthe characteristics of the laser parameters are
shown in Table 1.



450 F. Chunhua et al.

Fig. 1. Laser removal of transmission line devices

Table 1. Laser characteristic parameters

Item Specification

Laser type air-cooled fiber laser

Maximum optical power 200 W

Output mode continuous

Aiming mode HD camera + green light indication

Size (L × W × H) 479 mm × 589 mm × 181 mm

Power consumption 1600 W

Weight 50 kg

2.2 Test Methods and Samples

The test samples used in this paper were Paulownia, Korean pine, Osmanthus fra-
grans, Cinnamomum camphora and Quercus acutissima, and the list of tree samples
and physical property parameters [17] are shown in Table 2.

Laser removal of tree barriers on transmission lines is applied as shown in Fig. 2.
During the test, to observe the dynamic process of laser tree removal in real time, a
Ti480Pro infrared camerawas used tomeasure the temperature change of the tree surface,
and the high-speed camera was used to capture the intense burning phenomenon and a
dynamic process of complete ablation during laser tree removal. Considering the actual
situation of flame burning, 500 frames per second was chosen for the actual shooting to
meet the requirements.
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Table 2. Tree physical characteristics parameters

Type Thermal conductivity
w/(m · ◦C)

Density kg/m3 Specific heat capacity
J/(kg · ◦C)

Korean Pine 0.1 456 2400

Paulownia 0.073 246 2400

Quercus acutissima 0.222 963 2400

Osmanthus fragrans 0.152 700 2400

Cinnamomum camphora 0.173 810 2400

Fig. 2. Laser removal of tree barriers on transmission lines

3 Experimental Results and Discussion

3.1 Flame Distribution Pattern

In this experiment, red pine, laurel and balsam fir trees were used as test samples, and
laser ablation of trees was performed in the form of a 200W line laser during the test. To
study the flame distribution, a high-speed camera was used to capture the flame screen,
and then the flame area size was obtained after image processing. Figure 3 shows the
flame distribution after image processing.

Figure 3(a)–(c) Fire distribution charts of Pinus koraiensis, Osmanthus fragrans and
Cinnamomum camphor. The flame areas are 22.83 cm2, 29.23 cm2 and 49.64 cm2

respectively by image processing. When illuminated by a laser, trees burn violently and
the flame sprays out. When only considering the barrier itself, only the laser irradiation
center burns violently during the process of removing the barrier and reacts quickly from
the surface to the inside. No burning occurs on the trees outside the area irradiated by
the laser. The laser stops transmitting and the burning stops immediately. It can be seen
from the size of the flame area that the greater the density of trees, the larger the area of
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Fig. 3. Flame distribution (a) Korean pine, (b) Osmanthus fragrans, (c) Cinnamomum camphora

burning flame. However, the flame area is the area of laser action, so the larger the flame
area is, the smaller the laser energy density and the longer the burning time of trees.

3.2 Effect of Laser Power on Efficiency

In this test, a 30 mm diameter laurel tree was used as the test sample object, and a line
laser of 50 W, 100 W, 150 W, and 200 W was applied to the test sample until the tree
was burned through.
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Figure 4 shows the relationship between burn-through time and laser power. When
the laser power was 50 W, the burn-through time was 37.53 s, which was the longest
time; when the laser power was the peak power of 200 W, the burn-through time was
6.64 s, which was the shortest time. From Fig. 4, it can be seen that the higher the laser
power is, the shorter the ablation time of trees, i.e., the higher the laser energy density is,
the faster the ablation speed. According to the experimental results data, it can be found
that the ablation time and laser power are not completely linear, with the increase of
power, the ablation time shortening speed instead has some slowdown. This is because
too high a laser power can cause the surface of the tree to heat up sharply, which results
in a charring reaction. And a large part of the energy in the laser ablation process acts
on the charred area, which slows the laser longitudinal ablation speed to some extent.

Fig. 4. Relationship between burn through time and laser power

3.3 Effect of Tree Type on Efficiency

In this test, we used 30.00 mm diameter paulownia, red pine, laurel, balsam fir and oak
as the test samples. In the process of the test, we conducted ablation tests of different tree
species in the form of an online laser with 200W power, and to obtain the temperature of
the trees during laser ablation in real time,weused infrared thermography for temperature
measurement and a stopwatch for timing until the trees burned through. As shown in
Fig. 5, the burn-through time versus tree species is shown.

As shown in Fig. 5, the longest burn-through time in the laser ablation tree test was
7.47 s for hemp oak, and the shortest time was 3.92 s for paulownia. Other conditions
being equal, the higher the density of the tree, the longer the burn-through time required
and the lower the maximum temperature. This is because that as the density of the
trees increases, the internal defects of the trees decrease and the resistance to ablation
increases.

3.4 Effect of Water Content on Efficiency

To investigate laser ablation efficiency of trees at differentmoisture contents, fourKorean
Pines with a diameter of 52.23 mm were used in this experiment to make test samples,
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Fig. 5. Relationship between Burn through time and Tree species

and the moisture contents of the test samples were 50.4%, 43.7%, 35.1% and 14.2%,
respectively, obtained by exposure to sunlight and soaking in water using the HT632
digital probe type wood moisture detector. As shown in Fig. 6, Korean pine test samples
with moisture contents of 50.4%, 43.7%, 35.1%, and 14.2%, are shown.

Fig. 6. Korean pine samples with different moisture contents

In the test, four Korean pines with the same diameter and different moisture contents
were irradiated with 200 W peak power in the form of a line laser until they burned
through, and the temperature change of the red pines was measured with an infrared
thermographic camera using stopwatch timing. During the test, the laser controller,
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infrared thermal imaging camera and shooting system work simultaneously. As shown
in Fig. 7, the infrared thermograms at the highest temperature of laser ablation were
50.4%, 43.7%, 35.1% and 14.2% of the Korean pine test.

Fig. 7. Infrared thermal image at maximum temperature (a)50.4% (b)43.7% (c) 35.1% (d) 14.2%

As shown in Fig. 7, the higher the tree moisture content, the higher the maximum
temperature when the line laser ablates red pine with four different moisture contents.
When the laser ablates the trees, only the thermal effect in the center of the irradiation is
obvious, and the temperature of the rest of the tree is basically unchanged. As seen from
Fig. 8, the highest moisture content of 50.4% burned through the shortest time, 9.56 s,
and the lowest moisture content of 14.2% almost dry red pine wood burned through the
longest time, 16.34 s. It can be seen that the use of laser removal of tree barriers, so that
the trees have the appropriate moisture content can improve the efficiency of clearing.

Fig. 8. Relationship between burn through time and water content

3.5 Effect of Wind Speed on Efficiency

In this test, red pine, laurel tree, and hemp oak with a diameter of 30.00 mm were
used as test samples, and in the process of the test, the test of ablating tree specimens
under different wind speed levels was conducted with 200 W peak power in the form
of a line laser, To obtain accurate wind speed conditions, an HT625A high-precision
digital anemometer was used with a three-position fan to adjust reasonable wind speed,
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and an infrared thermometer was used for temperature measurement and real-time The
temperature of the trees during laser burning was obtained and a stopwatch was used
for timing until the trees burned through [18–20]. The burn-through times of the trees
at five common wind speeds of 0.3 m/s, 1 m/s, 2 m/s, 2.5 m/s, and 3 m/s are shown in
Fig. 9.

Fig. 9. Relationship between burn through time and wind speed

The time required for trees to burn throughwas the longest at a wind speed of 0.3m/s,
and the time required for trees to burn through was the shortest at a wind speed of 3 m/s.
This shows that wind speed has a slight effect on the efficiency of laser tree clearing.
This is due to the fact that when the wind blows through the laser irradiation center,
the increase in air flow rate brings enough oxygen for the tree to burn violently, thus
improving the clearing efficiency, although the increase inwind speed also improves heat
dissipation, resulting in a slight decrease in the maximum temperature of the irradiation
center, but because of the laser source of energy, the temperature effect is negligible. In
general working conditions, the actual wind speed is not too large, and the wind speed
has negligible effect on the efficiency of laser tree clearing.

4 Conclusion

(1) With a peak power 200 W line laser burning through the trees, the temperature of
the laser irradiation center was high, and the thermal effect was obvious only in
the laser irradiation area, while the temperature in the rest of the area was kept at
a lower temperature. Other conditions being the same, the higher the tree density,
the larger the flame distribution area, and the longer the burn-through time required
when laser ablation of different tree species was performed.

(2) When laser ablation of trees with different water contents was performed, it was
found by infrared thermography that the higher the water content of the trees, the
higher themaximum temperature, and the shorter the time required for laser ablation
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of trees with high water content. The lower water content of the tree ablation place
is more easily charred, and most of the laser energy is blocked and absorbed by
charcoal and powder.

(3) It was found that the wind speed had a low impact on the clearing efficiency under
different wind speed conditions, although it only reduced the clearing time by
approximately 0.5–1 s, but the wind brought sufficient oxygen for the burning of
the cutting part to intensify, and did improve the clearing efficiency in general.
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Abstract. C4F7N/CO2 gas mixture is the most promising environment-friendly
gas insulating medium. The selection of suitable materials for treating the C4F7N
mixture and its decomposition products could not only keep the environment-
friendly gas insulating equipment stable, but also guarantee the safety of the
operation and maintenance personnel. It is necessary to study the interaction
mechanism of UiO-66 with C4F7N and its decomposition products, which could
provide a theoretical basis for the selection of adsorbents in the C4F7N/CO2
gas insulating equipment. In this research, the molecular dynamics simulation
was used to study the adsorption process of C4F7N/CO2 gas mixture and its
nine kinds of decomposition products CO, CF4, C2F6, C3F8, C3F6, CF3CN,
C2F5CN, C2N2 and COF2 in UiO-66. The adsorption configurations, adsorption
capacities and isosteric heats were obtained through equal proportion competitive
adsorption simulation. UiO-66 exhibits good adsorption performance for C2F6
and C2N2, with adsorption capacities of 7.25 cm3/g, 6.97 cm3/g, and isosteric
heats of 43.46 kJ/mol, 41.87 kJ/mol, respectively. The findings suggest that UiO-
66 has the potential to be used as an adsorbent in C4F7N/CO2 gas insulating
equipment.

Keywords: C4F7N/CO2 · Decomposition products · UiO-66 ·Molecular
dynamics simulation

1 Introduction

As gas insulation, perfluoroisobutyronitrile (C4F7N) has brilliant insulating properties
and low global warming potential. Despite its high liquefaction temperature (4.7 °C),
it has the potential to be used in medium and low-pressure gas insulation devices after
mixing with buffer gases such as CO2 [1–3]. However, during the long-term operation
of the gas-insulated switchgear, the insulating medium would decompose due to local
overheating and discharge. In the cases for C4F7N mixtures, they would decompose
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to produce toxic and corrosive gases. Some of the decomposition products may even
influence the insulating properties of the mixtures. Therefore, adsorption materials are
usually placed in the chamber of the switchgear to absorb these decomposition products.
In this way, the gas insulation equipment could work stably much longer [4–7].

Nowadays, porousmaterials such asmolecular sieves and activated alumina are com-
monly used as adsorbents in gas-insulated equipment [8, 9]. However, existing research
shows that the adsorption effect of decomposition products in C4F7N mixture is not
excellent. As one of the metal organic frameworks (MOFs), UiO-66 is a porous mate-
rial with a very high internal surface area, which has high potential applications in gas
storage, separation and adsorption. In this paper, performance prediction is made from
the perspective of molecular dynamics simulation, and the analysis of interaction char-
acteristics between UiO-66 and C4F7N/CO2 and its decomposition products is realized
by using molecular dynamics simulation, which can provide theoretical support for the
treatment and detection of C4F7N/CO2 gas decomposition components.

2 Molecular Dynamics Simulation

2.1 Adsorption Model

The adsorption studies were performed using the Biovia Materials Studio. Before the
Grand canonical Monte Carlo (GCMC) simulations, C4F7N/CO2 gas mixture and its
nine kinds of decomposition products CO, CF4, C2F6, C3F8, C3F6, CF3CN, C2F5CN,
C2N2 and COF2 were geometrically optimized using Forcite code, and the electrostatic
potential (EPS) charges were applied to the guest molecules. To guarantee the accuracy
of the simulation and to ensure that the lengths of the three directions in space are
greater than twice the cutoff radius, UiO-66 was modeled as a 2*2*2 supercell. In order
to describe MOF parameters, the Universal force field was employed and geometry
optimization was obtained using a forcite module to obtain structures, as shown in
Fig. 1. The optimization is done to obtain stable geometry.

Fig. 1. Optimized UiO-66 supercell structure
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2.2 GCMC Simulation

The adsorbate molecules and UiO-66 have been treated as solid structures. Ewald and
atom basedmethods were used for electrostatic interaction and van derWaals interaction
respectively. The symmetry of UiO-66 is changed to P1, which is necessary before
running the sorptionmodule.The simulationof 1*105 stepswasused to reach equilibrium
and 1*106 production steps for sampling thermodynamic properties, including theMonte
Carlo steps of insertion, deletion, molecular rotation, and translation. Using the sorption
module where Universal forcefield andMetropolis method were used, the fixed pressure
task was applied to simulate the equal proportion competitive adsorption. The fugacity
of C4F7N mixture and its decomposition products is set to be the same.

3 Results and Discussion

The adsorption density distribution, the minimum energy configuration, the adsorption
capacity and the isosteric heats of adsorption can be obtained from the equal proportion
competitive adsorption simulation.

The distribution of adsorption sites and the distribution density of adsorbate at the
adsorption sites can be directly observed in the adsorption density distribution and the
minimum energy configuration, as shown in Fig. 2.

Fig. 2. (a)Adsorption density distribution and (b) minimum energy configuration of UiO-66

It can be seen from Fig. 2 that the adsorbate molecules are evenly distributed in the
two main kinds of holes of UiO-66, the octahedral pore cage and the tetrahedral pore
cage, which proves that the two main kinds of holes of UiO-66 have adsorption effects
on the adsorbate molecules.

The adsorption capacity of equal proportion competitive adsorption simulation is
depicted in Fig. 3.
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Fig. 3. Adsorption capacity of UiO-66 (298 K, 101.3 kPa)

It can be clearly seen from the figure that UiO-66 has a certain adsorption capac-
ity for the decomposition products of C4F7N mixture in equal proportion competitive
adsorption. C2F6, C2N2 and C2F5CN have higher adsorption capacity, which are 7.25
cm3/g, 6.97 cm3/g and 6.11 cm3/g respectively. The adsorption capacity of C4F7N and
CO2 is relatively low, 2.04 cm3/g and 2.21 cm3/g respectively, which proves that UiO-66
will preferentially adsorb the decomposition products of C4F7N mixture, and has little
impact on the main gas insulation medium in the equipment.

The isosteric heats of equal proportion competitive adsorption simulation is depicted
in Fig. 4.

Fig. 4. Isosteric heats of UiO-66 (298 K, 101.3 kPa)
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The adsorption heat is 30–70 kJ/mol, indicating that it is mainly physical adsorption.
Compared with the results of adsorption capacity, it is found that there are obvious dif-
ferences, indicating that the adsorption process is a complex process, and the adsorption
performance is not completely determined by the adsorption heat.

4 Conclusion

In this work, the equal proportion competitive adsorption simulation was conducted to
assess the adsorption characteristics of UiO-66. It is found that UiO-66 has little impact
on themain gas insulationmedium in the equipment and has a certain adsorption capacity
for the decomposition products of C4F7N mixture. Next, the adsorption performance of
UiO-66 can be further studied through experiments and other potential adsorbents should
be tested.
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Abstract. The basin insulator is the main solid insulation component in GIS (Gas
Insulated Switchgear). However, the combined stresses of thermal, electrical, and
mechanical for a long time during operation may lead to the insulation failure of
the insulator. It is of great significance to study the aging problem of the insulator
to ensure the reliable operation of GIS. For the basis of analyzing the actual
operation state of the basin insulator, an aging test platform contained multiple
stresses (electrical, thermal etc.) is setup in this study. It is composed of aging
chamber, AC power supply and temperature control unit. The aging temperature
was controlled at 130 °C. An electric field of 5 kV/cm was applied to the surface
of the epoxy resin sample. The accelerated aging test was carried out for 240
h. By means of the surface flashover test, ISPD (Isothermal Surface Potential
Decay), and FTIR (Fourier Transform Infrared Spectroscopy), the performance
characteristics of basin insulators with different aging degrees were studied from
macroscopic andmicroscopic perspectives. The research results show thatwith the
increase of aging time, the flashover voltage increases first, then decreases, then
increases and decreases last with aging time. This is due to the different changes of
epoxy resin at different stages of aging. The ISPD results show that the deep trap
energy level increases with the aging time. The increase rate of electrical-thermal
aging is slightly higher than that of thermal aging alone. The research results can
provide technical support for aging state assessment of basin insulators, which
have application value of practical engineering.

Keywords: Basin insulator · GIS · Electrical and Thermal Aging · Epoxy Resin

1 Introduction

GIS (Gas Insulated Switchgear) is a kind of equipment that seals a variety of electri-
cal components in a grounded metal enclosure and connects them together. It has the
advantages of compact structure, excellent insulation performance, good reliability and
convenient installation, etc. It is widely used in substations of various voltage levels [1,
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2]. As the main solid insulation component in GIS, the basin insulator plays a key role
in supporting metal guide rod, isolating and sealing air chamber, solid insulation, etc.
Its insulation life is closely related to the overall reliable operation of GIS. Meanwhile,
the basin insulator failure is also one of the main causes of GIS equipment failure [3, 4].

Basin insulator is mainly made of solid epoxy resin, curing agent and Al2O3 filler. It
has good insulation and mechanical properties. However, due to the combined effect of
thermal, electrical, mechanical force in the operation process for a long time, the basin
insulator will deteriorate. It is easy to induce flashover, breakdown, explosion and other
failures [5, 6]. Therefore, in order to ensure the reliable operation of GIS, it is of great
practical significance to study the aging issue of the basin insulator.

In this article, an electrical-thermal combined aging test platform was built. A 240 h
aging test was carried out on the epoxy resin used for basin insulators. Firstly, the elec-
trical properties such as surface flashover, resistivity and trap characteristics were tested.
After that, FTIR and dielectric energy spectrum were used to further characterize the
aging degree. Finally, the activation energy was calculated using dielectric energy spec-
trum. These results provide a basis for establishing the relationship between activation
energy and aging state.

2 Experimental Details

2.1 Electrical-Thermal Aging Platform

The test was carried out in a constant temperature aging chamber. The experimental
device is shown in Fig. 1 [7]. Many properties of polymers change dramatically near the
glass transition temperature. Therefore, the temperature of electrical-thermal combined
aging was set to the glass transition temperature of epoxy resin sample 130 °C [8].

AC power

Aging chamber
130

Copper foil 
electrode

Epoxy sample

Fixture

Insulated base

Fig. 1. Aging experiment platform

The electrical stress applied a uniform electric field to the surface through the copper
foil electrode. The power supply is a high-voltage AC power supply with 50 Hz. The
voltage was applied with reference to 50% of the initial flashover voltage, which was 5
kV/cm. The electrode spacing was 2 cm.
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2.2 Sample Preparation

The epoxy resin samples were plates of 70× 50× 1 mmwith the same pouring process.
Before the test, the surface of the sample was wiped with anhydrous ethanol and dried at
70°C in the room temperature drying box. Two groups of sampleswere set: thermal aging
only and electrical-thermal combined aging. The samples were taken at 30 h intervals.
The aged samples were cut to square of 20 × 20 × 1 mm for subsequent testing.

3 Aging Test and Discussion

3.1 Flashover Voltage Test

The surfaceflashover of basin insulator is a common fault inGIS.To analyze theflashover
voltage characteristics, finger electrodes are used for flashover test. The electrode spac-
ing was 1cm. Ten flashover tests was performed for each sample. The flashover voltage
data was analyzed based on weibull distribution [9]. The scale parameter was counted,
which represents the flashover voltage when the cumulative failure probability is 63.2%.
It can reflect the insulation performance of the material. The results are shown in Fig. 2.
The flashover voltage of the epoxy sample shows an increasing - decreasing - increasing
- decreasing trend with the aging time. The variation range of the electrical-thermal
combined aging is larger. Because the structure of epoxy resin changes with the aging
time. In the first stage, the “secondary curing” of thermal aging can further cross-link
the epoxy sample under the action of thermal and the action of residual curing agent
to improve the performance of the sample [10]. In the second stage, the curing agent
degrades to produce free acid, at the same time, the chemical bond in themolecular chain
of epoxy resin with weak connection breaks. The two reactions produce polar groups
and free radicals, which reduces the performance of epoxy. In the third stage, the perfor-
mance improves slightly because the curing agent basically decomposes completely and
accompanies by gas volatilization. The decrease of the number of free radicals in epoxy
resin leads to the weakening of the adsorption of carrier and space charge. Finally, due
to the molecular chain fracture of the epoxy resin, a large number of polar groups are
generated, which leads to a decline in properties and subsequent deterioration over time
[11].

3.2 ISPD Test

Trap characteristics can be used as an effective characterization parameter of polymer
aging [12]. The trap density and trap energy levels of epoxy samples with different aging
time were measured by ISPDmethod [13]. The ISPD result is shown in Fig. 3. The deep
trap energy level increases with aging time. The growth rate of electrical-thermal aging
is slightly higher than that of thermal aging alone. The density of the deep trap is related
to the aging rate. The higher the density of the deep trap, the higher the aging rate of
the material and the faster the insulation performance will decline. It can be seen from
the trap characteristics that the deterioration rate of the electric heating aging at 120 h
is significantly faster, while the thermal aging deterioration rate gradually accelerates
with the aging time. The density of the deep trap is related to the aging rate. The higher
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Fig. 2. Flashover voltage characteristics at different aging conditions

the density of the deep trap, the higher the aging rate of the material and the faster the
insulation performance will decline. It can be seen from the trap characteristics that the
deterioration rate of electric heating aging for 120 h is significantly higher than that of
240 h, while the thermal aging rate gradually increases with the aging time.
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Fig. 3. Trap characteristics of epoxy samples at different aging times

3.3 FTIR Test

Fourier Transform Infrared spectroscopy is used to track and analyze the spectral infor-
mation of the aging process of materials [14]. The characteristic quantity of the aging
state of materials is determined by the peak value of chemical bond corresponding to the
wavenumber of different functional groups. The four major groups in the epoxy were
analyzed, as shown in Table 1.
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Table 1. Main group of epoxy resins for basin insulators

Group Wavenumber/cm−1

C-O-C 1037

C=O 1735

CH3 2900

OH 3600
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Fig. 4. FITR at different aging conditions

The FTIR result is shown in Fig. 4. At the early stage of aging, the water and
residual small molecules in the sample volatilized, causing the decrease of hydroxyl
content. After 150 h, the ester bond broke to form the hydroxyl group. The thermal
oxygen reaction occurred during aging, resulting in the gradual increase of hydroxyl
content [15]. However, the addition of electric field inhibited the generation of hydroxyl
by the thermal oxygen reaction. Due to the instability of the free radicals in the oxidation
process, the addition of an electric field can provide electrons for the free radicals to
stabilize them, thus inhibiting oxidation.

4 Summary

In this paper, the combined electrical and thermal aging characteristics of epoxy resin
insulators for GIS is investigated. The main conclusions are summarized as follow:

1) The flashover voltage of epoxy sample changes regularly with aging time. The
deterioration degree of electrical-thermal combined aging is larger and the external
deterioration is greater than the internal deterioration.

2) The higher the deep trap density, the higher the material aging rate and the faster
the insulation performance decline. The effect of electric heating aging is obviously
greater than that of thermal aging alone, which proves that electric stress has an
accelerated effect on aging.
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3) According to theFTIR results, the epoxy resin insulatingmaterials undergooxidation
decomposition and molecular chain fracture after aging. However, there are certain
differences in the changes of group peak value between thermal aging and electrical-
thermal aging.
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Abstract. As one of the important pieces of equipment in the power system, the
safe and stable operation of switchgear is crucial to the security and reliability of
the power supply . However, short-circuit arcing accident in the switchgear hap-
pens occasionally, the high temperature and pressure effect produced by which
seriously threatens the safety of surrounding buildings and staff. In this paper, a
calculation method of arc thermal-pressure effect based on arc energy heat equiv-
alence was proposed, and the validity of the calculation method was verified by
experiments . Meanwhile, in order to reduce the harm of high temperature and
high-speed airflow caused by short-circuit arcing process, the protective measures
based onmetal grid absorber were put forward. An equivalentmathematical model
of metal grid absorber was constructed, and the influence of grid arrangement on
the protection effect was analyzed. The results show that the pressure rise obtained
by the arc energy heat equivalent method is in good agreement with the exper-
imental results, and the error is small. The metal grid absorber can effectively
reduce the temperature and velocity of gas in the opening. When the metal grid
absorber is in-line arrangement, the maximum velocity and temperature of gas in
the pressure relief opening are decreased by about 31.18% and 38.29%, respec-
tively. The protection effect of the metal grid absorber with staggered arrangement
is better, and the heat absorption efficiency is about 6.83%, which is about 2.09%
higher than that of metal grid absorber with in-line arrangement.

Keywords: switchgear · short-circuit arcing · thermal-pressure effect · metal
grid absorber · protection effect

1 Introduction

Switchgear is one of the important equipments to ensure the safe and stable operation
of the power system [1, 2]. Switchgear is often damaged in substations, among them,
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the insulation aging and overload operation caused by the switchgear failure accounted
for a large proportion [3–5], these two kinds of reasons may lead to switchgear internal
short-circuit arcing and other faults resulting in its explosion burned, endangering the
safety of surrounding buildings and staff.

Currently for the closed container internal short-circuit arc generated by the pressure
rise problem has carried out more research, Uzelac et al. [6] proposed the standard
calculation method (SCM), which can directly calculate the pressure rise inside the
chamber as long as the arc energy is obtained. Friberg et al. [7] proposed an improved
standard calculation method (ISCM) and a pressure rise calculation method based on
fluid dynamics (CFD). LiM et al. [8–10] used theMHDmethod to calculate the thermal-
pressure effect caused by short-circuiting arcing in a closed container and analyzed the
differences between different radiation models. To reduce the harm caused by arc fault,
in addition to active protectionmeasures such as grounding protection and arc protection
[11, 12], passive protection methods can also be used [13], such as installing metal grid
absorbers at the pressure relief openings of switchgear to protect equipment and staff
safety. Iwata et al. [14, 15] found that the installation of a metal grid absorber in the
pressure relief channel of switchgear can effectively reduce the airflow temperature and
maximum pressure rise at the pressure relief opening. Oyvang et al. [16] analyzed the
influence of metal grid absorber on temperature and pressure rise by conducting an
internal arcing experiment with metal grid absorber. Anantavanich et al. [17] studied
and analyzed the influence of the placement position and number of layers of the metal
grid absorber on the airflow velocity and temperature inside. In general, the existing
research mainly analyzes the protective effect of the metal grid absorber on the arc fault
and pays less attention to the construction of the equivalent mathematical model of the
metal grid absorber and its arrangement.

In this paper, the cable chamber of 7.2 kV switchgear is taken as the research object,
and the calculation method of the thermal-pressure effect of internal short-circuit arcing
in switchgear based on the thermal equivalence of arc energy is proposed. Meantime,
the equivalent mathematical model of metal grid absorber is established. The protection
effect is verified by simulation calculation, and the difference between different grid
arrangements is analyzed. The research can provide a reference for numerical simulation
and protection design of the thermal-pressure effect of internal short-circuit arcing in
switchgear.

2 Arc Energy Thermal Equivalence Calculation Method

2.1 Calculation Method and Process

In order to study the arc thermal-pressure effect caused by short-circuiting arcing inside
the switchgear, obtain the temperature-pressure rise distribution inside the compart-
ment, and improve the computational efficiency, a calculation method of arc thermal-
pressure effect based on arc energy heat equivalence of arc energy is proposed, which
ignores the influence of the electromagnetic field, equates the high-temperature arc
as a fixed heat source Qarc, combines the air plasma physical parameters, turbulence
model, radiation model, by solving the temperature-fluid field to obtain the distribution
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of thermal-pressure effect inside the compartment. The Qarc can be calculated below:

Qarc = Parc
/
Varc = UI

/
Varc (1)

where Qarc the arc equivalent heat source, Parc the arc power, V arc the arc volume.
This paper uses the six-band P−1 radiation model, which can calculate the radiation

self-absorption effect at any point in space, and can better simulate the radiation con-
ditions in the low-temperature region. The turbulence is described by the standard k−ε

model, which is suitable for most engineering flow field calculations [18, 19].

2.2 Calculation Model and Parameters

Due to the large size of the actual switchgear and high calculation cost, a scaling model
with a reduction factor of volume set to 1/8 (as shown in Fig. 1) was established based
on the actual size of the cable compartment of the 7.2 kV air-insulated switchgear. The
size of pressure relief flap is 15× 30 cm, and the pressure measurement point is located
at #1 in Fig. 1 with coordinates (0, 10, 10), which can monitor the change of the pressure
rise inside.

Fig. 1. Calculation model

The air plasma physical parameters, which depend on the temperature and pressure,
are taken fromXi’an JiaotongUniversity’s “GasDischargePlasmaDatabase”.Thepower
of the short-circuit arcing obtained from the experiment, the law of change is shown in
Fig. 2: the arc power obtained under the fully enclosed condition and the pressure relief
flap opening condition is basically the same, and the error is small.
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Fig. 2. Power of the short-circuit arc

2.3 Calculation Method Validation

Through the calculation of the short-circuit arcing process monitoring point #1 pressure
rise change law. It can be seen in Fig. 3 that the experiment and simulation of the pressure
rise change law are basically the same, fully enclosed conditions, due to the arc power
oscillation down, the pressure inside is increased and then gradually saturated trend, with
pressure relief flap conditions, the pressure inside rising before the pressure relief flap
opening is the same as the fully enclosed model, when the arcing process to about 25 ms,
the pressure relief flap open, the pressure inside drops rapidly to the ambient pressure.
Therefore, the thermal equivalent of the arc energy based on the internal short circuit of
the switchgear thermal-force effect calculation method proposed has good accuracy in
this paper.

Fig. 3. Comparison between calculation and test results
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3 Metal Grid Absorber Mathematical Model

3.1 Effects of Metal Grid Absorber

Metal grid absorber is a filter composed of porous plates, which is one of the methods
to limit the thermal-pressure effect of short-circuit arcing inside the switchgear. When
the high temperature and high-speed airflow generated by the burning arc through the
metal grid absorber, it can cool the hot airflow and produce resistance, thus reducing
the temperature and the gas flow velocity at the pressure relief flap. The main effects of
absorber is heat energy absorption and flow resistance. Based on the tube bundle heat
transfer theory [20], an equivalent mathematical model of the metal grid absorber is
proposed, including the heat energy absorption model and the flow resistance model.

3.2 Calculation Method

In the simulation, the heat absorption and flow resistance of the metal grid absorber is
solved by adding the source term to the corresponding conservation equation:

(1) Modelling of heat energy absorption:

The heat energy absorption of the metal grid absorber can be equated to the energy
loss in the area of the metal grid absorber, and the loss source term Sh can be added to
the energy conservation equation.

∫
Sh · dV = − �Q

VA · �t
· V (2)

where �Q is the total heat absorbed at each time step, VA is the total volume of the
absorber, and the minus sign represents the energy loss.

(2) Modelling of flow resistance

The flow resistance is reflected in the pressure loss �p caused by the frictional force
FF on the fluid in the area of the metal grid absorber, where the frictional force FF is
calculated as shown in Eq. (3):

FF =
∫ AA

0
�p · dA =�p · AA (3)

where AA is the surface area of the metal grid absorber. Since the pressure loss due to
friction is reflected in the volume force, the loss source term Sf can be added to the
momentum conservation equation, which is calculated as shown in Eq. (4):

∫
Sf · dV = −FF

VA
· V (4)
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4 Calculation of Thermal-Pressure Effect of Short-Circuit Arc
Inside Switchgear with Metal Grid Absorber

4.1 Calculation Model and Parameters

In order to study the protection effect of the metal grid absorber, a computational model
was established with the installation of the metal grid absorber shown in Fig. 4.

Fig. 4. Calculation model with metal grid absorber

The metal grid absorber is located 3 cm below the pressure relief flap, and its dimen-
sions are 22 × 40 × 3.5 cm. Two monitoring points (#1 and #2) are provided inside
the compartment with coordinates (11, 20, 98) and (30, 20, 50), which can monitor
the changes of outlet temperature, flow rate and pressure rise inside. The calculation
parameters of the metal grid absorber are shown in Table 1.

Table 1. Parameters of arc energy absorber

In-line arrangement Staggered arrangement

NA (gird layer) 3

SA (surface area) 0.264 m3 0.264 m3

effective orifice area 0.108 m3 0.108 m3

(continued)
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Table 1. (continued)

In-line arrangement Staggered arrangement

a (transverse pitch ratio) 1.75

b (pitch ratio) 1.25

d (Diameter of grid strip) 0.01 m 0.01 m

4.2 Calculation Results and Analysis

According to the above model for simulation calculation, the thermal-pressure effect
distribution of the short-circuit arcing process inside the cable compartment with the
pressure relief flap is obtained. Among them, the flow velocity distribution of the cross-
section with and without metal grid absorber (in-line arrangement) is shown in Fig. 5:
when the pressure relief flap opens at 25 ms, the gas inside flows out quickly and the
flow rate increases significantly. Installation of metal grid absorbers reduces the gas flow
rate by approximately 30%. It can be seen that the metal grid absorber can effectively
reduce the speed of high-speed airflow inside and reduce its impact effect on the outside.

(a) Without metal grid absorber (b) Metal grid absorber with in-line arrangement

10 ms 35 ms 60 ms 10 ms 35 ms 60 ms

Fig. 5. Velocity distribution of symmetrical section

When the pressure relief flap is opened, due to the airflow outward at high speed,
the arc area hot gas diffusion to the outlet, the pressure relief flap section temperature
distribution is shown in Fig. 6. As can be seen, the metal grid absorber can significantly
reduce the temperature of the high-velocity gas ejected from the cabinet, thus weakening
the thermal effect of the fault arc on the surrounding staff and buildings.

4.3 Effect of the Arrangement on the Protection Effect

In order to study the effect ofmetal grid absorber arrangement on the protection effect, the
difference of airflow rate, temperature and pressure rise in the cabinet and pressure relief
flap when the metal grid is arranged in in-line and staggered arrangement is compared
and analyzed. The variation of the flow velocity at the pressure relief flap (monitoring
point #1) is shown in Fig. 7(a). During the pressure relief process, the maximum flow
velocity obtained for the in-line and staggered arrangements of the metal grid absorber
was about 43.39% and 54.31% lower than those without the absorber. The staggered
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35 ms 60 ms 35 ms 60 ms
(a) Without metal grid absorber (b) Metal grid absorber with in-line arrangement

Fig. 6. Temperature distribution of pressure relief opening cross-section

arrangement has the best flow resistance effect, and the gas flow velocity decreases by
about 42.10% compared to the in-line arrangement.

As shown in Fig. 7(b), the temperature change at the pressure relief flap is influenced
by the flow rate. When the flow rate inside increases, the hot airflow accelerates out,
resulting in ahigher outlet temperature.Duringpressure relief, themaximumtemperature
obtained for the in-line and staggered arrangement were about 5.19% and 6.40% lower
than without the metal grid absorber. During the arcing process, the heat absorption
efficiency of the metal grid absorber in-line and staggered arrangement is 4.74% and
6.83%, which shows that the heat absorption effect of the staggered arrangement method
is better and its heat absorption efficiency is about 2.09% higher than that of the in-line
arrangement.

Fig. 7. Effect of arrangement on the protection effect
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As shown in Fig. 7(c), the maximum pressure rise in the model with metal grid
absorber is basically the same as that without metal grid absorber in both arrangement.
The metal grid absorber only slows the rate of pressure drop inside but does not affect
the pressure relief process. In summary, the staggered arrangement method of high
temperature and high-speed airflow protection is more effective, it is recommended that
the actual use of metal grid absorber staggered arrangement to reduce the impact of the
fault arc.

5 Conclusion

1) When the internal short-circuit arcing occurs in the switchgear, the pressure rise
calculated by the arc energy thermal equivalence calculation method is basically
consistent with the experiment results, and the error is small, which verifies the
effectiveness of the calculation method.

2) The metal grid absorber can effectively reduce the temperature and flow rate of
the air emitted from the pressure relief flap, which can reduce the damage to the
surrounding staff and buildings.When themetal grid absorber is in-line arrangement,
themaximumvelocity and temperature of air at the pressure relief flap can be reduced
by about 31.18% and 38.29% respectively.

3) The maximum velocity of air at the pressure relief flap can be reduced by about
19.29% compared with the in-line arrangement. The heat absorption efficiency of
themetal grid absorber staggered arrangement is 6.83%,which is about 2.09%higher
than that of the in-line arrangement. Therefore, it is suggested that the metal grid
absorber should be arranged in staggered arrangement.
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Abstract. Composite insulators will suffer different degrees of insulation aging
phenomenon due to long-term internal and external overvoltage and complex envi-
ronment and other factors, which will seriously threaten the normal operation of
transmission lines. In this paper, a method for detecting the aging state of com-
posite insulators is proposed based on microwave transmission. According to the
10 kV composite insulators and its aging law, the numerical simulation models of
insulators with different aging states are constructed. Through the fixed frequency
scanning at different positions with the rectangular waveguide, the best-fixed fre-
quency detectionmethod is determined by comparing and analyzing the amplitude
variation lawof S21 (scattering parameter). Considering different degrees of aging,
the detection effect of microwaves on the overall aging of composite insulators
was studied by moving waveguide detection method. The results show that when
the waveguide is transverse and the scanning frequency is 17.695 GHz, the detec-
tion effect of different aging states of composite insulators is the most significant.
The research results are of great significance to the field of composite insulator
aging state detection and evaluation.

Keywords: Composite insulators · microwave transmission method · aging
detection · scattering parameter

1 Introduction

Composite insulators are widely used in power systems because of their light weight
and good internal insulation performance [1–6]. Composite insulators withstand long-
term internal and external overvoltage and complex natural environments. The aging
of its components will lead to degradation of its insulation performance, endangering
the safety of the operation of the power system [7–10]. Therefore, in order to prevent
transmission line insulation failure, an effective method for detecting the aging state of
composite insulators is particularly important.
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At present, many achievements have been made in the aging state detection of com-
posite insulators at home and abroad. [11] proposed a combination of multi-spectral and
hyperspectral imaging technology to evaluate the aging state of insulating materials, and
the quantitative detection of composite insulator aging was completed. The detection
accuracy reached 83.1%. [12] experimentally analyzed the epoxy resin material based
on the polarization and depolarization current method. It was found that the polarization
and depolarization currents increased with the aging of the epoxy resin, which proved
that the method was suitable for the aging detection of composite insulators. [13] found
that the trap charges increase with the increase of service life, which reflects the aging
state of composite insulators. However, in general, although the above research methods
can effectively detect the aging of composite insulators, they all have certain limitations,
so a fast and direct detection method is needed to improve the detection efficiency.

Microwave nondestructive testing technology is widely used in nondestructive test-
ing research field because of its advantages of non-contact, strong penetrability and low
power consumption [14]. In reference [15], the reflection effect of microwave on metal
was used to verify the feasibility ofmicrowave for detecting internal cracks in steel tubes.
Reference [16] presents a method of porcelain insulator detection based on microwave
nondestructive testing, which realizes the low value and zero value fault detection of
porcelain insulator and has good effect in a certain frequency range. It can be seen that
microwave nondestructive testing technology has achieved various research results in
many fields, but the research on the aging state detection of composite insulators has not
yet been carried out.

Therefore, a numerical simulation method for microwave nondestructive testing of
composite insulators in aging state is proposed in this paper. The feasibility of themethod
is verified by analyzing the variation of the microwave transmission parameter S21 of
composite insulators in different aging states, which provides a new idea for the detection
and evaluation of the aging state of composite insulators.

2 The Principle of Theory

When the microwave is incident from the side of the composite insulator, transmission
and reflection will occur at the interface of air, silicone rubber and epoxy resin. The
curvature of the composite insulator is much larger than the microwave wavelength used
in this paper. The insulator is simplified as a flat homogeneous medium. The model is
shown in Fig. 1. The aging detection principle is analyzed by themicrowave transmission
model.

The principle of the microwave transmission method used in this paper is analyzed.
When themicrowave is incident vertically as shown inFig. 1, the amplitude transmittance
is expressed by τ 1 as shown in Formula (1):

τ1 = 2η1
η1 + η0

(1)

where, η0 and η1 represent the wave impedance of air and silicone rubber respectively.
For air medium, the wave impedance is mainly determined by the air permeability μ0
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Fig. 1. Reflection and transmission of electromagnetic waves

and dielectric constant ε0, the relationship is:

η0 =
√

μ0

ε0
(2)

For the silicone rubbermedium, thewave impedance is related to the angular frequencyω

of the incident wave, the permeabilityμ1, the dielectric constant ε1 and the conductivity
σ 1 of the silicone rubber, where ω = 2πf , f is the frequency of the incident wave. The
specific relationship is as follows:

η1 =
√

jωμ1

σ1 + jωε1
(3)

In Formula (3), because the loss tangent of silicone rubber is very small, σ 1 is close
to 0 and can be omitted, so Formula (3) can be simplified as:

η1 =
√

μ1

ε1
(4)

Substituting η0 and η1 into Formula (1), the amplitude transmittance of electromag-
netic wave is:

τ1 = 2

1 +
√

μ0ε1
ε0μ1

= 2

1 +
√

εr
μr

(5)

where, μr and εr are the relative permeability and relative dielectric constant of silicone
rubber, respectively. Since the silicone rubber is a non-magnetic material, and the loss
tangent is small, that is, μr = 1, which is substituted into Formula (5) and expressed in
power form, the electromagnetic transmittance on the surface of the microwave silicone
rubber material is obtained:

T1 = τ 21 = (
2

1 + √
εr

)2 (6)

After the aging of silicone rubber, its dielectric constant will increase significantly,
resulting in the change of the overall equivalent dielectric constant in the sensing area
when the microwave penetrates, and the original microwave field will change accord-
ingly. Therefore, the aging of composite insulators can be detected according to the
change of microwave field.
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3 Numerical Simulation Method for Microwave Non-destructive
Testing of Composite Insulator Aging State

3.1 Construction of Basic Model

In this paper, based on the geometric parameters of 10 kV composite insulators, a simpli-
fied simulation model shown in Fig. 2 is established by using CST software to simulate
the aging state of composite insulators detected by microwave. The composite insulator
model has a total length of 150 mm and a mandrel diameter of 14 mm. The sheath
thickness is 5.5 mm. Geometrical parameters of sheds #1 to #4 are shown in Table 1,
where shed #1 is the actual high voltage side shaft of the composite insulator.

According to the theoretical formula of M. Rockwitz, the required frequency band
is calculated. The WR-62 (11.9 to 18 GHz) rectangular waveguide in the International
Electrotechnical Commission standard is selected as the detection probe. The effective
cross-section size is 15.799 × 7.899 mm2. When there is a large aging area, it can also
meet the detection requirements.

In Fig. 2, the rectangularwaveguide is placed on both sides of the composite insulator,
facing its central axis. At the same time, the lift-off distance between the waveguide and
the edge of shed #4 is set to 2 mm. Port excitation is provided on the back of the
two waveguides as the output and receiver of the actual microwave signal source. By
comparing the amplitude difference of transmission coefficient S21 before and after
aging, the aging detection of composite insulators is realized.

Fig. 2. Simulation model of 10 kV composite insulator

3.2 Setting of Simulation Parameters

The microwave transmission method is based on the difference in transmission level
reflected bymaterials with different dielectric properties. Therefore, after the completion
of the composite insulatormodel, it is necessary to set thematerial properties of each part.
Where thewaveguide andmandrelmaterials are ideal conductors (PEC) andEpoxy resin,
respectively. For silicone rubber materials, relevant parameters need to be set according
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Table 1. Geometric parameter setting of umbrella skirt #1 ~ #4

Umbrella skirt Heel thickness /mm Edge thickness /mm Range of position scale x /mm

#1 6 2.2 21–27

#2 51–57

#3 81–87

#4 8 111–119

to their actual aging state. The parameters of unaging silicone rubber are shown in Table 2
below, where ε1 and tanδ are the relative dielectric constant and dielectric loss factors,
respectively. λ, c and ρ are thermal conductivity, specific heat capacity and density,
respectively.

Table 2. Parameters of unaged silicone rubber

ε1 tanδ λ(W/(m•K)) c(J/(kg•K)) ρ(kg/m3)

3.17 0.015 0.27 1000 1150

According to GB/Z 18890.3-2002, the relative dielectric constant of unaged silicone
rubber is generally between 2.5 and 3.5. Combined with the propagation characteristics
of microwave in silicone rubber, the amplitude of transmission coefficient and reflection
coefficient mainly depends on the distribution of dielectric constant. Therefore, in the
simulation, the permeability μ1 of silicone rubber is set to 1, and different aging states
of silicone rubber are simulated by setting different dielectric constant ε1 and dielectric
loss factor tanδ. Parameter settings for silicone rubber with different degrees of aging
are given in Table 3.

Table 3. Parameter definition of different aging degree

Aging degree ε1 tanδ

Unaged 3.17 1.50%

Mild aging 3.91 2.63%

Moderate aging 4.65 3.75%

Severe aging 5.39 4.88%
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4 Numerical Simulation

4.1 Analysis of Working Frequency

Considering that under the same lift-off distance, the detection results will vary with
the change of frequency, so in order to carry out aging detection more effectively, it is
necessary to select the microwave operating frequency.

A suitable detection frequency requires sufficient sensitivity to the aging phe-
nomenon, i.e. a large 
S21 (
S21 is the difference between the transmission coefficient
S21 measured under aging and non-aging conditions) in the aging region. In order to
explore the influence of working frequency on the detection effect, the following two
groups of models are set up: one group is the unaged composite insulator, and the other
group is based on the first group to set the shed #1 for severe aging. In the area cor-
responding to the umbrella skirt #1, three fixed scanning points are set, which are the
bottom,middle and top of the umbrella skirt.Microwave scanning detection is performed
at three positions, and the corresponding 
S21 amplitude results and the relationship
between the mean value and frequency of the three are shown in Fig. 3.

Fig. 3. 
S21 amplitude at different frequencies

As can be seen from Fig. 3, when the aging shed #1 detection position changes, the
relationship between 
S21 and frequency will change, and the optimal detection fre-
quency will be different. Therefore, the average value of the results corresponding to the
three positions is the basis for frequency selection. When the frequency is 17.695 GHz,
the mean value 
S21 reaches the maximum value of 13.7037 dB, indicating that the fre-
quency point can more effectively reflect the aging phenomenon of composite insulators
in the frequency band. Therefore, this frequency is chosen as the detection frequency
for subsequent studies.

4.2 Analysis of Aging Detection Effect

Composite insulators will undergo varying degrees of aging during operation. Based
on the original basic model, according to the determined detection method, the overall
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aging states of different aging degrees are set, and the waveguide is scanned with a step
size of 3 mm to analyze the detection effect of microwave nondestructive technology on
different aging states.

The composite insulator shed and sheath materials are set up as four groups of
simulation models including non-aging, light aging, moderate aging and severe aging.
The specific parameters of the four ageingmaterials are listed in Table 3. The four groups
of models are scanned by moving rectangular waveguide, and the results of transmission
coefficient S21 are shown in Fig. 4.

The area enclosed by the S21 curve and the horizontal axis S21 = 0 may reflect the
mean amplitude of S21 and indirectly reflect the degree of aging of composite insulators.
As the degree of aging deepens, the S21 curve moves downwards as a whole, and the
area enclosed by it will also increase. In Fig. 4, with the deepening of the aging degree
of composite insulators, the curve area increases in turn, the minimum value decreases
gradually, and the amplitude change degree of the curve increases. The calculation results
show that the aging degree of composite insulators can be reflected by the variation trend
of the transmission coefficient S21 amplitude and its enclosed area, which confirms the
effectiveness of this method in detecting the overall aging of insulators.

Fig. 4. S21 amplitude under overall aging

5 Conclusion

In this paper, a composite insulator aging detection method based on microwave trans-
missionmethod is proposed.By analyzing the transmission parameterS21 under different
aging degrees, the following conclusions are drawn:

(1) For different degrees of overall aging of 10 kV composite insulators, the detection
effect is best when the microwave detection frequency is 17.695 GHz.

(2) The degree of aging can be determined bymobile scanning of composite insulators.
With the deepening of the overall aging degree of composite insulators, theS21 curve
gradually moved downward and the amplitude decreased.
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Abstract. As an important component of offshore wind farms, submarine cables
directly lay on the seabed and the magnetic field they generate may potentially
have a negative impact on the eco-system, affecting the fish around, in particular.
In light of this, an experiment platform was developed to expose the degree of this
impact and offer a magnetic field limit. Helmholtz coils was used to generate the
magnetic field and zebrafish (Brachydanio rerio) was chosen as the experiment
sample. The behavior of fish under different magnetic fields was recorded by a
wireless camera. Speed and trajectory analyses show that there is no significant
difference between the experiment group and the control group (P > 0.05) even
though the magnetic field reached 400 μT. This indicates the 100 μT magnetic
field limit in the current standards may be strict. A calculation on the magnetic
field distribution of typical submarine cables was carried out with finite element
method and the results reveal that magnetic field falls quickly outside the cable. In
most cases, it falls under 100 μT at 0.5 m from the center of the cable. Therefore,
magnetic field may be an ignorable constraint in the application of submarine
cables.

Keywords: Magnetic field · Submarine cable · Fish behavior · Offshore wind
farm

1 Introduction

With the development of cross-sea interconnection and offshorewind power, the applica-
tion of submarine cables is gradually increasing, and the electromagnetic environment
problems are attracting public attention [1, 2]. The electric field of submarine cables
attenuates to a small value after it passes through insulating materials. Hence, the mag-
netic field with strong penetration is the main influence. Before the wide practices of
submarine cables, land power cables are already in mature applications, with many
research focusing on the electromagnetic environment [3–5]. The electromagnetic inter-
ference of land power cables is generally associated with the way they grounded. In
addition, the induced current in the sheath and armor will weaken the magnetic field.
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The magnetic field on earth is classified into natural magnetic field and man-made
magnetic field. The man-made magnetic field comes from the production and living
activities of human beings. It is mainly embodied in the time-varying electromagnetic
field of power frequency and the static magnetic field of DC, which is categorized as
“extremely low frequency magnetic field”. Prior to the development and application of
submarine cables, studied on the biological impact of electromagnetic environment were
carried out, mainly based on epidemiology, animal experiments and statistical analysis
of exposure [6–8], because of the magnetic field generated by substation equipment and
the overhead transmission lines.

2 Magnetic Field Limit in Current Standards

Field exposure will generate induced current in human tissues. Therefore, most inter-
national organizations and national standards propose magnetic field limits based on
induced current. For power frequency of 50 Hz, when the induced current density in
human tissues of any part of human body is over 100 mA/m2, the program being respon-
sible for nervous system excitationwill undergo drastic changes and other acute reactions
will occur [7]. The proposed magnetic field limits are mainly in line with the summary
of research results in various fields, including epidemiological investigation, human vol-
unteer experiments, animal experiments, cellular and molecular studies and biophysical
studies.

In terms of international standards, there is no IEC standard limit of power fre-
quency magnetic field exposure. The international Committee on Non-Ionizing Radia-
tion (ICNIRP) first proposed the limit of power frequency electromagnetic field in the
world. By studying the effects of magnetic field on humans and other animals, ICNIRP
published the guidelines for limiting exposure to time-varying electric, magnetic and
electromagnetic fields (below 300 GHz) in 1998 [7]. As a standard for magnetic field
exposure, the guidelines take safety factors of 10 and 50 for professionals and the pub-
lic. Therefore, the occupational and public exposure limits of the current density are 10
mA/m2 and 2 mA/m2. In consequence, the public exposure limit of power frequency
magnetic induction intensity is set at 100 μT. ICNIRP guidelines are based on epidemi-
ological, volunteer, cellular and zoological research. Nowadays, it has been recognized
by many international organizations, such as theWorld Health Organization (WHO) and
the International Labor Organization (ILO), and has become the basis in many countries.
The standards of power-frequency electromagnetic field are sorted as shown in Table 1.

Although the limits of magnetic field are slightly different in many countries and
various international organizations, theymainly refer to the ICNIRP standard. Therefore,
the magnetic field outside the submarine cables should be limited to less than 100 μT
in the case of power frequency at 50 Hz.
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Table 1. Power frequency electromagnetic field exposure standards of some countries and
international organizations.

Organization or
country

Year Frequency (Hz) Occupational
exposure (μT)

Public Exposure (μT)

ICNIRP: Guidelines
for limiting exposure
to time-varying
electric, magnetic, and
electromagnetic fields
(up to 300 GHz)

1998 50 500(25/f ) 100(5/f )

60 420(25/f ) 83(5/f )

2010 50/60 1000 200

ACGIH:
Documentation of the
threshold limit values
and biological
exposure indices

2005 50/60 1000 /

IEEE C95.6. Standard
for safety levels with
respect to human expo
sure to electromagnetic
fields, 0–3 kHz

2002 50 2170 904

EU: Council
recommendation of 12
July 1999 on the
limitation of exposure
of the general public to
electromagnetic fields
(0–300 GHz)

2004
/1999

50 500(25/f ) 100(5/f )

NRPB: Restrictions on
human exposure to
static and time varying
electromagnetic fields
and radiation:
Scientific basis and
recommendations for
the implementation of
the board’s statement

1993 50 1600 100(5/f )

2004 50 500(25/f )

(continued)
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Table 1. (continued)

Organization or
country

Year Frequency (Hz) Occupational
exposure (μT)

Public Exposure (μT)

BMU: No.1966. 26th
Ordinance
implementing the
federal emission
control act (EMF
ordinance-26th
bimschv) of 16
December

1996 50 / 100

ARPANSA: Radiation
Health Series No. 30.
Interim guidelines on
limits of exposure to
50/60 Hz electric and
magnetic fields

1999 50/60 500 100

China: HJ T24-1998
Technical regulations
on environmental
impact assessment of
electromagnetic
radiation produced by
500 kV ultrahigh
voltage transmission
and transfer power
engineering

1998 40 / 100

China: GB 8702-2014
Controlling limits for
electromagnetic
environment

2014 50 / 100

3 Exposure Experiment of Zebrafish

3.1 Material and Method

In this experiment, Helmholtz coil was used to generate uniform magnetic field. Coil
current was adjusted by voltage regulator to change the level of the magnetic field, and
a water tank was set in the exposed magnetic field. Fish samples were exposed in the
water tank, and their behaviors were recorded and tracked by a camera. A schematic
diagram of the experiment is shown in Fig. 1(a), and experiment platform is shown in
Fig. 1(b).

Zebrafish is widely used in the research field of embryology, developmental biology,
genetics, molecular biology, toxicology, environmental science, experimental oncology
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Fig. 1. (a) A schematic diagram of the experiment platform; (b) Overall setting of the experiment
platform.

and immunology, and it is recommended by international organization for standardiza-
tion to test fish toxicity. Therefore, zebrafish is chosen as the experimental fish. The
zebrafish for experiment is at the age of 6 months. The body length is (3.2 ± 0.2) cm.
They were domesticated in dechlorinated water with a water pump adding oxygen for
15 days. The temperature of the water is (28 ± 1) °C, and the photoperiod is 12 h. All
zebrafish were feed once a day and stopped feeding for 24 h before experiment.

3.2 Calculation and Measurement of Magnetic Field

Before the experiment, a magnetic field calculation was carried out with finite element
method. The model was built according to the real object of the Helmholtz coil used in
the experiment. The result of the calculation is shown in Fig. 2(a). Besides, the magnetic
field at the center and the four corners of the water tank was measured, as shown in
Fig. 2(b). The comparison between the calculation results and measurement results of
magnetic field under different current is shown in Fig. 2(c).

Fig. 2. (a) Magnetic field distribution; (b) Measurement of magnetic field; (c) Results of
calculation and measurement under different coil current.

The measurement and calculation results are basically accordance. Magnetic distri-
bution result shows that the magnetic field of the center area of the coil is uniform. The
results of simulation and measurement show a linear trend, and the magnetic induction
intensity reaches the limit of 100 μT when the current is 1 A.
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3.3 Experiment Results

Four zebrafish samples were put into the tank for 10 min of exposure under different
magnetic field. Every sample was exposed under the magnetic field of 0 μT, 93.92 μT,
187.5 μT, 281.0 μT, 381.3 μT and 474.4 μT. The according coil current level are 0 A, 1
A, 2 A, 3 A, 4 A respectively. The experiment started after the samples got familiar with
the new circumstance and swam freely around. Tracking results of sample 1 is shown in
Fig. 3. Speed of Zebrafish was statistically calculated, and its average value and variance
were shown in Fig. 4.

Fig. 3. Tracking results of sample 1 under different coil current levels. (a) Control group; (b) 1A;
(c) 2A; (d) 3A; (e) 4A.

Fig. 4. Average and variance of speed under different coil current levels. (a) Sample 1; (b) Sample
2; (c) Sample 3; (d) Sample 4.
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Significant test (T test) was carried out after the speed value was obtained. Firstly, a
null hypothesis was proposed: There was no essential difference in the speed between
the control group and the experimental group. Secondly, the probability was calculated.
The test statistic is:

t = X1 − X2√
σ 2
X1

+σ 2
X2

−2γ σX1σX2
n−1

(1)

where X1 and X2 are the average value of test groups. σ 1 and σ 2 are the variance of the
test groups. n is the sample size. γ is the correlation coefficient of the samples.

The degree of freedom is 3 (df = n-1 = 3). The t(3)0.05 value in the t value table
was checked. Compare the calculated t value and the t(3)0.05 value. If P < 0.05, reject
the null hypothesis based on the probability that the event is unlikely to occur, or accept
the null hypothesis. The t test result is listed in Table 2.

Table 2. Result of t test.

Groups P value

Control group-1A experiment group 0.4901

Control group-2A experiment group 0.2018

Control group-3A experiment group 0.1734

Control group-4A experiment group 0.1565

It can be seen from Table 2 that the significance level of the experimental group and
the control group is larger than 0.05. Therefore, it is believed that the difference between
the experimental group and the control group is caused by experimental error, that is,
at the magnetic induction level of 100 μT and above, there is no significant difference
between the fish swimming behavior with and without a magnetic field up to 400 μT.
As a result, 100 μT can be selected as the magnetic field limit, and the limit is strict.

4 Calculation of Magnetic Field Distribution of Submarine Cable

In order to find out the area of magnetic field level over 100μT, a calculation of magnetic
field distribution around submarine cables is carried out with different voltage levels and
sectional areas by using finite element method. The structural geometry of the cable was
taken into consideration, because the induced current in the sheath and armor may have
an impact on the magnetic field distribution. Besides, the spiral winding structure of the
armor was taken into consideration in the model. After a circle of winding, the induced
voltage in the armor will get balanced, and the induced current in the armor is quite
small [5].

The calculation covers the voltage level from 35 kV to 220 kV. Sectional areas of
the cables are ranging from 50 mm2 to 1000 mm2. The magnetic field distribution of a



Magnetic Field Limit and Potential Impact of Offshore Wind Farm 495

Fig. 5. Calculation results of 220 kV 1000 mm2 three core submarine cable. (a) Magnetic field
distribution; (b) Induced current density distribution; (c) Magnetic field distribution outside the
cable.

220 kV 1000 mm2 three core submarine cable is shown in Fig. 5(a). The induced current
density distribution is shown in Fig. 5(b), and the magnetic field outside the cable is
shown in Fig. 5(c). The outer boundary in Fig. 3(c) is 100 μT.

Calculation results of submarine cable with all voltage level and sectional area is
listed in Table 3.

Table 3. Result of magnetic field calculation of different cable.

Voltage level
(kV)

Sectional area
(mm2)

Rated current
(A)

Capacity
(MW)

External
maximum
magnetic
induction
intensity (μT)

Distance
between 100
μT boundary
and the cable
center (m)

35 3*50 204 12 699.316 0.136

3*120 332 20 1067.43 0.185

3*240 470 28 1402.09 0.234

3*500 639 39 1679.70 0.293

3*800 753 46 1722.36 0.332

66 3*95 295 34 911.545 0.182

(continued)
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Table 3. (continued)

Voltage level
(kV)

Sectional area
(mm2)

Rated current
(A)

Capacity
(MW)

External
maximum
magnetic
induction
intensity (μT)

Distance
between 100
μT boundary
and the cable
center (m)

3*240 470 54 1336.00 0.245

3*500 640 73 1610.75 0.303

3*800 753 86 1672.46 0.344

220 3*500 644 245 1156.61 0.380

3*1000 804 306 1302.41 0.427

1*500 (3
phase)

769 293 1519.02 0.510

1*1000 (3
phase)

961 366 1826.03 0.581

1*1600 (3
phase)

1100 400 1783.96 0.621

The calculation result shows that, for three-core submarine cables, the magnetic
induction intensity in the outer space is smaller than that of the single core cable. This is
due to the good structural symmetry and the offsetting effect of the sheath and armor. The
induced current on the armor and its loss is negligible. The induced current and loss are
mainly distributed on the sheath. Although the submarine cables with different voltage
levels and cross-sectional areas have different magnetic field distributions, their external
magnetic induction intensities all decrease rapidly. The magnetic induction intensities of
three-core cables all drop to less than 100 μT within the range of 0.5 m. The worst case
is three 220 kV single core cables lay horizontally. But it also decays to less than 100
μT outside the range of 0.6 m. However, the actual laying depth of submarine cables
is generally 0.5 m to 1 m, and the magnetic induction intensity above the seabed is
considered to be less than the limit. Therefore, magnetic field is not an important factor
to limit submarine cables application.

5 Conclusion

To reveal whether the magnetic field generated by the submarine cables in the off-
shore wind farms may affect the living pattern of fish near, an experiment platform with
Helmholtz coil as magnetic field generator was set. Zebrafish was chosen as the experi-
ment sample. The trajectory and speed of 4 fish samples under different magnetic field
level are obtained with the help of a camera and a tracking program. Statistical analysis
shows that there is no significant difference between the fish swimming behavior with
and without a magnetic field up to 400 μT. The calculation results of magnetic field
distribution results of submarine cables of different voltage levels and cross-sectional
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areas show that the external magnetic field falls quickly. Most of them falls lower than
100 μT in a distance of 0.5 m. In conclusion, when planning the offshore wind farms,
the limit of magnetic field generated by submarine cables which may affect the living
creatures nearbymay not be so significant. Other limit factors should be considered prior
to magnetic field, and a check the magnetic field limit after design is necessary.
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Foundation of China (51907145); General program of National Natural Science Foundation of
China (52277159).
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Abstract. Cable joint temperature is a key factor affecting its insulation perfor-
mance and service life. To avoid direct measurement which may damage the cable
joint structure, this paper adopts the method of inverting the joint hotspot tem-
perature by surface temperature, where a fitting function and a thermal circuit
are established to complete the inversion. Firstly, a transient simulation is used to
obtain simulation temperature data samples of cable joint and body, not only as a
comparison for inversion results, but also for constructing an inversion function
connect the two variables by function fitting method. Then, a transient thermal
circuit model recommended by IEC60853 is established at the cable body to calcu-
late real-time cable body core temperature from the surface temperature. Finally,
substituting the real-time cable body core temperature into the fitting function to
obtain the joint hotspot temperature as inversion results. For error analysis, we
compare the simulation results with the inversion, and the influence of heat dissi-
pation changes on the inversion accuracy is studied. The research results indicate
that the maximum error is controlled within 7 °C under relatively unfavorable
conditions, which can meet the engineering needs.

Keywords: cable joint · hotspot · temperature field simulation · function fitting ·
thermal circuit model

1 Introduction

The operating and health status of power cables are directly related to the safe and
stable operation of power transmission system [1–3]. Due to the complex installation
process, large material dispersion, electrical stress concentration and multi-composite
interface structure, the cable joint is theweakest link in the insulation of the cable system,
so its fault has been high in the proportion of cable failure [4–7]. Temperature is one
of the important factors affecting the insulation performance and service life of cable
joints. Studies have shown that when the long-term working temperature of XLPE cable
exceeds 8% of the allowable value, its life will be halved; If it exceeds 15%, only 1/4
of the cable life will be left [8]. If the temperature of the cable joint can be monitored
and analyzed in real time, accidents can be effectively prevented [9–12]. Therefore, the
researches on hot spot temperature inversion of medium and high voltage cable joints
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are of great significance and practical value for ensuring the safe and stable operation
of power cable systems.

In terms of cable joint temperature measurement, scholars have carried out a lot of
research work. Yunpeng Gao [13, 14] et al. established simplified thermal circuit model
of cable joint to calculate the cable core temperature. It will result in a great error because
of the real structure of cable joint is complicated and hand-made process will change
the structure and material parameters inevitably. Wenzhi Chang [15] et al. established a
BP neural network [16] model with the surface temperature of cold shrinkable prefabs
and current load as input, temperature of cable joint as output. Since the temperature of
cold shrinkable prefabs cannot be measured directly, it cannot be applied to engineering
practice. Gengmin Lv [17, 18] et al. measured the cable joint temperature by presetting
optical fibers in the cable conductors. However, this method of implantable detection
can cause harm to insulation and reduce the life of cable.

In this paper, the method of thermal circuit model and function fitting are used to
calculate the hotspot temperature of cable joint, and the complete process of constructing
the fitting functionwill bemainly introduced, in which the required data is obtained from
finite element simulation. Finally, compared with the simulation results under different
conditions, the error index such as SSE, MSE, MAPE, MSPE is calculated to judge the
applicability of the fitting function.

In general, the inversion algorithm in this paper effectively avoids the disadvantages
of implantable detection methods on cable life. Secondly, the thermal circuit model is
established on conductor instead of cable joint to reduce the error caused by process
of the on-site installation. Finally, the temperature field simulation based on finite ele-
ment experiment software has high accuracy, so adopt this method instead of repeated
temperature-rise experiment can greatly expand the training sample, thereby further
improving the accuracy of the fitting function.

2 Finite Element Simulation Acquires Simulation Data Samples

Firstly, the finite element simulation software is used to establish a physical model of
the cable joint, assign material parameters to each part, load the transient heat source,
select the boundary conditions, and complete the transient temperature field simulation.
The temperature data of the inversion point and the joint hot spot are extracted as the
training sample set of the axial temperature inversion function.

2.1 Physical Model of the Cable Joint

The 110 kV cable joint and body structure are shown in Fig. 1, and the total cable length
is set to 12 m.
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Fig. 1. Cable joint and body

Thematerial parameters are shown in Table 1, in order to simplify the calculation, the
density and specific heat capacity of the material are approximated within the allowable
range of errors, and the subsequent simulation results also prove that the approximation
does not affect the results.

Table 1. Material Parameters

Material Construction λ W/(m·K) ρ kg/m3 C J/(kg·K)

Copper 1,8,11,12 383 8889 390

Aluminum 10 218 2780 883

XLPE 6,7 0.29 1000 2400

Polyurethane 4 0.04 1000 1000

FRP 2 0.26 1850 535

Water belt 9 0.16 1000 2000

EPDM rubber 3 0.2 1000 1000

Bitumen 5 0.27 1000 1000

2.2 Transient Temperature Field Simulation

The outer surface of the cable and connector is adopted by the third type of boundary
condition based on heat transfer theory,

−λ
∂T

∂n
|� = α(T − Tf )|� (1)

where λ is known as coefficient of thermal conductivity, α is convection heat transfer
coefficient and Tf is fluid temperature. λ of different materials will be set by the Table 1,
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and the ambient temperature is set to 25 °C, the α is set to 8W/(m2· °C). The heat source
is generated by the Joule heat of the current on the cable core, which is divided into two
parts: the cable core and conductor at pressure pipe, as shown in Fig. 2, where the total
resistance Rj at the pressure pipe is measured to be 5.1μ�.

Fig. 2. Cable heat source loading Fig. 3. Axial inversion points position

The two parts of the heat source are calculated as follows:

G1 = I2 × ρ

π2 × r41
(2)

G2 = W2

V
= I2 × Rj

π × r22 × l
(3)

where ρ is the copper conductor resistivity 1.75 × 10–8 �·m, l is the length of pressure
pipe, l = 0.133 m, r1 and r2 are the radius of the cable core and the pressure pipe,
respectively. r1 = 0.015 m, r2 = 0.0237 m, calculating from which G1 = I2 × 0.035,
G2 = I2 × 0.0217.

x = 1.2, x = 1.5, x = 2.2 and x = 3.7 in cable core are preliminarily selected as
inversion points, and their temperatures are represented by T1, T2, T3, T4 respectively,
and the temperature at the cable joint core x = 0.17 is represented by T0 as hotspot
temperature. A schematic diagram of the position of the axial inversion point is shown
in Fig. 3.

In order to ensure that fitting function canmeet the inversion accuracy under different
loads of cable, it is necessary to ensure the coverage of sample. Assuming that the
maximum ampacity of the cable is 1300 A, the transient temperature field simulation
of multiple steps is performed from 100 A to 1300 A as a load at 100 A intervals. The
calculation time of each step is set to 50 h, and a set of transient result data is taken
every 10 min, including the temperature of the 4 inversion points and the hotspot. The
final temperature data sample contains 3900 sets of data, and the simulation results of
the temperature field in cable joint are shown in Fig. 4.
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Fig. 4. Inversion points, hotspot temperature-time curves and temperature field of cable joint

3 Temperature Function Fitting

The purpose of axial temperature inversion is to find the mathematical relationship
between the hotspot temperature of the cable joint as dependent variable and inversion
points in the cable core as independent variables. The key to inversion lies in choosing the
appropriate functional relationship and sample of temperature data to fit the coefficients
in its expression. In this paper, according to the theory of infinite series, basic elementary
functions and their combinations can be expanded into McLaughlin series, and can be
further approximated to polynomials up to the power of m. If the number of monitoring
points n is 4 and the highest power m is 4, then the hotspot temperature T0 of cable joint
can be expressed as:

T0 =f (T1,T2,T3, T4) ≈ f1(T1) + f2(T2) + f3(T3) + f4(T4)

≈a1 · T4
1 + a2 · T3

1 + a3 · T2
1 + a4 · T1

1 + b1 · T4
2 + b2 · T3

2 + b3 · T2
2 + b4 · T1

2

+ c1 · T4
3 + c2 · T3

3 + c3 · T2
3 + c4 · T1

3 + d1 · T4
4 + d2 · T3

4 + d3 · T2
4 + d4 · T1

4 + e (4)

where T1, T2, T3 and T4 represent the temperatures of four inversion points in cable
core, ai, bi, ci, di and e are coefficients of each independent variable in the polynomial.
Suppose that the temperatures of each inversion point are independent of each other, the
influence between them is ignored in the above equation.

Based on the 3900 sets of transient simulation temperature data obtained above, the
function expressions are parametrically fitted by the Levenberg-Marquardt + Universal
global optimization method with the help of the nonlinear fitting professional software
1stOpt. The coefficients of the function expression are shown in Table 2 below. After
26 iterations, the correlation coefficient R of the expression is 0.9999998, and the fitting
effect is good.



Hotspot Temperature Inversion of 110 kV Single-Core Cable Joint 503

Table 2. Quartic polynomial axial temperature inversion expression coefficients

ai value bi value ci value di value

a1 −0.0000265 b1 −0.01058 c1 0.006803 d1 −0.00075

a2 0.004645 b2 0.5562 c2 −0.2562 d2 −0.04354

a3 −0.2615 b3 −64.4683 c3 42.2059 d3 −11.7548

a4 35.0993 b4 −0.0005 c4 0.0000091 d4 −0.4281

e 0.00006350 - - - - - -

4 Comparison of Inversion and Simulation Results

It is hoped that the complete inversion process in the actual engineeringwill be simulated
to verify the accuracy of the method. That is, the temperature of the inversion points on
the cable surface is obtained through sensor. Then the temperature of the inversion points
in cable core is calculated by the thermal circuit model recommended by IEC60853, and
finally they are brought into the axial inversion function constructed above to obtain the
hotspot inversion temperature and compare with the simulation value. In order to avoid
repeated temperature-rise tests, the temperature of the cable surface inversion points will
be obtained by simulation experiments.

In order to determine the universality of the fitting inversion function to current
fluctuations, change the load to multi-step currents 100 - 700 - 1300 - 200 - 800 - 1200 -
300 - 1100 - 400 - 1000 - 500 - 900 - 600A for a new simulation, each step current lasts
4 h, a total of 52 h.

Through this new transient temperature field simulation, extract temperature data of
4 inversion points in cable surface T1’, T2’, T3’, T4’ and hotspot T0s. Using the thermal
circuit model recommended by IEC-60853, calculate the temperature of the inversion
point in cable core: T1, T2, T3 and T4. Then T1, T2, T3 and T4 are brought into the
inversion function, then corresponding fitted inversion temperature data set T0 of hotspot
can be obtained. Comparing T0s and T0, as shown in Fig. 5 below, themaximum absolute
error is about 2 °C. So the fitting is good.

Fig. 5. Comparison of the inversion and simulation results of the fitting expression of four
inversion points and the quartic polynomial
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Adopt the following commonly used error index to analyze the error of the inversion
results as follows Table 3.

Table 3. SSE, MSE, MAPE, MSPE Calculation formula

sum of squared error,
SSE

eSSE =
N∑

i=1
(Ai − pi)

2

mean squared error,

MSE eMSE = 1
N

√
N∑

i=1
(Ai − Pi)21

mean absolute percentage error, MAPE

eMAPE = 1
N

N∑

i=1

∣
∣
∣
Ai−Pi
Ai

∣
∣
∣

mean square percentage error,

MSPE eMSPE = 1
N

√
N∑

i=1
(
Ai−Pi
Ai

)2

where Ai is the test value (simulated value) of the ith test sample; Pi is the predicted
value (inversion value) of the ith test sample; N is the number of predicted samples. The
error calculation results are shown in Table 4, and the error is within the allowable range.

Table 4. Error index for the axial temperature inversion of the four inversion points and quartic
polynomial

Error index SSE MSE MAPE MSPE

Value 196.7 0.0448 0.0107 0.0007

5 Optimize the Fitting Results

5.1 The Influence of Fitting Function’s Expression

Next, cubic polynomials, quadratic polynomials and linear polynomials are used for
fitting, and quadratic function fitting effect is the best judging by the error index.
Comparison results shows in Fig. 6 and Table 5.
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Fig. 6. The inversion result of the quadratic polynomial is used to fit the expression and the
simulation result is compared with the curve

Table 5. Error of axial temperature inversion corresponding to different fitted expressions

SSE MSE MAPE MSPE

Linear 72.62 0.0272 0.0068 0.0005

Quadratic 69.98 0.0267 0.0067 0.0005

Cubic 200.5 0.0452 0.0107 0.0008

Quartic 196.7 0.0448 0.0107 0.0007

5.2 The Influence of the Number of Inversion Points

Analyzing the influence of the number of inversion points, the inversion points were 5 (x
= 1.2, x = 1.5, x = 2.2, x = 2.5, x = 3.7), 3 (x = 1.2, x = 2.2, x = 3.7), and 2 (x = 1.2,
x = 2.2), which are judged by the error index in Table 6. Results indicate that inversion
works best when there are 4 inversion points, and 4 inversion points are used as follow.

Table 6. Inversion error index corresponding to the number of inversion points

SSE MSE MAPE MSPE

5 points 2870 0.1712 0.0512 0.0031

4 points 196.7 0.0448 0.0107 0.0007

3 points 221.3 0.0475 0.0114 0.0009

2 points 345.5 0.0594 0.0153 0.0011

5.3 The Influence of External Factors on the Accuracy of Inversion

The axial temperature inversion function in the previous section is obtained by the simu-
lation without soil, mainly for tunneled or conduit cables. The actual buried environment
of the cable includes the direct burial type, where the cable is surrounded by soil, whether
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the function is still satisfied at this occasion needs to be verified by the simulation of
cable joint in soil. Assume that the buried depth of cable is 0.8 m. Finally compare
the results and find that the presence or absence of soil has a certain influence on axial
temperature inversion, and the maximum error is within 6 °C.

Actual joints have a certain dispersion, so the effect of thermal conductivity of
material needs to be analyzed. The joint includes five parts of prefabricated silicone
rubber, air, copper shell, AB glue and FRP shell, the thermal conductivity of air and
copper shell will not change theoretically, so the rest will be changed. Comparing the
inversion results and simulation results, find that the error increases slightly, but doesn’t
exceed 3 °C.

The value of the contact resistance is related to the crimping process and has a certain
dispersion, so it is necessary to analyze the influence of the value of contact resistance.
After changing the value of it to double and half, comparing results and find that inversion
accuracy is reduced, and the error doesn’t exceed 4 °C.

The fitted temperature dataset and the validation model are that the cable is exposed
to air, and the convection heat transfer coefficient is set to 8 W/(m2·°C). Considering
the influence of the external environment temperature on inversion, the convection heat
transfer coefficient is set to 4 W/(m2·°C), the transient temperature field simulation
calculation and temperature inversion are re-performed. Compare the results and find
that the heat dissipation environment having a certain influence on the axial temperature
inversion, and the maximum error is within 5 °C.

The above analysis is a single factor change, but actual process of various factorsmay
change, considering the most serious situation, inversion conditions are: convection heat
transfer coefficient of 4 W/(m2· °C), the thermal conductivity of prefabricated silicone
rubber, AB glue and FRP shell is reduced by half, the contact resistance is doubled,
and all the above influencing factors increase the hot spot temperature of the joint.
The axial inversion function is obtained when the convection heat transfer coefficient
is 8 W/(m2·°C), the ambient temperature is 25 °C, and all parameters of the cable are
normal. Select x = 1.2, x = 1.5, x = 2.2 and x = 3.7 as inversion points, use quadratic
function for fitting, the results of axial temperature inversion are shown in the figure
below, it can be seen that in the most serious case, the maximum error does not exceed
7 °C, considering that the actual load currentwill not fluctuate so violently, the parameters
of the joint will not change too much, and the inversion result can meet the engineering
error requirements. Comparison results show in Fig. 7 and Table 7.
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Fig. 7. Comparison curve between the inversion result and the simulation result under compre-
hensive influence

Table 7. Temperature inversion error index under different conditions

SSE MSE MAPE MSPE

In soil 2911 0.1724 0.0517 0.0032

1/2 Thermal conductivity 251.1 0.0506 0.0112 0.0008

Double Thermal conductivity 252.2 0.0507 0.0162 0.0011

1/2 Contact resistance 132.4 0.0368 0.0101 0.0007

Double Contact resistance 372.5 0.0617 0.0138 0.0010

1/2 Convection 923.4 0.0971 0.0224 0.0016

Combined impact 3492 0.1888 0.0417 0.0026

6 Conclusion

• (1) Based on the numerical calculation method of function fitting, the inversion algo-
rithm of calculating the hotspot temperature of the cable joint from the cable con-
ductor core temperature is realized; Combined with the thermal circuit model, the
temperature at the cable conductor core is calculated by the measured cable conduc-
tor surface temperature, which can realize the complete inverse calculation of the
hotspot temperature in cable joint from cable conductor surface temperature.

• (2) The fitting results of various occasions are compared with the finite element sim-
ulation results, and error index SSE, MSE, MAPE, MSPE are calculated. The com-
prehensive analysis shows that the inversion of quartic polynomial and 4 inversions
points is relatively good. The inversion accuracy is also verified by simulating the
changes of various conditions. Finding that even the inversion is carried out under
the most unfavorable conditions, the maximum error is within 7 °C. But in practice,
such unfavorable conditions would hardly occur, so the inversion accuracy is within
the acceptable range.

• (3) The structure of the single-core cable joint and the body is quite different, in
the process of axial temperature fitting, using a unified axial inversion function will
produce errors, which need to be corrected if the further improvement of inversion
accuracy is needed.
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Abstract. Text analysis of power transformer defect record is a challenging task
because of the large number of professional words and the scarcity of labelled text
data. These problems make generic models less effective in the power transformer
domain. Pre-trained models can help solve these problems as they can be pre-
trained on large-scale cross-domain unlabeled data, and can solve tasks in specific
domains by continue training on the corpus of specific domains. We introduce
the “pre-training, continue-training, fine-tuning” transfer learning approach to the
field of power transformer text mining, and propose a language model based on
Bidirectional Encoder Representations from Transformers (BERT) to solve the
power transformer defect text classification problem. The model is first trained
on the Chinese Wikipedia corpus to learn the language representation. We then
continue to train the model on the power transformer corpus to learn the expertise.
On this basis, this paper compares the accuracy rate, confusion matrix, differen-
tial mean F1 (F1micro) and other factors with traditional machine learning, deep
learning and other methods. The case study demonstrates that our model can auto-
matically and accurately classify the text of power transformer defect record with
better classification results.

Keywords: Power Transformer · Defect Record · Text Mining · Transfer
Learning · BERT

1 Introduction

After the power transformer fails, field operation and maintenance personnel record the
failure phenomena in the form of words, including changes in sound, vibration, scent,
color and temperature. Then, the description of failure phenomena is combined with
relevant standards and guidelines to determine the cause, location and scope of failure
manually for subsequent failure statistic analysis, equipment maintenance and remain-
ing life prediction. At present, the method of artificial judgment alone is inefficient, and
due to the limitation of staff knowledge reserve and experience, frequent errors occur in
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the judgement of certain sub-health deficiencies. With the application of Natural Lan-
guage Processing (NLP) in problem understanding, it is expected to achieve automatic
classification of defect levels based on fault text analysis, provide decision reference for
field workers, reduce the possibility of misjudgment, and save time.

In the development of deep learning and NLP, Krizhevsky first applied convolutional
neural network (CNN) to image classification with good results [1], and Kim introduced
CNN to text classification [2]. However, for long input sequences such as text, which
are heavily influenced by preceding and following information, CNN cannot extract
the correlation features of the preceding and following information, and the results are
not very good. Some scholars have proposed recurrent neural network (RNN), which
can extract relevant information before and after [3], but suffer from the problem of
gradient explosion. Later on, long short termmemory network (LSTM) [4] was proposed
to further improve the ability to extract text features. These general models are not
effective in the field of power transformer. Text classification of power transformer defect
record needs to address two challenges: 1) complex classification algorithms using neural
networks require large amounts of labelled data, but labelling power transformer defect
record text requires expensive expertise and a lot of time. 2) The language model trained
in the general field is difficult to identify the professional vocabulary in the field of power
transformer.

Building a specialist electric power dictionary is a good way to address these issues
[5, 6]. Extract the specialized vocabulary and let the model learn proprietary words
directly. However, the method of word frequency statistics of professional vocabulary
is insufficient in understanding deep semantics.

With the development of language representation technology, “pre-training,
continue-training, fine-tuning” has become a promising solution to the above challenges
[7]. A general model with strong representation ability is chosen to be a language rep-
resentation model. The model is trained using a large corpus and target tasks in the pre-
training stage to encode a significant amount of semantic knowledge; in the continue-
training stage, the model will continue to train on the unlabeled corpus of a specific
domain, so that the model can learn domain expertise; in the fine-tuning stage, fine-
tuning the labeled data enables the model to learn how to use this semantic information
to predict tags.

We introduce the transfer learning method of “pre-training, continue-training, fine-
tuning” into thefield of power textmining, and propose a power transformer defect record
text classification model based on BERT [8]. We evaluated the classification model on
the power transformer defect record text data set collected by the research group, and
verified the improvement of the model performance by the “continue-training ” strategy.

We have trained three other NLPmodels, which are based on the traditional machine
learning model GBDT [9], the deep learning model CNN and BiLSTM. And they are
used in power transformer defect record text classification, and compared with themodel
proposed in this paper.

2 Method

The BERT neural network architecture and the text classification model of the power
transformer defect record based on BERT are briefly introduced in this section.
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2.1 BERT

The early language representation models include ELMo [10] and OpenAI GPT [11],
which are based on bidirectional LSTM and Transformer Decoder frameworks respec-
tively. It is the BERT model that really makes language representation technology a
mainstream solution. BERT takes Transformer Encoder as the skeleton, masked lan-
guage model as the pretraining task, and uses Chinese Wikipedia corpus for training to
get the pretraining model. Combined with the simple output layer, BERT obtained the
most advanced results in 11 downstream NLP tasks, including text classification task.
Figure 1 depicts the Transformer’s basic structure.

Input
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Multi-Head
Attention

Feed Forward

Multi-Head
Attention

Encoder-Decoder
Attention
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Output
Embedding

Input Output

Linear

Softmax

Outputs Probabilities

Encoder
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Fig. 1. Transformer

Transformer is a machine translation model first proposed by the paper Attention is
All youNeed [12], which outperforms the conventional RNNmachine translationmodel.
Its primary structure, which is based on the encoder-decoder framework, consists of the
attention mechanism.

The encoder is made up of identical multi-layer stacks, and each layer has two
sublayers: a feedforward neural network and amulti-head attention layer. Themulti head
attention layer is mainly used to input the relationship between words in the corpus (such
as fixed collocation of words). Its external performance is the weight between words,
and it can also help the model learn the dependency relationship such as grammar.

Decoder is also composed of identicalmulti-layer stacks, and each layer also includes
two sub layers. There is also an encoder-decoder attention layer between encoder and
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decoder. The encoder-decoder attention layer receives two sources of input. One is the
output of the encoder, which can help the decoder focus on which position of the input
sequence is worth paying attention to. The other part is the output of the results decoded
by the decoder after being processed by the multi-head attention layer of the decoder.
It can help the decoder take into account the noteworthy parts of the translated content
when decoding. In the decoding process, decoder will output a real number vector
each time step, which will be mapped to a vector called logits after passing through a
full connection layer. After softmax normalization, it will be possible to determine the
probability distribution of each word’s appearance in the current time step.

As a deep bidirectional representationmodel, BERT does not predict the next charac-
ter according to the previous character like other models, but uses the masked language
model (MLM). MLM randomly replaces 15% of the input sequences with [MASK],
and then predicts these replaced inputs through the softmax layer above the last encoder
layer. Figure 2 depicts the MLM structure.

Fig. 2. Masked language model

In the process, BERT learned a lot of semantic knowledge. However, since [MASK]
does not appear in the fine-tuning phase of the downstream task, this causes the model to
be sensitive to [MASK]but insensitive to other inputs. To solve this problem,we adopt the
strategy: when replacing the input sequence, not all [MASK], but 80% [MASK],10%
other random input, and 10% original input. This strategy makes BERT sensitive to
all inputs, not just [MASK], allowing the model to pick up on the representational
information of any input sequence.

2.2 BERT for Power Transformer Defect Record

In this section, we will describe how to implement the text classification model of power
transformer defect record based on BERT: 1) How to continue to train BERT on the
corpus of the specific field of power transformer; 2) How to achieve the text classification
task through the trained BERT.
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Literature [6] shows that it is quite useful to customize the training model according
to the domain of the target task. In order to achieve continue-training, our research group
constructed a large corpus in the field of power transformer (see Sect. 3.1 for details).We
continue to train the pre-training model on the corpus in the field of power transformer,
and the training task is MLMmentioned above. In the process, the model learns domain
expertise.

For the input power transformer defect record, we first convert each character into a
N dimension vector. The N dimension vector is formed by adding the token embedding
and position embedding corresponding to each character. At the first position of each
input text sequence, we set a special classificationmark [CLS]. The final hidden vector of
the special tag [CLS] is represented as C, which is used as input to the text classification
task. We represent the input embedding as E, and the final hidden vector of the nth input
as Tn. Figure 3 shows the structure of power transformer defect record text classification
model.

Fig. 3. Power transformer defect record text classification model based on BERT

3 Experiment

3.1 Datasets

Our research group collected three Chinese power transformer datasets for continue-
training of themodel: (1) Power transformer defect records, including on-site transformer
fault records from a power grid company in a province of China in the past two decades;
(2) About 100,000 public papers in the field of power transformers; (3) IEC and State
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Grid of China standards and guidelines for power transformers. After collecting the
original text, we preprocess the dataset to reduce duplication and noise. We set the
number of sequence characters to range from 32 to 512. Table 1 summarizes the dataset
for continue-training.

Table 1. Corpora used for continue-training

Corpus Size

Power transformer defect record 560 KB

Articles 174 MB

Standards and guidelines 78 MB

Weselect on-site power transformer defect record as the researchobject.According to
the standard: Q/GDW 1906–2013 (defect classification standard for power transmission
and transformation primary equipment), we can divide transformer defect into three
categories: general, serious and critical. General defects refer to the defects that are
normal in nature, mild in condition and have little impact on safe operation. Serious
defects refer to the defects that pose an important threat to people or equipment and can
operate temporarily, but need to be handled as soon as possible. Critical defects refer to
the defects that directly threaten the safe operation of equipment and require immediate
treatment. Otherwise, the defects may cause equipment damage, personal injury, or fire
at any time. This paper’s primary objective is to build a text classification model to
divide the defect degree into general, serious and critical, according to the phenomenon
description in the power transformer defect record.

3.2 Software and Hardware Platform Setup

The code running environment is PyCharm and BMLCodeLab, and the hardware con-
dition for cloud running is TeslaGPU_P4_8G. The deep learning framework is Pad-
dlePaddle version 2.4. This paper uses sklearn’s train_test_split function to divide 2435
datasets into training sets and test sets in a ratio of 0.8:0.2.

3.3 Model Performance Analysis

In order to assess the classification model, we use three indicators: accuracy, cross
entropy loss and F1micro. Due to the type imbalance in the dataset, the number of general
defects is much larger than serious and critical defects. We use the square root of the
inverse frequency to weight the cross entropy loss. At the same time, we calculate the
F1 separately according to the category, and then take the average value. It provides a
good measure of categorical performance.

For the text classification model of power transformer defect record based on BERT
constructed in this paper, the model parameters are set as follows: maximum sentence
length is 512, learning rate is 2e−5, number of transformer layers is 12, character vector
length is 768, and self-attention heads are 12.
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With the training of themodel, the loss value gradually decreases, while the accuracy
gradually increases, and finally become stable. We input test data after the training of the
model is completed, the accuracy and F1micro were 0.932 and 0.918. Figure 4 displays
the confusion matrix of the test data.

Fig. 4. Confusion matrix

For comparison experiments, we consider three different methods: a classifier based
on the traditional machine learning model GBDT; a classifier based on deep learning
model CNN; a classifier based on BiLSTM. The training methods are roughly the same.
Firstly, we divide the defect record into words and count the word frequency. Then we
set the domain vocabulary according to the word frequency. We conversely segment the
defect record according to the domain vocabulary. Finally, we use word2vec to vectorize
words and input them into the model for training.

At the same time, in order to verify the improvement of the model performance by
the continue-training method, we also set up a classifier trained only using Wikipedia
corpus. We compare the model constructed in this paper with the GBDT, CNN, LSTM
model and BERT model without continue-training. Table 2 displays the performance of
the five models.
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Table 2. Performance comparison of different models

Model Accuracy F1Micro

GBDT 0.811 0.775

CNN 0.881 0.855

BiLSTM 0.909 0.897

BERT without Continue-Training 0.720 0.708

BERT with Continue-Training 0.932 0.918

The traditional Chinese text classification method uses machine learning model.
Table 2 shows that the accuracy and F1micro of model based on GBDT are lower than
other deep learning models. The accuracy of the machine learning classification model
mainly depends on the quality of the word vector constructed. Due to the complexity of
text structure, word vectors only extract the feature information of words, but ignore the
feature information of sentence structure. The deep learning classification model further
considers the sentence structure information and improves the accuracy of text classifi-
cation. BiLSTM can effectively memorize the previous and subsequent information, so
the classification accuracy of model based on it is higher than CNN. However, because
the power transformer defect record length is generally very short, the advantages of
LSTM are not obvious. Meanwhile, BiLSTM and CNN cannot dynamically encode the
character vector, and their performance is lower than model based on BERT.

From the table, it is clear that the continue-training method significantly improves
the performance of BERT. The original BERT pre-training material does not include
the text in the field of power transformers, so its internal parameters are not capable of
identifying power transformer fault description characteristics. The continue- training
method adjust the parameters of BERT according to the professional power transformer
corpus in the training process, its accuracy and F1micro are higher.

4 Conclusion

In this paper, we present a transfer learning technique of "pre-training, continue-training,
fine-tuning" into the field of power transformer text mining to address the issue of data
cost in power transformer defect record text classification, and propose a power trans-
former defect record text classification model based on BERT. We also verify that the
continue-training method improves the performance of the generic model in a specific
domain. We train three other popular and advanced text classification models. The clas-
sification accuracy and F1micro of the model constructed in this paper are higher than
existing models.

The defect record text classification is only a small step towards realizing the state
evaluation based on power transformer text data mining.With the development of intelli-
gent power grid and AI technology, the next step is to use NLP technology to achieve the
match of fault content and guidelines, and build the knowledgemap in power transformer
field.
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Abstract. Beidou chip plays an important role in monitoring overhead transmis-
sion line tower deformation and galloping [2], but the corona discharge, caused
by large electric field on the surface of transmission line tower and nearby the
Beidou chip, have an impact on the operational reliability of Beidou chip. It is of
great significance to get an accurate calculation, which is important to the chip
safety andmonitoring equipment operation reliability. According to the actual 500
kV tower parameters, the finite element simulation model of electrostatic field is
established. Based on the finite element method, the electric field strength of the
tower and the chip surface is computed. Based on the simulation results, the effects
of installation position and protective materials on the electric field are discussed.
By changing the parameters of the box and the arrays, shapes, and spacing of
the aperture, the electric field strength distribution under different conditions is
obtained. Research results show that when the box is made of glass fiber rein-
forced plastic (GRP) and the aperture array is designed as 4 × 4, with a total area
of 800 mm2, the electric field strength on the chip surface is about 471.7 V/m.
This design can provide some guidance for the reliable operation of Beidou chip
and the normal operation of transmission line monitoring.

Keywords: tower · Beidou chip

1 Introduction

Beidou system has been widely used in power system due to its advantages of wide
coverage, high-precision positioning, and high security [1]. For example, the Beidou
positioning system can be used in the time synchronization of power systems and disaster
prevention and monitoring of power systems [2]. It can also play an important role in the
maintenance and monitoring of power systems due to its unique trait of high-precision
positionings, such as transmission line icing monitoring [3] and transmission line tower
foundation displacement monitoring [4]. The influence of electromagnetic interference
of transmission lines on the quality and positioning accuracy of Beidou deformation
monitoring data has been studied by scholars [5], however, there are few studies on the
reliable operation of Beidou chips in power frequency electric fields. Based on modeling
and simulation, the electric field distribution near 500 kV overhead transmission line
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towers and the electric field strength distribution cloud diagram on the chip surface is
obtained.

There are many methods to calculate the power frequency electric field, such as the
charge simulation method and finite element method [6]. Due to the power frequency
electric field of the transmission line conforms to the quasi-static field model, the cal-
culation of electric field strength on the chip surface is simplified to electrostatic field
calculation and thefinite elementmethod is used to compute the electric field distribution.

The refined model of 500 kV double circuit negative phase sequence tower on one
tower is established, and a board with a chip is installed in the proper position at the
tower body. Based on the finite element method, the electric field strength at the tower
base and on the surface of the chip is obtained.

In order to meet the needs of ventilation, power supply, and communication, it is
inevitable to open holes in the shielding body [7]. Since the GNSS antenna needs to
receive signals, the shielding box cannot be used to load the chip. However, after testing,
the factors that affect the shielding effectiveness of the shielding box will also affect
the electric field strength in the ordinary box. The number, shape and interval of the
aperture will have effect on the electric field in the box. By comparing and analyzing
the above factors, this paper proposes a practicable design that has the minimum electric
field strength for the same aperture area.

2 Simulation Model

2.1 Description of Tower Model

According to the actual 500 kV tower parameters, the finite element simulation model
of electrostatic field is built. Since the chip is installed at the tower body position, the
calculation accuracy of the part above the base has little effect on the study results. In
order to simplify the simulation calculation, the model below 6.7 m of the tower is finely
modeled, while the part above 6.7 m is just modeled with a solid block. Considering the
actual situation, the model is simplified as follows.

(1) For the lower part of the tower, the connection between the angle steel is simplified
in the actual modeling. And the angle steel is simplified into a rectangular structure.
The above reasonable simplification will not affect the electrical calculation results.

(2) According to the references, the effect of insulators on the electric field strength dis-
tribution declines with increasing distance from the insulators. Therefore, insulators
are omitted.

(3) According to the references, the end effect and sag effect of the conductor are omit-
ted, and the conductors are approximately considered as infinite smooth cylinder
parallel to the ground [8]. The length of the conductor is set to 100 m, the vertical
distance between the conductor and the crossarm is set to 4.5 m, and the equivalent
radius of the conductor is set to 250 mm.

The final model is established as Fig. 1.
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Fig. 1. Modeling diagram of the whole tower

2.2 Beidou Chip and Outer Box

Based on the given drawing of Beidou chip, a PCB board with the chip is established.
The rest of the electrical components on the PCB board are omitted. The chip is also
simplified to a square structure. The PCB board is installed in the middle of the box and
appress the inner wall of the box. The size of the box is 100 mm × 80 mm × 24 mm
and the thickness is set to 2 mm. The size of the PCB board is set to 71.1 mm × 45.7
mm × 1.6 mm.

3 Simulation Results and Analysis

3.1 Simulation of Tower

Calculation of electric field on tower surface. Import the model into the simulation
software to calculate the electric field strength on the tower surface. The hexahedral
element solid122 and the surface element surf154 are used to mesh the model. Since the
tower is equipotential and only the electric field strength of the surface of tower needs to
be obtained, the surf154 is used to mesh the surface of the tower. The solid122 is used
to mesh the remaining entity parts. In order to give consideration to both calculation
accuracy and calculation speed, a double-layer air pack is established. Themesh accuracy
is gradually reduced from the tower model, inner air pack, and external air pack to
optimize the transition and change of mesh size, and reduce the number of elements to
save calculation time.

The tower is of double circuit negative phase sequence. The left circuit is ABC from
top to bottom, and the other is CBA from top to bottom. The potential of each phase of
the conductor surface is applied according to the phase order and the difference of phase
angle is 120º.

Considering the highest operating phase voltage, the applied voltageUm is set to 450
kV.

Grounded towers loaded with zero potential. All solid models are surrounded by air
bodies, zero potential is applied to the ground and outer air boundaries. The size of the
truncated boundary is set to 120 m × 120 m × 120 m, and the calculation accuracy for
the lower part of the tower meets the requirements.
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Result analysis. The electric field strength obtained at each moment is the instanta-
neous value and the electric field is loaded according to the initial phase of phase A as
0°, take 60° as the step to analyze the electric field strength on the surface of tower. Due
to the structural symmetry of the tower, take ωt = 120◦, ωt = 180◦, ωt = 240◦ as the
reference, calculate the electric field strength on the surface of the tower respectively.
The electric field strength distribution cloud atlases are as follows.

Fig. 2. The electric field strength distribution in the lower part of the tower,measured atωt = 120◦

Fig. 3. The electric field strength distribution in the lower part of the tower,measured atωt = 180◦

Fig. 4. The electric field strength distribution in the lower part of the tower,measured atωt = 240◦

It can be seen from Figs. 2, 3, and 4 that the electric field distributions of the angle
steel junctions at 4.2 m above the ground and at the edge of the tower are more stable and
almost at the lowest level. Therefore, this point can be considered as the best location
for chip installation.

3.2 Simulation of the Electric Field on the Surface of Chip

Comparison of electric field under different material of the outer box. Since the
GNSS antenna needs to receive signals, the ordinary box is used instead of the shielding
box. The material of the ordinary box is usually plastic and GRP. The relative dielectric
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constant of weak polar plastic is between 2.5 and 3.5, and the relative dielectric constant
of GRP is between 3.5 and 4.8. Give material properties to the box respectively and
install the box with chip on the best installation point mentioned above. The electric
field distribution on the chip surface under two conditions is shown in Figs. 5 and 6.

Fig. 5. Electric field distribution when the box is made of GRP

Fig. 6. Electric field distribution when the box is made of plastic

It can be seen that under the power frequency electric field, when the box is made
of glass fiber reinforced plastic, the internal electric field strength is lower.

Comparison of electric field strength under different aperture designs. The area
and shape of the aperture, the incident angle of the plane wave, and the number of
aperture arrays all affect the shielding effectiveness in the cavity [9]. Although the box
is not a shielded box, it is found after simulation that the above factors will also affect
the electric field strength in the ordinary box. Under the condition that the aperture area
is 800 mm2, five kinds of different aperture designs are discussed and their maximum
electric field strength is obtained in this paper. The results are shown in the following
Table (Table 1).
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Table 1. Different aperture designs while keeping the total area the same

No Shape Number Size (mm) Interval (mm) E (V/m)

1 Circle 4 × 4 R = 3.99 20 471.7

2 Circle 2 × 2 R = 7.08 20 485.7

3 Circle 4 × 4 R = 3.99 15 481.6

4 Square 4 × 4 L = 7.07 20 481.8

5 Rectangle 4 × 4 A = 12.5 B = 4 20 481.0

R represents the radius of circular aperture. L represents the side length of square
aperture. A and B represent the length and width of the rectangular aperture respectively.
Comparing No. 1 and No. 2, it can be found that the more the apertures are, the smaller
the electric field strength is. Comparing No. 1 and No. 3, it can be found that the greater
the aperture interval is, the smaller the electric field strength is. Comparing No. 1, No.
4, and No. 5, it can be found that the electric field strength under the circular aperture
is the smallest compared with the rectangle and square. Therefore, when designing the
box, the number of apertures and the interval between apertures should be appropriately
increased and the apertures should be designed to circular form to reduce the electric field
strength. The maximum electric field strength appears on the side close to the aperture.
Therefore, the Beidou chip should be installed as far away from the aperture as possible.

4 Conclusion

In this paper, the electric field strength of 500 kV tower and box surface and chip under
different box designs are studied. The following conclusionswere drawn from the results:

1. The electric field strength obtained at eachmoment is the instantaneous value and the
electric field distributions of the angle steels surface will change with time change.
However, by observing the electric field distribution at the three reference times, it
can be found that the electric field strength of the angle steel junctions at 4.2 m above
the ground always stays at the lowest level. Therefore, this point can be considered
as the best location for chip installation.

2. The maximum electric field strength on the chip surface will change with the change
of the box. By comparing five different box designs, we can find that we can increase
the number of aperture arrays, increase the aperture interval, reduce the distance
between Beidou chip and aperture, and use circular apertures to reduce the electric
field strength on the chip surface.

References

1. Wang, H.C., Wanyan, S.P., Yu, J.: Study on Beidou satellite system application in power
industry. Shandong Electric Power 48(07), 8–12(2021)



524 Y. Wang and D. Huang

2. Kuang,X.F.: Beidou navigation and positioning technology and its application in electric power
system. Modern Ind. Econ. Info. 11(10), 140–141(2021)

3. Yang, H.L., Si, X.D., Liang, S.B., et al.: Research on the application of Beidou navigation and
positioning system in monitoring the icing of overhead transmission lines. Electron. Compon.
Info. Technol. 5(03), 94–95 (2021)

4. Feng, Z.Q., Hu, D.H., Yao, Y., et al.: Monitor displacement of tower base of transmission lines
by beidou precise positioning technology. Hubei Electric Power 41(11), 15–19 (2017)

5. Feng, Z.Q., Zhang, Y.D., Hu, D.H.: Influence analysis of transmission line electromagnetic
interference on BDS data quality and accuracy. Bull. Surv. Mapp. (10), 94–97(2021)

6. Cheng, N., Wen, X.S., Lan, L., et al.: Accurate calculation of three-dimensional power fre-
quency electromagnetic field for space crossed transmission line. High Voltage Eng. 37(07),
1752–1759 (2011)

7. Wang, L.P., Gao, Y.G., Sheng, Y.M., et al.: Analysis of shielding effectiveness of rectangular
cavity of loaded PCB with aperture by transmission line method. Chin. J. Radio Sci. 23(04),
740–744 (2008)

8. Huang, D.C., Ruan, J.J., Yu, S.F., et al.: Calculation of power frequency electric field strength
of ultrahigh voltage compact transmission lines. High Voltage Eng. 32(07), 69–71 (2006)

9. Peng, Q., Zhou, D.F., Hou, D.T., et al.: Shielding effectiveness analysis of rectangular cavity
with aperture by modification and expansion of transmission line method. High Power Laser
and Particle Beams 25(09), 2355–2362 (2013)



Mechanical Characteristics Simulation of UHV
Insulating Pull Rod: Considering Anisotropic

Composite Cylindrical Shell

Wei Yang1, Bingyue Yan1, Ruitao Ma2, Zhicheng Wu2(B), Qiaogen Zhang2,
and Yuxiao Zhao2

1 Beijing Smart Energy Research Institute, Beijing 102209, China
2 Xi’an Jiaotong University, Xi’an 710049, China

z_c_wu@163.com

Abstract. As the main mechanical transmission device of GIS circuit breaker,
the insulating pull rod needs to have good performance in insulation performance
and mechanical strength. At present, the research on the failure mechanism of
aramid composite insulating pull rod still needs to be explored. In this paper, we
have considered the stability of cylindrical shell which is made of orthotropic
material and analyzed the stress and buckling instability characteristics of ultra-
high voltage hollow tubular insulating pull rod under different loads by using
finite element method, and investigated the effects of model size and angle offset
of composite laminates on mechanical properties. The results show that the stress
distribution of the pull rod is uneven under tension and compression loads, and
different thickness, diameter and end connection conditionswill affect the buckling
critical load. The stress distribution of each layer in the multi-layer shell structure
is different, and the maximum stress on the outer surface is more than twice that
on the inner surface. This paper expounds the mechanical failure mechanism of
UHV insulating pull rod, which provides a reference for its fault diagnosis and
operation maintenance.

Keywords: Insulating pull rod · Aramid fiber · Anisotropic materials · Buckling

1 Introduction

GIS (Gas Insulator Switchgear) is one of themost important SF6 gas insulated equipment.
Compared with the traditional open power distribution device, it occupies a small area
and has less maintenance work due to the sealing of components. It is widely used in
the power system [1, 2]. Among them, SF6 circuit breaker is an important equipment,
and there are high requirements for its opening and closing speed in ultra-high voltage
equipment. Therefore, as the transmission device of GIS circuit breaker, the insulating
pull rod plays the role of insulation and operation breaking, and needs towithstand a large
switching over-voltage impact and mechanical loads such as compression, bending and
stretching. Therefore, it needs to have good bending, compression and torsion resistance
at the same time with good insulation performance [3].
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Fiber reinforced epoxy resin materials are used to produce insulating pull rods. The
applied fiber materials include glass fiber, polyester fiber and aramid fiber. Among them,
aramid fiber (PPTA) has low density, high tensile strength and high bending strength
compared with traditional glass fiber materials, as well as good insulation properties
and thermal stability [7], Meanwhile, polyester fiber has good wettability with epoxy
resin. Therefore, aramid fiber and polyester fiber mixed materials are generally used in
production to impregnate with epoxy resin, which improves the bonding performance
of fiber materials and epoxy resin while ensuring the axial mechanical strength. The
aramid composite insulated pull rod is made into a slender hollow tube structure, which
has the advantages of high strength and light weight, reducing the operating power of
the mechanism and ensuring the switching speed.

Although the current UHV grade insulating pull rod accounts for a small proportion
of all insulating pull rods, it plays an irreplaceable role in the power system. With the
increase of the voltage level of equipment and the trend of equipment miniaturization
in the future, the application of UHV insulating pull rods will further increase [4–
6], Therefore, it is very necessary to study the failure causes of insulating pull rod.
However, according to statistics, in actual operation practice, UHV aramid insulating
pull rod has a high failure rate [8]. At the same time, due to insufficient investigation on
the actual working condition and stress of insulating pull rod, manufacturers generally
only focus on the tensile strength of the pull rod, ignoring the compression load when
closing in actual operation and lack of investigation onbuckling instability [9]. Therefore,
through finite element simulation, we investigated the stress distribution of insulating
pull rod under tensile and compressive loads, and analyzed the relationship between
the maximum principal strain and the thickness of the rod; The influence of different
geometric conditions on the buckling critical load of pull rod is also analyzed; Finally, the
stress distribution of each layer in the composite multilayer shell structure with 8 layers
is investigated. Through the simulation research in this paper, we have summarized the
influence of various factors on the mechanical properties of insulated pull rod, and have
a clearer understanding of its stress distribution and instability characteristics during
operation, which provides a reference for the design and failure diagnosis of insulating
pull rod, and is of great significance for the safe operation and fault detection of ultra-high
voltage equipment.

2 Simulation Model and Parameter Settings

The simulation object is an ultra-high voltage aramid composite hollow tubular insulated
pull rod. The length of the pull rod can be estimated by Eq. 1, which is an empirical
formula used to calculate the creepage distance along the surface of the insulated pull
rod.

L = K3K4
U

Eτ

(1)

where K3 and K4 represent the electric field non-uniformity coefficient and safety coef-
ficient near the pull rod, and the values are 2.0 and 1.8. Eτ is the allowable tangential
electric field strength on the surface of insulating parts, which is 10 kV/mm; U is the
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lightning impulse voltage. For 1100 kV equipment, U is 2400 kV. After the above for-
mula is calculated and a certain margin is reserved, the length of the simulation model
is taken as 800 mm. The initial thickness of the model is set as 5 mm, The inner radius
R2 and outer radius R1 of the circular tube are set to 18 mm and 23 mm, and the two
ends of the pull rod are sleeved with aluminum metal connectors for connecting the
mechanism and the circuit breaker. In the simulation, it is assumed that the material of
aramid composite pipe is uniform, smooth and free of defects. The adhesion model in
the simulation is used to set the two ends of the pull rod and the metal joint to be bonded
all the time, and the direction of load application is parallel to the axis.

Fig. 1. Model and coordinate system.

In order to analyze the hollow cylinder structure, a curvilinear coordinate as shown
on the right side of Fig. 1 is established for the stress analysis and calculation of the
tubular composite part based on the tubular structure. The first axis direction is the
circumferential direction of the tube, and the second axis is the axial direction of the
tube. Since it is assumed in the simulation that the fiber reinforced material used in the
tie rod is orthotropic, and its anisotropy parameters are difficult to be directly measured
under the tubular structure, the orthotropic parameters of similar materials shown in
Table 1 are used for qualitative analysis.
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Table 1. Material parameters

Material type Parameter Value Unit

Aramid reinforced epoxy resin
composite pipe

Young’s modulus (E1, E2, E3) (6, 29, 6) GPa

Shear modulus (G12, G23, G13) (3.85, 5, 5)

Poisson’s ratio (υ12, υ23, υ13) (0.4, 0.31, 0.3) 1

Aluminum joint Young’s modulus E 72 GPa

Poisson’s ratio υ 0.33 GPa

In the solid mechanics simulation, the load application position and model boundary
conditions are shown in Fig. 1. One end of the pull rod is fixed, and the other end is set
boundary conditions with free or fixed x and y direction displacement. The connection
between the metal joint and the pull rod uses the bonding mode in contact connection.

Considering that the aramid fiber in the aramid insulating rod has a high crystallinity
on its surface and is inert in chemical properties, it is difficult to form a firm interface
with the epoxy resin, resulting in insufficient infiltration performance with epoxy resin
[12, 13]. Therefore, manufacturers generally use aramid filament fiber and polyester
fiber together as reinforcement materials to reduce the proportion of aramid. Aramid
fiber is used in the axial direction to ensure the mechanical strength, and polyester fiber
is used in the circumferential direction to improve the wettability with the epoxy resin
[14], which results in the difference in mechanical strength in these two directions. The
pull rod is composed of two kinds of fibers interwoven by warp and weft, which are
wound on the winding machine, then soaked with epoxy resin through vacuum pressure
impregnation process. It can be regarded as a multi-layer shell structure.

In the simulation of exploring the stress on different layers of composite multilayer
shells, themodel used is an 8-layer laminated structure. The stress distribution simulation
under static load and the comparison of the difference of stress on the layers under
buckling are carried out for this structure. The structure model is shown in Fig. 2.
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Fig. 2. Multilayer shell structure of insulating pull rod

3 Simulation Analysis and Results

3.1 Stress Analysis Under Static Load

Set the outer radius R1 of the pull rod as 23 mm, and set the range of the inner radius
R2 as 15 to 21 mm to change the thickness. Apply 100 kN tensile load and compression
load respectively for static structural mechanics analysis. The stress distribution results
of the pull rod are shown in Fig. 3 (R2 = 18 mm). Under this simulation condition, the
average stress, peak stress and maximum principal strain on the pull rod under various
conditions are counted, and the results are shown in Fig. 4. At the same time, we selected
two sections parallel to the pipe axis on the inner and outer surfaces as references to
observe the axial distribution of stress along the surface of the pull rod. The results are
shown in Fig. 5.

Fig. 3. Stress and strain distribution of pull rod under tensile load and compression load (100 kN)
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Fig. 4. The stress and strain of the rod under tension and compression when the thickness changes

Fig. 5. Axial stress distribution

The results in Fig. 3 show that the stress distribution on the pipe is uneven when the
pull rod is stressed, especially at the position where the metal joint is connected. There
is a large stress concentration which is easy to cause mechanical property damage at this
position. Therefore, the connection position between the pull rod and the metal joint is
a weak position in the structure, which should be focused in the design and production
process to avoid defects.

According to the results in Fig. 4, the average stress, maximum stress and principal
strain in the structure increasewith the decrease of the thickness of the pull rod,which has
a negative effect on themechanical properties of the structure. Therefore, the appropriate
thickness should be selected while taking into account the weight. It can be seen from
Fig. 5 that the stress distribution on the axis of the inner and outer surfaces suddenly
increases at the edge of the joint. At the same time, the stress amplitude of the inner and
outer surfaces of the pull rod is greatly different. The stress on the outer surface is higher
and the stress concentration at the joint is more intense, so the outer surface of the pull
rod is more vulnerable to damage.

3.2 Buckling Analysis

Insulating pull rod is a slender tubular structure. When the compression load is higher
than a certain threshold, it will suddenly bend and lose its stability, that is, buckling
[10, 11]. This failure is different from material strength failure because the structure
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will return to the original state after unloading. The rod is easy to bend due to slight
disturbance when the load reaches the critical buckling load, so it is necessary to analyze
the buckling characteristics of the rod under compression.

Equation (2) is often used in engineering design to estimate the strength of pull rod
instability.

Fcr = π2EI

(uL)2
(2)

where Fcr is the critical buckling load, E is the axial Young’s modulus, L is the length,
u is the length factor, the value of u is related to the constraints on both ends of the pull
bar, and the value is 0.5 when both ends are fixed. The value of u is 1 when both ends are
hinged and when one end is fixed and one end is free, the value is 2. I is the cross-section
inertia moment of the pull rod, which can be calculated by Eq. (3). Where D and d are
outer and inner diameters of the pull rod.

I = π

64

(
D4 − d4

)
(3)

When analyzing the influence of geometric structure on the critical buckling load,
two factors are considered. Firstly, considering the effect of thickness, the outer diameter
R1 is set to 23 mm while the inner diameter R2 is changed. The relationship between
critical buckling load and thickness under both end conditions (fixing both ends or one
end) is shown in Fig. 7. When R2 is 18 mm, the buckling modes at each end condition
are shown in Fig. 6. Secondly, when considering the influence of the outer diameter, the
thickness is fixed to 5 mm. The relationship between the outer diameter of the pull rod
and the critical load for buckling is shown in Fig. 7.

Fig. 6. Buckling modes at each end condition
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Fig. 7. Influence of thickness and outer diameter on buckling critical load

From the results of Fig. 6, it can be seen that when horizontal restraint is added at one
end, the critical buckling load is more than ten times higher than when one end is free, so
the restraint conditions at the end have an important influence on the structural stability.
The lower free degree at both ends of the pull rod is, the higher the critical buckling
load will be. In addition, with the increase of thickness and outer diameter, the critical
load of instability increases continuously. Therefore, in engineering application, the
compressive capacity and the weight of pull rod should be considered comprehensively
so as to reduce the weight on the premise of guaranteeing high critical buckling load.

3.3 Analysis of Composite Multilayer Shells

In order to explore the difference of stress on different layers, the multi-layer shell
structure is used to analyze the stress distribution on different layers under static load
and buckling.

The multilayer shell model is 800 mm long and 5 mm thick (8 × 0.625 mm/layer),
with an outer radius of 23 mm. In the simulation, an eight layers structure is used for
analysis. The bottom is fixed, and an axial 100 KN compression load is applied on the
top. The main direction of the material is axial. When the laying angle of each layer
is 0°, the stress distribution of each layer under 100 kN compression load is shown in
Fig. 8 (from left to right, it is the outer layer to the inner layer).

Fig. 8. Stress distribution on each layer under 100 kN compression load
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Fig. 9. Stress distribution on each layer when the rod buckles (fixed at both ends)

The stress on the layer closer to the outer surface is greater. The maximum value is
located at the bottom of the shell and the stress concentration on the outer wall is most
obvious while the middle layer is uniform.

The Fig. 9 shows the stress distribution on each layer when the insulating pull rod
buckles (fixed at both ends). It can be seen that the stress on the layer closer to the outer
surface will be greater, which means that the mechanical properties of the outer layer
have an important impact on the buckling instability of the pull rod. Cracks or breaks
generated by compression load will first occur on the outer surface after the buckling
occurs.

4 Conclusion

This study investigates the geometrical influence on the stress distribution and buckling
characteristics of insulating pull rod under different load and ends condition. The dif-
ference of stress distribution on different layers of composite laminated tubes is also
analyzed.

Stress distribution on the pipe is uneven when pull rod is stressed. The connection
position between the pull rod and the metal joint is a weak position in the structure which
is vulnerable to damage. Average stress, maximum stress and maximum principal strain
in the structure increase with the decrease of the thickness of the pull rod.

Restraint conditions at the end have an important influence on the structural stability.
The lower free degree at both ends of the pull rod is, the higher the critical buckling load
will be. The critical load of instability increases with the increase of thickness and outer
diameter.

In multi-layer shell structures, the stress on the outer layer is greater when the pull
rod is compressed or buckled. The stress distribution in the middle layer is relatively
uniform and the outermost layer is vulnerable to damage.
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