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The Effect of Contact Structure 
on Electromagnetic Force 

Min Li, Baochun Song, and Anthony Papillon 

Abstract In order to improve the performance of vacuum interrupter, two types 
of radial magnetic field (RMF) contact structure were designed for electromagnetic 
force research. Electromagnetic force of arc and electric repulsion of move contact 
was simulated analysis by Ansys software at 25 kA. The electric repulsion of move 
contact can be decreased to 4% by improving contact structure at short time withstand 
current. It can improve the performance of short time withstand current (STC), peak 
withstand current and earthing switch making. The electromagnetic force direction of 
arc can be improved by improving contact structure. It can avoid arc erosion in a small 
area of contact and increase electric endurance performance. The electromagnetic 
force of arc can be increased by contact 15° dislocation assemble. It can increase the 
electric endurance performance of contact. The electric repulsion of move contact is 
about 190 N at 0.5 mm contact gap with arc for both contact structures. 

Keywords Vacuum interrupter · Simulation · Electromagnetic force 

1 Introduction 

Vacuum circuit breaker (VCB) has been widely used in middle voltage electric 
network [1, 2]. Vacuum interrupter (VI) is the core part of VCB [3], which is used 
for current conduct, fault current breaking and shot time withstand. In order to reach 
these requirements, the VI contact need design to different shapes. But they can 
be classified to axial magnetic field (AMF) or RMF. Most of researchers focus on 
breaking performance of contact. Different contact structures have been designed 
and tested. The vacuum arc of RMF will rotate fast on the contact surface to avoid 
arc erosion in the small area [4]. In order to decrease the arc erosion of RMF, arc
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rotate speed need increase by increasing electromagnetic force of arc [5]. In order 
to pass shot time withstand current (STC) test for a period of time (1–4 s), the VCB 
must be able to open the contact after STC. Thus, the contact welding force must 
be minimized. The AMF VI has an additional attractive force due to the parallel 
current flowing in the fixed and moved AMF coils behind the contacts [6]. So, AMF 
is benefit for STC test. But RMF VI has a repulsive blow-off force due to the reverse 
current flowing in two electrodes. 

In order to improve the performance of VI, some researchers combine AMF and 
RMF [7]. Many commercial simulation software was used for simulation, like Ansys 
[8], COMSOL [9] and et al. This paper researched the Electromagnetic force of arc 
and electric repulsion of move contact by Ansys software at 25 kA to improve the 
STC and breaking performance. 

2 Contact Structures and Simulation Method 

The contact structures are shown in Fig. 1. Two contact structures were designed. 
The diameter of contact is 44 mm. the thickness of contact is 8 mm. V1 is a simple, 
flat spiral contact. V2 is an improved spiral contact which has slope, contact surface 
and counterbore structure. 

The electric repulsion simulation models of moved contact are shown in Fig. 2. 
A column was used to simulate the real contact area, its diameter is 1 mm and the 
height is 0.5 mm. its color is gray in the model. There are two real contact areas 
were designed in V1, one is near central hole, one is in the same position with that 
in V2. Because V2 has 4 contact area, 4 columns were designed in V2 model. The 
assemble method of moved contact and fixed contact is fully aligning.

The electromagnetic force simulation models of arc are shown in Fig. 3. The arc 
model was designed as a column, its diameter is 1 mm and height is 0.5 mm. The 
arc model color is gray. There are two arc model positions in V1 and one arc model 
position in V2.

V1                                  V2 

Slope 

Contact surface 

Counterbore 

Fig. 1 Contact structures 
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Fig. 2 Electric repulsion simulation models of moved contact

Fig. 3 Electromagnetic force simulation models of arc 

In order to research the contact assemble effect on electromagnetic force of arc, 
two contact assemble models were designed as shown in Fig. 4. One is fully aligning 
assemble of fixed contact and moved contact, one is 15° dislocation assemble.

3 Simulation Results 

The electric repulsion force of moved contact at closing with 25 kA STC is shown 
in Table 1. It shows that the electric repulsion force of V1 is about 23 times than that 
of V2. V2 is much benefit for STC to decrease contact welding. The contact area of 
V1 and the assemble method of V2 have some effect of electric repulsion force of 
moved contact, but it is little.
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Fig. 4 Two contact assemble models

Table 1 Electric repulsion force of moved contact at closing with 25 kA STC (N) 

Contact structure Electric repulsion force 

V1 with contact area like V2 192.7 

V1 with contact area near central hole 182.5 

V2 with fully aligning contact assemble 8.1 

V2 with 15° dislocation assemble 7.3 

The electric repulsion force of moved contact at 0.5 mm contact gap with 25 kA 
current is shown in Table 2. It shows that the electric repulsion force of V1 is similar 
than that of V2. The electric repulsion force of V2 with 15° dislocation assemble is 
4.3 N higher than that with fully aligning contact assemble. Electric repulsion force 
of moved contact of RMF VI at small contact gap can help to increase open speed, 
so, it is benefit for VI breaking.

Magnetic strength of V2 at closing with 25 kA STC is shown in Fig. 5. The  
maximum value is 2.7 T which is around the column surface. There have radial and 
tangential magnetic field.

Magnetic strength of moved contact at 0.5 mm contact gap is shown in Fig. 6. The  
maximum value is little different from 10.5 to 11.4 T. The maximum value happened 
around the arc column surface. But the maximum value direction is different. Most 
of magnetic field is tangential.
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Table 2 Electric repulsion force of moved contact at 0.5 mm contact gap with 25 kA current (N) 

Contact structure Electric repulsion force 

V1 with contact area like V2 192.7 

V1 with contact area near central hole 182.5 

V2 with fully aligning contact assemble 191.7 

V2 with 15° dislocation assemble 196.0

Fig. 5 Magnetic strength of V2 at closing with 25 kA STC

V1 with contact area like V2 V1 with contact area near central hole 

V2 with fully aligning contact assemble V2 with 15º dislocation assemble 

Fig. 6 Magnetic strength of moved contact at 0.5 mm contact gap
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Volume force density of arc at 0.5 mm contact gap is shown in Fig. 7. The elec-
tromagnetic force of arc at 0.5 mm contact gap is shown in Table 3. It shows that the 
maximum electromagnetic force of arc is 13.1 N at V1 with contact area near central 
hole, but the force direction is −x. This force will push the arc go to the center of 
contact, which will make a high erosion at contact center area. The force direction 
of V1 with contact area like V2 is x, which will push the arc go to the contact edge 
and erosion the edge. The force direction of V2 is −x and z, it will push arc rotate 
around the petal. The force value of V2 with 15° dislocation assemble is higher than 
that of V2 with fully aligning contact assemble. It can decrease the arc erosion on 
contact.

Magnetic strength of arc at 0.5 mm contact gap is shown in Fig. 8. The maximum 
value of magnetic strength of arc is from 10.7 to 11.4 T at different situation, it is 
not much different. But the magnetic strength distribution is different.

                
      V1 with contact area like V2                          V1 with contact area near central hole

             
V2 with fully aligning contact assemble           V2 with 15º dislocation assemble 

Fig. 7 Volume force density of arc at 0.5 mm contact gap 

Table 3 Electromagnetic force of arc at 0.5 mm contact gap (N) 

Contact structure F(x) F(y) F(z) Mag(F) 

V1 with contact area like V2 7.9 −1.4 0.9 8.1 

V1 with contact area near central hole −13.1 0.2 −0.2 13.1 

V2 with fully aligning contact assemble −4.3 0.2 3.8 5.7 

V2 with 15° dislocation assemble −6.2 −2.1 3.8 7.6 
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V2 with fully aligning contact assemble           V2 with 15º dislocation assemble 

V1 with contact area like V2                           V1 with contact area near central hole 

Fig. 8 Magnetic strength of arc at 0.5 mm contact gap 

4 Conclusion 

The electric repulsion of move contact can be decreased to 4% by improving contact 
structure at STC. It can improve the performance of short time withstand current 
(STC), peak withstand current and earthing switch making. The electromagnetic 
force direction of arc can be improved by improving contact structure. It can avoid arc 
erosion in a small area of contact and increase electric endurance performance. The 
electromagnetic force of arc can be increased by contact 15° dislocation assemble. 
It can increase the electric endurance performance of contact. The electric repulsion 
of move contact is about 190 N at 0.5 mm contact gap with arc for both contact 
structures. It can increase open speed at small contact gap. The maximum value of 
magnetic strength of arc is from 10.7 to 11.4 T at different situation, it is not much 
different. But the magnetic strength distribution is different. 
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Partial Discharge Characteristics 
of Millimeter Metal Particle on a GIS 
Insulator Surface Under Long-Term 
Constant Voltage 

Yiping Ji, Shaojing Wang, Xing Li, Guliang Zhou, Kai Gao, 
and Haoyang Tian 

Abstract It is unavoidable for metal particle to be brought in gas-insulated 
switchgears (GISs) during the production, installation, and operation of the equip-
ment. Currently, the metal particle is considered as one of the critical factors in 
insulation failures. In this paper, the partial discharge (PD) test of metal particle 
on the surface of an actual 220-kV insulator is performed under operation electric 
field of 1100 kV GIS insulators. Then the discharge characteristics of millimeter 
particle under a long-term constant voltage are investigated. The experiment result 
indicates that the PDs of metal particles is intermittent under working condition. 
In the initial period of the experiment, the discharge level can attain 9 pC, and a 
maximum of 150 discharges occur per second. Subsequently, when the test voltage 
keeps unchanged, the discharge level and repetition rate of PDs gradually decrease. 
Finally, the discharge tends to disappear within 60 min after the voltage application, 
and then suddenly become intense again briefly when t = 210 min and t = 270 
min. The results in this paper gives an important basis for knowing the discharge 
characteristics of small metal particle well and can help to improve the reliability of 
GISs. 

Keywords Gas-insulated switchgear (GIS) · Long-term constant voltage ·Metal 
particle · Insulator surface · Partial discharge (PD)
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1 Introduction 

With the development of the power grid, ultra-high voltage (UHV) technique has 
become an important solution for large capacity and long-distance power transmis-
sion. Due to its excellent performance, the gas-insulated switchgears (GISs) are 
widely used in the power system [1, 2]. All the UHV substations in China have 
adopted GIS equipment. The reliability of the GIS equipment is crucial, which 
directly determines the security and stability of the grid. Considerable GIS insu-
lation failures have occurred in field, causing huge economic losses and adverse 
social impact [3, 4]. 

During the manufacturing, installation and operation of a GIS, conductive particle 
may be brought into the equipment, greatly reducing the insulation performance of 
GIS [5]. At present, the metal particle is still regarded as a critical factor in insulation 
failures [6]. Hence, it is urgent to investigate the surface discharge characteristics of 
particles on the insulation surface in a GIS. 

Extensive research has been carried out to investigate the insulator surface insula-
tion performance with metal particles in the GIS [7, 8]. However, in previous studies, 
particles longer than 1 cm are usually used to study the PD characteristics [9, 10], and 
the research on shorter particles (<1 cm) are mainly performed on a scaled model 
[11, 12]. Obviously, these are inconsistent with the actual conditions in an actual 
GIS. The metal particles in an actual GIS equipment are usually millimeter or even 
micrometer in length [13], and the GIS insulator, especially the ultra-high voltage 
GIS insulator, is much larger than the metal particles. The previous research focusing 
on the centimeter particle and scaled models seems to have limited guidance on engi-
neering applications, and the results cannot explain the fault phenomenon in field 
well. 

An experimental platform for PD test is established in this study, which can be 
employed for long-term continuous PD test for GIS insulators. Then, the PD test for 
4-mm long metal particles on a GIS insulation surface is performed under operation 
electric field of the UHV GIS insulator. The discharge characteristics under a long-
term constant voltage are obtained, and the PRPS patterns at different times are inves-
tigated. The results of this paper give an important basis for knowing the discharge 
characteristics of metal particle and is also helpful for improving the reliability of 
the GIS. 

2 Experiment Arrangement 

2.1 Experiment Platform 

In this paper, an experiment platform is established for long-term PD test, which can 
realize the PD measurement of multiple insulators. The platform mainly includes 
an armored test transformer, three test units and a PD detection system as shown
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Fig. 1 Experimental platform 

in Fig. 1. Each test unit is composed of a 220-kV insulator. The enclosures of the 
three units are insulated from each other and three detection impedances Z1–Z3 are 
connected to the enclosure of the three units respectively. The center electrode of 
the three test GIS insulators is connected to the power supply (U) via the protection 
resistance (ZS). During the test, the test units are placed in the chamber filled with 
SF6 gas (0.4 MPa). 

2.2 PD Detection System 

The PD detection system shown in Fig. 1 consists of three detection impedances 
Z1–Z3, which are used to measure PDs of the three test insulators respectively. A 
low-noise amplifier (LNA, bandwidth: 100–500 kHz, gain: 50 dB) is applied to pre-
amplify the PD signals. The analog bandwidth and maximum sampling rate of the 
data acquisition device are 200 MHz and 1 GS/s respectively. 

According to the method proposed in our previous study [14], the interference and 
discharge pulse can be identified reliably. The channels 1–3 represent the outputs of 
detection impedance Z1–Z3, respectively. As shown in Fig. 2a, when obvious pulse 
appears in the channel CH1, and the pulse appearing in channels CH2 and CH3 is 
very small. In this case, the pulse can be considered to be generated by discharge in 
unit 1. Similarly, as displayed in Fig. 2b and c, when the amplitude detected by Z2 

and Z3 is far greater than that of others, the signals can be determined as discharges 
generated by the insulator in test unit 2 and 3 respectively. As indicated in Fig. 2d, the
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Fig. 2 PD and interference pulse identification: a PD occurs in unit 1, b PD occurs in unit 2, c PD 
occurs in unit 3, d external interference occurs 

signal amplitude of CH1–CH3 is close to each other, so the signals can be considered 
to be caused by interference. 

The calibration result based on IEC method [15] indicates that the detection 
sensitivity of the PD system is 0.2 pC. 

2.3 Experimental Model 

In order to obtain the real operation condition of a 1100 kV GIS insulator, factors 
such as electric field intensity and distribution, and surface insulation distance should 
be considered when selecting the experimental model. Firstly, the surface insulation 
distance of the test insulator should be far greater than particle length. Secondly, the 
electric field (including the intensity and distribution) on the test insulator surface 
should be closed to that on the UHV insulator surface under working conditions 
(U rms = 635 kV for 1100 kV insulators). 

For above considerations, an actual 220-kV insulator is selected as the experi-
mental model in this paper. The surface insulation distance of the 220-kV insulator 
is approximately 170 mm, which is dozens of times the metal particle length. More-
over, as illustrated in Fig. 3, when the test voltage of 270 kV (effective value) is
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Fig. 3 Electric field on the 
actual 220-kV and 1100-kV 
GIS insulator surface 

applied, the electric field on the test insulator surface is closed to that on a UHV 
insulator surface under working conditions. 

2.4 Defect Setting 

In our previous research, it has been found that the critical length of metal particles 
that cause surface flashover of 1100 kV insulators under operating conditions is 
approximately 5 mm [16]. Consequently, in this study, cylindrical aluminum metal 
particles with a diameter of 0.5 mm and a length of 4 mm are selected as defect to 
investigate long-term discharge characteristics. As shown in Fig. 4, the defect is set 
at the position where the electric field intensity is the largest on the concave surface 
(4.5 cm away from the high-voltage electrode). 

Fig. 4 Defect setting
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2.5 Voltage Application 

To obtain the operation condition of a 1100 kV GIS insulator, the test voltage of 
270 kV should be applied to a 220-kV insulator. Hence, during the test, the voltage 
is applied as: 127 kV for 3 min, then 175 kV and 200 kV for 5 min, and 270 kV for 
6 h.  

3 Experiment Results 

3.1 PD Characteristics 

When no defects are set, the test voltage of 270 kV is applied for 10 min. The 
discharge level under this voltage is lower than 0.2 pC (lower than the detection 
sensitivity). 

Then the metal particle is set on the concave surface of all three insulators, and the 
voltage is applied according to the above-mentioned method. The PD measurement is 
performed continuously during the experiment. It is found that the PD characteristics 
of the three insulators are similar. Here is an example of the insulator in test unit 3. 

Figure 5 shows the PD characteristics under step voltage. It can be seen that there 
is no discharge under only 127 kV. Then, the PD occurs under 175 kV. However, 
the discharges are weak and intermittent. The discharge level is lower than 1 pC, 
and only approximately 10 discharges appear within a second. Under 200 kV, the 
discharge level and discharge number increase slightly. Under 270 kV, the discharge 
level and repetition rate of PDs both increase significantly. The discharge level can 
exceed 5 pC, and a maximum of 150 discharges occur per second. 

Figure 6 shows the PD characteristics under long-term constant voltage. It can be 
seen that under the voltage of 270 kV, the PDs are intense in the initial period. Subse-
quently, the discharge level and discharge repetition rate both begin to decrease. The
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Fig. 5 PD characteristics under step voltage: a maximum discharge level per second, b discharge 
number per second 
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Fig. 6 PD characteristics under long-term constant voltage: a discharge number per second, 
b maximum discharge level per second 

discharges became weak and intermittent. Approximately 60 min after the voltage 
is increased to 270 kV, the discharge tends to disappear. Then when t = 210 min 
and t = 270 min, the PD becomes intense again temporarily. Especially when t = 
270 min, more than 70 discharges occur in one second at most, and the maximum 
discharge level can attain approximately 8 pC. 

Figure 7 shows the PRPS patterns at different moments during the test. When 
the voltage is low, discharges only occur in the negative half cycle, as displayed in 
Fig. 7a. With the increase of the test voltage, the discharges begin to appear in the 
positive half cycle. However, the discharge level (Q) is still very low, as illustrated 
in Fig. 7b and c. When the voltage is maintained at 270 kV, the discharge becomes 
intense, and the discharges in the negative half cycle is significantly stronger than 
that in the positive half cycle, as displayed in Fig. 7d. Then under constant voltage, 
the PDs gradually weakens. After about 30 min, the discharge becomes sporadic, as 
shown in Fig. 7e and f. When t = 270 min, the discharges become severe again, and 
the discharge in the negative half cycle is stronger than that in the positive half cycle, 
as shown in Fig. 7h.

The above results show that under long-term constant voltage, the discharge of 
meal particle on a GIS insulator surface is intermittent, which is consistent with 
some fault phenomenon in the field. Although the discharge is relatively weak and 
sporadic, with the development of surface discharge and surface charge accumula-
tion, the insulator flashover will eventually occur [16]. Therefore, in field detection, 
the sensitivity and anti-interference ability of PD detection method need to be further 
improved to capture the weak and intermittent discharge pulses. Meanwhile, in online 
detection and monitoring, those weak and intermittent signals, as well as the signals 
that disappear and then appear again briefly, need to be given more attention. More-
over, it is also a feasible method to comprehensively monitor and analyses the PD 
signals in a longer period, which can help to avoid the misjudgment caused by the 
intermittent discharge.
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Fig. 7 PRPS patterns of the particles during the test: a t = 5 min 10 s–5 min 20 s, b t = 10 min 
50 s–11 min 0 s, c t = 16 min 30 s–16 min 40 s, d t = 20  min 50 s–21  min 0 s,  e t = 31 min 
50 s–32 min 0 s, f t = 60  min 0 s–60  min 10 s,  g t = 231 min 30 s–231 min 40 s, h t = 270 min 
0 s–270 min 10 s

4 Conclusion 

In this study, the PD test of 4-mm long particle on an actual 220-kV basin insu-
lator surface under long-term constant voltage is conducted, and the discharge 
characteristics are obtained. 

(1) The PD increases with the increase of test voltage. When the test voltage is 
lower than 200 kV, the discharge level is smaller than 2 pC, and there are less 
than 30 discharges in one second. Under 270 kV (the operation condition of 
a UHV GIS insulator), the discharge is enhanced markedly, and the discharge 
level can exceed 9 pC. 

(2) Under working condition, the discharge is intermittent. When the voltage is kept 
at 270 kV, the discharge level and repetition rate of PDs firstly increase and then 
gradually decrease within 60 min. Then, under long-term constant voltage, the 
PD rends to disappear and suddenly become intense again in a period.
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(3) It is necessary to promote the sensitivity and anti-interference performance of 
PD detection method to capture and identify the weak and intermittent PDs. 
Through PD detection and diagnosis during a longer period, the misjudgment 
and missed judgment can be avoided. 
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Ultrasound-Based Pressure Pipe Internal 
Water Ingress Defect Detection 
Technology 

Wenhui Li, Haibo Li, Yian Fang, Huan Liu, Junzhe Liang, Fenggeng Jiang, 
Guang Liu, and Di Rao 

Abstract Long-term operation in the harsh environment of the tension clamp 
aluminum tube unpressed area, easy to produce water ingress defects. Based on 
the reflection characteristics of ultrasound, the optimal detection position, the best 
detection frequency and the echo characteristics of the internal water inlet in the 
unpressurized area were studied, and a method for ultrasonic detection of the internal 
water ingress of the tension-resistant clamp was proposed. The results show that 
observing the reception time of the primary echo at the water–air interface can deter-
mine whether water ingress occurs in the unpressurized area and what the inlet depth 
is. This method provides a new idea for detecting water ingress inside the tension 
clamp. 

Keywords Transmission lines · Tension clamp · Ultrasonic ·Water ingress defects 

1 Introduction 

Tension clamp is one of the important fittings of transmission lines, which is used to 
fix the conductor or lightning protection wire on the tensile insulator string of the non-
linear pole tower to play the role of anchoring and conduction [1, 2]. At present, the 
use of tensile clamps and connecting pipe crimping is the only means to realize long-
distance uninterrupted transmission of ultra-high voltage transmission lines [3]. With 
the rapid development of the power grid, the voltage level is getting higher and higher, 
and the performance defects of tensile clamps have become an important factor
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affecting the safe and stable operation of the power grid. On April 24, 2013, when 
the operation inspection branch of Anhui Power Transmission and Transformation 
Engineering Company treated the 1419#/1177# pole tower of the ±500 kV Ge Nan 
and Lin Feng Yangtze River Great Cross Vietnam Shore Anchor Tower 1419#/1177# 
Anchor Tower, it was found that the aluminum pipe (unpressed area) of the wire was 
cracked or expanded. A total of 5 tensile clamp aluminum tubes were found to have 
cracking in the large span section, and the tensile clamp aluminum tubes without 
cracking had different degrees of expansion. In November 2015, the maintenance 
branch of State Grid Zhejiang Electric Power Company carried out a comprehensive 
maintenance of the 500 kV Fengyan 5832 line, and during the maintenance process, 
it was found that there were expansion cracks in the unpressed area of the 1# and 4# 
sub-conductor connection pipes at the third spacer rod on the small side of the 24# 
tower, and there were red rust spots, and there were expansion bulging phenomena 
in the unpressed areas of the 2# and 3# sub-conductor connection pipes. At 17:00 
on July 7, 2017, the Xing’an Line Pole I failed, and it was found through UAV 
special inspection that the tension clamp of the upper right sub-conductor of the 
large side of the No. 1351 Pole I line was broken, and the discharged sub-conductor 
to the ground caused the line to trip, and at the same time caused damage to 5 wire 
spacer rods and 3 jumper spacer bars. The above defects are caused by the small gap 
between the wire strands after the wire crimping, forming a water seepage channel, 
long-term operation, rainwater along the water seepage channel to the line clamp 
cavity (unpressed area) water seepage, due to the steel anchor end is dense, the 
stagnant water can not flow out, resulting in the presence of water in the line clamp 
cavity, the temperature drops to the freezing point, the stagnant water freezes and 
expands, resulting in longitudinal cracks or bulges in the wire clamp aluminum pipe 
at the pressure pipe cavity. When galvanized steel wire electrochemical corrosion 
(rust) occurs in the pressure pipe cavity of stagnant water, it will gradually lose 
its mechanical properties, and eventually lead to the fracture of the steel core and 
aluminum tube, and the rust water will flow out [4–10]. 

At present, the research on the internal water inlet defects of the pressure pipe is 
mainly in the crimping area of the conductor, but the quantitative study of the internal 
water inlet in the unpressurized area of the pressure pipe by ultrasonic detection has 
not yet been carried out. 

Therefore, in order to promote the application of ultrasonic nondestructive testing 
in the qualitative evaluation of the internal water inlet of the pressure pipe, combined 
with the actual detection needs, this paper establishes a two-dimensional model of 
the unpressed area of the aluminum tube for the pressure pipe of NY-630/45 model 
with the help of finite element simulation method, obtains the time domain echo 
signals of different detection positions, different ultrasonic detection frequencies 
and different water intake, analyzes the influence of different detection positions, 
ultrasonic frequencies and water inlet on the ultrasonic echo, and provides a new 
idea for the quantitative detection of the internal water inlet of the pressure pipe.



Ultrasound-Based Pressure Pipe Internal Water Ingress Defect … 21

2 Model Building 

2.1 Basic Principle 

Ultrasonic pulse reflection at the monolayer interface, as shown in Fig. 1. When 
the incident sound wave is incident vertically from medium 1 to a plane interface 
composed of medium 1 and medium 2, reflection and transmission phenomena will 
occur, that is, part of the sound energy is reflected to form a reflected wave, which 
is conducted in the medium in the opposite direction to the incident wave; There 
is also a part of the sound energy that propagates through the interface in the same 
direction as the incident wave, forming a transmission wave. In the figure, S1 is the 
incident wave, S2 is the reflected wave, S3 is the transmitted wave, Z1 is the acoustic 
impedance of Dielectric 1, and Z2 is the acoustic impedance of Dielectric 2. 

According to the propagation law of plane waves, the following reflection and 
transmission relationships can be derived for ideal elastic media. Sound pressure 
reflectivity Rp represents the ratio of reflected wave sound pressure to incident wave 
sound pressure, sound pressure transmittance Tp represents the ratio of transmitted 
wave sound pressure to incident wave sound pressure, and its formula is: 

Rp = Z2 − Z1 

Z2 + Z1 
(1) 

Tp = 2Z2 

Z2 + Z1 
(2) 

Considering the acoustic impedance of aluminum tube ZAl = 16.7 Mkgm−2s−1, 
the sound impedance of water ZWater = 1.5 Mkgm−2s−1, the acoustic impedance of air 
ZAir = 0.0004 Mkgm−2s−1, calculated by formula (1), the sound pressure reflectivity 
of ultrasound in the aluminum tube-air interface and the water–air interface is 99%, 
and the sound pressure reflectivity in the aluminum tube-water interface is 83%. 
Therefore, in theory, the amplitude law at the aluminum tube-defect interface should 
be air > water.

Fig. 1 Reflection and transmission of sound waves when they are incident perpendicular to a planar 
interface 
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Fig. 2 NY-630/45 crimp 
tube 

2.2 Model Physics 

Figure 2 is a well-crimped NY-630/45 crimp tube, Fig. 3 is a two-dimensional section 
inside the unpressed area of the compression pipe, the unpressed area is composed of 
a cavity aluminum tube immediately adjacent to the back end of the crimping area, 
and the detection position of the ultrasonic probe is set at the lowest point of the 
outer wall of the aluminum tube, followed by a counterclockwise deflection of 10° 
against the outer wall of the aluminum tube to set the detection position 2, and so on 
for a total of 5 ultrasonic probes. Add water to the cavity to ensure that the horizontal 
plane is horizontal, the probe is located at the detection position 1 The direction of 
ultrasonic transmission is perpendicular to the horizontal plane, and the depth value 
of the water inlet set below refers to the vertical distance from the horizontal plane 
to the lowest point of the inner wall of the aluminum tube.

2.3 Parameter Setting and Loading 

The outer diameter of the hollow aluminum tube is set to 60 mm, the inner diameter 
is set to 35.5 mm, and the outer wall of the aluminum tube is set with a low reflection 
boundary so that the model boundary does not reflect ultrasound. The signal receiving 
point is set 0.1 mm above the ultrasonic excitation source. The mesh of the simulation 
model is divided by 1/8 of the wavelength of the material, and the total simulation 
time is 60 µs. The internal material parameters of the unpressed area are shown in 
Table 1, and the parameter settings of ultrasonic array elements are shown in Table 2.

3 Detect Echo Amplitude Characteristics at Different 
Locations 

The unpressed area of the pressure pipe is ultrasonic detected, the probe is placed from 
position 1 (deflect 0°) to position 5 (deflect 40°), the deflection angle interval between 
each adjacent position is 10°, the primary echo time domain curve of the water–air
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Fig. 3 Two-dimensional cross-section of water inlet inside the unpressed zone

Table 1 Material parameters 

Medium Density Velocity/ms−1 Acoustic impedance/Mkgm−2s−1 

Al 2700 6200 16.7 

Air 1.29 346 0.00045 

Water 1000 1500 1.5 

Table 2 Parameter settings 
for array elements Parameter Numerical 

Number of elements 1 

Element width/mm 6 

Center frequency/MHz 3.5

interface is compared with the echo time domain curve under the condition of no 
water ingress, the change law of ultrasonic echo under different detection positions 
is studied, and the echo amplitude is normalized to obtain echo time domain curves 
at different detection positions, as shown in Fig. 4. The detection position in the
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Fig. 4 Time domain curves of echoes at different detection locations 

absence of water ingress is set at position 1; The water ingress depth in case of water 
ingress is set to 8 mm and detected in 5 different positions. According to the ratio 
of the size of the aluminum tube to the sound velocity of aluminum and water, the 
primary ultrasonic echo of the water–air interface appears at 15.2–17.0 µs. 

Table 3 plots the maximum values of each echo in the time period during which the 
primary echo at the water–air interface occurs in Fig. 4. At position 1 and position 
2, the ultrasonic echo amplitude received under water ingress is higher than the 
ultrasonic echo amplitude in the case of no water ingress, and the influent echo 
amplitude at position 1 is higher than that at position 2, and the echo amplitude 
received by the remaining three detection ultrasonic positions under water ingress 
is lower than the echo amplitude received in air condition. Because the ultrasonic 
wave propagation direction emitted at position 1 is vertical liquid level, when the 
ultrasonic wave reaches the liquid surface, almost no refractive waves are generated, 
so most of the energy is reflected back to the probe is received, when the detection 
position of the probe is moved, the ultrasonic wave propagation direction and the 
liquid level does not constitute a vertical relationship, when the ultrasonic wave 
reaches the liquid surface, there will be part of the sound wave refraction, resulting 
in the reflected wave energy received by the probe becomes smaller, reflected in 
the echo time domain curve is the sound pressure amplitude decreases. When the 
water ingress situation once occurs, the inner wall of the aluminum tube–air interface 
immediately into the inner wall of the aluminum tube–water interface, according to 
the transmitted wave sound pressure formula, ultrasonic in the inner wall of the 
aluminum tube–water interface transmittance is greater than the inner wall of the 
aluminum tube–air interface transmittance, in the water–air interface of a echo time
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Table 3 Echo peaks at different detection locations 

Different locations Ultrasonic echo amplitude/MPa 

(Not flooded) position 1 0.5252 

(Depth of water intake: 8 mm) position 1 0.5434 

(Depth of water intake: 8 mm) position 2 0.5281 

(Depth of water intake: 8 mm) position 3 0.5237 

(Depth of water intake: 8 mm) position 4 0.5216 

(Depth of water intake: 8 mm) position 5 0.5226 

period, reflected in the echo time domain curve is: the sound pressure amplitude in 
the case of water inlet is higher than the sound pressure amplitude in the case of air, 
the echo time domain curve obtained at position 1 and position 2 is more in line with 
the theory. 

4 Optimal Detection of Ultrasonic Frequencies 

4.1 Effect of Ultrasonic Frequency on Echo Morphology 

In order to study the optimal ultrasonic frequency for detecting water ingress in the 
unpressurized area of the tension-resistant clamp, six different ultrasonic frequencies 
were set, the detection position was fixed at position 1, and the two situations of 
no ingress and water ingress depth of 5 mm were detected respectively, and the 
echo amplitude was normalized, and Fig. 5 showed the echo time domain curve 
of detecting the two inlet water ingress conditions at different ultrasonic detection 
frequencies. When the ultrasonic wave propagates to the interface of the inner wall of 
the aluminum tube, when the water ingress occurs, the transmittance of the ultrasonic 
wave will increase, that is, compared with the no water ingress, the ultrasonic energy 
entering the cavity inside the aluminum tube is enhanced, and the time domain echo 
curve is that the amplitude of the sound pressure of the sound wave will increase.

From Fig. 5, it is clear that as the ultrasonic detection frequency value increases, 
the period of a single waveform will be shortened, and the larger the time interval 
between primary echoes and multiple echoes at different interfaces, the more obvious 
the waveform of a single echo will be on the entire time domain echo plot, but 
the lower the amplitude of the primary echo at the water–air interface. When the 
ultrasonic frequency is increased to 5 MHz, the primary echo amplitude of the water– 
air interface under water ingress is lower than the echo amplitude when there is no 
water ingress.
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(a) 2.5MHz ultrasonic frequency (b) 3MHz ultrasonic frequency 

(c) 3 .5MHz ultrasonic frequency (d) 4MHz ultrasonic frequency 

(e) 5MHz ultrasonic frequency 

Fig. 5 Time domain curves for echoes at different UT frequencies
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Table 4 Echo peaks at different frequencies 

Frequency/MHz The echo amplitude of ultrasound/ 
MPa 

Increase the amount/% 

Water Air 

2.5 0.3244 0.2291 41.6 

3 0.1978 0.107 84.86 

3.5 0.077 0.0428 79.91 

4 0.03 0.0204 47.06 

5 0.0085 0.0124 −31.5 

4.2 The Effect of Ultrasonic Frequency on Echo Amplitude 

From the time domain curves of different detection frequency echoes in Fig. 5, it can 
be seen that the ultrasonic echo amplitude is different in both cases in the primary 
echo time range of the water–air interface at different frequencies. In order to study 
the optimal detection frequency under the condition of water inlet depth of 5 mm, five 
groups of ultrasonic frequencies, 2.5 MHz, 3 MHz, 3.5 MHz, 4 MHz and 5 MHz, were 
selected, and the maximum value of each echo amplitude in the primary echo time 
range of the water–air interface was extracted for the influent and the ingress water 
ingress, and the increase of the echo amplitude in the ingress situation compared 
with the echo amplitude in the air case was calculated Table 4. 

From Table 4, it can be seen that the echo amplitude increase at the two ultrasonic 
frequencies of 3 MHz and 3.5 MHz is similar, and both are higher than the echo 
amplitude increases at the remaining three ultrasonic frequencies, among which the 
echo amplitude increase at the 5 MHz frequency is negative. 

4.3 Selection of the Optimal Ultrasonic Testing Frequency 

By observing the morphology of each echo in the time domain curve of each group 
of echoes under five sets of frequencies and the degree of interval between each echo, 
It can be seen that the echoes at the two sets of ultrasonic frequencies of 3.5 MHz 
and 4 MHz are easier to observe the waveform of the primary echo of the water–air 
interface. 

By comparing the echo peak increase at different frequencies in Table 4, it can 
be seen that the difference between the echo amplitude of the water inlet and the 
echo amplitude of the air condition in the primary echo time range of the water–air 
interface is relatively large under the two sets of frequencies of 3 MHz and 3.5 MHz, 
and it can better analyze whether water ingress occurs in the uncrimped area through 
waveforms. 

Based on the above two situations, it is considered that 3.5 MHz is considered to 
be the appropriate ultrasonic detection frequency.
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5 Simulation Study of Different Inlet Depths 

5.1 The Depth of the Water Influent Affects the Echo Time 

In order to study the influence of different inlet depths on the ultrasonic test results, 
five groups of inlet depth values, 5 mm, 11 mm, 17 mm, 23 mm, and 29 mm, were 
selected, and the 3.5 MHz ultrasonic frequency was selected at the detection position 
1, and the amplitude of ultrasonic sound pressure obtained by the final detection was 
normalized to obtain the ultrasonic echo time domain curve at different inlet depths 
as shown in Fig. 6. 

In Fig. 6, the first ultrasonic echo curve of ultrasonic waves at the water–air 
interface under the five groups of inlet depths is marked, because the propagation 
speed of ultrasonic waves in the medium is unchanged, so the time it takes for sound 
waves to propagate at the same distance is unchanged, and it can be seen in Fig. 6 
that when the interval values of the five groups of inlet depths are 6 mm, the primary 
echo time interval of the water–air interface obtained at different inlet depths is the 
same. 

By observing the time point at which the primary echo of the water–air interface 
appears, the depth value of the water influent in the unpressurized area can be judged.

Fig. 6 Ultrasonic echo time domain curves at different inlet depths 
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Fig. 7 Ultrasonic echo time 
domain curves at different 
water inlet depths 

5.2 The Effect of the Depth of the Incoming Water 
on the Echo Amplitude 

The maximum value of the primary echo of the water–air interface at each inlet depth 
in Fig. 6 was extracted and the maximum value of the primary echo of the water–air 
interface at different water inlet depths in Fig. 7 was drawn. As can be seen from 
Fig. 7, as the amount of water intake increases, the lower the maximum value of 
the primary echo amplitude of the water–air interface, the overall downward trend, 
because with the increase of water intake, the distance of ultrasonic propagation in 
the water becomes longer, the more energy is lost, the energy reaching the water–air 
interface is also reduced, and finally the lower the energy received by the ultrasonic 
instrument. 

6 Conclusion 

(1) Placing the ultrasonic probe in the detection position 1, that is, the lowest point 
of the outer wall of the aluminum tube, is conducive to detecting internal water 
ingress defects. 

(2) For the NY-630/45 model tensile clamp, the ultrasonic detection frequency of 
3.5 MHz is conducive to obtaining an ultrasonic echo curve to observe whether 
water ingress occurs in the unpressed area. 

(3) The time point of the first echo of the water–air interface in the ultrasonic echo 
time domain curve can be observed, and the depth value of the water inlet in 
the unpressurized area can be quantitatively judged.
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Optical Storage Emergency Power 
Supply Technology for Railway 
Locomotive 

Hao Yang, Guosheng Huang, Kaixiang Ma, Meng Cui, and Shuo Zhang 

Abstract Railway locomotive is the core equipment of the railway transportation 
system, which undertakes the transportation function of the whole railway system, 
and is a veritable core device of transportation capacity. It plays an important role in 
the whole transportation system. The safety and reliability of railway locomotives is 
very important. It is necessary to add emergency devices in the power supply system 
other than the main power supply to ensure the power supply at emergency time. In 
this paper, the photovoltaic array is used as the main power supply, and the Boost + 
SIV circuit topology is connected at the back. The Boost and SIV are the intermediate 
DC bus voltage stabilizing link. The link is connected in parallel with a battery pack, 
which can realize emergency power supply when the light intensity is weak. The 
system adds a voltage sensor to achieve stable voltage output by control method, and 
adds a photosensitive sensor to achieve different working conditions of the power 
system under different light intensity, The experimental prototype is designed and 
verified. 

Keywords Emergency power supply · Inversion · Battery · Railway locomotive
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1 Introduction 

The railway locomotive power supply system plays a key role in the safe and reliable 
operation of the whole railway locomotive, and with the rapid development of China’s 
railway industry, such importance has gradually increased [1]. The reliability of the 
power supply system is also a very important indicator to measure the railway power 
distribution, which is related to the final safety and economic benefits of the railway 
system [2]. Generally, the locomotive is powered by pantograph. In case of failure, the 
system can continue to operate reliably [3]. The quality of power supply is related to 
the safety of equipment, which is a major indicator that needs to be paid attention to. 
Therefore, how to improve the high-quality electric energy for the communication, 
lighting and other equipment in the locomotive and how to design a stable and reliable 
power supply system have attracted more and more attention. 

2 Emergency Power Supply Device System Design 

The circuit topology of the power supply system adopts the composition structure of 
the former Boost + the latter SIV [4]. The front boost is responsible for stabilizing 
the output voltage of the photovoltaic array, so as to stabilize the unstable voltage 
of the photovoltaic array and adapt to the wide range of voltage input of the system. 
The circuit topology is shown in Fig. 1. The front boost does not use an isolation 
structure, that is, does not add an isolation transformer [5]. The advantage of this is 
to reduce the loss of magnetic components and ensure the working efficiency of the 
system. The rear stage SIV is responsible for converting the DC output of the front 
stage Boost into three-phase AC, and incorporates a large-capacity battery in the 
middle DC link. The battery is designed to offset the impact of night light through 
the role of energy storage, thus achieving stable power supply to the load, so that the 
system can operate continuously, efficiently and stably. 

Q1 

Lb 

Q21 

C1 

Lf 
C2C3C4 

D1 

Q22 

Q31 

Q32 Q42 

Q41 Rld 

Boost Converter 

PV array

+

-

Three-phase inverter 

Battery 

Fig. 1 Main circuit structure of power supply system
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The power supply system controller selects DSP high-performance processor, 
which can enable accurate analog data acquisition and data conversion. In the control 
part, the double closed-loop algorithm of voltage outer loop + current inner loop 
is adopted to achieve output voltage stability and provide high-quality power to the 
equipment. In addition, voltage sensor and photosensitive sensor are added to the 
hardware, because the output voltage of the voltage array will vary with the light 
intensity, The voltage sensor is used to monitor the change of voltage, transmit the 
signal to the DSP controller, and then the DSP controller controls the voltage gain of 
BOOST converter to realize the stable voltage output of BOOST converter; When 
the light intensity is lower than a certain value, the photosensitive sensor transmits 
the signal to the controller to switch the power supply of the photovoltaic array to 
the battery pack. 

3 Booster Circuit Design 

Railway locomotives often use three-phase AC power supply for power supply, and a 
circuit solution of Boost+ SIV is proposed. The voltage range of photovoltaic system 
in this paper is usually below 600 V, and the voltage is raised to a stable 600 V DC 
through boost converter. Due to the limitation of single battery voltage, multiple 
single batteries need to be connected in series and parallel to obtain DC voltage of 
higher voltage level. Connected to the input side of three-phase inverter circuit, the 
scheme is suitable for railway locomotive system with relatively compact space and 
high safety requirements. 

Figure 2 shows the front BOOST circuit [6]. The main function of the circuit is to 
raise the low input voltage Vi of the photovoltaic array to the input voltage VC1 that 
meets the requirements of the inverter. In the figure, Lb is the main switch, Lb is the 
boost inductor, D1 is the diode, C1 is the capacitance, Rs is the secondary equivalent 
load, Tsb is the switching cycle of the switch Q1, and D is the duty cycle of the 
switch. Working principle under ideal condition: when 0 < t < DyT, the switch is 
on, the diode is off, the current iL flows through the inductor, the inductance current 
increases linearly, and the energy is stored in the inductor in the form of magnetic 
energy; When DyT < t < T, the switch tube is disconnected, the diode is on, and 
the energy in the inductor is transferred to the capacitor and load through the diode. 
Under ideal conditions, the steady-state voltage transfer equation of BOOST circuit 
is V 0 = Vi/(1 − Dy). Because the duty cycle 0 < Dy < 1, the output voltage is greater 
than the input voltage, so the purpose of boosting is realized.

Boost link adopts double closed-loop control mode of voltage outer loop and 
current inner loop to obtain stable DC voltage [7]. The control block diagram is 
shown in Fig. 3. The control principle of the control system is as follows: the output 
voltage reference value is compared with the actual value to obtain the output voltage 
difference, which is controlled by PI regulator. The output value is given to the 
current loop input and compared with the output current value. The difference value 
is adjusted by PI regulator. The output value is the duty cycle of the boost switch Dy,
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Fig. 3 Voltage and current double closed-loop control block diagram 

and the stable output voltage U0 is obtained. In addition, the reference value Uref is 
converted according to the output voltage. The output voltage of the circuit can be 
flexibly changed by changing the reference value Uref .

The pulsation of boost inductor current is

ΔILb_L = Dy

(
1 

2 
− Dy

)
VcbTsb 
Lb 

(1) 

Generally, the pulsating current of the step-up inductor shall not exceed 20% of 
the average current, i.e.

ΔILb  ≤ 0.2 
Po 
Vi 

= 0.2 
Po 

2(1 − Dy)Vcb 
(2) 

The calculation formula of boost inductance is as follows 

Lb ≥ 
Dy(2D2 

y − 3Dy + 1)TsbV 2 cb 

0.2Po 
(3) 

The size of filter capacitance is related to duty cycle, switching period, output 
power and voltage pulse momentum. The calculation formula of filter capacitance is 
as follows.
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Voltage pulse momentum of filter capacitor

ΔVcb = 
DyTsb Po 
2C1Vcb 

(4) 

It is generally required that the capacitance ripple voltage pulse momentum shall 
not exceed 1% of the average value Vcb, i.e.

ΔVc1 

Vc1 
= 

DyTsb Po 
2C1V 2 c1 

≤ 0.01 (5) 

where, Dy is the duty cycle, C1 is the filter capacitance, Po is the output power, Tsb 

is the switching cycle, and Vc1 is the BOOST output voltage. 

4 Inverter Circuit Design 

4.1 Principle of Three-Phase Inverter Circuit 

Three-phase bridge inverter circuit is used in the inverter part to invert the DC power 
after BOOST, and then transmit it to the load for power supply after AC filter [8]. The 
circuit structure is shown in Fig. 4. UDC is the voltage of the intermediate DC bus, 
that is, the output voltage of the front step boost link. The main circuit is composed 
of six main power switches from S1 to S6, which form the upper and lower three 
bridge arms. The midpoint of each bridge arm is connected to the power grid through 
the inductors L1, L2, L3 respectively, and plays the role of filtering. CDC is the DC 
bus support capacitor, which plays the role of energy storage, and also serves as the 
output filter capacitor of the front BOOST circuit. The control part adopts advanced 
DSP digital control. The PWM control signal sent by DSP drives the opening and 
closing of six switches to control the mid-point voltage of the bridge arm. To ensure 
the normal operation of the circuit, the DC side voltage shall be higher than the peak 
value of the inverter output AC voltage.

The emergency power supply system studied in this paper adopts space vector 
pulse width modulation (SVPWM) technology [9]. This technology can make the 
output current waveform closer to the ideal sine wave by controlling six switches to 
generate pulse width modulation wave [10]. SVPWM is slightly different from the 
traditional SPWM. It starts from the overall effect of the output voltage, and hopes 
to output the magnetic linkage track drawn by the ideal circle. SVPWM technology 
can achieve a closer selection of rotating magnetic field, and greatly improve the 
utilization of DC bus voltage, and greatly reduce the difficulty of digital realization 
[11]. The basic principle of SVPWM is as follows: the combined voltage is equivalent 
by superposition of voltage vectors in a cycle.
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Fig. 4 Three-phase bridge inverter circuit

The intermediate bus voltage is used as the input of the voltage outer loop, and its 
difference is used as the input of the current inner loop through the PI regulator. The 
current inner loop is controlled by the deadbeat current theory, and the parameters 
are relatively easy to set and adjust. The main function of the outer loop voltage 
control is to make the voltage UDC at both ends of the DC bus support capacitor CDC 

constant; The main function of the inner loop current control is to make the output 
current change in a sinusoidal manner to ensure the output power quality. 

4.2 Voltage Vector of Three-Phase Inverter Circuit 

The DC bus voltage is UC1, and the three-phase voltage output by the inverter is 
Ua, Ub, Uc; The switch tubes of three-phase bridge arm are SA, SB and SC . Now  we  
specify that Si (i = A, B, C) = 1 means the upper arm switch of the phase is on, 
and Si (i = A, B, C) = 0 means the upper arm switch of the phase is off, and the 
upper and lower arm switch states are complementary. Therefore, there are 8 switch 
combinations in this circuit. 

si =
(
1 Upper bridge arm conduction Output high level 
0 Lower bridge arm conduction Output low level 

There are eight switch states: 100, 110, 010, 010, 011, 011, 000. Where V0 (000) 
V7 (111) is the zero vector with modulus 0 (that is, the upper bridge arm is fully 
connected and the lower bridge arm is fully connected, and the inverter does not 
output voltage at this time). 

The relationship between line voltage of three-phase inverter and switching 
function is obtained:
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Table 1 Voltage vector table of three-phase inverter 

SA SB SC UA UB UC UAB UBC UCA 

0 0 0 0 0 0 0 0 0 

0 0 1 −Ud/3 −Ud/3 2Ud/3 0 −Ud Ud 

0 1 0 −Ud/3 2Ud/3 −Ud/3 −Ud Ud 0 

0 1 1 −2Ud/3 Ud/3 Ud/3 −Ud 0 Ud 

1 0 0 2Ud/3 −Ud/3 −Ud/3 Ud 0 −Ud 

1 0 1 Ud/3 −2Ud/3 Ud/3 Ud −Ud 0 

1 1 0 Ud/3 Ud/3 −2Ud/3 0 Ud −Ud 

1 1 1 0 0 0 0 0 0 

⎡ 

⎢⎣ 
UAB 

UBC 

UCA  

⎤ 

⎥⎦ = Ud 

⎡ 

⎢⎢⎣ 

1 −1 0  

0 1  −1 

−1 0  1  

⎤ 

⎥⎥⎦ 

⎡ 

⎢⎣ 
SA 
SB 
SC 

⎤ 

⎥⎦ (6) 

Relation between three-phase inverter phase voltage and switching function: 

⎡ 

⎢⎣ 
UA 

UB 

UC 

⎤ 

⎥⎦ = 
Ud 

3 

⎡ 

⎢⎢⎣ 

2 −1 −1 

−1 2  −1 

−1 −1 2  

⎤ 

⎥⎥⎦ 

⎡ 

⎢⎣ 
SA 
SB 
SC 

⎤ 

⎥⎦ 

(Ud is the DC bus voltage) (7) 

The above two expressions are replaced by Table 1. 

4.3 Three-Phase Inverter Filter Design 

The harmonics in the voltage and current output by the inverter will lead to the 
deterioration of the power quality, so the selection and design of the filter is very 
important. In this paper, LC low-pass filter is used in three-phase inverter to elimi-
nate the high order harmonics near the switching frequency, so as to obtain a good 
sinusoidal voltage and current waveform. 

In the design of the filter, the filter inductance is determined first, and then the 
value of the filter capacitance is obtained by combining the cut-off frequency. 

After determining the cut-off frequency, the values of Lf and Cf need to be 
determined separately. The calculation formula of filter inductance is as follows. 

L f =

[||√
(

ω1V 2 o1N 

ω2 
L 

+ ω
3 
1 V 

2 
o1N 

ω4 
L

)
ω1 I 2 o1 

(8)
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In which, ω1 is the output voltage angular frequency, ωL is the cut-off angle 
frequency, Vo1N is the output phase voltage, Io1 is the output phase current. 

The filter inductor is designed by combining engineering experience calcula-
tion and simulation results. In order to better ensure the filtering effect, the cut-off 
frequency should be initially determined. The relationship between cut-off frequency 
fc and filtering parameters is as follows: 

fc = 1 

2π 
√
L f Cs 

(9) 

where, Lf is the filter inductance and Cs is the filter capacitance. From this, the size 
of the filter capacitance is determined. 

5 Simulation and Experimental Waveforms 

Use MATLAB software to simulate the device. In the circuit, the BOOST input 
voltage is DC 500 V, the photovoltaic array is abstracted as a DC power supply, and 
the output voltage is DC 500 V. The circuit built with Simulink is shown in Fig. 5. 

The waveforms of inductive current, inductive voltage, output voltage and input 
voltage of the front BOOST circuit are shown in Fig. 6. After the duty cycle is 
configured and the input voltage is 500 V, the BOOST circuit outputs a stable 600 V 
voltage.

The input and output voltage waveform of three-phase inverter circuit is shown in 
Fig. 7. When the input voltage is 600 V, a stable 380 V three-phase power frequency 
AC is obtained (Table 2).

Fig. 5 Simulink simulation circuit 
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Fig. 6 BOOST circuit waveform

Fig. 7 Inverter input and output voltage waveform 

Table 2 Parameters of railway locomotive emergency power supply system 

Characteristics of emergency power supply system Design value 

Rated output power (kW) 60 

Rated output voltage (V) 380 AC 

Rated output frequency (Hz) 50 

The oscilloscope experimental waveform is shown in Fig. 8. They are the output 
voltage of the front BOOST circuit, the system input voltage, the system output 
current, and the system output voltage.
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Fig. 8 Oscilloscope test waveform 

6 Conclusion 

This paper briefly analyzes the function of emergency power supply for railway 
locomotive and the overall structure of emergency power supply system. This paper 
focuses on the detailed design and analysis of the emergency power supply device 
with photovoltaic array as the main power supply and battery pack as the standby 
power supply. The emergency power supply device adopts the circuit topology of the 
front Boost + the rear SIV to realize the voltage stabilization and inversion output of 
the photovoltaic array output voltage, and the inversion of the battery output, so that 
the final output voltage is the same frequency and phase as the AC bus voltage of the 
railway locomotive. When the main power supply encounters a fault and stops power 
supply, the battery emergency power supply device based on inverter technology can 
replace the main power supply to supply power for the emergency load, ensuring the 
normal operation of the locomotive and the safety of railway operation. 
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Condition Monitoring Technology 
for Temperature and Strain Status 
of Disconnector Based on SAW 

Dapeng Guo, Zhang Yan, Ruchuan Shi, and Chenrui Zhang 

Abstract Disconnector is an important equipment for power transmission and distri-
bution in the power system, and its working state has an important impact on the safety 
and reliability of the power system. However, due to the complex and changeable 
environment of the Disconnector, its working state is often affected by uncontrollable 
factors, and it is urgent to monitor its working state in real time. In this paper, based on 
the theory of SAW sensing, strain and temperature will cause the frequency shift of 
SAW devices, and a scheme of on-line monitoring system for disconnectors based on 
wireless passive SAW (SAW) sensors is proposed. Through the finite element simu-
lation and test of the stress and strain of the disconnector, a SAW sensor suitable 
for the temperature composite detection of the disconnector’s finger strain gauge is 
developed. Practical tests show that the stress measurement sensitivity of the contact 
finger strain is 220 Hz/uε, and the temperature measurement sensitivity is10 kHz/ 
uε, which can effectively discriminate the working state of the disconnector. It has 
important application prospects on the online detection of power system equipment. 
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1 Introduction 

The disconnector is a commonly used general power equipment in the power system, 
mainly installed on both sides of the substation circuit breaker, playing an isolation 
role. Compared with other power equipment, Disconnector operate outdoors and 
are subject to uncontrollable factors such as atmospheric corrosion and temperature 
changes for a long time. Therefore, establishing a real-time online status monitoring 
system for Disconnector is of great significance for the reliability of power systems. 

Isolation state detection technology mainly includes current detection, contact 
finger pressure detection, vibration signal detection, operating rod rotation angle 
signal detection, and temperature detection. Among them, current detection is highly 
susceptible to interference in the complex strong electromagnetic environment on 
site, while vibration signal detection can only detect a single state of isolation and 
cannot make effective response to complex disconnector changes [2, 3]. During the 
operation of Disconnector, the open circuit and open circuit of the switch mainly 
cause changes in temperature and stress–strain variables. Therefore, the current 
method of detecting the status of Disconnector that has received more attention 
from researchers is the composite detection of contact finger or contact pressure 
and temperature. This article proposes a composite detection of the temperature and 
stress of the contact finger of the disconnector based on SAW sensing technology, 
and can achieve wireless passive online detection, which has great applicability. 

This article designs an disconnector temperature and stress–strain sensor 
composed of SAW resonators based on the principle that temperature and stress– 
strain can cause the resonance frequency of SAW resonators to shift in the acoustic 
surface theory. The temperature and stress–strain changes can be represented based 
on the frequency shift of the sensor, and a detection system as shown in Fig. 1 is 
constructed. Using the GW4 type disconnector as the experimental object, the SAW 
sensor is attached to the surface of the contact finger, and the antenna on the sensor 
can accept a certain range of RF signals. The reader sends an RF signal and gener-
ates a SAW through a resonator finger transducer. The SAW propagates within the 
waveguide of the resonator to the reflective grating, and the resonant signal reflected 
by the reflective grating is then returned to the reader through the finger transducer to 
generate an RF signal. The reader can determine whether the temperature or stress– 
strain of the contact finger has changed by the frequency offset of the two resonant 
signals returned before and after, Thus achieving status monitoring of the discon-
nector. The temperature, stress, and strain sensor and detection system designed in 
this article based on acoustic surface wireless passive disconnector have shown good 
performance in both experimental and on-site testing after continuous improvement, 
and have broad application prospects.
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Fig. 1 Finite element 
analysis of stress field of 
isolation knife switch finger 
switch 

2 Force-Field Analysis of Disconnector Finger 

The GW4 disconnector is shown in Fig. 1. The key to the connection of the switch is 
the contact finger. During the operation of the disconnector, the stress at the connec-
tion point of the contact finger will cause strain changes in the contact finger. There-
fore, it can be determined that the knife switch is in place by detecting the changes 
in stress and strain on the contact finger of the knife switch. 

In order to analyze the strain distribution on the contact finger when the discon-
nector is closed, COMSOL software was used to conduct finite element analysis of 
stress and strain on the contact finger. Firstly, import the 3D model of the disconnector 
into COMSOL; Then the disconnector is meshed, and the mesh subdivision is needed 
in the stress and strain concentration area; Secondly, add initial stress at the connec-
tion end of the disconnector to simulate the load received under the closed state of 
the disconnector; Finally, a steady-state analysis is conducted on the set disconnector 
to simulate the stress and strain of the disconnector under load. The finite element 
simulation results of the stress–strain field of the disconnector are shown in Fig. 1. 
From the simulation results, it can be seen that when the disconnector is closed, 
the surface strain of the contact finger of the disconnector will change. After global 
calculation of the changes in the contact finger of the disconnector, the stress distri-
bution on the surface of the switch contact finger can be obtained. The results of the 
stress distribution are shown in Fig. 2. From the figure, it can be seen that the stress 
on the surface of the switch contact finger will gradually decrease with the distance 
from the fixed end of the contact finger, and the closer it is to the fixed end, the 
greater the surface stress. Therefore, in order to obtain more stress information from 
the contact finger of the stress–strain sensor, the best fixed position for the sensor is 
near the fixed end of the disconnector contact finger.

By conducting finite element analysis of the stress field distribution of the discon-
nector, the stress–strain distribution of the contact finger of the disconnector was 
determined, thereby determining the optimal fixed position of the sensor on the 
disconnector. In addition, it is also necessary to test the stress–strain range of fixed 
points to provide guidance for sensor selection. In this paper, a four wire bridges 
Strain gauge is used to test the strain of the contact finger in the closing state, and 
the stress and strain of the contact finger in the closing state of the disconnector is
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Fig. 2 The relationship 
between the surface stress of 
the contact finger and the 
position from the fixed end

about 400 uε through test and calculation. The range of SAW stress–strain sensors 
is 0–1000 uε, It precisely includes the stress and strain of the knife switch contact 
finger, so using SAW stress and strain sensors is feasible. 

3 Design and Development of SAW Sensors 

SAW is an elastic wave that propagates along the surface of an object, with energy 
mainly concentrated on the surface of the object within a single wavelength during 
the propagation process. During the propagation process of surface acoustic waves, 
their propagation rate is influenced by the surface characteristics of the object, which 
are mainly influenced by temperature and stress–strain. Therefore, changes in SAW 
propagation characteristic parameters can be used to characterize changes in surface 
temperature and stress–strain of the object. The influence of temperature and pressure 
on the propagation of surface acoustic waves is mainly reflected in the propagation 
speed of surface acoustic waves. By monitoring the wave speed of surface acoustic 
waves, their changes are one-to-one corresponding to the changes in temperature and 
pressure [4]. Generally speaking, the influence of temperature and pressure on the 
propagation speed of surface acoustic waves can be shown by the following formula

Δν = ∂ν 
∂T

ΔT + ∂ν 
∂ε

Δε (1) 

The resonant frequency of SAWR is: 

fsaw = ν 
λsaw 

(2) 

Bring (1) into (2) to obtain:
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Δ fsaw = 1 

λsaw

(
∂ν 
∂ T

ΔT + ∂ν 
∂ε

Δε

)
(3) 

From the above equation, it can be concluded that the influence of object temper-
ature and strain on the velocity of acoustic surface waves will be fed back to the 
acoustic surface resonator, causing changes in the resonant frequency of the resonator. 
Therefore, the detection of object surface temperature and strain can be achieved by 
detecting changes in the resonant frequency of the SAW resonator. 

The SAW sensor is composed of resonators, and the measurement results obtained 
by different combination structures are also different. In order to understand the dual 
effects of coupled temperature and stress–strain on acoustic surface resonators, this 
paper designs a differential compensation structure for temperature and stress–strain 
as shown in Fig. 3. Two AT cut resonators have similar sensitivity to temperature, 
and the influence of temperature is eliminated after differentiation, thus decoupling 
the stress–strain measurement results that are not affected by temperature changes; 
The resonators of the AT and XY cut resonators in the same direction, due to being 
perpendicular to the stress–strain direction, are subjected to similar stress–strain 
effects. After differentiation, the influence of stress–strain can be eliminated, and 
temperature measurement results that are not affected by stress–strain changes can 
be decoupled [3]. The differential structure is developed on the sensor as shown in 
the physical image, and the resonator and packaging structure are bound with gold 
wire. 

The SAW sensor needs to receive the radio frequency signal through the antenna. 
The radio frequency signal is connected to the resonator through the gold wire. 
The inserted finger transducer on the resonator excites the SAW through the inverse 
Piezoelectricity. The reflected SAW signal carries the detection information, and 
then converts the SAW signal into an electrical signal through the inserted finger 
transducer, which is transmitted to the receiving end through the antenna. Sensors 
receive signals, transmit signals, and transmit signals through a packaging structure. 
The conceptual design of the packaging structure is shown in Fig. 4, where the 
sensor chip is composed of the aforementioned resonator differential combination 
structure. The overall structure of the sensor developed based on this structure is

Fig. 3 Sensor chip design structure and sensor chip physical map 
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Fig. 4 Sensor strain 
calibration test results 

shown in Fig. 4, where the matching circuit and peripheral packaging material are 
PCBs. 

The SAW sensor characterizes the temperature and strain on the surface of an 
object through changes in the resonant frequency of the resonator. It needs to be 
calibrated with standard temperature and stress–strain sensors to correspond the 
compensated sensor resonant frequency offset with temperature and stress–strain 
one by one. In actual measurement, changes in temperature and stress–strain can be 
accurately detected through the resonant frequency offset. 

This article uses standard thermocouple thermometers and cantilever beams to 
calibrate SAW sensors. The calibration method is to place a cantilever beam with 
a SAW sensor inside a temperature box, with a temperature range of 0–70 °C. 
Measure a set of data every 10 °C and record the resonant frequency corresponding to 
different loads at a constant temperature. The stress and strain calibration test results 
at different temperatures are shown in Fig. 5. From the figure, it can be concluded 
that the resonance frequency offset of the SAW sensor at different temperatures after 
compensation shows a clear linear relationship with stress and strain. Therefore, the 
change in stress and strain can be characterized by the resonance frequency offset. 
The temperature calibration test results of the SAW sensor are shown in Fig. 5. From 
the figure, it can be concluded that the resonance frequency offset of the SAW sensor 
shows a good linear relationship with temperature change under different stress and 
strain after compensation. Therefore, the temperature change can be characterized 
by the resonance frequency offset. 

4 Testing of Wireless Monitoring System for Disconnector 

Cut the contact finger of the disconnector into a plane of about 5 * 30 mm, as shown 
in Fig. 5, with a cutting depth of about 1 mm. Stick the sensor onto the cutting 
plane with special aerospace grade strong structural adhesive, and start debugging 
the testing system after the adhesive is fully cured. The installation position of the 
sensor and the entire testing system are shown in Fig. 5.
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Table 1 Measurement data of the sensor (ambient temperature −2 °C)  

Experiment# Text# Open Close 

T/°C s/uε T/°C s/uε 
E#1 1 −1.5 19 −2.1 229 

2 −2.2 16 −2.3 274 

3 −2.1 6 −2.3 266 

4 −2.2 17 −2.3 244 

E#2 1 −1.4 24 −1.4 251 

2 −1.4 9 −1.4 277 

3 −2.1 34 −1.7 202 

4 −1.7 22 −1.7 252 

E#3 1 −1.4 15 −1.4 301 

2 −2.1 25 −2.1 293 

3 −2.3 17 −2.3 278 

4 −1.8 29 −2.4 245 

During the testing process, first record the test data of the four sets of Disconnector 
in the open circuit state of the sensors. Then, close the Disconnector and record the 
test data of the four sets of Disconnector in the open circuit state of the sensors. Then 
repeat the open circuit and open circuit processes three times to measure the stability 
and repeatability of the sensors. Finally, replace other sensors and repeat the above 
testing process. Due to being an on-site test, temperature variation testing cannot be 
conducted, so the temperatures measured by the sensors are all ambient temperatures 
(Table 1). 

5 Conclusion 

(1) During the closing process of the GW5 type disconnector, the stress, strain, and 
temperature on the contact finger will change. By using acoustic surface sensing 
technology to composite detect the strain and temperature of the contact finger 
switch, effective discrimination of the disconnector can be achieved. 

(2) Through finite element simulation and testing of the stress field of the contact 
finger of the disconnector, a SAW sensor suitable for composite detection 
of contact finger strain and temperature was designed and developed. Field 
testing showed that the sensitivity of the SAW sensor for stress measurement 
was 220 Hz/uε, The sensitivity of temperature measurement is 10 kHz/°C. 
In practical applications, it can effectively distinguish the working status of 
Disconnector.
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(3) Compared with other sensors, the composite SAW sensor for contact finger 
strain and temperature of Disconnector has the advantage of wireless passivity. 
The disconnector online monitoring system constructed based on this sensor 
can not only achieve wireless passive measurement of contact finger stress and 
temperature of Disconnector, but also real-time online monitoring. It has strong 
applicability in future online monitoring of power equipment. 
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Adsorption of SF6/N2 Decomposed Gas 
in NaA, MFI and NaZSM-5 Molecular 
Sieves 

Fengxiang Ma, Hongpeng Zu, Demin Zhang, Xin Lin, Jianyuan Xu, 
Yue Zhao, and Feng Zhu 

Abstract The adsorption behavior of NaA, MFI and NaZSM-5 molecular sieves on 
SF6/N2 decomposition gases SO2, NF3, SO2F2 and CS2 was studied. The adsorption 
isotherms and adsorption heat of four gas molecules at different temperatures on 
three molecular sieves were calculated by software. It is found that the adsorption 
capacity of NaA molecular sieve for four gases is more than that of MFI and NaZSM-
5 molecular sieve. Except for a few cases, the adsorption capacity of NaZSM-5 
molecular sieve for four gases is also slightly more than that of MFI molecular sieve. 
This is related to the presence of Na+ metal cations in NaA and NaZSM-5 molecular 
sieves. The presence of metal cations increases the active sites in the molecular sieve, 
which is beneficial to the adsorption of adsorbate on the molecular sieve. Compared 
with MFI and NaZSM-5 molecular sieves, NaA molecular sieves are more suitable for 
adsorption of four decomposition products of SF6/N2 mixture. In SF6/N2 electrical 
equipment containing NaA molecular sieve, if you want to monitor the operation 
status of insulated electrical equipment through the change of decomposition gas 
content, you must consider the influence of NaA molecular sieve on the adsorption 
behavior of decomposition gas. 

Keywords SF6/N2 decomposition gas ·Molecular sieve · Adsorption isotherm ·
Heat of adsorption 

1 Introduction 

SF6 is a colorless, odorless, and non-toxic gas widely used in gas insulated elec-
trical equipment due to its excellent insulation and arc extinguishing performance. 
However, the greenhouse effect potential (GWP) of SF6 is approximately 23,900
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times that of CO2, and its atmospheric lifespan is about 3200 years, making it a 
strong greenhouse gas. In 1997, it was listed as one of the six greenhouse gases 
prohibited for emissions under the Kyoto Protocol [1]. In order to reduce the use and 
emissions of SF6, SF6/N2 mixed gas has been widely used as insulation gas in the 
electrical field. 

The 240 kV grade GIL developed by Alstom with 20% SF6/80% N2 mixed gas as 
insulation medium has been applied at Swiss airports; Siemens has also developed 
a GIL with a voltage level of 550 kV and a transmission capacity of 300 MW for 
20% SF6/80% N2 [2]; In December 2017, the 30% SF6/70% N2 mixed gas pilot bus 
of the 220 kV Puqing substation in Wuhu, Anhui Province successfully passed the 
monitoring one week after dizziness [1]. 

It is inevitable to have trace amounts of water in GIS or GIL. When the trace 
water content is too high, it not only reduces the electrical performance of SF6/ 
N2 gas mixture, but also causes chemical corrosion to the equipment [3]. At the 
same time, electrical equipment inevitably has insulation defects inside during the 
manufacturing, assembly, and operation processes. With the increase of equipment 
operation time, it can lead to discharge or overheating faults at the insulation defects 
[4]. Both discharge and overheating faults can cause the decomposition of the mixed 
insulation gas SF6/N2, thereby affecting the insulation performance of the mixed gas. 
So corresponding adsorbents will be equipped in both GIS and GIL, which can adsorb 
water and ensure that the water content in the equipment meets the standard. On the 
other hand, it can adsorb various components decomposed by insulation gas due 
to discharge or overheating faults. Therefore, in order to diagnose insulation faults 
in GIS or GIL by monitoring the changes in SF6/N2 decomposition gas content, 
it is necessary to consider the influence of adsorbents on the changes in SF6/N2 

decomposition gas content, find suitable gas component changes to characterize 
insulation degradation, and understand the characteristics and severity of insulation 
defects to ensure the normal operation of electrical equipment [4]. 

In this paper, based on Monte Carlo simulation method, the adsorption character-
istics of four characteristic gases SO2, SO2F2, NF3 and CS2 decomposed from SF6/ 
N2 on three molecular sieves, NaA, MFI and NaZSM-5, were studied. The adsorp-
tion isotherm and adsorption heat of four decomposition gases in three molecular 
sieves at 298 K, 473 K, 573 K and 673 K were obtained by software simulation 
[5]. Analyzed and compared the differences in adsorption behavior of three types 
of molecular sieves on four types of decomposed gases at different temperatures. 
This provides a certain foundation for the treatment of SF6/N2 mixed gas waste gas 
and the study of how to use SF6/N2 decomposition characteristic components to 
diagnose faults generated inside gas insulated electrical equipment in the presence 
of adsorbents.
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2 Method of Calculation 

This article selected three types of molecular sieves, NaA, NaZSM-5, and MFI, to 
simulate the adsorption of four decomposition gases. The molecular formula of the 
single cell structure of NaA molecular sieve is Na96Al96Si96O384, and each single 
cell structure contains 8 α Cage (diameter 1.14 nm) and 8 pieces β Cage (diameter 
0.66 nm) [6]. The pore size of NaA is 0.4 nm, and its framework structure is LTA type. 
96 Na+ ions are introduced into LTA to balance the system charge, and geometric 
optimization is performed to obtain it. The molecular formula of the single cell struc-
ture of NaZSM-5 molecular sieve is Na2Si94Al2O192, and its framework structure is 
consistent with that of MFI molecular sieve. The Si/Al ratio is 47, and the pore size 
is 0.55 nm. After replacing two Si atoms with Al atoms in MFI, two Na+ ion equi-
librium system charges are introduced and geometrically optimized. The molecular 
formula of the MFI molecular sieve unit cell structure is Si96O192, consisting of a 
Z-shaped channel with a diameter of approximately 0.53 nm and a linear channel 
with a diameter of approximately 0.55 nm. Figure 1 shows three types of molecular 
sieve models. The amount of charge carried by atoms in NaA molecular sieve is 
referred to in Ref. [7]. 

The four decomposition gases SO2,NF3, SO2F2 and CS2 of the SF6/N2 gas mixture 
are geometrically optimized using the Dmol3 module in the Materials Studio simula-
tion software. The GGA-PBE functional is used for the electron exchange correlation. 
The electronic eigen wave function is expanded by the DNP basis group. The four 
decomposition gas models are shown in Fig. 2.

a NaA molecular sieve  b MFI molecular sieve c NaZSM-5 molecular sieve 

Fig. 1 Three molecular sieve models 
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a SO2 b NF3 c SO2F2 d SO2 

Fig. 2 Four gas molecular models 

3 Calculation Results and Analysis 

3.1 Adsorption Isotherm of SO2, NF3, SO2F2 and CS2 
on Molecular Sieve 

Monte Carlo calculation method was applied to simulate the adsorption behavior [8] 
of three types of molecular sieves for SO2, NF3, SO2F2, and CS2 at 298 K, 473 K, 
573 K, and 673 K. The adsorption isotherm of SO2, NF3, SO2F2 and CS2 on NaA, 
MFI and NaZSM-5 molecular sieves at different temperatures are shown in Figs. 3, 
4, 5 and 6. From Figs.  3, 4, 5 and 6, it can be seen that at a constant temperature, the 
adsorption capacity of SO2,NF3, SO2F2, and CS2 [9] on the molecular sieve increases 
with increasing pressure, and the final adsorption capacity tends to saturation with 
increasing pressure. But the adsorption capacity of the four gas molecules on the 
molecular sieve will decrease with the increase of temperature, mainly because the 
kinetic energy of the gas molecules will increase as the temperature increases. When 
the kinetic energy of the gas molecules exceeds the adsorption capacity of the molec-
ular sieve, they will escape from the molecular sieve framework, thereby reducing the 
adsorption capacity. At the same temperature and pressure, the adsorption capacity 
of four gas molecules on NaA is higher than that on MFI and NaZSM-5 molec-
ular sieves. The pore size of NaA molecular sieve is smaller than that of MFI and 
NaZSM-5 molecular sieves, but NaA molecular sieve contains 96 Na+ cations. When 
the molecular sieve adsorbs gas, Na+ metal cation sites will have electrostatic attrac-
tion to gas molecules, preferentially adsorbing gas molecules, improving adsorption 
capacity. Therefore, under the same conditions, the four types of gas molecules have 
the highest adsorption capacity on NaA molecular sieve. The average adsorption 
capacity of SO2F2 at 298 K in NaZSM-5 molecular sieve is slightly lower than 
that of MFI. Under other conditions, the average adsorption capacity of NaZSM-5 
molecular sieve for four gas molecules is greater than or close to the average adsorp-
tion capacity of MFI molecular sieve. NaZSM-5 molecular sieve only has two more 
Na+ metal cations than MFI molecular sieve, so the adsorption capacity of the two 
molecular sieves for the four gas molecules is not significantly different.

At room temperature, the average adsorption capacity of NaA molecular sieve for 
NF3 and SO2 molecules is close to 6 mol/kg, with the order of adsorption capacity 
being NF3 > SO2 > CS2 > SO2F2. The average adsorption capacity of SO2 molecules
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a NaA adsorption isotherm b MFI adsorption isotherm 

c NaZSM-5 adsorption isotherm 
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Fig. 3 Adsorption isotherm of SO2 on three molecular sieves

in MFI and NaZSM-5 molecular sieves is slightly higher than that of NF3 molecules. 
The order of adsorption capacity in MFI is SO2 > NF3 > SO2F2 > CS2, while in 
NaZSM-5, the order of adsorption capacity is SO2 > NF3 > CS2 > SO2F2. In NaZSM-
5, the adsorption capacity of CS2 is slightly higher than that of SO2F2, which is 
opposite to the adsorption behavior of MFI molecular sieve and consistent with the 
adsorption behavior of NaA molecular sieve. This may be related to the presence 
of Na+ metal cations in NaZSM-5, which have a better adsorption capacity for CS2 
than for SO2F2. 

From the adsorption isotherm diagram of three molecular sieves for four decom-
position gases, it can be seen that the adsorption capacity of NaA for four gases is 
relatively large. Therefore, if NaA molecular sieves are placed in SF6/N2 electrical 
equipment, if you want to monitor equipment failure through the decomposition gas 
content, you must consider the influence of NaA molecular sieves on the adsorption 
behavior of four gases. However, MFI and NaZSM-5 molecular sieves have rela-
tively low adsorption capacity for the four types of decomposition gases, and have
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a NaA adsorption isotherm b MFI adsorption isotherm 

c NaZSM-5 adsorption isotherm 
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Fig. 4 Adsorption isotherm of NF3 on three molecular sieves

little impact on the gas production law of SF6/N2 electrical equipment decomposition 
gases [10]. Similarly, when using molecular sieves to remove the four decomposi-
tion gases generated by SF6/N2 electrical equipment, NaA molecular sieves have 
advantages over MFI and NaZSM-5 molecular sieves. 

3.2 Adsorption Heat of SO2, NF3, SO2F2, and  CS2 
on Molecular Sieves 

When the molecular sieve adsorbs the adsorbate during adsorption heat, the adsor-
bate moves towards the surface of the molecular sieve, and its movement speed 
greatly decreases, thereby releasing heat [11]. The value of adsorption heat depends 
on the nature of adsorption force, the type and strength of adsorption bonds, and
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a NaA adsorption isotherm b MFI adsorption isotherm 

c NaZSM-5 adsorption isotherm 

Fig. 5 Adsorption isotherm of SO2F2 on three molecular sieves

the temperature of the system also affects the value of adsorption heat [8]. In the 
actual adsorption process, the release of a large amount of heat from the adsorbate 
will lead to a decrease in the activity of the adsorbent, thereby reducing the adsorp-
tion capacity of the adsorbent on the adsorbate. When molecular sieves adsorb four 
types of gas molecules, the adsorbate first approaches the strong adsorption sites 
(such as Na+ cation sites) of the molecular sieve [12]. As gas molecules increase, 
gas molecules also occupy the weak adsorption sites of the molecular sieve, and 
finally the adsorption heat tends to stabilize. When there are many gas molecules 
adsorbed by molecular sieves, the large amount of heat released by gas molecules 
during the adsorption process will lead to an increase in temperature. The increase in 
temperature will affect the activity of molecular sieves, leading to a decrease in their 
adsorption capacity for gas molecules. However, the final adsorption capacity will 
also tend to stabilize. Figures 7, 8, 9, and 10 show the adsorption heats of SO2, NF3, 
SO2F2, and CS2 on three types of molecular sieves, respectively. It can be seen that 
as the temperature increases, the adsorption heat of the same type of molecular sieve
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a NaA adsorption isotherm b MFI adsorption isotherm 

c NaZSM-5 adsorption isotherm 
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Fig. 6 Adsorption isotherm of CS2 on three molecular sieves

on the same gas molecule will slightly decrease, with the maximum difference being 
about 5.23 kJ/mol in the adsorption heat of NaA molecular sieve on the SO2F2 gas 
molecule. This is because as the temperature increases, on the one hand, the activity 
of the molecular sieve decreases, leading to a decrease in its adsorption capacity for 
gas molecules. On the other hand, as the temperature increases, the kinetic energy 
of gas molecules increases, making it easier for the molecular sieve to bind to gas 
molecules, resulting in a decrease in adsorption heat. From the change of adsorption 
heat, it can also be seen that the ability of NaA molecular sieve to adsorb SO2, NF3, 
SO2F2 and CS2 is stronger than MFI and NaZSM-5 molecular sieve, which has a 
certain relationship with the fact that NaA molecular sieve contains 96 Na+ metal 
cations. The presence of metal cations increases the active site of the molecular sieve, 
and its electrostatic interaction force on the adsorbate will increase, thus enhancing 
the adsorption capacity of the molecular sieve. So in SF6/N2 gas electrical equip-
ment, NaA molecular sieves are suitable for adsorbing SO2, NF3, SO2F2, and CS2 
produced by the decomposition of SF6/N2 mixed gas



Adsorption of SF6/N2 Decomposed Gas in NaA, MFI and NaZSM-5 … 59

Fig. 7 Adsorption heat of 
SO2 on three types of 
molecular sieves 
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Fig. 8 Adsorption heat of 
NF3 on three types of 
molecular sieves
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Fig. 9 Adsorption heat of 
SO2F2 on three types of 
molecular sieves 
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Fig. 10 Adsorption heat of 
CS2 on three types of 
molecular sieves 
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4 Conclusion 

By studying the adsorption behavior of three types of molecular sieves for SO2, NF3, 
SO2F2, and CS2, it can be found that NaA molecular sieves have better adsorption 
capacity compared to MFI and NaZSM-5 molecular sieves, and are more suitable 
for adsorbing the four decomposition gas products of SF6/N2 decomposition. This 
is related to the fact that NaA molecular sieve has multiple active adsorption sites. 
NaZSM-5 only has two more Na+ metal cations than MFI. Except for the average 
adsorption capacity of SO2F2 at 298 K, which is slightly lower than the average
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adsorption capacity of MFI, the average adsorption capacity of NaZSM-5 molec-
ular sieve for four gas molecules under other conditions is greater than or close to 
the average adsorption capacity of MFI molecular sieve. It can be seen that after 
the molecular sieve contains metal cations, the active adsorption sites will increase, 
which is beneficial for improving the adsorption capacity of the molecular sieve. 
Therefore, the treatment of waste gas in SF6/N2 electrical equipment and the removal 
of toxic decomposition gas in SF6/N2 electrical equipment to protect the safety of 
maintenance personnel can be completed by selecting molecular sieves with many 
active site. In SF6/N2 electrical equipment containing NaA molecular sieves, in order 
to monitor the status of gas insulated equipment through the variation of decompo-
sition gas content, it is necessary to consider the impact of NaA molecular sieves 
on the adsorption behavior of decomposition gas products of SF6/N2 mixed gas, and 
choose a reasonable plan to monitor the operation status of gas insulated electrical 
equipment. 

References 

1. Zhang X, Yang Z, Wen H, Wu Y, Hu G, Tang T (2020) Thermal decomposition of epoxy resin 
under SF6/N2 gas mixture. High Voltage Technol 46(07):2453–2459 (in Chinese) 

2. Li X, Zhao Hu (2016) A review of the research progress of SF6 replacement gas. High Voltage 
Technol 42(06):1695–1701 (in Chinese) 

3. Qiao SY, Zhou WJ, Wang Y, Xiong J, Zheng Y (2018) Influence of typical adsorbents on 
the variation law of characteristic gas of GIS solid insulation medium discharge. J Electr Eng 
Technol 33(19):4627–4635 (in Chinese) 

4. Tang T, Zeng F, Liang X, Qiu Y, Yuan J, Zhang X (2013) Experiment and analysis of two 
adsorbents for the adsorption of SF6 decomposition characteristic components. Chin J Electr 
Eng 33(31):211–219+26 (in Chinese) 

5. Zhai D, Zhao L, Pan H, Zhao Z, Duan A, Gao J, Chen Y (2011) Monte Carlo study on the 
adsorption of C4 hydrocarbons in FAU, BEA and LTL type molecular sieves. J Phys Chem 
27(06):1400–1406 (in Chinese) 

6. Hou H, Yan X, Yu X, Liu W, Liu Z, Wang B (2019) Theoretical study on the adsorption of 
C4F7N/CO2 mixed insulating gas and its decomposition products by molecular sieve. High 
Voltage Technol 45(04):1040–1047 (in Chinese) 

7. Ramin, Ekhteiari, Salmas et al (2013) Silver–sodium ion exchange dynamics in LTA zeolite 
membranes. J Phys Chem B 

8. Filippova NL (1998) Adsorption and heat of adsorption onto polymer particular surface by 
inverse gas chromatography. J Colloid Interface Sci 197(1):170–176 

9. Ji Y, Zhang M, Wang C, Bi J, Mei K, Feng Y, Gong Y, Huang Y, Wang H (2020) SF6/N2 mixed 
gas decomposition products detection method and experimental research. High Voltage Electr 
56(12):97–102 (in Chinese) 

10. Cao J, Yuan X, Ma F, Liu Z, Song Y, Li J (2022) Study on the detection technology of charac-
teristic decomposition products in SF6/N2 gas mixture. Low Temp Special Gas 40(03):26–30 
(in Chinese) 

11. Hirotani A, Mizukami K, Miura R et al (1997) Grand canonical Monte Carlo simulation of the 
adsorption of CO2 on silicalite and NaZSM-5. Appl Surf Sci 120(s1–2):81–84 

12. Tian S, Yuan Z, Zhang X et al (2022) Adsorption properties of environmentally friendly insu-
lating medium C4F7N and its common decomposition products in NaA, NaZSM-5, and NaX 
molecular sieves. High Voltage



Pre-sowing Treatment Using 
Plasma-Activated Water to Enhance 
the Germination of Cucumber Seeds 
Under Salt Stress 
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and Hongwei Tang 

Abstract The present work is focused on the effects on the germination of cucumber 
seeds by plasma activated water (PAW) treatment in simulated saline environment, 
to evaluate the improvement on the saline tolerance of cucumber seeds from PAW 
treatment. PAW was prepared by self-made gas–liquid two-phase underwater pulsed 
spark discharge plasma reactor, which was driven by self-made microsecond bipolar 
pulse power at constant frequency of 100 Hz. The processing durations of PAW 
was set as 0, 10, 20, and 30 min, respectively. The detection indicators were chosen 
as physical characteristics including oxidation reduction potential, pH and electrical 
conductivity and chemical parameters including nitrates and hydrogen peroxide. The 
germination experiment of cucumber seeds was performed after immersing in PAW 
processed for different durations, and during the experiment the seeds were kept wet 
by PAW processed for the same duration. The saline environments were simulated by 
different concentrations of NaCl solution. The germination of cucumber seeds was 
recorded every 12 h. The images of surface morphology was captured by scanning 
electron microscope to observe the changes of seeds due to immersing in PAW. 
The result showed that the improvement of germination of seeds treated by PAW 
processed for 10 min was most significantly, of which the germination rate and the 
mean germination time in various simulated salt environment were improved quite 
a lot. This work provides a new direction of a promising seed pretreatment research 
and application in saline environments. 

Keywords Plasma activated water (PAW) · Seed germination · Saline tolerance
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1 Introduction 

Soil salinization has become one of the world’s most severe problems for agriculture, 
resulting in the inhibition of crop growth and the decrease of agricultural compre-
hensive production [1]. Therefore, strengthening the anti-adversity of plants under 
salt stress will be helpful to solve the challenge of growing demand of food supply. 
Referring to the salt concentration in the soil, the saline land can be classified into 
three levels: slightly saline soil, moderately saline soil and severe saline soil [2]. 

The primary measures to enhance the salt tolerance of plants include breeding, 
strain crossing, genetic engineering, pre-sowing seed treatment, etc., among which 
pre-sowing seed treatment has been widely utilized in practice. The conventional 
methods of pre-sowing treatment include water immersing, mechanical injuries, 
and chemical processing, however, there are still some problems with them [3]. 
For instance, chemical treatment leads to potential water and soil pollution; and in 
terms of anti-adversity, another two methods display little effect to improve the salt 
tolerance of seeds. 

Low-temperature plasma has been recognized as a novel seed treatment tech-
nology which demonstrates significant efficacy [4]. Numerous investigations indi-
cate low temperature plasma may create positive effects on germination rate, the 
anti-adversity, and the growth of plants. According to whether seeds are contacted 
with plasma directly, the low-temperature plasma technique can be classified into 
two types: direct and indirect treatment [5]. For direct plasma treatment, there are still 
challenges to achieve large-scale or homogeneous processing [6]. In recent years, 
soaking large amounts of seeds in plasma activated water (PAW) as an indirect method 
has shown good promise for improving seed treatment yield and uniformity [7]. 

Various seeds have been reported to be treated by PAW, e.g., carrot [8], tomato 
[9], potato [10], rape [11], soybean [12], etc. The investigations showed that PAW 
treatment could regulate the concentrations of endogenous hormones and therefore 
the expression of genes and the activity of some enzymes, which could improve 
some indicators of seeds, such as chlorophyll synthesis, total soluble protein, and 
sugar concentration [13]. Finally, the seeds treated by PAW would germinate better 
than untreated [14]. Apart from this, some studies have found that PAW can also 
significantly increase the germination rate of these seeds, and the effect is closely 
related to the concentration of NO3

− and H2O2 in PAW. 
However, to the authors’ best knowledge, there are no reports on whether PAW 

could strengthen the anti-adversity of seeds under salt stress. In this work, cucumber 
seed was selected to be treated by PAW, which is highly sensitive to salt stress during 
the germination stage and planted widely in the world. A reactor to produce PAW 
was designed to treat cucumber seeds. Positive effects were observed in the results, 
which implies potential for future applications.
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2 Material and Method 

2.1 Reactor to Produce PAW 

The PAW was prepared by a gas–liquid two-phase underwater pulsed discharge 
plasma reactor, shown in Fig. 1. The high voltage electrode comprises five hollow 
needles of stainless steel (inner radius 0.61 mm, outer radius 0.91 mm) which were 
arranged in parallel from top to bottom. Each needle was wrapped in industrial-grade 
silica gel, while only the tip of needle was exposed. The five needles were fixed on 
an acrylic plate every 7.9 mm in a row. Each needle was also set parallel in a gas path 
connected by a plastic pipeline driven by a pump. The working gas is air, of which 
the flux was measured and adjusted by a flow meter. A stainless-steel plate was fixed 
at another side against the needles to act as the ground electrode, and the distance 
between the needle points to the ground electrode was 23 mm. The reactor created 
discharge at the interface between gas and liquid, which made air participate in the 
formation of radicals in PAW. 

A power supply was designed to generate high-voltage pulses (0–20 kV, 100 Hz). 
The voltage and the current across the reactor were recorded by the digital oscillo-
scope (TDS 2012C, Tektronix, USA) using a 1000:1 high-voltage probe (P6015A, 
Tektronix, USA) and a current viewing resistor of 0.01 Ω (SDN-414-01, T&M 
Research Products, USA), respectively. The energy cost of a single pulse was calcu-
lated by the integration of instantaneous voltage (U) and current (I) over time. The 
images of plasma discharge were captured by a digital camera (Canon 5DII). It is 
worth mentioning that the width of pulses is referred to as the duration from the 
original ascending point to the zero-crossing point of one single pulse.

Fig. 1 Preparation of PAW and treatment of cucumber seeds 
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2.2 Production of PAW 

Deionized water was processed for 10, 20, and 30 min, respectively, marked as 
PAW10, PAW20, and PAW30, correspondingly. The yield of each PAW generation 
was 800 mL. The control group untreated was marked as PAW0. The input voltage 
of the plasma source was set to 190 V, and the peak voltage of the output will vary 
with the state of the workload. The flow rate of working gas was 2 L/min, and the 
feed water temperature was 27 °C. 

2.3 Characterization of PAW 

The following physical and chemical properties of PAW were measured: pH 
(measured by pH-100, precision ±0.02, Lichen, Co., China), electrical conduc-
tivity (EC, measured by SW301, Suwei Co., China), oxidation–reduction potential 
(ORP, measured by CT-8022, Kedida Co., China). It is widely accepted that the 
effects that PAW takes on seeds mainly thanks to radicals of oxygen and nitrogen 
species (RONS). Therefore H2O2 and NO3

− were selected as the indicators for the 
RONS in PAW, of which the concentrations were measured by an Ultraviolet spec-
trophotometer (UV2900, Shimadzu, Japan). The energy efficiency was calculated by 
Eq. (1).All the properties were sampled and detected in 5 min. 

η (%) = ci V0 

Ps 
(1) 

where ci was concentrations of the detection indicators in mg/L units, and V0 (mL) 
was the total volume of PAW treated; η (µg/kWh) was the energy efficiency, the 
higher, the better; Ps (kWh) was the energy cost. 

2.4 Seed Germination Statistics and Morphological 
Indicators 

2.4.1 Seed Pretreatment 

Cucumber seeds were purchased from the Chinese Academy of Agricultural Sciences 
in Beijing, China. Healthy and full cucumber seeds of similar size and uniform 
appearance were selected for the following experiment. Seeds were washed with 
fresh water three times first and immersed in 3% NaClO solution for 10 min to 
disinfect. After disinfection, the seeds were rewashed with deionized water five times 
and dried in the air overnight, and then put in centrifuge tubes with 6 mL PAW0,
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PAW10, PAW20, and PAW30 for 5 h, respectively. After immersion, the seeds were 
dried in air for 10 h again. 

2.4.2 Germination of Seeds Under Salt Stress 

The normal, sight, moderate, and severe saline land was simulated by NaCl solution 
of 0, 50, 100, and 200 mmol/L, respectively. The seeds treated were put in groups of 
30 in germinating boxes coated with double layers of dry germination paper. Then 
4 mL NaCl solution of different concentrations and 1.5 mL PAW treated for the same 
durations were put into each group. Each group was repeated for three times. All 
the seeds were cultivated under the controlled surrounding condition of 25 °C and 
60–70% relative humidity without light Every 24 h, the seeds were fed with 1.5 mL 
PAW treated for the same durations to keep them wet. Statistics of germination were 
recorded every 12 h. 

2.4.3 Morphological Indicators of Seeds 

The average weights of the seeds in the same group were recorded before and after 
the treatment. The water uptake of seeds was defined as the additional weight of 
seeds treated compared to when untreated. And the water absorption rate (Wa) in the  
average weight of seeds was calculated by Eq. (2): 

Wa (%) = W1 − W0 

W0 
× 100 (2) 

where W0 was the average weight of untreated seeds, and W1 as the average weight 
immersed in PAW of different concentrations and dried. Each group contained 30 
seeds and was repeated for 5 times. 

The surface morphology of seeds that were treated and dried in the air was 
analyzed. The images were captured by scanning electron microscope (SEM) (S4800, 
Hitachi, Japan) at 15 kV accelerating voltage with 200× or 500× magnification. 

2.4.4 Seed Germination 

Germination rate (GR), germination potential (GP), germination index (GI  ), mean 
germination time (MGT  ), and mean germination rate (MG R) of seeds treated were 
studied. The seed of which the radicle reached 2 mm and more would be counted as 
germinated. Nn represented the total number of germinated seeds till nth recording, 
which the maximum n were 7. Specifically, N0 represented the total number of seeds, 
whether germinated or not. Ey is the number of seeds germinated on day y. Table1 
shows the relevant calculation formulas.
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Table 1 Some formulas about seed germination 

Index Formula Introduction Number 

GR GR  = N7 
N0 

× 100% A measure of the germ inability of seeds (3) 

GP GP  = N4 
N0 

× 100% A measure to reflect the germination of seeds (4) 

GI GI  = Nn 
N0 

× 100% A measure to evaluate the viability of seeds (5) 

MGT MGT  =
∑

Ey∑
E A measure of the average time cost of germination (6) 

MG R MG  R  = 1 
MGT A measure of the average time cost of germination (7) 

3 Results 

3.1 Electrical Characters Diagnosis 

The voltage and current waveforms across the generator are shown in Fig. 2, which 
varied with reaction time and were driven by the same input voltage of 190 V (AC). 
The peak voltage, the pulse width, the average energy cost of a single pulse, and the 
Electrical conductivity (EC) of the PAW were listed in Table 2. 

Fig. 2 Waveforms of current and voltage of a single pulse and images of underwater discharges of 
the related pulse when PAW was treated for various durations
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Table 2 Main characters of discharge pulses when PAW was treated (EC was attached) 

Time (min) Voltage (kV) Pulse width (µs) Power of Single Pulse (J) EC (µs/cm) 

0+ 26.85 ± 0.15 5.97 ± 0.23 0.19 ± 0.32 10 

10 23.48 ± 0.37 6.59 ± 0.06 0.91 ± 0.34 40 

20 18.18 ± 1.43 8.48 ± 0.44 2.14 ± 0.21 80 

30 15.94 ± 0.92 17.23 ± 0.02 2.41 ± 0.13 132 

It was observed that the peak value of pulsed voltage decreased with the increase 
of discharge time (in Fig. 2). The reason for this phenomenon could be the increase 
of EC of treated water with the process durations extending and the decrease of the 
impedance of the reactor. As a result, the water between the electrodes changed from 
capacitive-dominated to resistive-dominated. It can be seen in Fig. 2 that the phase 
differences between the current and voltage within each pulse were getting smaller 
with time. Meanwhile, energy cost of a single pulse listed in Table 2 was calculated 
by Eq. (1), showing an ascending trend. 

3.2 Chemical Composition Detection of PAW 

The PAW was characterized by measuring the pH scale, EC, oxidation–reduction 
potential (ORP), and the concentrations of NO3

− and H2O2, as shown in Table 3. It  
is indicated that with the increase of treating time, the pH of the water descends with 
the PAW processing, while the value of EC, ORP and the concentrations of NO3

− 
and H2O2 were all increasing, as the PAW was treated longer. 

The mass of NO3
− and H2O2 generated in PAW costing per kWh, also energy 

efficiency was shown in Fig. 3. It could be seen that content of NO3
− and H2O2 in 

PAW increased as treatment durations increased, while the energy efficiency rose 
first when the duration was 10 min and then declined. The leakage current increased 
as the EC ascended with process durations, which cause the actual voltage between 
the electrodes to decrease and the discharge intensity to weaken.

Table 3 Physical and chemical properties of PAW treated for various durations 

Properties Treatment duration (min) 

0 10 20 30 

pH 7.02 5.98 4.02 3.39 

EC (µs/cm) 10 40 80 132 

ORP (mV) 337 421 446 458 

c(NO3
−) (mg/L) 0 2.02 ± 0.07 5.87 ± 0.16 6.48 ± 0.04 

c(H2O2) (mg/L) 0 0.43 ± 0.00 1.05 ± 0.01 2.03 ± 0.01 
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Fig. 3 The energy cost of 
NO3

− and H2O2 and the 
energy efficiency of both of 
them 

3.3 Characterization of Seeds 

3.3.1 Seed Germination 

Compared with CK, PAW treatment can not only improve the GR and the GP of 
the seeds in common environment, but also relieve the negative influences of the 
salt stress. As shown in Fig. 4, the GR of CK is 87.78%, and the GP is 70.00%. 
After treated by PAW, including PAW10, PAW20, and PAW30, the GR and the GP 
of the cucumber seeds had increased, and seeds treated by PAW10 germinated best, 
which could reach to 95.56% of GR and 81.11% of GP, both improving around 10% 
compared to the CK. 

Under the salt stress, the more the environment contained salt, the worse the 
germination of cucumber seeds was inhibited. Under the simulated severe salt stress, 
the GR of cucumber seeds was only 76.67%, and the GP was only 4.44%. The result

Fig. 4 GR and GP under various treatments and simulated saline environment 
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Fig. 5 MGT and MGR of seeds treated in various PAW with different processing durations 

of experiment was shown in the Fig. 4 that PAW treatment can strengthen the anti-
adversity of salt stress significantly. After treated by PAW10, the GR and the GP 
of cucumber seeds had increased significantly. Treating seeds with PAW20 could 
improve the GR of seeds under simulated moderate salt stress and the GP under 
simulated slight and moderate salt stress. 

Figure 5 showed that the MGT and MGR of cucumber seeds treated by various 
PAW under different simulated salt stress. It was figured out that the salt stress would 
affect the MGR negatively. Compared to the CK, the MGT had decreased to some 
degrees after PAW treatment, especially PAW10. 

The germination of seeds was recorded every 12 h, and the GI changing curve 
was given in Fig. 6. It was showed that the effects that PAW took on seeds existed 
throughout the germination of seeds, especially significantly within 24–60 h. Among 
the PAW processed for different durations, PAW10 behaved best. The treatment of 
PAW10 to seeds had shown an acceptable positive contribution for all the simulated 
salt stress; while PAW20 had shown a better effect in the treatment to seeds in slight 
and simulated moderate salt stress, and unstable effects on seeds under simulated 
severe salt stress environment. And PAW30 had shown insignificant effects or even 
negative effects on seeds in whichever the simulated salt content is in the environment.

3.3.2 Water Absorption of Seeds and Surface Morphology 

The reason why PAW treatment could strengthen the salt tolerance of seeds was 
charming. Limited by the experiment condition, the water absorption and the surface 
morphology of treated seeds were chosen and measured to investigate and evaluate 
the effects that PAW took on seeds briefly. 

The weight of water absorbed in seeds treated by various PAW was recorded and 
compared, as shown in Fig. 7. It could be seen that the Wa of all the seeds treated 
by PAW was higher than the control group. It could be speculated that immersing in
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Fig. 6 GI in various simulated saline environments treated by PAW

PAW could significantly strengthen the capability of seeds to absorb water, and the 
processing durations of PAW affected the final Wa little.

SEM images of cucumber seeds were captured to investigate the surface 
morphology changes due to PAW treatment. Figure 8a–d showed the surface 
morphology of seeds treated by PAW0, PAW10, PAW20, and PAW30, respectively. 
Compared to seeds treated with deionized water, those treated with PAW showed a 
much clearer surface grid structure. To the best of our knowledge, this grid structure 
was the cell walls of the seed coat of the cucumber seeds. It could be speculated 
that the more water the seeds absorbed, the larger the cells of cucumber seeds would 
become. Thus, the cell walls were significantly highlighted. It could also be seen 
that the more extended PAW was treated, the more water the seeds absorbed, and 
the more apparent cell walls were seen. The possible reason was that, in the process 
of absorbing water, the radicals in PAW, such as NO3

− and H2O2, would influence 
the various reactions happening in the surface and inner cells of seeds, which was 
considered as a reason that PAW processed longer had a more substantial effect on 
the cells of seeds.
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Fig. 7 Water absorption rate 
treated by various PAW with 
different processing 
durations

Fig. 8 SEM images of cucumber seeds surface. a–d were seeds treated by PAW0, PAW10, PAW20, 
and PAW30, respectively. And the first image and the second one in the same group were images 
captured with 200× and 500× magnification, respectively 

4 Discussion 

The seed germination process is related to metabolisms in cells and molecular behav-
iors, which will be affected by various genetic, endogenous, and environmental 
factors. As one of the significant problems in agricultural production, salt stress is one 
of the main abiotic stress factors. The negative influences of salt stress on seed germi-
nation are mainly reflected in the potent inhibition of enzyme activity. The internal 
metabolism system of reactive oxygen species (ROS) of seeds under salt stress would 
lose balance, causing a substantial gathering of free radicals, which resulted in the 
injuries of the membrane structures and abnormal states of selective permeability 
furthermore. It can be speculated that improving endogenous metabolism could have 
improved the germination of seeds under abiotic stress, for example, salt stress.
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In this paper, PAW processed for different durations was used to treat cucumber 
seeds by immersing before and during seed germination to investigate the influences 
of PAW on seed germination. It is generally considered that the effective substance 
acting in the treatment is RONS. RONS can participate in the metabolism, acting 
as signal molecules. As a kind of ROS, the half-lives of H2O2 are relatively long 
and can be transported across membranes. Thus, H2O2 can be a kind of ideal signal 
molecule to act as an exogenous regulator. The current studies indicated that a proper 
concentration of exogenous H2O2 can relieve the inhibition of cucumber seed germi-
nation due to salt stress by mediating the synthesis of ABA and GA and increasing the 
activity of ant oxidase. As for reactive nitrogen radicals (RNS), the nitrogen in RNS is 
essential for the growth of plants. In addition, RNS in PAW, including NO3

−, NO2
−, 

and some other particles that contain nitrogen, can also act as the signal molecules 
to regulate gene expression, similar to ROS. Nevertheless, too many RONS will also 
bring metabolic disorders and, consequently, a decrease in germination. 

To sum up, RONS in PAW were absorbed in seeds and accumulated, and then 
participated in the various metabolic procedure acting as a kind of signal molecule. 
Proper concentrations of RONS would lighten the inhibition of kinds of enzymes and 
consequently increase the germination of seeds treated by PAW. It is worth noting 
that, except for various radicals generated by underwater discharges, the overall 
physical and chemical characters, such as a slightly acidic environment and specific 
values of OPR, also make contributions to the increase of seed germination. 

The mechanism how PAW treatment affected cucumber seed germination under 
salt stress was investigated briefly. Further investigation into definite mechanisms 
still needs to be combined with methods such as genomics. 

5 Conclusions 

In this paper, the effect of PAW treatment on seeds under salt stress was inves-
tigated, and several germination characters were chosen to evaluate this effect 
comprehensively. The following conclusions have been drawn: 

(1) PAW treatment can improve cucumber seed germination rate, shorten the mean 
germination time of cucumber seeds in salt-free environments, and relieve the 
inhibition of cucumber seed germination due to salt stress. However, not all the 
PAW processed by additional time could bring better germination. In this paper, 
PAW processed for 10 min was much better than PAW processed for 20 min or 
30 min. 

(2) The proposed mechanism of how PAW treatment improved the germination of 
cucumber seeds was RONS generated in PAW. PAW treatment modified the 
surface morphology of seeds so that the capacity of seeds to absorb water could 
be better. The RONS accumulated in seeds affected the metabolism in seed cells, 
and the macro performance of seeds treated would be increases in germination 
rate, potential, and velocity of cucumber seeds.
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(3) PAW in this paper was prepared by gas–liquid two-phase plasma discharge 
driven by a self-made microsecond pulse power source. PAW was prepared for 
different durations. As the durations extended, the pH of PAW descended, the 
electrical conductivity and the oxidation–reduction potential ascended, and the 
concentrations of NO3

− and H2O2 were higher. The energy efficiency of PAW 
was highest when PAW was processed for 10 min according to the duration 
gradient set in this paper. The gradient in this paper was few, and the best 
efficiency point still needed to be deeply investigated. 
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Ultrasonic Image Recognition 
of Terminal Lead Seal Defects Based 
on Convolutional Neural Network 
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Junzhe Liang, Fenggeng Jiang, and Gu Zhou 

Abstract At present, high-voltage cables are widely used in urban power grid trans-
mission projects. As an important part of high-voltage cable terminal accessories, 
lead seals at high-voltage cable terminals will have defects such as holes, cracks or 
debonding due to unqualified installation quality or external forces during operation, 
affecting the safe and stable operation of power systems. The traditional ultrasonic 
phased array detection method for lead seal defects is to process the ultrasonic defect 
image and observe it manually, which has low efficiency and accuracy. Traditional 
machine learning methods need to manually select the detection object features, lack 
of adaptability and robustness, and have low accuracy of target detection. In order 
to improve the intelligent level of lead seal defect detection, an ultrasonic image 
recognition method of lead seal defect based on convolutional neural network is 
proposed, which can automatically learn features from the ultrasonic image of lead 
seal defect and complete defect classification and recognition. The ultrasonic image 
sample library of four typical lead seal defects was established, and the ultrasonic 
image recognition model of lead seal defects was built. The model was trained and 
tested by using standardized ultrasonic image data. The results show that by adjusting 
the convolution neural network test parameters, different types of defects in lead seal 
can be quickly and accurately identified, and the accuracy rate can reach 100%. It 
shows that the method has good robustness, strong anti-interference ability and good 
detection performance for lead seal defects, and has a good application prospect in 
the actual terminal lead seal defect detection. 
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1 Introduction 

With the continuous improvement of urban modernization level in China, the devel-
opment of urban power systems is also changing with each passing day. In order 
to solve the electricity demand of urban load centers, the main way is to develop 
efficient and stable large-capacity power transmission and transformation projects. 
High-voltage cross-linked polyethylene single-core power cable is more and more 
widely used in urban transmission projects because of its excellent electrical perfor-
mance, heat resistance, high safety, small land occupation and easy installation [1]. 
The high-voltage cable terminal can connect the cable with other power equipment. 
It is an indispensable part of long-distance transmission and plays a vital role in the 
safe and stable operation of the power system. As one of the key processes for the 
manufacture of high-voltage cable terminal accessories, lead seals can connect metal 
sheaths and other electrical equipment into a good grounding system and play an 
important role in sealing and waterproofing [2–4]. 

Due to the unqualified installation quality of manual field operation or the influ-
ence of uncontrollable factors such as external force damage and poor environment 
in actual operation, the lead seal of high voltage cable terminal will have defects such 
as holes, cracking or debonding [5–7]. After loosening, the lead seal will induce 
a high floating potential. At this time, the potential of the copper tail pipe is low, 
and there will be a potential difference between the two, forming air breakdown 
discharge. During the process of air ionization, high temperatures of thousands of 
degrees will be generated. Under the action of high temperatures, the main insulation 
of the cable will gradually carbonize, and the insulation performance will rapidly 
decline, ultimately leading to serious high-voltage cable breakdown faults, affecting 
the safe and stable operation of the power system [8–10]. The ultrasonic phased array 
detection method has been widely used in non-destructive testing of high-voltage post 
insulators and composite insulators due to its outstanding advantages such as wide 
scanning range, clear defect images, high detection efficiency, obvious defect echoes, 
and accurate defect positioning [11–13]. Applying the ultrasonic phased array detec-
tion method to the detection of lead seal defects in cable terminals requires on-site 
experienced technicians to effectively observe and determine the type of lead seal 
defects now. It requires a lot of manual support. In addition to wasting a lot of time 
and increasing unnecessary costs, the detection efficiency and accuracy cannot be 
guaranteed [14]. 

Traditional machine learning requires manual selection of detection object 
features, which lacks adaptability and robustness. In recent years, intelligent inspec-
tion technology and deep learning technology have been widely used in industrial 
defect recognition with strong target detection ability and image processing ability. 
Masci J et al. studied the defect detection and recognition of industrial steel surface 
by using convolutional neural network, and compared the accuracy of defect detec-
tion and recognition between convolutional neural network and feature filter, which 
fully proved the effectiveness and superiority of convolutional neural network for 
defect detection and recognition [15].



Ultrasonic Image Recognition of Terminal Lead Seal Defects Based … 79

In this paper, convolutional neural network is applied to the detection of lead seal 
defects in cable terminals. By studying the influence of different convolution kernel 
sizes of convolutional neural network on the detection effect, the best detection model 
parameters are found. Through the constructed CNN network, the automatic feature 
learning and pattern recognition of ultrasonic image samples of lead seal defects can 
be realized, which avoids the problems of misjudgment and low efficiency caused 
by manual diagnosis and recognition of lead seal defects in traditional methods, and 
provides a new method for lead seal defect detection in high voltage cable terminals. 

2 Basic Theory of Convolutional Neural Network 

Convolutional neural network is a two-dimensional network model, which can 
directly perform convolution operations on two-dimensional data. It can effec-
tively reduce the complexity of the feedback neural network and make image data 
processing more convenient and faster. It has been widely used in the field of natural 
speech analysis and image detection and recognition [16, 17]. 

2.1 Convolutional Neural Network Structure 

The convolutional neural network structure is shown in Fig. 1, which is mainly 
composed of five parts: input layer, convolution layer, pooling layer, fully connected 
layer and output layer. In the convolutional neural network, the convolutional layer 
and the pooling layer are alternately connected by one layer, and one or more full-link 
layers are usually connected behind the pooling layer. 

Fig. 1 Convolutional neural network structure
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The convolutional layer is an important component of the convolutional neural 
network. It contains several feature maps. Neurons can form a feature map through a 
certain rectangular arrangement. The neurons of the same feature map share weights, 
and the convolution kernel is the shared weight. The convolution operation is a linear 
operation. The convolution operation can be described as: 

yl m = f

(∑
n 

xl−1 
n ⊗ ωl 

m + bl m

)
(1) 

In the formula: yl m is the output of the n filter in the l layer of the convolution 
operation; f (·) represents the activation function used by the convolutional layer; 
xl−1 
n denotes the m feature map in the l − 1 layer; ⊗ for convolution operation; bl m 
represents bias. 

The pooling layer, also known as the sampling layer, generally follows the convo-
lution layer. According to a certain pooling rule, a sampling operation is performed 
after feature extraction, which is to combine the similar regional features extracted 
after convolution. Through the pooling operation, the number of training parameters 
can be significantly reduced and the network training speed can be accelerated. It 
can also prevent overfitting. The common pooling methods are maximum pooling, 
average pooling and random pooling. If the sampling width of the pooling process 
is q × 1, the output result when the sampling layer S matches the kth convolution 
kernel is: 

aS, j,k =
∑ jq  

i= jq−q+1 aC,i,k 

q 
(2) 

In the formula: aC,i,k represent the i element of the output of the k convolution 
kernel; aS, j,k represents the j output of the layer corresponding to the kth convolution 
kernel. 

In the ultrasonic image classification model of lead seal defects, the fully 
connected layer is connected after the convolution layer and the pooling layer, and 
the soft max layer is added as the output layer. The fully connected layer and the soft 
max layer are applied to the end of the network to automatically classify the lead 
seal defects. The output of the fully connected layer can be expressed as: 

f l+1 
x = δ(Wl 

fx α
l + nl fx ) (3) 

In the formula: f l+1 
x is the network l + 1 layer output; nl fx and W

l 
fx 
represent 

the bias matrix and weight matrix of the first layer of the network respectively; and 
represent the lth layer bias matrix and weight matrix of the network respectively; αl 

is the input of the network.
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2.2 Convolutional Neural Training Method 

The feature information of the lead seal ultrasonic image can be extracted by a 
series of operations such as convolution, pooling, and activation function in the 
convolutional neural network. Finally, the image category information is classified 
by the fully connected layer. The training model uses the back propagation algorithm 
to optimize the network structure and solve the network parameters. The error can be 
fed forward from the last layer by layer, and the objective function can be converged 
to the preset range, so that the error of each layer is reduced and the image recognition 
accuracy is improved. 

3 Lead Seal Defect Recognition Based on Convolutional 
Neural Network 

3.1 Image Recognition Process 

The lead seal defect recognition process based on convolutional neural network 
is shown in Fig. 2, which mainly includes four stages: lead seal ultrasonic image 
acquisition, ultrasonic image preprocessing, model training and defect image 
recognition.

3.2 Lead Seal Defect Detection Platform 

The ultrasonic phased array flexible coupling detection cable terminal lead seal defect 
test platform is shown in Fig. 3. It is mainly composed of cable terminal lead seal 
sample, ultrasonic probe, flexible coupling device, power supply, digital controller 
and display system. The ultrasonic phased array detection equipment used in this 
test is provided by Wuhan Zhong Ke Innovation Technology Co. L. and the model of 
the equipment is Hanwei HS PA20-A. The model of ultrasonic phased array probe 
is ZKCX3210.

In this paper, a large number of lead seal image samples of high-voltage cable 
terminal are collected through experiments. According to the characteristics of ultra-
sonic images, whether the lead seal has defects and their defect types are judged. 
The collected lead seal ultrasonic images are mainly classified into four types: lead 
seal without defects, lead seal internal defects, lead seal interlayer defects and lead 
seal internal and interlayer defects. A total of 144 lead seal ultrasonic image samples 
of cable terminals were collected after preliminary collection and screening. Some 
samples of lead seal defect images are shown in Fig. 4. In order to improve the 
generalization ability of the lead seal defect recognition model, random flipping 
and random rotation are used to enhance the data. The expanded database has a



82 L. Zhou et al.

Fig. 2 Sealing defect identification flow chart

total of 1728 cable terminal lead seal defect image samples, including 276 defect-
free samples, 492 internal defect samples, 552 interlayer defect samples, and 408 
samples with both internal and interlayer defects.

3.3 CNN Network Model Establishment 

The lead seal automatic recognition platform based on convolutional neural network 
mainly consists of hardware, software, and deep learning framework. 

The hardware environment of the experiment is: Intel (R) Core (TM) i5-8500 
CPU, Intel (R) UHD Graphics 630 GPU; 

The software environment is: deep learning open source framework GoogLeNet, 
Windows10 operating system, MATLAB 2021a and sample image library to be 
tested.
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Fig. 3 Ultrasonic flexible coupling lead seal defect detection platform

Fig. 4 Lead seal ultrasonic test image

A total of 1380 samples were randomly selected from the data-enhanced samples 
as training samples, and the remaining 348 samples were used as validation set test 
sets. The distribution of four sample sets of cable terminal lead seal is shown in 
Table 1.

The ultrasonic images of lead seal defects are uniformly planned into an image 
of 224 × 224 pixels as the input sample set. Finally, the input terminal lead seal 
samples are trained and tested.



84 L. Zhou et al.

Table 1 Distribution of lead seal sample sets in various states 

Classification No defect Internal defect Interlaminar defect Internal and interlayer 
defects 

Training set 216 396 444 324 

Validation set 30 48 54 42 

Test set 30 48 54 42

4 Experimental Result Analysis 

4.1 A Subsection Sample 

In the study of recognition and classification of lead seal defect images, it can be 
found that the number of convolution kernels in the convolution layer will affect 
the types of features extracted, which will change the performance of the convo-
lution neural network, thus affecting the accuracy of defect recognition. Therefore, 
several experiments were carried out on convolution kernels of different sizes. The 
number of training iterations was 2300 times, 100 times per iteration, and the training 
results were tested once. The recognition results of different convolution kernels were 
compared and analyzed. The model loss value changes with the number of iterations 
during the training process as shown in Fig. 5, and the accuracy rate changes with 
the number of iterations during the training process as shown in Fig. 6, the training 
results after the training is stable are shown in Table 2.

The experimental results show that the loss value of the lead seal defect recognition 
model decreases rapidly and the accuracy increases rapidly before 800 training itera-
tions. When the training iteration is about 1000 times, the lead seal defect recognition 
model begins to converge, and the model loss value and accuracy have stabilized. 
When the convolution kernels are 11 × 11 and 13 × 13 respectively, during the 
training process of the model, the change curves of the loss value and the accuracy 
rate fluctuate obviously. The whole process is not smooth enough, and the accuracy 
of the trained model does not reach 100%, only about 95% and 96%. When the size 
of the convolution kernel is 7 × 7 and 9 × 9 respectively, the accuracy of the trained 
model for lead seal defect detection is 100%, and the loss values are only 0.003921 
and 0.008435, indicating that the model has reached the highest value of detection 
learning for lead seal defect recognition training, and can identify and test the actual 
lead seal defect image. Through comparison, it is found that when the convolution 
kernel is 9 × 9, the change process of loss value and accuracy in the training process 
is smoother, the loss value is reduced from the initial 1. 4 to about 0.008, and the 
accuracy is increased from 27 to 100%. The whole process fluctuates less and the 
overall effect of training is better. Therefore, the size of the convolution kernel is set 
to 9 × 9 to train the model, and then the actual test experiment is carried out. 

As shown in Fig. 7, the confusion matrix is obtained when the convolution kernel 
size is 9 × 9. The horizontal axis represents the actual classification of the input,
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a) The number of convolution kernels is 7 * 7 and 9 * 9 

b) The number of convolution kernels is 11 * 11 and 13 * 13 

Fig. 5 The change curve of the loss value of different convolution kernel numbers 

a)The number of convolution kernels is 7 * 7 and 9 * 9 

b) The number of convolution kernels is 11 * 11 and 13*13 

Fig. 6 The change curve of the accuracy rate of different convolution kernel numbers
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Table 2 Training results with different number of convolution kernels 

Number of convolution kernels Magnitude of the loss Accuracy/% 

7 × 7 0.003921 100 

9 × 9 0.008435 100 

11 × 11 0.090833 95.58172 

13 × 13 0.032772 96.55172

and the vertical axis represents the predictive classification of the output. It can be 
found that the ultrasonic images of different types of high-voltage cable terminal lead 
seal defects are input into the trained model. The coincidence between the predicted 
classification and the actual classification is 100%, indicating that the lead seal image 
defect type of each input can be accurately predicted 100%. The experimental results 
show that the model has high accuracy in detecting different types of lead seal defects. 

Fig. 7 Confusion matrix with kernel size 9 × 9
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5 Conclusion 

In this paper, the feasibility and effectiveness of lead seal defect detection of 
high voltage cable terminal based on convolutional neural network are verified by 
combining ultrasonic detection method with deep learning algorithm. Different types 
of lead seal defect images were obtained by using the ultrasonic phased array flexible 
coupling lead seal defect detection platform. After the ultrasonic image was prepro-
cessed, the ultrasonic image was trained by the constructed convolutional neural 
network. The most suitable parameters were selected through multiple trainings to 
obtain the optimal network model and realize the automatic identification of lead 
seal defects. For the sample library in this paper, the model can accurately identify 
the ultrasonic image of the terminal lead seal defect, and the recognition rate can 
reach 100%, which has a good recognition effect and verifies the effectiveness of the 
method. The next work will further expand the lead seal ultrasonic image data set, 
expand the application scope of convolutional neural network in terminal lead seal 
defect detection, and use it in actual field defect detection. 
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Temperature Distribution 
and Influencing Factors of 110 kV Single 
Core Cable Joint 

Lei Zhang, Rui Li, Liangyuan Chen, Shaoming Pan, and Xiajin Rao 

Abstract To realize the dynamic capacity increase of power cable and accurately 
grasp the temperature distribution in the weakest cable joint area, a two-dimensional 
axisymmetric model of 110 kV cable joint is established. The temperature field of 
cable joint is calculated by finite element method in this paper. The conclusion is: 
when the ambient temperature is 25 °C and the load current is 1000 A, the hottest 
spot temperature of cable joint is 80.93 °C, the shell temperature is about 26.37 °C, 
and the cable core temperature of cable body is about 56.68 °C. The temperature 
of the cable core inside the cable joint has an approximate exponential relationship 
with the load current and a linear relationship with the ambient temperature. When 
the load current is 1100 A, the cable core temperature exceeds 90 °C specified in 
GB/T 11017.2. Excessive temperature will lead to accelerated aging of the insulation 
and affect the normal operation life of the cable. This provides a reference for the 
implementation of power cable dynamic capacity increase measures. 

Keywords Cable joints · Temperature field · Influencing factors · Dynamic 
capacity increase 

1 Introduction 

Power cables have the advantages of smaller floor area, higher power supply relia-
bility and less affected by environmental factors than overhead lines. They are suitable 
for urban power systems and high-voltage transmission. As a cable accessory, the

L. Zhang (B) · R. Li · L. Chen · S. Pan · X. Rao 
Guangxi Key Laboratory of Intelligent Control and Maintenance of Power Equipment, Electric 
Power Research Institute of Guangxi Power Grid Co., Ltd., Nanning 530023, Guangxi, China 
e-mail: 464873459@qq.com 

L. Chen 
e-mail: chen_ly.sy@gx.csg.cn 

X. Rao 
e-mail: rao_xj.sy@gx.csg.cn 

© Beijing Paike Culture Commu. Co., Ltd. 2024 
X. Dong and L. Cai (eds.), The Proceedings of 2023 4th International Symposium on 
Insulation and Discharge Computation for Power Equipment (IDCOMPU2023), Lecture 
Notes in Electrical Engineering 1100, https://doi.org/10.1007/978-981-99-7393-4_9 

89

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7393-4_9&domain=pdf
mailto:464873459@qq.com
mailto:chen_ly.sy@gx.csg.cn
mailto:rao_xj.sy@gx.csg.cn
https://doi.org/10.1007/978-981-99-7393-4_9


90 L. Zhang et al.

cable joint is a part prone to insulation accidents in the process of electric energy 
transmission, and is easily affected by factors such as production process and on-site 
installation level. Once partial discharge or high temperature rise occurs, it will lead 
to serious insulation deterioration of cable joints and affect the carrying capacity 
of transmission lines. After a certain period of operation, insulation breakdown and 
even explosion accidents often occur, which has become one of the important prob-
lems endangering the power supply safety of urban distribution networks. Therefore, 
the research on the temperature rise of cable joints has important engineering value 
and practical significance [1–3]. 

Foreign research on the temperature rise of cables and cable joints started early, 
and the early research methods were mainly analytical methods [4, 5]. At the end 
of the twentieth century, scholars formulated relevant standards for cable temper-
ature rise and Ampacity [6, 7]. At present, the research methods mainly include 
direct temperature measurement method [8, 9] and indirect temperature measurement 
method. The latter includes thermal path model method [10], numerical calculation 
method [11–13], data mining method [14, 15], etc. Direct temperature measurement 
method is built-in temperature measurement module to monitor the joint tempera-
ture in real time. It is intuitive but affects temperature transmission, and its reliability 
is low. Thermal circuit modeling method is to establish a model including thermal 
resistance, heat capacity and other parameters, and establish the heat flow, thermal 
resistance and heat capacity analogous to current, resistance and capacitance with 
reference to the concept of circuit. The disadvantage is that it cannot reflect the axial 
temperature rise process. Numerical mining method uses intelligent algorithm to 
establish the relationship between eigenvalues and internal joint temperature, and 
realize temperature inversion. The disadvantage is that it cannot reflect the real phys-
ical process and does not involve the study of heat transfer mechanism. Numerical 
methods, including finite element method, can better reflect the physical heat transfer 
process and calculate the temperature distribution. 

The structure of single core cable joint is complex. Considering its symmetry, 
this paper establishes a two-dimensional axisymmetric model of 110 kV cable joint, 
calculates its temperature field by finite element method, and explores the influence 
of ambient temperature and load current on the temperature distribution of cable 
joint. 

2 Single Core Cable Joint Model 

2.1 Cable Joint Model Parameters 

The calculation model refers to the cable model YJLW03-Z 64/110 kV 630 mm2. The  
cable body structure is composed of cable core, cross-linked polyethylene (XLPE), 
waterstop, aluminum sheath, EPDM prefabricated parts and outer sheath from inside 
to outside. The cable joint structure is composed of joint resistance, crimping pipe,
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shielding cover, EPDM prefabricated parts, copper shell, waterproof sealant and FRP 
shell from inside to outside. The total length of the cable is set at 10 m, The cable body 
and joint structure are shown in Fig. 1, and the outer diameter, thermal conductivity, 
density, specific heat capacity and other parameters of each material are shown in 
Table 1. 

Fig. 1 Structure diagram of 110 kV cable joint 

Table 1 Cable and connector parameters 

Components Parameters 

Outer diameter 
(mm) 

Thermal 
conductivity 
(W m−1 K−1) 

Density (kg m−3) Specific heat 
capacity 
(J kg−1 K−1) 

Cable core 30 383 8889 390 

XLPE 68 0.4 920 2500 

Waterproof belt 70.5 0.6 600 2000 

Aluminum jacket 78.5 218 2780 883 

Outer jacket 98 0.5 950 1842 

Shielding cover/ 
pressure nozzles/ 
copper shell 

– 383 8889 390 

EPDM 
prefabricated parts 

– 0.45 1030 2219 

Waterproof sealant – 0.04 1050 1750 

FRP – 1.85 1850 535
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2.2 Governing Equation of Temperature Field 

The thermal conductivity of the material is set as a constant, and the temperature field 
control equation is divided into transient thermal analysis and steady-state thermal 
analysis, as shown in the following formula: 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

∂2t 

∂x2 
+ ∂

2t 

∂y2 
+ ∂

2t 

∂z2 
+ Φ

λ 
= 0 

ρc 
∂t 

∂τ 
= λ 

∂2t 

∂x2 
+ λ 

∂2t 

∂ y2 
+ λ 

∂2t 

∂z2 
+ Φ

(1) 

where, t is the temperature, K; c is the specific heat capacity, J/ (kg K); τ is time, 
s; ρ is the density, kg/m3; λ is the thermal conductivity of the thermal conductive 
material, W/(m K); F is the heat generation, W/m3. 

There are three types of boundaries related to heat transfer. The first type of 
boundary conditions is a known boundary temperature function, which can be 
expressed as: 

T |[ = TW (2) 

where, G Is the integral boundary; TW is the known temperature boundary, K. 
The second kind of boundary condition is the known boundary normal heat flux, 

which is expressed as: 

−λ 
∂ T 
∂n

|
|
|
|
[

= q (3) 

where, λ Is the thermal conductivity, w/(m K); q is the known heat flux, W/m2. 
The third type of boundary condition is the convective boundary condition, which 

is expressed as: 

−λ 
∂ T 
∂n

|
|
|
|
[

= α(
T − T f

)|
|
[

(4) 

where, α Is the convective heat transfer coefficient, W/(m2 K); T f is the fluid 
temperature, K. 

For cable joints and adjacent areas, since the test cable is exposed to the air, the 
cable surface and air are the third kind of boundary conditions; For the end of the 
cable body, it belongs to the second kind of boundary conditions. Because it is far 
away from the cable joint, it is little affected by its temperature. There is only radial 
heat flow in the cable body, and there is no axial heat flow, that is, the normal heat 
flow density is 0.
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2.3 Heat Source Analysis 

The heat source comes from two parts, namely, the conductor heating at the cable 
core and crimping pipe of the cable body, which are Joule heat generated by current, 
as shown in Fig. 2. 

The two heat sources are calculated by the following formula: 

G1 = W1 

V 
= I 2 × R1 

3.14 × r2 1 
= I 2 

3.14 × r2 1 
× ρ 

3.14 × r2 1 
= I 2 × ρ 

3.14 × r4 1 
(5) 

G2 = W2 

V 
= I 2 × R j 

3.14 × r2 2 × l (6) 

where, ρ is the resistivity of copper conductor, ρ = 1.75 × 10−8Ω m; l is the total 
length of crimping pipe, l = 0.133 m; r1 and r2 are the radius of copper and crimping 
pipe respectively, r2 = 0.0237 m; G1 = I2 × 0.035; G2 = I2 × 0.0217; the measured 
resistance Rj is 5.1 µΩ. 

3 Temperature Field Distribution of Single Core Cable 
Joint 

The cable length is 10 m, and the third type of boundary conditions are loaded 
on the cable surface. The temperature of the initial cable and connector should be 
consistent with the ambient temperature, both of which are 25 °C, and the convection 
heat transfer coefficient is 8 W/(m2 K). The end of the cable body is the second 
kind of boundary condition, and the cable core current is 1000 A. The temperature 
distribution is shown in Fig. 3.

The hottest spot temperature appears at the cable core inside the cable joint, 
where the temperature reaches 80.93 °C. This is because the contact resistance at the 
crimping pipe is large, resulting in the highest temperature. The lowest temperature 
occurs at the FRP shell, where the temperature is 26.37 °C, close to the ambient 
temperature of 25 °C. The temperature of the cable body gradually decreases from

G1 

G2 

r2 
l 

r1 

I 

Fig. 2 Schematic diagram of cable heat source loading 
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Fig. 3 Temperature field 
distribution of 110 kV cable 
joint (°C)

the cable joint to both sides, and the temperature of the cable body is about 56.68 °C. 
From the internal cable core to the FRP shell, the temperature gradually decreases 
and the distribution is uneven, which is because, compared with the cable body, the 
structure at the joint is more complex, the distribution of various materials is more 
uneven, and the thermal conductivity is also different.
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4 Influencing Factors of Cable Joint Temperature 

4.1 Load Current 

Keep the parameters and initial ambient temperature of each structure of the cable 
model unchanged, and change the load current to 600 A, 700 A, 800 A, 900 A, 
1000 A and 1100 A respectively, recalculate the temperature field, and explore the 
impact of load current on the joint temperature. The temperature distribution under 
different load currents is shown in Fig. 4, the change curve is shown in Fig. 5. 

(a) Load current=600A (b) Load current=700A (c) Load current=800A 

(d) Load current=900A (e) Load current=1000A (f) Load current=1100A 

Fig. 4 Temperature field distribution of cable joint under different load currents (°C)



96 L. Zhang et al.

(a)Cable gland core (b)FRP housing 

Fig. 5 Temperature variation curve of cable core and FRP shell of cable joint with load currents 
(°C) 

The results show that as the load current increases, the temperature of the cable 
joint increases exponentially. The temperature of FRP shell is approximately equal 
to the ambient temperature, and the change with load current is relatively small. 

4.2 Ambient Temperature 

Keep the parameters and load current of each structure of the cable model unchanged, 
change the ambient temperature to 5 °C, 10 °C, 15 °C, 20 °C, 25 °C and 30 °C respec-
tively, recalculate the temperature field, and explore the impact of ambient tempera-
ture on the joint temperature. The temperature field distribution of the corresponding 
cable joint is shown in Fig. 6, the change curve is shown in Fig. 7.

When the load current is 1000 A, the results show that as the ambient temperature 
increases, the temperature of the FRP shell increases linearly. The temperature change 
of both is about the change of ambient temperature.
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(a)Ambient temperature=5℃  (b)Ambient temperature=10℃      (c)Ambient temperature=15℃ 

(d)Ambient temperature=20℃  (e)Ambient temperature=25℃  (f)Ambient temperature=30℃ 

Fig. 6 Temperature field distribution of cable joint under different ambient temperatures (°C)
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(a)Cable gland core (b)FRP housing 

Fig. 7 Temperature change curve of cable core and FRP shell of cable joint with ambient 
temperature (°C)

5 Conclusion 

In this paper, a two-dimensional axisymmetric model of 110 kV cable joint is estab-
lished, and the temperature field of cable joint is calculated by finite element method, 
and the following conclusions are obtained:

• When the load current is 1000 A and the ambient temperature is 25 °C, the hottest 
spot temperature at the cable core inside the cable joint is about 80.93 °C, the 
shell temperature is about 26.37 °C, and the cable core temperature of the cable 
body is about 56.68 °C.

• When the boundary conditions remain unchanged, as the load current increases, 
the temperature of the cable joint increases exponentially. The temperature of 
FRP shell is approximately equal to the ambient temperature, and the change with 
load current is relatively small. When the load current remains unchanged, the 
temperature of glass steel shell is approximately equal to the ambient temperature, 
but relatively high. The temperature of the cable core inside the cable joint and the 
temperature of the FRP shell have an obvious linear relationship with the ambient 
temperature, and the change of the two temperatures is about the change of the 
ambient temperature.

• When the load current is 1100 A and the ambient temperature is 25 °C, the 
temperature of the cable core inside the cable joint exceeds 90 °C specified in the 
regulations. If the temperature is too high, insulation accelerated aging will occur, 
affecting the normal operation life of the cable and increasing the operation risk. 

Acknowledgements Thanks for the support of science and technology project of Guangxi Power 
Grid Co., Ltd (Project number: GXKJXM20220072).
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Loss Calculation of GIS Disconnect 
Switches Considering Contact Resistance 
and Skin Effect 

Lei Zhang, Rui Li, Liang-yuan Chen, Shao-ming Pan, and Xia-jin Rao 

Abstract GIS is widely used in power systems because of its importance in power 
systems and. However, the device has a compact structure and electrical contact, 
which can easily cause internal overheating and pose a huge risk to the safe opera-
tion of the power grid. Therefore, it is necessary to study its temperature rise. The 
prerequisite for obtaining accurate temperature rise of GIS disconnect switches is 
to obtain accurate loss results. In this paper, we use the finite element method to 
calculate the eddy current field loss of 110 kV GIS disconnect switches, consider the 
effects of contact resistance, skin effect and proximity effect, and verify the validity 
of the mesh; we calculate that the conductor loss accounts for 60.75% of the total 
loss, the contact resistance loss accounts for 24.22%, and the structure loss such as 
the shell is small, which has little effect on the temperature rise. The research in this 
paper lays a solid foundation for the temperature rise calculation of GIS disconnect 
switches. 

Keywords GIS disconnect switches · Temperature rise · Finite element numerical 
calculation · Loss distribution 

1 Introduction 

Gas Insulated Switchgear (GIS), as an important equipment in power systems, has the 
advantages of small footprint, stability and reliability, high interference resistance, 
and long maintenance intervals. However, its compact and sealed structure, and the
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fact that it is generally connected to high currents, usually causes severe internal 
heating of GIS equipment and major faults such as short circuits, which affect the 
safe and stable operation of the power grid [1]. For this reason, the majority of 
scholars have carried out research work on the temperature rise of GIS equipment 
[2], and the current methods [3–7] for studying the temperature rise of GIS equipment 
at home and abroad are mainly experimental methods and finite element numerical 
calculations [8]. The literature [9, 10] explored the factors affecting the temperature 
rise of contact resistance through experiments; Pawar et al. used the finite element 
method to calculate the eddy current field loss of SF6 high-voltage circuit breakers, 
and then used the CFX platform to calculate the temperature rise of circuit breakers 
[11]; Song et al. [12]used the three-dimensional multi-physical field coupling method 
to calculate the temperature rise of three-phase common box GIS, and proposed that 
the current-carrying effect and tendency of the conductor should not be neglected 
in the temperature rise calculation. The additional losses generated by the proximity 
effect and skin effect of the conductor cannot be ignored in the temperature rise 
calculation; Wu et al. [13] considered the contact resistance, proximity effect and 
skin effect to carry out electromagnetic-thermal coupling simulation of the three-
phase common box GIS equipment at 110 kV and obtained that the conductor loss 
density of the GIS disconnect switch is higher than that of the circuit breaker. For this 
reason, an accurate calculation of the loss of GIS equipment is a prerequisite for the 
temperature rise calculation of GIS equipment. In this paper, the influence of contact 
resistance is considered, the contact resistance is equated to a circle, the influence of 
proximity effect and skin effect is considered in the grid dissection, the method of 
grid validity verification is proposed, and the eddy current field loss calculation is 
carried out for the three-phase common box type GIS disconnector of 110 kV, and 
the losses of each part of the GIS disconnector switch. 

2 Model Simplification and Model Assumptions 

2.1 Model Simplification 

The research object of this article is a GIS three-phase isolation switch with model 
ZF12B-126. This article uses 3D modeling software to establish its 1:1 3D simulation 
model, as shown in Fig. 1. In order to achieve model simulation calculations, this 
article simplifies the 3D model reasonably. In the simplification process, the gear 
drive rods, gears and inter-phase insulator structures in the GIS disconnect switches 
are deleted, and a large number of sharp corners, chamfers and rounded corners in 
the model are simplified. In the static contacts, Since the plummer holding spring 
and the static contact shield have little effect on the final eddy current loss calculation 
results, they are removed The simplified simulation object is shown in Fig. 1.

The main electrical contact in the GIS disconnect switches exists between the 
dynamic contact and static contact finger position and static contact finger and static
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Fig. 1 110 kV three-phase 
type GIS disconnect switch 
structure

contact base, in the eddy current field calculation, the contact resistance comes from 
the coating resistance of the contact surface and the contraction resistance of the 
current contraction effect caused by the current through the contact contacts. The 
contact finger and contact surface of this test object is silver plating, resistance is very 
small, can ignore the plating resistance [14–16], for this reason, in order to consider 
the contact resistance generated by the current contraction effect, this paper in the 
contact and contact finger, contact finger and base between the establishment of a 
rectangular circle to equivalent contact resistance, in order to ensure that the contact 
resistance can be simulated, the resistivity of the contact resistance can be back-
calculated by the resistance calculation formula. The contact resistance equivalence 
is shown in Fig. 2. 

The material parameters for each part of it are set in Table1.
Under normal contact, the contact resistance is 6.5 µΩ, the resistivity of the 

contact resistance is converted by the formula: ρ = R·S 
l The resistivity of the moving 

contact and the finger is 1.12323×10−6 Ωm, and the resistivity of the contact finger 
and the contact seat is 1.02221 × 10−6 Ω m.

Fig. 2 Simplified diagram of static contacts 



104 L. Zhang et al.

Table 1 Material parameters of each part of GIS disconnect switches 

Part Material Relative magnetic permeability Resistivity (×10−8 Ωm) 

Cover ZL101A 1 2.8 

Housing ZL101A 1 2.8 

Conductor ZL101A 1 2.8 

Flange ZL101A 1 2.8 

Dynamic contacts Copper 1 1.76 

Static contact finger Copper 1 1.76

2.2 Model Assumptions 

(1) The electromagnetic field is assumed to be plausibly steady and the effect of 
displacement currents is neglected in the calculation. 

(2) The relative permeability of each part of the equipment is constant at 1. 
(3) Current frequency is 50 Hz, and the three-phase currents are lagged 120° in 

sequence. 
(4) It is assumed that the resistance of the device is not affected by temperature and 

is constant. 

3 Theoretical Analysis 

3.1 Vortex Field Control Equation 

In electromagnetic field calculations, a system of Maxwell’s equations is usually 
used to describe the object of study. In this paper, it is assumed that the environment 
in which the GIS disconnect switches is located is the seemingly steady field of the 
industrial frequency AC, ignoring the influence of its displacement current, and also 
the seemingly steady field at this time is called the eddy current field. In solving 
the eddy current field, E and H cannot be found directly, for this reason, the vector 
magnetic potential A is introduced, and its relation is as follows [17]. 

B = ∇  ·  A (1) 

where B is the magnetic induction intensity vector, from which the basic equation 
of the GIS disconnect switches eddy current field described by the vector magnetic 
potential A can be obtained as follows: 

1 

μ
∇2 A − σ 

∂ A 
∂t 

= −J x (2)
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where, μ is the magnetic permeability; σ is the electrical conductivity; t is the time; 
Jx is the original current vector density. In the three-dimensional eddy current field, 
this basic equation can be transformed into 

1 

μ

((
∂2 A 
∂x2

)
+

(
∂2 A 
∂y2

)
+

(
∂2 A 
∂z2

))
− j ωσ Az = −J x (3) 

The above equation is the control equation of three-dimensional eddy current 
field of GIS disconnect switch, where J x is the sinusoidal excitation current source, 
for the research object of three-phase GIS disconnect switch, its three-phase current 
source is three-phase AC, each phase difference 120◦, frequency is 50 Hz. 

3.2 Skinning Effect and Proximity Effect 

When the current-carrying conductor is energized with AC, its current distribution 
will be mainly concentrated on the conductor surface, when it is greater than the 
skinning depth, the current will be abruptly reduced, the higher the frequency The 
faster the frequency, the shorter the skin depth. In the meantime, for the three-phase 
common box GIS disconnect switches in this paper, the internal three-phase conduc-
tors are not completely distributed symmetrically in three phases, and most of the 
structures are distributed in parallel in three phases, and the current distribution will 
have proximity effect, which makes the current distribution of the conductors more 
uneven, and the skin effect and proximity effect are not negligible in the GIS discon-
nect switch eddy current field calculation. As a result, in the quasi-static field, the 
current-carrying conductor of the GIS disconnect switches will produce DC losses 
and additional losses caused by the skin effect and proximity effect caused by AC, 
and the shell will produce eddy current losses. Therefore, in the loss calculation of 
GIS disconnect switches, the skin effect and ohmic loss are calculated as: 

d =
√

2 

ωμγ 
(4) 

P =
∫
V 

J · J∗ 

2γ 
dV (5) 

γ is electrical conductivity, μ is magnetic permeability, d is skinning depth, ω is 
angular frequency, J is current density, J∗ is current density complex conjugate, 
and P is ohmic loss.
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3.3 Boundary Conditions 

Accurate boundary conditions in 3D vortex field calculations, is a prerequisite for 
accurate calculations. In vortex fields, the boundary conditions are generally divided 
into Dirichlet boundary, Neumann boundary, and mixed boundary, and the boundary 
conditions are as follows. 

(1) Dirichlet boundary.

Φ|[ = g([) (6) 

The Dirichlet boundary is [, The position function is g([), when it is 0, said 
the condition for its Dirichlet boundary conditions. 

(2) Neumann boundary. 

∂Φ

∂n

||||
[

+ f ([)Φ|[ = h([) (7) 

The Neumann boundary is[, n is the Neumann boundary of the outer normal 
vector, h([) and f ([) is the general function. When it is 0, said that the condition 
for the Neumann boundary. 

4 Numerical Calculation of Eddy Current Field 

4.1 Mesh Dissection 

In the numerical calculation, the control of the grid is related to the calculation 
volume, calculation results and calculation accuracy of the numerical calculation. In 
the grid division, the description of the shape of each object of the GIS disconnecting 
switch should be taken into account, and the grid density should be increased for 
the places with a greater influence on the results, and conversely, the grid density 
can be reduced appropriately, therefore, it is crucial for the reasonable allocation of 
the overall grid. In the loss calculation of the eddy current field of GIS disconnect 
switches, the contacts, conductors and shells have a greater impact on the loss calcu-
lation results, and a denser grid dissection is required for them. For the internal SF6 
gas, the insulation disc and the peripheral air package have little impact on the loss 
calculation, and the grid dissection density can be reduced to improve the efficiency 
of numerical calculation.
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Fig. 3 Conductor meshing 
considering skinning depth 
verification 

4.2 Verification of Grid Validity Considering Skinning Depth 

For the contact resistance, its thickness is 0.975 mm, 1.635 mm respectively, so 
control its maximum grid size of 0.5 mm, the dissection results are shown in Fig. 4. 

For metal structures with large size such as shell and conductor, the skin depth 

needs to be considered when the grid is dissected, according to d =
√

2 
ωμγ which 

the skin depth of shell, conductor, cover and flange is 14.93 mm, and the skin depth 
of dynamic contact is 9.44 mm. In the grid dissection, it is necessary to satisfy that 
there are complete cell nodes within the skin depth to ensure the accuracy of loss 
calculation. 

For this reason, the maximum cell size is 20 mm for the shell, which is 12 mm 
thick, and 30 mm for the flange and cover; for the conductor, which has a radius of 
40 mm, the maximum cell size is 5 mm, as shown in Fig. 3, to meet the skin depth 
requirement, contact, control the maximum cell size of 5 mm.

For the SF6 fluid domain and air domain, the maximum grid size is 20 mm and 
30 mm respectively, as shown in Fig. 4. 

4.3 Excitation and Boundary Condition Settings 

After establishing the calculation model of the 3D vortex field, appropriate excitation 
and boundary conditions should be set to ensure that the final calculation results are 
accurate. In this paper, the boundary conditions for the 3D vortex field solution 
domain are set as follows, and as shown in Fig. 4.

(1) Setting the four boundaries of the air package F1–F6 as the magnetic line parallel 
boundary (Az = 0). 

(2) One end of the conductor is nodal voltage coupled, loaded with 1.1 times the 
rated current (3150 A), and the three phases are hysteresis 120◦, frequency is
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Fig. 4 Schematic diagram 
of air domain boundary

Fig. 5 Schematic diagram of conductor excitation loading 

50 Hz, and the other end of the conductor is set to zero potential, as shown in 
Fig. 5.

4.4 Result Analysis 

After carrying out grid dissection, boundary and excitation settings on the GIS discon-
nect switch 3D simulation model, its time-harmonic field simulation is calculated and 
its magnetic field intensity distribution is calculated as shown in Fig. 6. The closer 
to the conductor, the more obvious the magnetic induction effect is, the greater the 
magnetic field intensity is, so the magnetic field strength is greater where the shell is 
close to the conductor, making the top and bottom parts of the shell near the A-phase 
conductor and C-phase conductor magnetic field strength is significantly higher than 
the other parts.
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Fig. 6 Shell and conductor magnetic field strength distribution 

Current density distribution of conductor, the current distribution shows obvious 
skin effect and proximity effect, while the current density at the contact resistance is 
the largest, which is due to the sudden reduction of the current channel at the contact 
resistance, producing a current contraction effect. The current on the shell is mainly 
due to the electromagnetic induction of the conductor generated eddy current, from 
the figure can be seen in the direction of its current and the direction of the conductive 
current opposite, and the formation of eddy current in the shell, while the closer to 
the conductor side of the eddy current density is greater, the reason for the same 
reason as the above magnetic field strength distribution, are closer to the conductor 
the greater the magnetic induction strength, as shown in Fig. 7. 

The loss extraction of the eddy current field calculation results yielded the loss 
distribution of each part, as shown in Table 2. The conductor loss accounted for 
60.75% of the total loss, the contact resistance loss accounted for 24.22%, and the 
induction eddy current loss of the shell, flange and cover accounted for 6.98%. 
Therefore, under the normal contact of the GIS disconnect switch, the conductor is 
affected by the skin effect and generates a large loss, while the contact resistance part 
has a large ratio of volume to loss, which is very easy to generate high temperature 
at the contact position, while the shell, flange and cover plate temperature rise is less 
affected by the loss.

Fig. 7 Conductor current density distribution 
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Table 2 GIS disconnect 
switch parts loss settlement 
results 

Part Loss (W) 

Conduct 578.78 

Shell 41.59 

Covers 0.35 

Flange 24.61 

Dynamic contact 44.86 

Contact resistance 230.78 

5 Conclusion 

In this paper, the current density distribution of 110 kV GIS disconnector is obtained 
through electromagnetic field calculation using the finite element method, and the 
effects of contact resistance, skin effect and proximity effect were considered in the 
calculation, and the validity verification of the mesh was carried out to obtain the 
magnetic field strength distribution and current density distribution of each part of 
the GIS disconnect switch, and the loss calculation results of each part of the GIS 
disconnect switch were also extracted, and it can be seen that the GIS disconnect 
switch The conductor is influenced by the skin effect, which makes the loss larger, 
and the contact resistance loss accounts for a larger proportion, which is the main 
part of the hot spot temperature inside the GIS disconnector switch, and the eddy 
current loss generated by the GIS disconnector switch shell, flange and cover is less, 
i.e. the loss has less influence on its temperature rise. The calculation results of this 
paper provide a reference for the subsequent development of GIS disconnect switch 
temperature rise calculation. 
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A Novel Virtual Power Plant Model 
with Ito Integral Considering Random 
Noise of Renewable Energy 

Li Kang, Zhao Yulin, Tong Weilin, Liu Zhongyi, Dong Jinzhe, 
Shao Zhenwei, Lv Yajuan, and Xie Jinghua 

Abstract With the renewable energy connected to power grid, the virtual power 
plant (VPP) faces the uncertainty of new energy output in the dispatching process, 
which brings certain challenges to power system. Considering the continuous 
stochastic process of renewable energy, this paper proposes a novel VPP model based 
on stochastic differential equation. The model includes gas turbine, wind turbine, 
pumped storage power station and load. Based on the renewable energy grid, the 
random noise of renewable energy output is included, and the VPP model with Ito 
integral is constructed. The problem is solved by dividing, summing and seeking the 
limit of the time interval. The correctness and practicability of the proposed method 
are verified by real examples. 

Keywords Virtual power plant · Ito integral · Stochastic differential equation ·
Renewable energy 

1 Introduction 

Traditional power generation methods will bring serious environmental pollution. 
With the proposal of the concept of sustainable development, renewable energy 
sources, such as wind power and photovoltaic power generation have developed 
rapidly [1–3]. However, the renewable energy power generation is highly random 
and uncontrollable. The increasing construction and grid integration of renewable 
energy generation in large scale will seriously affect the safe operation of power
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system [4]. In order to overcome these shortcomings, domestic and foreign scholars 
put forward the concept of VPP [5–8]. 

VPP organically integrates various types of distributed generators (DG), control-
lable load and distributed energy storage (DES). VPP can not only reduce the impact 
of intermittent and randomness of renewable energy generation, but also obtain scale 
economies. The characteristics of VPP meet the development needs of the world and 
have broad application prospects. By the end of 2014, global VPP capacity had 
increased to 4.8 GW. VPPs are expected to grow to 28 GW by 2023, with annual 
revenues of $ 5.3 billion. 

In order to improve revenue, VPP operators need to consider the impact of 
renewable energy generation uncertainty in the process of optimal scheduling, and 
formulate the operation strategy with the largest profit. At present, the mathematical 
methods mainly used to deal with the uncertain output of renewable energy in VPP 
are stochastic programming (SP) and robust optimization (RO). References [9] used  
SP to deal with electricity price, wind power and photovoltaic output, and estab-
lished the medium-term scheduling optimization model of VPP. They verified that 
the access of gas turbine and pumped storage power station can reduce the uncer-
tainty of wind power output. SP can improve the adaptability of decision results, but 
this method has some problems such as difficult to accurately describe the proba-
bility distribution, large amount of calculation, and the accuracy and safety cannot be 
guaranteed. References [10, 11] used RO to deal with the uncertainty of wind power 
output, and established the bidding model of VPP in the hybrid electricity market. 
RO limits the uncertainty to a fixed interval, and the solution scale is relatively small, 
but it is conservative to some extent, and it is difficult to maximize profits. 

On the basis of previous studies, considering the continuous stochastic process of 
renewable energy output, this paper proposes a VPP scheduling optimization model 
based on stochastic differential equations. The model aggregation unit includes gas 
turbine, wind turbine, pumped storage power station and load. Firstly, considering 
the continuity of renewable energy output, the VPP continuous scheduling opti-
mization model is constructed. Secondly, the random noise of renewable energy is 
included, and the VPP scheduling optimization model with Ito integral is constructed. 
The problem is solved by dividing, summing and calculating the limit of the time 
interval. The correctness and practicability of the proposed method are verified by 
real examples. This model can support the correct decision-making of dispatchers 
and has certain engineering application value.
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2 VPP Continuous Scheduling Optimization Model 

2.1 Objective Function of VPP 

The objective of VPP operators is to minimize the cost. Assuming that the optimiza-
tion time interval is [Ta, Tb], the objective function can be expressed as the following 
integral form. 

min
∫ Tb 

Ta

[
k0x(t) + k j g(t) + λsu y(t) + λst  z(t)

]
dt (1) 

In (1), Ta, Tb are the starting and ending time of optimization respectively. k0 is 
the fixed costs for gas turbines, and kj is the slope of gas turbine generation cost. g(t) 
is the gas turbine output, which is the decision variable. λsu and λst are gas turbine 
start-up and stop costs respectively. Boolean variables x(t), y(t), z(t) respectively 
indicate whether the gas turbine is working, starting, and stopping at time t. If yes, 
set to 1; otherwise set to 0. dt is a small time unit. 

2.2 Constraint Conditions of VPP 

VPP needs to meet its own constraints at runtime and the basic constraints are as 
follows. 

• Gas turbine constraint conditions: 

⎧⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

x(t + dt) − x(t) ≤ y(t) 
x(t) − x(t + dt) ≤ z(t) 
gminx(t) ≤ g(t) ≤ gmaxx(t) 
− rddt  ≤ g(t + dt) − g(t) ≤ rudt  

(2) 

where gmax and gmin are gas turbine maximum, minimum output power. In (2), 
rd and ru are upward and downward climbing rates of gas turbine respectively. 

• Constraint conditions of pumped storage power station: 
The pumped-storage power station is composed of pumps and turbines. Most 

of the pumped-storage power stations currently used are reversible pumps and 
turbines. The water storage of the upstream reservoir is equivalent to the corre-
sponding electricity storage, so the constraint conditions of the pumped-storage 
power station are as follows:
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⎧⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

gt (t) ≤ gt maxμt (t) 
gp(t) ≤ gp maxμp(t) 
0 ≤ sc(t) ≤ sc max 

sc(t + dt) = sc(t) + gp(t)dt  − gt (t)dt  

(3) 

where sc(t) is the equivalent storage capacity at t. gt(t) and gp(t) are the power of 
turbine and pump at t respectively, which are decision variables. gtmax and gpmax are 
the maximum output power of turbine and pump respectively. Boolean variables 
μt (t) and μp(t) indicate whether the turbine and pump work at t respectively. If 
yes, set to 1, and otherwise set to 0. scmax is the maximum equivalent electricity 
storage. 

• Internal power balance constraint of VPP: 

gw(t) + g(t) + ρtgt(t) = 
gp(t) 
ρp 

+ l(t) (4) 

In (4), gw(t) is the forecast value of wind power output at t. ρ t and ρp are 
efficiency of hydraulic turbine and pump respectively. l(t) is the load at t. 

3 Novel Stochastic Differential Model of VPP 

The VPP model in Sect. 2 does not consider the uncertainty of wind power output, 
and substitutes its predicted value into the solution of model directly. In fact, wind 
power output cannot be accurately predicted. This process is a Markov process and 
a steady independent increment process with continuous states. Wind power output 
can be expressed by predicted value and error. 

g̃w(t) = gw(t) + W (t) (5) 

In (5), the uncertainty form of wind power output and w(t) is a Gaussian white 
noise process. Considering the randomness of wind power output in (4), there are: 

gw(t) + g(t) + W (t) + ρtgt(t) = 
gp(t) 
ρp 

+ l(t) (6) 

Replace (6) with objective function (1) to:  

min
∫ Tb 

Ta

[
k0x(t) + k j 

gp(t) 
ρp 

+ k j l(t) − k j gw(t) 

−k j W (t) − k j ρtgt(t) + λsuy(t) + λstz(t)
]
dt  

= min
∫ Tb 

Ta

[
k0x(t) + k j 

gp(t) 
ρp 

+ k j l(t) − k j gw(t)
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−k j ρtgt(t) + λsuy(t) + λstz(t)
]
dt  

+ min

[
−

∫ Tb 

Ta 

k j d B(t)

]
(7) 

In (7), the objective function is equal to the sum of Riemann integral and Ito 
integral. In the way of adding Ito integral introduces random factors, the objec-
tive function considers the random process of wind power output. B(t)in (7) is a  
Wiener process, assuming that dB(t)/dt is a normal white noise. The one-dimensional 
probability density function f [B(t)] of B(t) is:  

f [B(t)] = 1 √
2π t · σ 

exp

[
− 
B(t)2 

2σ 2t

]
(8) 

In (8), the mean value of B(t) equals 0. Variance D[B(t)] = σ 2t , in which σ 2 is a 
constant depending on the degree of dispersion of W (t). 

In order to solve the above integral problem, the time interval [Ta, Tb] is  
segmented. In this interval, a finite point sequence Ta = t0 < t1 < t2 < … <  tn = Tb is 
taken. Each closed interval [tm, tm+1] is a subinterval, where 0 ≤ m ≤ n-1. Define λ 
as the maximum subinterval length and λ = max(tm+1-tm). For each subinterval sum 
and limit, (7) can be expressed as: 

min lim 
λ→0 

n−1∑
m=0

[
k0x(tm) + k j 

gp(tm) 
ρp 

+ k j l(tm) − k j gw(tm) 

−k j ρtgt(tm) + λsuy(tm) + λstz(tm)
]
(tm+1 − tm) 

+ min

[
− lim 

λ→0 

n−1∑
m=0 

k j (B(tm+1 − B(tm))

]

= min lim 
λ→0 

n−1∑
m=0

[
k0x(tm) + k j 

gp(tm) 
ρp 

+ k j l(tm) − k j gw(tm) 

−k j ρtgt(tm) + λsuy(tm) + λstz(tm)
]
(tm+1 − tm) − k j [B(tn) − B(t0)] (9) 

Since B(t) is independent of other variables, and independent of constraint condi-
tions, the objective function is equal to the optimization result plus increment 
−[B(tn) − B(t0)], without considering the random process of wind power output. 

Constraints (2)–(4) are rewritten into the form of subintervals: 

⎧⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

x(tm+1) − x(tm) ≤ y(tm) 
x(tm) − x(tm+1) ≤ z(tm) 
gminx(tm) ≤ g(tm) ≤ gmaxx(tm) 
− rd(tm+1 − tm) ≤ g(tm+1) − g(tm) ≤ ru(tm+1 − tm) 

(10)
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Fig. 1 Wind power output 
forecasting curve and daily 
load curve 
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⎧⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

gt(tm) ≤ gt maxμt(tm) 
gp(tm) ≤ gpmaxμp(tm) 
0 ≤ sc(tm) ≤ scmax  

sc(tm+1) = sc(tm) + gp(tm)(tm+1 − tm) − gt(tm)(tm+1 − tm) 

(11) 

μt(tm) + μp(tm) ≤ 1 (12)  

So far, VPP continuous stochastic scheduling optimization model with Ito integral 
can be expressed by (9)–(12). 

4 Case Analysis 

4.1 Input Parameters 

In this paper, a gas turbine, a small wind power station and a pumped storage power 
station are used to form VPP. The gas turbine adopts TAU5670 model, and the 
maximum output power is 5.67 MW. The upward and downward climbing rates are 
17 MW/h, and the start and stop costs are 30. The predicted wind power output is 
shown in Fig. 1. It is assumed that the storage capacity of the upstream reservoir of 
the pumped storage power station is 0 at the initial time, the maximum equivalent 
storage capacity is 40 MW, the maximum output power of the turbine and the pump 
is 8 MW and 6 MW, respectively, and the efficiency is 75%. Wind power output is 
shown in Fig. 1. 

4.2 Detailed Analysis 

According to the set parameters and input data, the GAMS software CPLEX solver is 
used to solve the problem. The optimization results of pumped storage power station
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and gas turbine are shown in Figs. 2 and 3 respectively. It can be seen that the power 
of turbine and pump and the output of gas turbine in pumped storage power station 
show fluctuation characteristics, indicating that pumped storage power station and 
gas turbine continuously adjust their own power to adapt to the change of wind power 
output and load. At about 0:00–4:00, the wind power output is greater than the load, 
and the water pump converts the electricity into water storage. During this period, 
the power of the pump is continuously adjusted according to the difference between 
the wind power output and the load. From around 4:00 to 8:00, the load is greater 
than the wind power output. The turbine uses the stored water to generate electricity. 
The higher the difference between the load and the wind power output is, the greater 
the power of the turbine is. It should be noted that the remaining equivalent storage 
capacity is insufficient to supply the difference between load and wind power output 
around 16:00, and VPP compensates for the power difference by calling gas turbines 
to generate electricity around 16:00–18:00. In summary, by optimizing the output of 
pumped storage power station and gas turbine, VPP balances the fluctuation of load 
and minimizes its own cost. 

In order to verify the effectiveness of the VPP scheduling optimization model 
with Ito integration to calculate the objective function interval, the objective func-
tion boundary obtained from the Monte Carlo (MC) simulation results is used as 
the comparison standard. As a random simulation technology, the more Monte

Fig. 2 Water turbine and 
water pump power output, 
and equivalent storage 
capacity in pumped storage 
power station 
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Fig. 3 Power output of the 
gas turbine 
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Table 1 Comparison of results of different methods 

Upper ($) Definite value ($) Lowe ($) Computing time 

MC10 388.99 359.12 338.426 1 min  8 s  

MC100 416.65 359.12 331.56 13 min 15 s 

MC500 422.818 359.12 324.13 1 h 5 min  49  s  

Our method 429.12 359.12 289.12 6 s  

Carlo simulation times, the more accurate the calculation results, but the more time-
consuming. The maximum and minimum values in the calculation results are taken 
as the upper and lower boundaries of the objective function, which are compared 
with the method in this paper. The results are shown in Table 1. 

It can be seen that the more the number of MC simulations, the closer the results 
are to the method in this paper, and the method in this paper contains the results of 
MC method. This is because: (1) The method in this paper is slightly conservative. 
When there is an interval variable with an average of 0, the Monte Carlo method is 
easy to underestimate the boundary of the interval variable, which has been proved 
in Reference. (2) The insufficient number of MC simulations leads to inaccurate 
calculation results. 

In addition, compared with MC method, the proposed method greatly reduces the 
computational time and improves the computational efficiency. 

5 Conclusion 

In this paper, considering the randomness and continuity of renewable energy 
output, VPP continuous stochastic scheduling optimization model with Ito integral is 
proposed, and the model is simulated and analyzed. The conclusions are as follows: 

The simulation results verify the effectiveness and practicability of the proposed 
method. By solving the VPP continuous stochastic scheduling optimization model, 
a set of determined optimal scheduling schemes can be obtained. The scheduling 
scheme shows that the power of turbine and pump in pumped storage power station 
and the output of gas unit follow the load change well, which can effectively support 
the decision of dispatchers and has certain practical value. 
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Abstract The main cause of cable accidents is the insulation degradation of cables 
or terminal joints, and the detection and identification of partial discharges in cables 
can effectively avoid the safety hazards caused by insulation degradation. In order 
to improve the speed and accuracy of recognition, this paper proposes an improved 
convolutional Neuronal Network (CNN) algorithm for partial discharge image recog-
nition method based on variational mode decomposition and wigner-ville distribu-
tion (VMD-WVD) time–frequency spectrum gray image combined with AlexNet 
network model, which collects partial discharge signals by building a cable partial 
discharge test platform, determines the image size by bilinear interpolation after joint 
VMD-WVD analysis, and uses the grey-scale processed image as the network input 
to construct different defect time–frequency spectra. Finally, the feature samples 
were used to train the improved convolutional neural network to identify the three 
types of T-type terminal partial discharge defect types tested. The results show that the 
partial discharge image recognition method based on the AlexNet network model can 
extract image features at a deeper level than the traditional principal component anal-
ysis and support vector machine (PCA-SVM) recognition method, and has a better 
recognition effect and faster training speed in the recognition of partial discharge 
defect types. 
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1 Introduction 

Cables are widely used in various fields of the national economy due to their high 
reliability, small footprint, large capacity and burial underground, providing impor-
tant support for industries, national defence construction and major construction 
projects. Power transmission is often lost due to cable failure problems, which seri-
ously threaten the safety of the power supply [1–3]. The main cause of cable accidents 
is the insulation degradation of the cable or terminal joints, among them the T-type 
cable joint is easy to cause defects in the process of manufacture and installation 
because of its relatively complex structure [4, 5]. 

A large number of simulations and experimental studies have been carried out 
at home and abroad for terminal head partial discharge. In the articles [6], common 
insulation scratch defects were designed to analyse the trends of partial discharge 
initial voltage, partial discharge extinction voltage, partial discharge phase spectrum 
and partial discharge amount at 10 kV outdoor cold shrink terminal head under the 
operating impulse voltage degradation. The articles [7] analyzed the partial discharge 
signal found in the live detection of a substation in Beijing power grid, and used the 
ultrasonic method to locate the partial discharge source, and finally determined that 
the cable termination fabrication and installation process was the root cause of this 
defect. 

Currently, the main methods of feature extraction for electrical signals include 
phase distribution-based feature parameter extraction, time-domain waveform-based 
feature parameter extraction and fractal theory-based feature parameter extraction. 
The articles [8] analyzed the differences between various defects based on the time– 
frequency waveform feature parameter extraction method and the three-dimensional 
discharge spectrum; The articles [9] analyzed the relationship between the ageing 
time and the phase distribution feature parameter extraction method based on the 
q − n − φ model. 

In this paper, we build an AlexNet deep learning network, use the gray-scale 
processed image as the network input, construct different defect time–frequency 
spectrum gray image feature samples, identify the three types of T-type terminal 
partial discharge defect types tested, and finally analyse the recognition rate of 
different defects and Finally, the recognition rates of different defects are analyzed 
and compared with the traditional recognition method to verify the advantages of 
this method. 

2 Cable Partial Discharge Test 

The research work in this paper needs to be based on the physical experimental 
research, and the data collected mainly comes from the partial discharge signal of 
the 10 kV T-terminal. The schematic diagram of the partial discharge test principle 
is shown in Fig. 1.
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Fig. 1 Principle of the partial discharge test 

2.1 Test Methods 

This paper conducts experiments on three types of defects: insulation scratch, Casing 
fouling and joint looseness to study the characteristics of the partial discharge signal 
at different defects and to reproduce the process of cable partial discharge by stage 
boosting. 

The specific work is: the three types of defect models produced are used as test 
pieces and are connected to the test system individually. Firstly, the initial discharge 
voltage of each defect is measured, and the voltage is rapidly increased to the rated 
working voltage of the joint U0 = 8.7 kV; the voltage is continued to be increased 
in small steps at an interval of 0.5 kV. By observing the waveform displayed on the 
oscilloscope, if at least one discharge exceeding 10pC is collected within 1 min, then 
the applied voltage is the initial discharge voltage; otherwise, continue to increase 
the voltage until at least one discharge of exceeding 10pC is collected within 1min, 
then the initial discharge voltage is recorded. The initial discharge voltage is main-
tained for 30min and data samples of the initial discharge stage are collected for 
various defects. Then the insulation deterioration is accelerated by a voltage ramp 
of approximately 5 kV per voltage gradient, each voltage gradient is maintained for 
30 min and data samples are collected until the discharge is more severe (different 
types of defects are judged by different criteria, such as a large number of dense 
discharges, or a distinct discharge sound, or insulation breakdown, etc.). Repeat the 
above operation 5 times for the same test conditions. 

2.2 Test Results 

According to the variation rule of the number of partial discharge pulses, the test 
collected the partial discharge signals of insulation scratch, Casing fouling and joint 
looseness at the initial stage and the severe stage. Five sets of experimental data were 
randomly selected, and the initial discharge voltages of the three types of defects 
were extracted by WT filtering and shown in Table 1.
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Table 1 Initial discharge voltage for each type of defect 

Characteristic quantity Insulation scratches Casing fouling Joint looseness 

Voltage/kV 8.7 10.7 11.7 

9 10.9 12.1 

0.1 10.8 12.1 

9 11 12.4 

8.1 10.7 12.2 

Average value/kV 8.8 10.8 12.1 

(a) The initial stage (b) The severe stage 

Fig. 2 Map of insulation scratch defects 

The partial discharge test waveforms are shown in Fig. 2. 

3 Partial Discharge Defect Type Recognition Based 
on AlexNet Model 

To address the problems of subjectivity and insufficient feature extraction capability 
in traditional recognition methods, this paper uses the AlexNet model to identify the 
types of partial discharges and improve the recognition accuracy. 

3.1 Principle of Convolutional Neural Networks 

Convolutional Neural Network (CNN), as one of the most important deep learning 
network models, is widely used in image processing, image recognition, face recog-
nition and other scenarios due to its excellent feature extraction ability and general-
ization ability. Figure 3 is a classic CNN structure, the standard CNN mainly consists 
of input layer, convolution layer, pooling layer, fully connected layer, and output layer 
[10, 11].
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Fig. 3 Diagram of CNN network 

Compared with traditional shallow artificial neural networks, CNN is a typical 
algorithm of deep learning, which takes raw data as input and automatically extracts 
deep and shallow features of the data layer by layer without human intervention 
by stacking layers of convolutional and pooling operations, and finally identifies 
data types based on features. Compared with traditional recognition methods, which 
require manual construction of feature parameters through feature engineering before 
the classification task, CNN avoids the subjectivity of feature extraction and the 
limitation of feature selection to a certain extent. 

3.2 AlexNet Model 

CNN, the most classical deep learning networks, share the weights of the convolution 
layers during training so that fewer parameters can be trained in the network, reducing 
the complexity of the network model and thus obtaining a better generalization capa-
bility [12]. At the same time, the pooling operations in the CNN structure reduces 
the number of neurons in the model and is more robust to the translation invari-
ance of the input space. Moreover, the CNN structure is highly scalable and it can 
employ a very deep number of layers. Deeper models are more expressive and can 
handle more complex classification problems. However, with a normal CNN, the 
overfitting phenomenon becomes more serious as the number of layers increases, 
and the multi-layer back-propagation of the error signal triggers the phenomenon of 
gradient dispersion and explosion, leading to a reduction in the recognition rate of 
the network. 

AlexNet is a modified version of the traditional CNN, with more layers than the 
traditional CNN, the same choice of ReLU as the activation function, the design of a 
local response normalization layer, the use of neighbouring data for normalization, 
and the addition of a Dropout layer using the Dropout technique [13]. The basic 
structure is shown in Fig. 4.



128 H. Zou et al.

Cov LRN Maxpool Fulc2 Dropout Fulc1Input Output 
RELU 

Fig. 4 AlexNet network basic structure 

In Fig. 8, Block is the AlexNet network module, Cov is the convolution layer; 
Fulc1 and Fulc2 are the first and second fully connected layers respectively; LRN is 
the local response normalization layer; ReLU is the linear rectification function; and 
Maxpool is the pooling layer, whose activation function is the maximum function. 
Compared to the traditional CNN, the AlexNet network has an additional LRN layer 
and a Dropout layer. The LRN layer mainly normalizes the neighbouring data, while 
the Dropout layer uses a dropout technique to randomly discard individual neurons 
with a certain probability and replaces the mean value function with a more effective 
maximum function as the pooling layer activation function. AlexNet can effectively 
avoid or suppress the phenomenon of gradient disappearance during network training, 
and the convergence rate of the network model is stable and the model training speed 
is faster, which ultimately improves the recognition rate. 

3.3 Construction of Recognition Network Model 

As the partial discharge signal used in practice is not a single frequency compo-
nent, after WVD time–frequency analysis, the time–frequency distribution of the 
multi-component signal will interact with each other and generate spurious cross-
interference terms. Therefore, the joint VMD-WVD analysis is used in this paper, 
where the image size is determined by bilinear interpolation and the grey-scale 
processed image is used as the network input. For effective comparison, the VMD-
WVD time–frequency profiles were unified using maximum normalization prior 
to transformation. The normalized VMD-WVD time–frequency profile of any one 
partial discharge signal for each type of defect is shown in Fig. 5. 

In addition, the choice of image size is crucial, as zooming in and out of an 
image will result in pixel changes. Too large an image will result in too much useless 
information and increase unnecessary computation, while too small an image will 
result in missing graphical features, resulting in insufficient training and reduced

(a) Insulation scratch defects (b) Casing fouling defects (c) Joint looseness defects 

Fig. 5 Normalised VMD-WVD time–frequency mapping 
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recognition rates [14]. The bilinear interpolation method has been tested to obtain 
the optimal image size. The pixel values of four points adjacent to any point R(a0, 
b0) in the image are calculated by interpolating the pixel values P(a, b) twice, and 
then calculating the distance d1 and d2 between the interpolated point P(a, b) and 
the point R(a0, b0).

{
d1 = a0 − a 
d2 = b0 − b (1) 

Interpolate P(a0, b) according to P(a, b), P(a + 1, b). 

P(a0, b) = P(a, b) + d1[P(a + 1, b) − P(a, b)] (2) 

Then find P(a0, b + 1) according to P(a, b + 1), P(a + 1, b + 1). 

P(a0, b0) = P(a0, b) + d2[P(a0, b + 1) − P(a0, b)] (3) 

After bilinear interpolation, the size of the VMD-WVD time–frequency map is 
650 × 370 in uniform use. In order to facilitate the network to use the image partial 
discharge signal for direct recognition and reduce the computation in the model 
training process, the VMD-WVD time–frequency map of the partial discharge signal 
is grayed out using the weighted average method, and the image graying formula is 
shown in the equation [15]: 

Igray(i, j ) = 0.299R(i, j ) + 0.578G(i, j) + 0.114B(i, j ) (4) 

where Igray (i, j) is the grey scale value of image I at pixel (i, j), and R(i, j), G(i, j) 
and B(i, j) are the red, green and blue components at pixel (i, j) respectively. 

Using the AlexNet deep learning network to automatically extract the intrinsic 
features of the grey-scale images of the time–frequency mapping, the final identifica-
tion of the 3 types of defective discharges, based on the VMD-WVD with improved 
CNN, its specific steps are as follows. 

(1) The VMD-WVD algorithm is used to decompose the original partial discharge 
signal to obtain the VMD-WVD time–frequency map, and finally the VMD-
WVD time–frequency map is output as an image. 

(2) The resulting VMD-WVD time–frequency profiles were greyed out and divided 
into training sample Strain, validation sample Svalid and test sample Stest. 

(3) Build an AlexNet deep learning network model, and train the network model 
with training sample Strain and validation sample Svalid. 

(4) The cross-entropy loss function is used to derive the training loss values, and the 
stochastic gradient descent algorithm is used to update the optimization model 
parameters and optimize the network parameter settings. 

(5) Using the optimal AlexNet deep learning network, we identified the partial 
discharge type of the test sample Stest and obtained the identification results.



130 H. Zou et al.

4 Analysis of the Recognition Effect 

This paper compares the recognition effects of the network at learning rates of 0.01, 
0.001, 0.0001 and 0.00001 respectively, as shown in Fig. 6. 

In Fig. 6, when the learning rate is 0.01, the recognition accuracy remains almost 
constant and the recognition rate is lower than the other three learning rates. The 
analysis shows that the higher learning rate results in incomplete image feature 
information due to the faster extraction of effective features, thus increasing the loss 
in the learning process. When the learning rate is less than 0.001, the training speed 
becomes slower due to the slower learning rate, and it will take more time to achieve 
the same recognition accuracy if the learning rate is reduced. 

In order to analyse the effect of the number of iterations on the recognition rate, 
the learning rate was set to 0.001 and the number of iterations was 480, the network 
training results are shown in Fig. 7. 

The training loss value of the network gradually decreases and stabilizes with 
the number of iterations, and the recognition rate curve gradually increases and 
stabilizes at around 95% with the number of iterations. At the same time, the figure 
also shows that the recognition rate and the loss value basically level off after the 
number of iterations reaches 320, and it will take a lot of running time if we continue

Fig. 6 Recognition rate of 
the network with different 
learning rates 

Fig. 7 Effect of the number 
of iterations on the network 
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to increase the number of iterations. Therefore, based on the above analysis, the 
number of iterations is 320 and the learning rate is 0.001. 

To further illustrate the advantages of this method over conventional methods in 
terms of feature depth extraction and identification of partial discharge defect types, 
this method is compared with the most commonly used SVM method for identifying 
partial discharge signal waveform features. A total of 300 test samples from each of 
the three types of defects were substituted into the identification network, and the 
confusion matrices of the two methods are shown in Tables 2 and 3 respectively. 

From Tables 2 and 3, it can be seen that the VMD-WVD time–frequency mapping 
grayscale images and improved CNN identification method proposed in this paper 
can identify the three types of defects better, and the average identification rate 
can reach 95%. For the casing fouling defects, the recognition rate of VMD-WVD 
temporal spectral grey map combined with AlexNet network model is as high as 
98%, while the recognition rates of the other two types of defects are lower than that 
of the casing fouling defects. The average recognition rate of the traditional PCA-
SVM method for the three types of defects was 84.3%, which was 10.7% lower than 
that of the VMD-WVD time–frequency mapping grayscale images and improved 
CNN method, and the recognition rate of the VMD-WVD time–frequency mapping 
grayscale images and improved CNN method was higher than that of the PCA-SVM 
for each type of defects.

Table 2 VMD-WVD combined with AlexNet pattern recognition 

Type of 
identification 

Actual defect category Recognition rate 
(%)Insulation scratches Casing fouling Joint looseness 

Insulation 
scratches 

93 0 7 93.0 

Casing fouling 2 98 0 98.0 

Joint looseness 0 6 94 94.0 

Average value/kV 95.0 

Table 3 PCA-SVM pattern recognition 

Type of 
identification 

Actual defect category Recognition rate 
(%)Insulation scratches Casing fouling Joint looseness 

Insulation 
scratches 

86 4 10 86.0 

Casing fouling 7 85 8 85.0 

Joint looseness 12 6 82 82.0 

Average value/kV 84.3 
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5 Conclusion 

In this paper, an AlexNet deep learning network is built to construct VMD-WVD 
time–frequency mapping grayscale images of the original signal of T-type terminal 
partial discharge as the input for autonomous extraction of image features to identify 
the three types of T-type terminal partial discharge defect types tested. Meanwhile, 
the results of the method in this chapter and the traditional SVM recognition method 
were compared and analysed, and the following conclusions were obtained. 

(1) The AlexNet network used in this paper is an improved CNN network model 
that can extract image features at a deeper level and has better recognition results 
and faster training speed in the recognition of partial discharge defect types than 
traditional CNN models. 

(2) Compared with RGB images, the VMD-WVD time–frequency mapping 
grayscale images can effectively retain the image feature information, reduce the 
computation and training time, and increase the recognition rate of the network. 

(3) The average recognition rate of the VMD-WVD spectral grey-scale map 
combined with the AlexNet network model method can reach 95%, while the 
average recognition rate of the traditional PCA-SVM method for the three types 
of defects is only 84.3%, and the recognition rate for each defect type was higher 
than that of PCA-SVM. 
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Abstract The double-end traveling wave method has been increasingly applied 
and studied for locating cable defects in operation, but the problem of difficulty 
in accurately matching and synchronizing the pulse signals in long cables has an 
impact on the accuracy as well as the accuracy of locating cable defects. This paper 
proposes an improved double-end traveling wave fault location method based on the 
joint variational mode decomposition (VMD) and wigner-ville distribution (WVD) 
time–frequency analysis. By installing sensors at both ends of the cable to collect the 
partial discharge signals, the phase spectra of the first and last partial discharge pulses 
are obtained and the phase of the wave head moment and amplitude moment are 
extracted through the joint analysis of VMD and WVD, and the improved double-end 
traveling wave fault location method is used to The improved double-ended traveling 
wave fault location method was used to locate the partial discharge defects in the 
cable. The improved double-ended travelling wave fault location method uses phase 
instead of wave speed to avoid the difficulties of matching incoming and reflected 
signals and the over-dependence on data synchronisation and the accuracy of line 
parameters. Simulations using PSCAD software for cable lines with a double-ended 
configuration show that the improved method has higher localisation accuracy and 
is better than the traditional double-ended traveling wave method for any fault point 
location. 

Keywords Partial discharge · Fault location · Power cable · Double end location

W. Li · G. Liu · J. Liu · X. Lu · J. Sun · W. Dai 
Taizhou Power Supply Company of State Grid Zhejiang Electric Power Co. Ltd., Taizhou 318000, 
Zhejiang, China 

H. Li · Y. Zhang (B) 
Science and Technology Branch of Taizhou, Hongchuang Power Group Co., Ltd., 
Taizhou 318000, Zhejiang, China 
e-mail: 810795569@qq.com 

© Beijing Paike Culture Commu. Co., Ltd. 2024 
X. Dong and L. Cai (eds.), The Proceedings of 2023 4th International Symposium on 
Insulation and Discharge Computation for Power Equipment (IDCOMPU2023), Lecture 
Notes in Electrical Engineering 1100, https://doi.org/10.1007/978-981-99-7393-4_13 

135

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7393-4_13&domain=pdf
mailto:810795569@qq.com
https://doi.org/10.1007/978-981-99-7393-4_13


136 W. Li et al.

1 Introduction 

Cables are an integral part of life and production. Ensuring their normal operation is 
an important prerequisite for the operation of power systems [1]. The cable joint is 
the location with the highest fault rate and it is necessary to strengthen the monitoring 
of cable joints. At present, there are various means of diagnosing cable joint faults, 
such as partial discharge detection, dielectric loss detection and insulation resistance 
detection [2]. Partial discharge detection is an effective way of visually monitoring 
the degree of insulation deterioration and thus avoiding further safety incidents. 

The main methods used to locate partial discharge faults in cables are injec-
tion, impedance and travelling wave methods. The most widely used method is 
Time Domain Reflectometry (TDR), also known as the single-ended travelling wave 
method, which is widely used in geological exploration, line ranging and localisa-
tion of partial discharges [3]. Due to the long cable systems in operation, typically 
several kilometres or even tens of kilometres, the longest reflected signal can travel 
up to twice the length of the cable and is severely affected by attenuation and disper-
sion, resulting in distortion of the reflected signal and affecting the accuracy of TDR 
positioning [4]. In [5], Zhang Roubing et al. proposed a single-ended traveling wave 
method based on oscillatory wave testing, in which the localisation accuracy was 
improved by splitting the different pulse signals with a floating threshold. In the 
literature [6], Zhang Ruobing et al. proposed a method extraction based on EMD and 
Teager energy operator for high noise, signal decay and other problems, and identi-
fication matching based on DTW algorithm, which can locate the partial discharge 
point with high accuracy under high accuracy. 

Accurate matching of incoming and reflected signals in fault location is the key 
to TDR. The presence of a large amount of noise during propagation and the suscep-
tibility of the signal to attenuation distortion over the field distance will inevitably 
have a serious impact on the accuracy of location. The traditional double-terminal 
method relies on data synchronisation and the accuracy of the localisation is affected 
by the accuracy of the line parameters. To address these problems, the literature [7] 
increases the arrival time of the reflected wave from the arrival point of the fault and 
proposes a formula independent of the propagation speed of the travelling wave. In 
the literature [8], the accuracy of data synchronisation is ensured by compensating 
the communication delays through the local fault locator clock. 

This paper proposes an improved method for locating double-ended traveling 
wave short circuit faults to overcome the problem of data synchronization in the 
double-ended traveling wave method. Due to the longer signal propagation time 
in long cables, the positioning accuracy is more affected by time. By combining 
VMD and WVD time–frequency analysis, the wavehead moment of the double-ended 
partial discharge signal is accurately marked, and phase positioning is used to achieve 
double-ended synchronisation of the partial discharge signal in the cable, effectively 
avoiding the problems of difficult matching of incoming and reflected signals and 
over-dependence on data synchronisation and accuracy of line parameters.
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2 Based on Joint VMD and WVD Time–Frequency 
Analysis 

2.1 Shortcomings of Conventional WVD Time–Frequency 
Analysis 

The Wigner-Ville Distribution (WVD) is defined as the Fourier transform of the 
signal transient autocorrelation function. Compared with the wavelet transform, this 
method is a time–frequency distribution with a bilinear form, which has excellent 
time–frequency resolution and mathematical properties, and can better describe the 
edge characteristics of the signal, transient frequency, etc., and determine the time, 
frequency and energy of the signal mutation. It can also determine the time, frequency 
and energy of sudden changes in the signal [9]. 

However, the cross terms of the WVD become a bottleneck in the application, 
as the partial discharge signal used in practice is not a single frequency component 
and different frequency components interact with each other during the calculation 
process, resulting in cross terms [9]. This can have a significant impact on the results 
when performing time–frequency analysis of the partial discharge signal. The pres-
ence of cross-terms can lead to inaccurate and ineffective extraction and analysis of 
the partial discharge signal. 

Variational Mode Decomposition (VMD) is a new non-recursive decomposition 
model, which can reflect the signal singularity characteristics well and has the advan-
tages of good stability, high operational efficiency and good robustness. The decom-
posed IMF contains a large amount of fault information [10–13]. The decomposed 
IMF contains a large amount of fault information. Therefore, this paper adopts the 
joint analysis of VMD and WVD for the time–frequency analysis of the partial 
discharge signal. 

2.2 Joint VMD and WVD Time–Frequency Analysis 

The WVD for the partial discharge signal f(t) is [14]. 

WX (t, ω) = 
1 

2π

∫
f
(
t + 

τ 
2

)
f ∗

(
t + 

τ 
2

)
e− j ωτ dτ (1) 

Assume that the partial discharge signal f(t) consists of two signals with different 
frequency components f1(t), f2(t), i.e. 

f(t) = f1(t) + f2(t) (2) 

Substituting Eq. (2) into Eq. (1) gives the following derivation
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The 2Re[Wf1f2 (t, ω)] in Eq. (3) is the cross term. 
The theoretical analysis of VMD shows that VMD can decompose the partial 

discharge signal into multiple IMFs with a single frequency component, i.e. [15–17] 

f(t) = 
K∑

k=1 

fIMF - k(t) (4) 

In Eq. (4), fIMF-k is the k IMF components obtained from the WMD decomposition 
of the partial discharge signal. Therefore, in order to avoid the influence of the cross 
term of WVD, the joint time–frequency analysis method of VMD and WVD [13, 16] 
is used, i.e., first VMD decomposes the original partial discharge signal to obtain k 
IMF components, then WVD is performed on the k IMFs separately, and finally the 
results are linearly superimposed to obtain the WVD of the original partial discharge 
signal, whose expression is as follows 

Wx (t, ω) = 
1 

2π 

K∑
k=1

∫
f I M  F−k

(
t + 

τ 
2

)
f∗ 
I M  F−k

(
t − 

τ 
2

)
e− jωτ dτ (5) 

In this paper, an adaptive variational modal decomposition algorithm based on 
energy difference [21] is used to improve the VMD. The flow of VMD combined 
with WVD for time–frequency analysis is shown in Fig. 1, and its main steps are as 
follows. 

(1) Initialize the number of decomposition layers k = 2 and set the maximum 
number of decomposition layers k = 10. 

(2) The k-layer VMD decomposition of the partial discharge signal and the calcu-
lation of the energy of the partial discharge signal and the energy of each IMF 
layer. 

(3) Calculation of the energy difference parameter ρ layer by layer starting from k 
= 2 up to a preset maximum number of modes. 

(4) Define the absolute rate of change of energy difference β, select the k corre-
sponding to the maximum value of β as the final decomposition layer, and obtain 
the fIMF-k feature component of the partial discharge signal. 

(5) WVD analysis for each of the k f IMF-k

partial discharge 
signals 

Determination 
of VMD layers 

VMD 
transform 

WVD 
transform 

Time-frequency 
distribution map 

Fig. 1 Joint time–frequency analysis process of VMD and WVD
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(6) The results of the WVD analysis of each fIMF-k are linearly superimposed to 
finally obtain the time–frequency analysis of the original partial discharge signal 
f(t). 

The joint VMD and WVD time–frequency diagram is shown in Fig. 2. 

Fig. 2 VMD-WVD 
time–frequency mapping

(a) Insulation scratch defects 

(b) Casing fouling defects 

(c) Joint looseness defects 
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3 Based on Joint VMD and WVD Time–frequency Analysis 

3.1 Traditional Double-Ended Traveling Wave Method 

The traditional double-ended travelling wave method locates the fault point by deter-
mining the time difference between the arrival of the travelling wave at each end of 
the line separately, calculated as Eq. (6).

{
LMF = L−(tn1−tm1)v 

2 
LNF = L−(tm1−tn1)v 

2 

(6) 

where LMF is the distance from fault point F to endpoint M; LNF is the distance from 
fault point F to endpoint N; tn1 and tn2 are the time for the traveling wave to reach 
the two endpoints respectively; L is the distance between the two endpoints M and 
N, and v is the propagation speed of the traveling wave. 

The double-ended travelling wave method is more reliable and accurate than the 
single-ended travelling wave method. However, the traditional double-ended method 
relies on data synchronisation and its positioning accuracy is strongly influenced by 
the accuracy of the line parameters. 

3.2 Improved Double-Ended Positioning Combining VMD 
and WVD 

The steps are shown below. 
Sensors are installed at the first and last ends of the cable, the signals are collected 

and de-noised to extract and split the first and last partial discharge signals. The 
partial discharge signal is transformed into a frequency domain signal according to 
Eq. (7). 

f f f  t  (n) = Re[f f f  t  (n)] +  jIm[f f f  t  (n)] (7) 

The phase spectrum of the first and last partial discharge pulses is calculated by 
substituting the frequency domain signal into Eq. (8) in turn. 

ϕ(n) = arctan
(
Re[ f f f  t  (n)] 
Im[ f f f  t  (n)]

)
(8) 

Initialize the number of decomposition layers k = 2, set the maximum number of 
decomposition layers k = 10; decompose the partial discharge signal into k VMD 
layers, calculate the energy of the partial discharge signal and the energy of each 
IMF layer.
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The energy difference parameter ρ is calculated layer by layer starting from k = 
2 up to a preset maximum number of modes, the absolute rate of change of energy 
difference β is defined, the k corresponding to the maximum value of β is selected as 
the final decomposition layer, and IMF1 is selected as the characteristic component 
of the partial discharge signal. 

The WVD instantaneous energy distribution of the IMF is found using the WVD, 
and the moment of amplitude of the WVD instantaneous energy distribution is the 
moment of the wavehead of the partial discharge signal. 

The wavehead moment and amplitude moment phases are extracted from the 
phase spectrum and substituted into Eq. (9) to calculate the fault location, which can 
be obtained from the average value of d(ω) for the partial discharge fault. 

d(ω) = ϕ1 

ϕ1 + ϕ2g(ω) 
l (9) 

Due to the complex structure of the distribution network and the influence of 
environmental noise in the field, it is difficult to detect the wavehead of the partial 
discharge signal [18]. VMD and WVD jointly can adaptively decompose the partial 
discharge signal into IMF with a large amount of fault characteristic information, 
accurately describe the energy change of the signal over time, detect the sudden 
change point of the partial discharge signal to determine the wavehead moment of 
the partial discharge signal, and synchronize the signal at both ends. The partial 
discharge signal collected by the test is used for verification, and a set of partial 
discharge signals of three types of defects in two discharge stages are selected to 
determine the number of VMD decomposition layers of the signal, and the specific 
results are shown in Table 1, where βa and βb are the absolute rates of change of 
energy difference between the starting stage of insulation scratch and the severe 
stage, βc and βd are the absolute rates of change of energy difference between the 
starting stage of casing accumulation and the severe stage, βe and βf are the absolute 
rates of change of energy difference at the beginning and severe stages of casing 
staining.

From Table 2, βa, βb, βe, βf have the maximum value when k =9, and βc and βd have 
the maximum value when k = 10. Therefore, k = 8 is selected as the decomposition 
layer of the partial discharge signal of insulation scratch and joint loosening, and k = 
9 is the decomposition layer of the partial discharge signal of casing accumulation.

4 Analysis of Positioning Effects 

In order to further verify the applicability of the above double-end location method 
based on the joint VMD and WVD time–frequency analysis in long cable lines, the 
proposed joint VMD and WVD double-end location was verified by simulating the 
long cable lines using PSCAD software.
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Table 1 Absolute change rate of VMD decomposition energy difference 

Decomposition layers Absolute change rate 

βa βb βc βd βe βf 

2 0.0474 0.0386 0.0215 0.0045 0.0408 0.0134 

3 0.0643 0.0466 0.0355 0.1126 0.0542 0.0268 

4 0.0829 0.0316 0.0248 0.0248 0.0447 0.0579 

5 0.0621 0.0285 0.0135 0.1260 0.0163 0.1424 

6 0.1728 0.3566 0.0128 0.1740 0.1887 0.4983 

7 0.6178 0.9354 0.4431 0.3962 0.6845 0.7212 

8 1.7437 7.1710 0.4498 0.1406 2.1310 3.5916 

9 0.3095 1.9686 1.1727 0.4168 0.2407 0.8174 

10 0.0474 0.0386 0.0215 0.0045 0.0408 0.0134

Table 2 VMD and WVD joint double-ended positioning error 

Fault distance (m) Ranging results (m) Error (m) Error rate (%) 

1700 1689.5 10.5 0.62 

2400 2387.3 12.7 0.53 

3100 3085.1 14.9 0.48 

3800 3782.1 17.9 0.47 

4500 4473.9 26.1 0.58 

Equal error rate 0.54

According to the measured partial discharge signal waveforms, it is shown that 
the adoption of double exponential oscillation attenuation pulses can simulate the 
partial discharge signal well, and the measured signal can be expressed as Eq. (10) 

S(t) = A
[
exp

(
− 
1.3t 

τ

)
− exp

(
− 
2.2t 

τ

)]
sin(2π fct) (10) 

where A is the pulse amplitude constant, set to 5 mA; τ is the attenuation constant, 
set to 100 ns; fc is the oscillation frequency, set to 5 MHz; and the sampling rate fs 
is set to 500 MHz. 

The simulation model line built is shown in Fig. 3. By setting different fault 
locations, cable lengths and sampling frequencies, the single-ended traveling wave 
method, the double-ended traveling wave method and the combined VMD and WVD 
double-ended localisation method were tested and compared to analyse the locali-
sation effect of the double-ended localisation method based on the combined VMD 
and WVD time–frequency analysis.

Firstly, the cable length l = 1500 ~ 3000 m was set in steps of 100m, and the pulse 
was recorded from the end to the first end at each length, and the final average value 
was taken as the wave velocity.
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Fig. 3 Combined analysis of VMD and WVD

For different fault locations: set cable length l = 6000 m, distance between fault 
and first end d = 1700 m, 2400 m, 3100 m, 3800 m, 4500 m; for different cable 
lengths: change cable length l = 5000 m, 10000 m, 15000 m, 20000 m, keep fault 
distance d = 3/5l, locate set cable length l = 6000 m, distance between fault and first 
end d = 3/5l. length l = 6000 m, fault and first end distance d = 1700 m, 2400 m, 
3100 m, 3800 m, 4500 m; for different sampling frequencies: set cable length l = 
5000 m, fault distance d = 1/2l. The three positioning algorithm errors are shown in 
Fig. 4.

The results show that, keeping the cable length constant, the change of the local 
position has a small effect on the error of the three localisation methods, and the 
errors of the combined VMD and WVD phase methods are 0.62%, 0.53%, 0.48%, 
0.47% and 0.58% respectively, with an average error of 0.54%; the localisation error 
of the three methods increases with the increase of the cable length and decreases 
with the increase of the sampling rate. For different fault locations, cable lengths 
and sampling frequencies, the combined VMD and WVD time–frequency analysis 
outperforms the single-ended traveling wave method and the double-ended traveling 
wave method in terms of localisation accuracy.
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Fig. 4 Error comparison of 
different fault location 
methods

(b) Positioning error of different cable lengths 

(c) Positioning error of different sampling rate 

(a) Positioning error of different partial discharge positions 

5 Conclusion 

In this paper, the traditional double-ended traveling wave method is improved for the 
time synchronization problem, using VMD and WVD joint time–frequency analysis, 
and using phase positioning to achieve double-ended synchronization of the incoming 
and outgoing signals in the cable local area, effectively avoiding the problem of 
difficult matching of incoming and outgoing signals and excessive dependence on 
data synchronization. In this paper, phase is used instead of wave speed, effectively 
reducing the dependence of fault location on line parameters. In the case of long cable 
signal propagation times where synchronisation is difficult, the localisation error
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based on the combined VMD and WVD time–frequency analysis is significantly 
lower than that of the conventional double-ended traveling wave method. 
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Negative Streamers 

Jianxin Wang, Tiejun Li, Hua Zhang, Jiatao Zhang, Zhuo Chen, Dan Wang, 
and Lijun Wang 

Abstract In this paper, the space charge layer formation and development in nega-
tive streamers is simulated using a one-dimensional particle-in-cell/Monte Carlo 
collisional model. The effects of the space charge layer on the negative streamer dis-
charge are investigated. The space charge layer reduces the effect of the external field 
on the discharge. During the streamer propagation, the thickness of the space charge 
layer decreases; the average electron energy in the plasma is as low as 2 eV, which 
is proved to be the result of rotational and vibrational excitations; and because of 
the electric field shielding of the space charge layer, the electron energy distribution 
shifts toward low energy. 
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1 Introduction 

The streamer is the foundation of some industrial applications, for examples, plasma 
helped ignition [1], material surface treatment [2], polluted air cleaning [3], and 
breakdown in power switches [4]. Since Raether [5], Loeb and Meek [6] first reported 
on the streamer mechanism, the topic has been popular. Positive streamers can emerge 
at a lower electric field, so in experiments, positive streamers are easy to form and 
become popular [7]. Apart from this, negative streamers has many usages in industry, 
for examples, C-GIS and trigatrons [4], so it is indispensable to research on negative 
streamers. Negative streamers can initiate from several seed electrons. During the 
propagation of electron avalanches, electrons are accelerated efficiently and accu-
mulate at the front, while ions are left behind. As a result, a negative space charge 
layer and a cathode sheath form at the head and tail respectively of the streamer as 
shown in Fig. 1. The space charge layer plays an important role during the streamer 
propagation. In ref. [8], it was shown that the space charge layer can act like an 
electron accelerator and may be a possible source for X-rays. In ref. [9], the author 
believes that due to the instability of the space charge layer at the tip of the nega-
tive streamer, the streamer branches in a uniform electric field above the threshold. 
Therefore, a deep understanding of the space charge layer formation and develop-
ment in negative streamers is very important and necessary. In ref. [10], the authors 
developed a one-dimensional fluid model in local field approximation to investigate 
the negative streamer ionization front and compared results with those from particle 
models. The difference between the results of the particle model and the fluid model 
is mainly in the front, and this effect cannot be reflected in the velocity, but is seen 
in the ionization level behind the front. In ref. [11], a high order fluid model was 
developed and used to study the propagation of negative fronts in nitrogen. Electron 
density, electric field, average energy and propagation velocity were given by this 
high order fluid model. In ref. [12], the particle model was applied to reproduce the 
ionization front formation and development in argon and nitrogen. 

Fig. 1 The schematic 
diagram of the simulation 
physical model
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Although the space charge layer can also be studied through fluid models, a partic-
ular particle model is indispensable considering some non-equilibrium characteris-
tics. So in this paper, a one-dimensional (1D) particle-in-cell/Monte Carlo collisional 
(PIC/MCC) model is developed, and a detailed process of the space charge layer 
formation and development during the negative streamer propagation in nitrogen is 
given. The rotational excitation between electrons and nitrogen molecules is included 
in the simulations. 

2 Model Description 

Following the configuration chosen in ref. [12], the similar configuration used in 
this study includes two parallel planar electrodes, a gas gap and a dielectric slab (the 
relative dielectric constant is 3.5) to avoid the transition to the arc. As shown in Fig. 1, 
the anode grounded is located at x = 0, and the cathode with a nanosecond pulsed 
voltage is located at x = 1 cm. The length of the gas gap is 5 mm. The nanosecond 
pulsed voltage applied to the cathode has a rise time of 10 ns. A typical voltage with 
amplitude of 100 kV is plotted in Fig. 2. 

The PIC/MCC model is 1 dimensional in space and 3 dimensional in velocity 
(1D3V). Using the XOOPIC code which has been validated in previous works [13], 
the charged particles are followed by the Newton’s second law; we get the electric 
field through solving the Poisson equation in 1D Cartesian coordinates; collisions 
between charged particles and neutrals are handled with the Monte Carlo collision

Fig. 2 The voltage, the number of electrons in the calculation domain, the electron current density 
and the charge density on the dielectric slab surface as the function of time. The background gas is 
nitrogen; the voltage amplitude is 100 kV; the gas temperature is 300 K 
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method. Elastic scattering collision [14], impact ionization [14], rotational excitation 
[15], vibrational excitation [14] and electronic excitation [14] between electrons and 
nitrogen are included in simulations and listed in Table 1. Besides reactions involving 
electrons, momentum exchange and charge exchange between ions and molecules 
are also included. At the beginning of the simulation, 100 electrons are placed near 
the cathode. The weight of the macro particle is 1 at the beginning and adapted during 
the simulation. A dynamic weight managing method is applied, which can product 
a reasonable distribution of weights as discussed in ref. [16]. The simulations are 
performed on an Intel (R) Xeon (R) CPU E5-2650 v2 @2.60 GHz with four cores. 
The maximum weight of the macro particles is about 5 × 109, and 43 h are taken to 
run single operating condition in this work.

3 Results and Discussion 

In the baseline simulation, we use nitrogen as background gas; the gas density is 2.5 
× 1025 m−3; we set the gas temperature at 300 K; and the voltage amplitude applied 
on the cathode is 100 kV. For stable and reliable results, the space interval Δx = 
5 × 10−7 m and time interval Δt = 1 × 10−13 s are used. The time evolution of 
the applied voltage, the number of electrons in the calculation domain, the electron 
current density and the surface charge density deposited on the dielectric slab is 
shown in Fig. 2. It can be seen that the increasing rate of electron number changes 
at about 7.5 ns. The change of the electron increasing rate indicates the transition 
in the discharge from the avalanche regime to the space charge affected regime. So 
7.5 ns can be regarded as the time when the negative space charge layer forms in this 
simulation at the streamer front. We can see that the electron current density and the 
surface charge density deposited increase suddenly at about 11 ns, which indicates 
the streamer front arrives at the dielectric slab. 

Figure 3 shows the density of electrons and ions at different times. The density 
before 7 ns is low and not plotted here. At 7 ns, the electron density and the ion density 
are at a similarly low level, about 1014m−3. Note that at this time, the space charge 
layer has not formed. As the voltage increases with time, electrons are accelerated 
efficiently, and ionizations occur frequently. So the streamer front moves forward, 
and the density of charged particles increases. At 8 ns, the maximum density of 
electrons in the streamer front comes up to 9 × 1018 m−3, while the ion density is 
obviously lower than the electron density. As a result, a noticeable negative space 
charge layer forms at the streamer head as shown in Fig. 3b. At 9 ns, the thickness 
of the negative space charge layer is about 2 mm as shown in Fig. 3c, while at 11 ns, 
the time before the streamer arrives at the dielectric slab, the negative space charge 
layer is so thin that is difficult to be distinguished in Fig. 3e. During the development 
of the space charge layer, the thickness decreases. At 12 ns, the streamer arrives at 
the dielectric slab as shown in Fig. 3f. The negative space charge layer disappears 
because the negative space charge deposits on the dielectric slab, which results in the 
suddenly increases of electron current density and surface charge density in Fig. 2
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Table 1 Considered reactions involving electrons 

Reaction Equation Threshold energy (eV) References 

Total scattering e + N2 → e + N2 0 [17] 

Ionization e + N2 → 2e + N + 
2 15.6 [17] 

Rotational excitation e + N2 → e + N2(rot) 0.02 [18] 

Vibrational excitation e + N2 → e + N2(v = 1) 0.29 [17] 

Vibrational excitation e + N2 → e + N2(v = 2) 0.59 [17] 

Vibrational excitation e + N2 → e + N2(v = 3) 0.88 [17] 

Vibrational excitation e + N2 → e + N2(v = 4) 1.17 [17] 

Vibrational excitation e + N2 → e + N2(v = 5) 1.47 [17] 

Vibrational excitation e + N2 → e + N2(v = 6) 1.76 [17] 

Vibrational excitation e + N2 → e + N2(v = 7) 2.06 [17] 

Vibrational excitation e + N2 → e + N2(v = 8) 2.35 [17] 

Electronic excitation e + N2 → 
e + N2( A3∑+

u , v  = 0 − 4) 
6.17 [17] 

Electronic excitation e + N2 → 
e + N2( A3∑+

u , v  = 5 − 9) 
7.00 [17] 

Electronic excitation e + N2 → e + N2(B3∏g) 7.35 [17] 

Electronic excitation e + N2 → e + N2(W 3Δu ) 7.36 [17] 

Electronic excitation e + N2 → 
e + N2( A3∑+

u , v  >  10) 
7.80 [18] 

Electronic excitation e + N2 → e + N2(B
'3∑−

u ) 8.16 [17] 

Electronic excitation e + N2 → e + N2(a
'1∑−

u ) 8.40 [17] 

Electronic excitation e + N2 → e + N2(a1∏g) 8.55 [17] 

Electronic excitation e + N2 → e + N2(w
1Δu ) 8.89 [17] 

Electronic excitation e + N2 → e + N2(C
'3∏u ) 11.03 [17] 

Electronic excitation e + N2 → e + N2(E3∑+
g ) 11.88 [17] 

Electronic excitation e + N2 → e + N2(a
''1∑+

g ) 12.25 [17]

Figure 4 shows the distributions of the electron velocity and the ion velocity in 
x-direction. At 8 ns, the electron velocity in the negative streamer front is up to 3 × 
106 m/s, while it is below 1 × 106 m/s in the plasma as shown in Fig. 4a. The increase 
of the velocity in the streamer front is resulted from the electric field enhanced by the 
negative space charge at the streamer front. It also can be seen in Fig. 4a that besides 
the streamer front, the electron velocity in the cathode sheath is also enhanced. 
This phenomenon can be explained by the distorted electric field resulted from the 
positive space charge which located in the cathode sheath. However, at the next 
moment as shown in Fig. 4b, the electrons in the cathode sheath are accelerated into 
the plasma, and the velocity decreases. As time goes by, the electron velocity in the
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Fig. 3 The density of electrons and ions. The background gas is nitrogen; the voltage amplitude is 
100 kV; and the gas temperature is 300 K

negative space charge layer and the ion velocity in the cathode sheath increase. The 
maximum electron velocity and ion velocity come up to 4 × 106 m/s and 7500 m/s 
respectively as shown in Fig. 4d and h. It should be noted that velocities in positive 
x-direction and opposite x-direction are not equilibrium for both electrons and ions 
because electrons at the streamer front are accelerated toward the anode, while ions 
in the cathode sheath are accelerated toward the cathode.
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Fig. 4 The distributions of the electron velocity and the ion velocity in x-direction. The back 

4 Conclusion 

The formation and development of space charge layers under pulse voltage were 
studied using a one-dimensional PIC/MCC model. A complete negative current 
structure has been proposed, including a negative space charge layer, plasma body, 
and cathode sheath. During the formation and propagation of negative current, a 
negative space charge layer is formed at the front of the current. The space charge 
layer reduces the influence of external fields on discharge. With the development of 
the space charge layer, the electron energy increases while the thickness decreases, 
which may increase the stability of the streamer front. After the formation of the 
space charge layer, the energy distribution of electrons shifts towards low energy 
due to the increase in plasma, where the electric field is shielded by space charges, 
and electrons quickly lose energy through excitation collisions. 
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Research on Switchgear Partial 
Discharge Signal Type Identification 
Based on Composite Neural Network 

Renfeng Wang, Xiang Zheng, Jingjie Yang, and Zhihai Xu 

Abstract Due to the low accuracy of traditional machine learning algorithm to iden-
tify the local discharge signal type, this paper proposes a BP neural network (BPNN) 
identification method based on improved whale optimization algorithm (WOA)— 
Cubic Improved Whale Optimization Algorithm Back Propagation Neural Network 
(CIWOA-BP) to achieve the purpose of improving the accuracy of local discharge 
signal type identification in switchgear. The method improves the algorithm ability 
and convergence accuracy of the traditional WOA by combining adaptive inertia 
weights with improved convergence factors through Cubic chaotic mapping of the 
initial population, and the improved algorithm gives the optimal weights and thresh-
olds to the BPNN to enhance the recognition accuracy of the model, while main-
taining the generalization capability and fault tolerance of the BPNN. In this paper, 
three types of TEV partial discharge (PD) models of switchgear are established, the 
feature quantities are downscaled using wavelet soft threshold denoising and prin-
cipal component analysis (PCA), and the CIWOA-BP algorithm is used to classify 
the discharge defect types. The results show that the recognition rates of CIWOA-BP 
are all above 93.3%, which is better than WOA-BP and BPNN models, proving the 
practicality of this recognition method. 

Keywords PD · Pattern recognition · CIWOA-BP · Chaotic mapping · Adaptive 
inertia weight 

1 Introduction 

Switchgear failure is mainly caused by insulation defects, and partial discharge of 
switchgear is the main cause of insulation defects. After partial discharge occurs, if 
not handled in time, it will change from weak to strong and finally lead to insulation 
breakdown, further losing the insulation capacity of the switchgear and eventually
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leading to power outage, which brings serious losses to the national economy. There-
fore, detection equipment is required to provide accurate partial discharge informa-
tion to avoid losses to the maximum extent, and the identification of partial discharge 
patterns and defect types is particularly important. 

Among the commonly used detection methods, the transient earth voltage method 
(TEV) [1] can greatly improve the sensitivity of PD detection of electrical equipment, 
especially online detection, and has obvious advantages for online monitoring of 
high-voltage switchgear because of its small attenuation of electromagnetic signal 
during transmission and rapid induction of pulse change rate, etc. Therefore, this 
paper takes partial discharge TEV signal as the basis for pattern recognition research. 

At present, neural network classification has become one of the main means 
of partial discharge pattern recognition, and various models have emerged, such 
as Random Forest (RF) [2], Convolutional Neural Networks (CNN) [3], SVM [4], 
BPNN method and other fusion algorithms [5–8], etc. As the most widely used among 
all network models, BP [9] has good robustness and fault tolerance. However, the 
traditional BPNN is greatly influenced by the initial values of thresholds and weights, 
and different initial values tend to converge to different local minima and fall into 
the defect of local optimum. Therefore, selecting appropriate weights and thresholds 
plays a vital role in the algorithm. 

In summary, CIWOA-BP was proposed in paper for partial discharge pattern 
recognition, which can optimize the shortcomings of each part of the algorithm 
to achieve more accurate and favorable classification and identification of partial 
discharges. Firstly, wavelet noise reduction and feature extraction are performed on 
the simulated partial discharge signal, followed by dimensionality reduction of the 
feature parameters using PCA, and finally the input data are trained to CIWOA-BP 
neural network for classification and recognition. 

2 Theoretical Foundation 

2.1 BPNN 

BPNN is a network model with three layers, which the core algorithm is the gradient 
descent method. The connection status of neurons between layers is reflected by 
weights, which can be used to handle complex mapping relations of nonlinear 
functions, as shown in Fig. 1:

In Fig. 1, let there be i nodes in the input layer (i = 1, 2 · · ·  N ), j nodes in the 
hidden layer ( j = 1, 2 · · ·  J ), k nodes in the output layer (k = 1, 2 · · ·  K ). The data 
is input from the input node i and its value is xi . ωi j  indicates the weight. Then, the 
x j of the node j is shown in Eq. (1), and its actual output O j is shown in Eq. (2). 
The S-type activation function is used by f (x), and the non-linear change function 
Sigmoid function is chosen for the hidden layer.
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Fig. 1 BPNN

x j = 
n∑

i=1 

ωi j  xi − θ j (1) 

O j = f (x j ) (2) 

2.2 Whale Optimization Algorithm (WOA) 

Whale optimization algorithm is a population intelligence algorithm proposed by 
Mirjalili and Lewis. A in 2016. The optimization algorithm is relatively simple, 
with few computational formulas and non-empirical parameters, which improves 
the efficiency of the algorithm and reduces the difficulty of application [10, 11], and 
the WOA algorithm has a novel structure and simpler parameter settings compared 
with other traditional single algorithms. 

(1) Prey hunting mechanism: when a whale is identified as the best position, other 
whales target its position to update their own position as follows: 

P(t + 1) = P∗(t) − C1 · S (3) 

S = ||C2 · P∗(t) − P(t)
|| (4) 

where t denotes the current iterations; C1 C2 are coefficient variables; P∗(t) 
is the current best whale position; P(t) denotes the current whale position; | | 
denotes the absolute value; · denotes element-by-element multiplication. 

Calculate the coefficient variables C1 and C2: 

C1 = 2 f × r1 − f (5) 

C2 = 2 × r2 (6)
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where f decreases linearly from 2 to 0; r1 r2 are taken at random on [0, 1]. 
(2) Spiral bubble net attack: the process trace of the whale rounding up its prey is 

similar to the logarithmic spiral equation, with the position update process as 
follows: 

P(t + 1) = S' · esr3 · cos(2πr3) + P∗(t) (7) 

S' = || P∗(t) − P(t)
|| (8) 

where S' indicates the distance to the current optimal position; s represents 
the logarithmic spiral shape parameter; r3 is taken at random on [−1, 1]. 

The mathematical model for obtaining the best solution through the two modes of 
hunting described above and continuously approaching the prey with a probability 
of 50% each is as follows: 

P(t + 1) =
(
P∗(t) − C1 · S, p < 0.5 
S' · esr3 · cos(2πr3) + P∗(t), p ≥ 0.5 

(9) 

where p is the size of p determines which mode the whale chooses. 

3 Improved Whale Optimization Algorithm (CIWOA) 

3.1 Cubic Mapping 

The traditional whale optimization algorithm uses a random distribution for the 
initialization process, which in turn guarantees the quality of the unawareness. To 
improve the quality of the initial solution, a first-generation whale population is 
generated from a random chaotic sequence generated by a Cubic chaotic map as 
shown in Eq. (10): 

xn+1 = ρxn(1 − x2 n ) (10) 

where xn ∈ (0,1); ρ is the control parameter. 

3.2 Adaptive Inertia Weights 

To enhance local search capabilities, this paper introduces inertia weights to improve 
the algorithm [12], the idea of inertia weights in particle swarm algorithm (PSO) [13] 
is introduced into WOA algorithm, adaptive weights are added to the leader whale, so
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the cloud improvement of Eqs. (3) and (7), the improved individual position update 
equation is: 

P(t + 1) = P∗(t) − ω · C1 · S (11) 

P(t + 1) = ω · S' · esr3 · cos(2πr3) + P∗(t) (12) 

where the inertia weight expression is: 

ω = ωmin + (ωmax − ωmin) × c × e( −t 
tmax 

) (13) 

where ωmax ωmin is the maximum/minimum value of the given weights; c is the 
empirical constant. 

3.3 Convergence Factor Improvement 

In WOA, f affects the global foraging range and local exploration ability, there will 
be problems such as easy to fall into local optimality [14], which is improved in this 
paper so that it converges nonlinearly with the number of iterations as follows: 

f = 2 ×
)
1 −

√
t 

tmax

)2 

(14) 

3.4 Algorithm Process 

Step 1 Define population size, location information, maximum iterations, 
maximum and minimum of inertial weights. 

Step 2 Initialize location of the whale population using Cubic mapping and trans-
form the initial variables to the value interval of the initial variables of the 
objective function. 

Step 3 The whale at the current best position is determined by the fitness function 
and considered as the current optimal solution. 

Step 4 Calculate the coefficient vectors C1 and C2, introduce the improved conver-
gence factor calculation, and determine if the p is less than 50%, then go 
directly to step 5; Otherwise, use formula (12) to update the position. 

Step 5 If p < 0.5 and C1 < 1, the whale update the current position of the 
individual by formula (11); Otherwise, use formula (9) to update the position.
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Step 6 After each position update, the fitness function is recalculated and the current 
optimal solution is selected, and replaced if it is better than the previous 
optimal solution. 

Step 7 Calculate the current number of iterations and return to step 4 if the 
maximum number of iterations has not been reached, otherwise stop the 
calculation. 

Finally, the optimal value is sent to BPNN for subsequent classification operations. 

4 Signal Simulation and Feature Extraction 

4.1 Partial Discharge Signal Establishment 

In this paper, the mathematical model is established for three types of faults: air gap 
discharge, suspended defect discharge and high-voltage conductor spike discharge 
model of switchgear typical partial discharge types, and the sampling frequency of 
the signal model is set to 10 MHz. In order to simulate the real field acquisition of 
the partial discharge signal, add white noise and narrowband interference noise to 
the PD signals. 

4.2 Signal Denoising and Feature Extraction 

In this paper, the wavelet soft threshold denoising method is used to take the high-
voltage conductor spike discharge as an example, and the corresponding signal 
waveform after denoising is shown in Fig. 2. The time domain features, frequency 
domain features and wavelet decomposition features of the partial discharge signal 
are extracted, and the dimensionality of the signal is reduced by using PCA. 

Fig. 2 Partial discharge signal denoising waveform
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Fig. 3 Identification result 
chart 

5 CIWOA-BP Partial Discharge Pattern Recognition 

5.1 Algorithm Performance Test 

In this paper, 200 samples of each of the three categories are selected and randomly 
disordered as input training samples for training, where the number of whale popu-
lations is 20, the maximum number of iterations is 50, the chaos mapping control 
parameter is 2.595, the input layer is set to 25, the output layer is set to 3, and 
the training is completed 1000 times with a target minimum error of 0.0001 and a 
maximum number of failures of 6. The model is trained until the optimal parameters, 
and save and use the model parameters during testing. 

Twenty samples were taken for each of the three types of partial discharge data 
in the test data to test the accuracy of partial discharge pattern recognition for each 
type of sample, the results are as follows (Fig. 3). 

As seen from the figure, the recognition rates of CIWOA-BP neural network 
for air gap discharge, suspended defect discharge and high-voltage conductor spike 
discharge reached 92.6%, 95% and 92.3%, respectively, and the overall recognition 
rate reached 93.3%. 

5.2 Comparison of Recognition Results 

The partial discharge identification method in this paper is compared with the 
traditional BPNN and WOA-BP, and the experimental results are shown in Table 1.
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Table 1 Recognition rate comparison table 

Partial discharge signal type Correct recognition rate/% 

BPNN WOA-BP CIWOA-BP 

Air gap discharge 89.3 86.3 92.6 

Suspended defect discharge 85.4 90.0 95.0 

High-voltage conductor spike discharge 87.9 89.1 92.3 

6 Conclusion 

This paper achieved the following: 

(1) Generating the initial whale population using chaotic mapping to improve the 
quality of the initial solution and reduce randomness; introducing adaptive 
weights to improve the local search capability of the algorithm by improving 
the convergence coefficient; 

(2) Using the optimized WOA algorithm to define initial thresholds and weights of 
BPNN, which solves the drawback that the BPNN model easily falls into local 
optimum and enhances model computational capabilities; 

(3) By establishing the switchgear PD signal, performing wavelet denoising and 
PCA dimensionality reduction, and composing the feature volume into training 
and test samples for recognition and classification, the results show that the 
recognition rate of CIWOA-BP for all three types of partial discharge defects 
reaches more than 93.3%, indicating that the model can achieve accurate and 
effective discharge type recognition, which can provide reference for subsequent 
partial discharge recognition. 
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Research on Partial Discharge Noise 
Reduction Method of Motor Based 
on SVD-VMD 

Zhihai Xu, Jingjie Yang, and Xiang Zheng 

Abstract Online monitoring of Partial discharge (PD) is an ordinary technology for 
condition monitoring of high-voltage motor. However, it is difficult because of noise 
interference on site. Therefore, to solve the problem that the signal of high voltage 
motor PD is swamped by white Gaussian noise and narrowband periodic interfer-
ence, a new denoising method combining Singular value decomposition (SVD) and 
Variational Mode Decomposition (VMD) is proposed. First, the original PD signal 
is decomposed by SVD. After the Kurtosis of the singular value sequence is calcu-
lated, periodic narrowband noise is removed by adaptively selecting the singular 
value to be reconstructed; Then, the starting position of PD signal is determined by 
calculating the variance of the signal in the sliding window; The signal after noise 
removal is obtained by zeroing the no PD location finally. The obtained PD signals 
are denoised and compared with VMD and EMD-WT. Simulation results show that 
compared with other denoising methods, SVD-VMD improves signal-to-noise ratio 
by 30% and has good performance. Simulation results show that compared with other 
denoising methods, SVD-VMD improves signal-to-noise ratio by 30% and has good 
performance. 

Keywords High-voltage motor · Partial discharge · SVD · VMD 

1 Introduction 

With the wide use of large frequency conversion motor, the field of insulation predic-
tive maintenance of high-voltage motor is rising gradually. The use of frequency 
converters exacerbates insulation failures, which can lead to high maintenance costs
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and unplanned production shutdowns. The state of the stator winding will directly 
affect the operation of the motor. Usually, the reason for stator winding failure is 
the aging of insulation materials [1]. PD signal is one of the important references to 
reflect the insulation defects of stator windings. However, the PD signals detected in 
the field are always interfered by noises. Effectively restraining the noise in signals 
is an important problem in monitoring the insulation condition of stator windings 
[2]. 

At present, noise interference is a major problem limiting online PD monitoring. 
Especially in the motor device driven by inverter, PWM voltage contains similar 
components with the frequency of the PD to be measured, which greatly affects the 
accuracy of PD monitoring. To eliminate the influence of noise interference, there 
are two main methods: one is to install multiple sensors and judge whether the signal 
belongs to noise or PD signal according to the different time when the signal reaches 
each measuring point, the second is to judge by pulse waveform (Fig. 1). 

At present, scholars have proposed many methods to denoise partial discharge 
signals. Such as WT [3], EMD [4], SVD [5], VMD [6, 7] and so on. WT has an 
excellent time analysis performance, however it can’t separate noise effectively when 
the noise is complex. EMD is able to adaptively resolve the signal into different 
modes, but the aliasing of the modal components is easy to occur. SVD can be used to 
reconstruct the narrowband noise and eliminate it in the local emission electric signal, 
but the residual white noise cannot be effectively removed. VMD can overcome 
mode aliasing and end point effects, but its decomposition parameters need to be 
set artificially. When the parameters are not reasonable, it is difficult to obtain ideal 
results. 

To eliminate the noise and harmonic interference in the PD signal as much as 
possible and retain the features, A new denoising method is presented by combining 
SVD and VMD.

Fig. 1 PD on-line monitoring system of variable frequency motor 
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2 Basic Theory 

2.1 Singular Value Decomposition 

The signal was constructed as a Hankel matrix F with the following construction 
formula [8]. 

F = 

⎡ 

⎢⎢⎢⎣ 

f (a) f (b) · · · f (P) 
f (b) f (c) · · ·  f (P + 1) 
... 

... 
... 

f (Q) f (Q + 1) · · ·  f (R) 

⎤ 

⎥⎥⎥⎦ (1) 

where Q is an integer, P = R − Q + 1 and Q = R/3, F is decomposed by SVD, 
and the decomposition formula is as follows: 

F = UL×L · SL×K · V T K ×K (2) 

According to the selected singular values, the reconstruction formula is as follows: 

Fs = UL×r · Sr×r · V T K ×r (3) 

2.2 Variational Mode Decomposition 

As a method of completely non-recursive signal process, VMD is able to decom-
pose modes into diverse center frequencies with good stability, effectively avoid the 
problems of aliasing and boundary effect of different modes, and has relatively good 
resolution accuracy and strong noise filtering ability. 

It calculates these modes and estimates bandwidth of center frequencies under 
the constraint of minimum bandwidth sum. The formula can be expressed as: 

min{uk },{ωk }

(
K∑

k=1

||∂t
[(

δ(t) + 
j 

π t

)
· uk(t)

]
e− j ωk t||2 2

)

s.t. 
K∑

k=1 

uk(t) = x(t) (4) 

where {uk} is IMFs set, {ωk} is central frequencies set, K is predetermined number 
of modes for mode decomposition.
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Equation (4) can be unconstrained with the Lagrangian multiplication operator λ 
and α, the extended Lagrangian formula can be obtained: 

L({uk}, {ωk}, λ) = α 
K∑

k=1

||∂(t)

[(
δ(t) + 

j 

π t

)
· uk(t)

]
e− jωk t||2 2 

+ || f (t) − 
K∑

k=1 

uk(t)||2 2 + λ(t), f (t) − 
K∑

k=1 

uk(t) (5) 

With alternate direction multiplier method, obtain IMF mode and center 
frequency: 

u
Δn+1 
k = 

f
Δ

(ω) − ∑
i /=k u

Δ

i (ω) + λ
Δ

(ω) 
2 

1 + 2α(ω − ωk)
2 (6) 

ωn+1 
k =

∫ ∞
0 ω

||uΔk(ω)
||2 dω∫ ∞

0

||uΔk(ω)
||2 dω 

(7) 

2.3 Kurtosis 

Kurtosis is a numerical statistic of the distribution properties of reactive random 
variables and the normalized 4th central moment of the data [9]. The formula is as 
follow: 

Ku  = E
[
(x − μ)4

]
(
E

[
(x − μ)2

])2 (8) 

3 Simulation Analysis 

3.1 Simulation PD 

The PD can be expressed by single and double exponential decay oscillations: 

x1(t) = A · e− t 
τ · sin 2π fct (9) 

x2(t) = B ·
(
e− 1.3t 

τ − e− 2.2t 
τ

)
· sin 2π fct (10)
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where fc is oscillation frequency, τ is attenuation coefficient, A and B are amplitude 
[10]. 

Four PD signals are simulated by Eqs. (9) and (10), whose parameters are shown 
in Table 1. Frequency is 10 MHz (Fig. 2). 

Because the actual detection of common PD signal strength is −2dB, −2dB white 
noise, periodic narrowband noise and 1 MHz frequency Harmonic wave should be 
added to the real siganl. The periodic narrowband noise mathematical expression is 
as follows: 

S = A ∗ 
3∑

i=1 

sin(2π fi t) (11) 

A is 0.2  mV,  fi is 0.5 MHz, 0.7 MHz, 2 MHz (Fig. 3).

Table 1 PD signal parameters 

Pulse 1 2 3 4 

A/mV 0.5 0.5 2 2 

f c/MHz 1 1 1 1 

τ/ns 15 15 15 15 

Fig. 2 Pure PD signal 
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Fig. 3 PD signal with noise 

3.2 Denoising Process 

The proposed steps of SVD-VMD to suppress PD signal noises: 

Step1: Decompose PD with noise F using the SVD, get the sequences of singular 
values {s1, s2, · · ·  sL}. 
Step2: Calculate the Kurtosis of {s1, s2, · · ·  sL}, 
{s2, s3, · · · sL}· · · {sL−2, sL−1, sL},{sL−1, sL} separately. Make the highest cliff 
point as the critical point, reconstruct the critical point and its previous singular 
values to obtain the signal F1. The signal after removing periodic narrowband 
noise is calculated by formula F2 = F − F1. 
Step3: Denoise the signal F2 using the VMD, get the signal F3 contained residual 
white noise. 
Step4: Add a sliding window of length 10, calculate the variance value of the signal 
F3 in the sliding window, determine PD starting position according to change in 
the variance values, obtain the final denoising signal after the residual white noise 
removal. 

The SVD decomposition was performed on the stained-noise PD signal, the 
resulting singular values are shown in Fig. 4. The 8th and 9th singular value gaps 
are obvious, therefore, the values of the first 8 singular values correspond to periodic 
narrow band noise.
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Fig. 4 Signal values of 
noise PD 

3.3 Denoising Analysis 

After removing the reconstructed narrowband interference from the stained PD 
signal, PD is denoised by VMD, set k to 4, get PD shown in Fig. 5. 

Then, a sliding window of length 10 is added, the variance value of the signal 
in the sliding window was calculated, and the starting position of the PD signal 
was determined according to the change of the variance value, as shown in Fig. 6. 
Residual white noise was removed to obtain the final denoising signal, as shown 
in Fig. 7. It shows that the noise in the PD signal at this time has been completely 
removed with well preserved PD signal characteristics.

Fig. 5 PD signal after noise reduction by SVD-VMD 
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Fig. 6 The starting position of PD 

Fig. 7 PD after final denoising 

3.4 Denoising Contrast 

To prove the advantages of the method proposed, VMD and EMD-WT [11] denoising 
of simulated PD signals were carried out at the same time. In Figs. 8, 9 and 10, the  
SVD-VMD has better denoising ability.

In this paper, SNR, NCC, RMSE are introduced to better evaluate three methods 
denoising performance. In Table 2, SVD-VMD has a relatively high SNR and NCC 
and a lower RMSR.
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Fig. 8 VMD denoising 

Fig. 9 EMD-WT denoising
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Fig. 10 SVD-VMD denoising

Table 2 The index of the 
three denoising methods SNR NCC RMSE 

VMD 3.3594 0.6581 0.1015 

EMD-WT 5.3796 0.7103 0.0971 

SVD-VMD 6.6723 0.8028 0.0875 

4 Conclusion 

Based on PD and noise characteristics: 

(1) A new method to suppress white noise, harmonic wave and narrow band noise 
in PD is presented by combining SVD and VMD. 

(2) An adaptive selective reconstruction singular value based on kurtosis of singular 
value sequences is proposed. 

(3) A method is proposed to calculate the sequence variance based on sliding 
window to determine the PD signal starting position. 

(4) Compared with VMD and EMD-WT, the proposed method has better effect, 
which facilitates the subsequent processing of local emission electrical signals. 
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Simulation of Seawater Orifice Intrusion 
of 500 kV Submarine Oil-Filled Cable 
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and Xiaofeng Xu 

Abstract After the submarine oil-filled cable is damaged, it is necessary to cut off 
the water entry part of the cable and then connect the spare cable. So it is significant to 
know the exact length of seawater entry into the cable. Based on the 500 kV submarine 
oil-filled cable of the Hainan interconnection system, the length of seawater entering 
the cable when the orifice is at different depths and locations of the same depth 
is modeled and simulated. The results show that: when the orifice is close to the 
Guangdong side, the length of water entering both sides of the orifice increases first 
and then decreases, with the maximum increase of 6.32% on the left side of the 
orifice and 83.37% on the right side of the orifice; when the orifice is close to the 
Hainan side, the length of seawater entering both sides of the orifice increases as the 
depth of the orifice increases, and the length of water entering the left side of the 
orifice increases significantly; when the orifice is close to the Guangdong side, at the 
same depth, the more the orifice is closer to the middle of the cable, the length of 
water entry on both sides of the orifice decreases. 

Keywords Oil-filled cable · Inflow length · Two-phase flow · Numerical 
simulation
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1 Introduction 

Hainan interconnection is China’s first long-distance, ultra-high voltage, high-
capacity trans-sea interconnection transmission system [1, 2]. This project uses oil-
filled cables with oil-impregnated paper insulation, which can adapt to various laying 
conditions. Since the electrical performance of oil-filled cables is stable [3], the 
chance of their electrical breakdown is minimal, so more failures are due to external 
damage that leads to oil leakage from the cables. When a submarine oil-filled cable 
breaks down, there is a risk of seawater entering inside the cable, which will seriously 
affect the operation and service life of the submarine cable, so when repairing the 
submarine cable, it is necessary to cut off the water part of the cable and then connect 
the cable [4–6]. Therefore, when repairing submarine cables, it is necessary to cut 
off the water part of the cable and then connect the cable. Thus, knowing the exact 
length of seawater in the cable is essential for the submarine cable connection. 

Submarine cables are generally modeled and analyzed by finite element simula-
tion for submarine oil-filled cables due to the limitations of physical experiment cost 
and specific working environment [7]. Zhou Fengzheng and others studied cable fail-
ures caused by typical defects in high-voltage cable terminals and proposed targeted 
technical measures through simulation analysis [8]. Weng Yawei builds a simula-
tion model of a pulse current ranging system based on cable fault ranging work, 
providing more accurate data for cable fault maintenance [9]. Bangle summarized 
the characteristics of grounding current changes under different sheath faults through 
simulation to provide a theoretical basis for fault detection in cable crossover trans-
position systems [10]. In summary, the current simulation on submarine cable faults 
mainly focuses on anchor damage research and electrical simulation research of cable 
faults, while simulation research to support cable maintenance is rare. 

This paper uses the Hainan interconnection system’s 500 kV AC submarine oil-
filled cable as the research object and model. It analyzes the seawater entering the 
cable at different hole depths and locations at the same depth, which can provide a 
reference for determining the cut-off length for cable maintenance. 

2 Mathematical Model 

The flow of insulating oil in a pipe satisfies the Reynolds average Navier–Stokes 
equation (hereinafter referred to as the “RANS equation”), 

ρ 
∂u 

∂t 
+ ρu · ∇(u) = −∇ p + ∇  ·  (μ(∇u + ∇uT )) + F (1) 

where: ρ is the fluid density, kg/m3; u is the fluid velocity, m/s; t is the time, s; p is 
the fluid pressure, Pa; T is the temperature, K; μ is the dynamic fluid viscosity, Pa s; 
F is the external force acting on the fluid, N.
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The above equation is always solved simultaneously with the continuity equation, 
which for insulating oil yields: 

∇ ·  u = 0 (2)  

3 Simulation Model 

3.1 Geometric Model 

The flow velocity of insulating oil in the whole pipeline was firstly simulated using 
the pipeline flow module. Then the area of 100m each near the orifice was simulated 
by the two-phase flow module to derive the situation of seawater entering inside 
the cable. Construct the pipe flow model according to the cross-sectional schematic 
diagram of the Hainan Power Grid Project, as shown in Fig. 1. 

The length of the cable model is 31 km, and the maximum depth is 100 m. When 
the orifice is close to the Guangdong side, there are cases with multiple locations at 
the same depth due to the change in the seafloor topography, as shown in Table 1. 

Fig. 1 Simplified geometric model of pipeline flow 

Table 1 Position of the notch at different depths 

Depth/m Guangdong side position/m Hainan side position/m 

10 3400 28,000 

20 5000 9000 27,200 

30 9300 26,400 

40 9600 25,500 

50 9900 24,600 

60 10,200 14,400 17,200 

70 10,500 13,800 14,700 16,800 

80 10,800 13,200 15,000 16,400 

90 15,300 16,000 

100 15,600 15,600
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Fig. 2 Geometric model at 
the notch 

The two-phase flow model is shown in Fig. 2, the orifice size is 0.03 * 0.055 m, 
and the oil channel size is 0.03 * 200 m. 

3.2 Simulation Conditions 

The pipeline flow simulation is a pressure boundary condition, the pressure at both 
ends is determined by whether the oil pump is started or not, and the pressure at the 
orifice is the pressure of seawater. For the two-phase flow simulation, the velocity 
boundary condition is at both ends, and the pressure boundary condition is at the 
orifice [11]. 

According to literature [12], the height of the oil pumping station on the Guang-
dong side is 11 m, and the height on the Hainan side is 25 m. The density of insulating 
oil is 855 kg/m3, so when the oil pump is not started, the pressure at sea level on the 
Guangdong side is 0.92 bar, and the pressure on the Hainan side is 2.10 bar. When 
the oil pump pressurization reaches the set value, the pressure at the sea level is 5 
bar. 

4 Results and Analysis 

4.1 Effect of Different Depths on the Length of Seawater 
Entering the Cable 

(1)(1) The inlet length on the Guangdong side. 

When the orifice is located at a depth of 10–100 m, the length of seawater entering 
both sides of the orifice is shown in Fig. 3, where LL indicates the length of seawater 
entering the left side of the orifice, and LR indicates the length of seawater entering 
the right side of the orifice. The location of the orifice is 5000 m at 20 m, 10,200 m 
at 60 m, 10,500 m at 70 m, and 10,800 m at 80 m.

From Fig. 3, the left side inlet length is within the range of 0.35–0.4 m. The left 
inlet length shows a trend of increasing and then decreasing with increasing depth, 
reaching the maximum at a depth of 80 m, which is 0.399 m; the maximum change 
from 40 to 50 m, which is 6.32%, so it can be considered that the overall change 
in the left side inlet length is small. The right inlet length first increases and then 
decreases, reaching a maximum of 0.761 m at a depth of 70 m, with a maximum
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Fig. 3 Length of water inlet 
on the guangdong side
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change of 83.37% from 60 to 70 m, a significant change compared to the left inlet 
length. 

After analysis, when the orifice is close to the Guangdong side, the pressure at 
the orifice increases as the depth of seawater where the orifice is located increases, 
and the orifice gradually approaches the middle of the cable (15,500 m), according 
to Eq. (3):

ΔP = 
32μlv 

d2 
→ v =

ΔPd2 

32μl 
(3) 

When the pipe diameter d and the insulating oil viscosity μ are constant, and 
the pressure difference ΔP increases simultaneously with the length l, the velocity 
change cannot be accurately judged, so the length of seawater entering the left side 
of the orifice cannot be accurately analyzed. According to the cable flow velocity 
results, seawater’s speed entering the left side of the orifice under different depths 
is obtained, as shown in Fig. 4. From Fig.  4, it can be seen that the overall size of 
the seawater inflow velocity increases as the depth increases but decreases from 20 
to 30 m and from 80 to 90 m. The seawater inflow velocity is maximum at a depth 
of 80m, roughly the same as the change rule of seawater length entering the cable’s 
left side in Fig. 3. This shows that the cable inlet length is proportional to the inflow 
rate of the orifice.

When seawater flows to the right side of the orifice, due to the high altitude and 
pressure of the pumping station on the south side of the right end of the sea, at 10 m 
~ 60 m, seawater and insulating oil form a relatively stable mixing interface at the 
orifice, resulting in a small amount of seawater diffusing into the interior of the cable, 
and at 70 m ~ 100 m seawater begins to flow slowly into the interior of the cable. 
When the depth is 70 m or more, the oil–water mixture on the left side of the orifice 
flows to the right side of the empty mouth under the action of the oil pump on the
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Fig. 4 Velocity to the left of 
the orifice
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left side, so the length of the incoming water increases significantly. As the empty 
mouth is located in the middle of the cable at 90 m and 100 m, the oil pump starts 
at roughly the same time on both sides; therefore, the length of the incoming water 
starts to decrease at this time. 

(2)(2) The inlet length on the Hainan side. 

When the orifice is close to the south side of the sea, the results of the length of 
seawater entering both sides of the cable orifice at different orifice depths are shown 
in Fig. 5. 

From Fig. 5, it can be obtained that when the orifice is close to the Hainan side, 
the length of seawater entering both sides of the orifice increases with the depth of 
the orifice. The left inlet length increases the most from 50 to 60 m, which is 10.40%, 
and the left inlet length changes significantly compared with the right side; the right

Fig. 5 Length of water inlet 
on the hainan side 
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inlet length increases the most from 60 to 70 m, which is 5.33%, and the overall 
change of the right inlet length is not apparent. 

As the depth of the orifice increases, the orifice is close to the middle of the 
cable, the cable length on the left side of the orifice decreases, the orifice pressure 
increases, so the velocity of seawater inflow increases, and in turn, the length of 
seawater entering the left side of the orifice increases. When the orifice is close to the 
middle of the cable, the length of the cable on the right side of the orifice increases, 
and the pressure at the orifice also increases, and according to Eq. (3), it is known 
that the velocity change is uncertain at this time. The velocity image of the right 
side of the orifice can be seen as shown in Fig. 6. With the increase in depth, the 
velocity decreases, and when the depth is greater than 60 m, the velocity is negative, 
indicating that seawater flows into the orifice. After analysis, when the depth is 10 m 
~ 60 m, the seawater pressure at the orifice is slightly less than the internal pressure 
of the cable. At this time, the insulating oil flows out slowly, but due to the entry 
of seawater on the left side of the orifice, resulting in an oil–water mixture near the 
orifice. The right side of the orifice is mixed with a shorter distance of seawater, and 
as the speed of the insulating oil flows out gradually decreases, the distance of the 
oil–water mixture into the right side of the orifice also increases. When the depth of 
the orifice is 70 m ~ 100 m, the seawater pressure is greater than the internal pressure 
of the cable, seawater flows into the cable internal. With the increase of depth, the 
inflow speed increases, so the length of seawater into the right side of the orifice also 
increases. 

Fig. 6 Velocity on the right 
side of the orifice
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4.2 Effect of Different Locations at the Same Depth 
on the Length of Seawater Entering the Cable Interior 

Figure 7 shows the results of the lengths of seawater entering both sides of the orifice 
at different positions of 20 m and 60 m for the depth of the orifice. Figure 8 shows 
the results of the length of seawater entering both sides of the orifice when the depth 
of the orifice is at different positions of 70 m and 80 m. 

From Fig. 7, it can be obtained that at the same depth, with the location of the 
orifice near the middle of the cable, the length of water entry on both sides of the 
orifice decreases, and the decrease is in the range of 2.28–4.56%, and the overall

Fig. 7 Inlet lengths of 20 m 
and 60 m  
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Fig. 8 Inlet lengths of 70 m 
and 80 m  
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decrease is not apparent. From Fig. 8, it can be obtained that at the same depth, the 
length of seawater entering both sides of the orifice decreases as the location of the 
orifice approaches the middle of the cable. The length of seawater entering the left 
side of the orifice decreases slowly, with an average decrease of 4.97%; the length 
of seawater entering the right side decreases rapidly, with an average decrease of 
21.03%. 

Under the same depth, when the orifice is close to the middle of the cable, the 
length of the left side of the orifice increases, and the pressure loss caused by the 
liquid flow in the pipe increases, but the pressure at the orifice remains unchanged. 
The speed of liquid flow decreases at this time, so the length of the water inlet on 
the left side of the orifice at each depth is reduced. When the depth of the orifice 
is between 20 and 60 m, although the insulating oil on the right side of the orifice 
slowly flows out from the orifice, when seawater enters the cable from the left side 
of orifice, seawater also appears on the right side of the orifice due to the diffusion 
movement of the insulating oil and the collision with the pipe wall. The volume 
fraction of seawater is tiny compared to the left side, and the entry length is also 
concise. When the depth is constant, and the location of the orifice is close to the 
middle of the cable, the cable length on the right side of the orifice becomes shorter, 
so the pressure loss caused by the liquid flow becomes smaller, at this time the speed 
of the insulating oil outflow increases, and the length of the oil–water mixture near 
the orifice into the right side of the orifice decreases. 

When the depth of the orifice is 70 m and 80 m, the seawater enters the cable 
from the right side of the orifice. The location of the orifice is gradually close to the 
middle of the cable, the time difference between the two sides of the oil pump starts 
gradually shortened, so the distance of the oil–water mixture flowing to the right side 
under the action of the oil pump on the Guangdong side is shortened. 

5 Conclusion 

In this paper, the following conclusions were obtained by simulating the length of 
seawater entering the cable from the orifice at different depths and locations at the 
same depth. 

(1) When the orifice is close to the Guangdong side, with the increase of orifice 
depth, the overall length of seawater entering both sides of the orifice increases 
first and then decreases due to the change of terrain, and at a depth of 80 m, 
the maximum length of water entering the left side of the orifice is 0.399 m; at 
70 m depth, the maximum length of water entering the right side of the orifice 
is 0.761 m. 

(2) When the orifice is close to the south side of the sea, the length of seawater 
entering both sides of the orifice increases with the depth of the orifice, and the 
left inlet length increases the most from 50 to 60 m, 10.40%, and the left inlet 
length changes significantly compared with the right side; the right inlet length
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increases the most from 60 to 70 m, 5.33%, and the overall change of the correct 
inlet length is not significant. 

(3) When the orifice is close to the Guangdong side, the length of seawater entering 
both sides of the orifice decreases at the same depth as the location of the orifice 
gradually approaches the middle of the cable. At 20 m and 60 m, the length of 
seawater entering both sides of the orifice decreases by 2.28–4.56%. At 70 m 
and 80 m, the length of seawater entering the left side of the orifice decreases 
by 4.97% on average, and the length of seawater. 
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3-D Segmentation and Surface 
Reconstruction of Gas Insulated 
Switchgear via PointNet-MLS 
Architecture 

Chaowei Lv, Xiangyu Guan, Jiang Liu, and Jingwen Liao 

Abstract High quality 3D reconstruction technique is essential for digital twin (DT) 
application of power equipment. This work presents a PointNet-MLS combined 
architecture to realize component segmentation and surface reconstruction of gas 
insulated switchgear (GIS) with complex background interference. In order to make 
the GIS ontology point cloud obtained continuous and smooth, greedy projection 
triangulation is then applied. Lastly, the local features of the GIS point cloud are 
enhanced, and the three-dimensional geometric properties of the GIS apparatus are 
better restored using the moving least squares approach. The results show that the 
mean intersection over union (mIoU) of PointNet++ algorithm for on-site GIS point 
cloud segmentation can reach 92.1%, which is higher than 32.8% and 13.7% of 
K-means and PointNet algorithms, respectively. The proposed MLS algorithm can 
effectively repair the defects of GIS point cloud after greedy projection triangu-
lation, so that the repaired surface part can maintain the three-dimensional shape 
characteristics of the GIS point cloud. 

Keywords GIS · Point cloud segmentation · PointNet ·MLS 

1 Introduction 

Digital twin refers to the establishment and simulation of a physical entity, process 
or system in an information platform. With the help of digital twin, the state of phys-
ical entities can be understood on the information platform. By integrating physical 
feedback data, supplemented by artificial intelligence, machine learning and soft-
ware analysis, a digital simulation can be established in the information platform
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[1]. In this study, a physical test platform for a GIS prototype is built in order to get 
the three-dimensional geometric properties of the field GIS equipment and recon-
struct it in three dimensions. A variety of test-related instruments, including a power 
frequency high current generator, wiring copper bar, transformer, and other devices, 
cannot be avoided from being in the laser radar’s field of view because the develop-
ment of the field test necessitates their coordination [2]. This is due to the site’s size 
limitations. The time of flight (TOF) approach is employed in this study to gather 
the point cloud data for the on-site GIS using Intel Realsense-L515 lidar [3]. Contin-
uous emission light pulses, which are typically invisible light, are transmitted to the 
item to be measured, and the sensor then receives the light that is reflected from the 
surface of the object. To determine the depth of the item to be measured, the flight 
(round-trip) duration of the light pulse is detected. This information is used to deter-
mine the distance of the object to be measured. Owing to the significant background 
interference present in the gathered original GIS point cloud data, the noisy point 
cloud is dispersed and high in quantity, making it challenging for the current methods 
to eliminate [4]. 

This paper suggests a GIS point cloud segmentation algorithm based on 
PointNet++ [5] to realize the separation and extraction of the point cloud of GIS 
equipment under the background interference in order to obtain the three-dimensional 
geometric characteristics of GIS equipment under the background interference. Then 
the greedy projection triangulation algorithm [6] is used to reconstruct the surface, 
and finally the moving least squares method [7] is used to smooth the surface. 

2 Raw Point Could Data Acquire and Preprocessing of GIS 

2.1 GIS Point Cloud Data Set Construction 

In this paper, a GIS prototype physical test platform is built as shown in Fig. 1a. 
Laser radar is used to collect point cloud data from field GIS equipment, as shown in 
Fig. 1b. Firstly, the CloudCompare tool is used to frame the collected GIS original 
point cloud data. The GIS cavity and background are divided into two parts, marked 
with labels 0 and 1 respectively, and then the two parts of point cloud data with 
different labels are combined into a complete point cloud. Finally, the point cloud is 
subsampled to reduce the size of the data set, as shown in Fig. 1c, which is convenient 
for PointNet++ network training.

3 Component Segmentation and Surface Reconstruction 
Framework 

The overall process framework of this article is shown in Fig. 2.
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Fig. 1 On-site GIS and GIS point cloud and processed point cloud data

GIS cavity point cloud 

Greedy Projection      
Triangulation MLSPointNet++ 

Point cloud on site surface reconstruction Smoothed point cloud 

Fig. 2 Overall process framework 

3.1 PointNET-Based Component Segmentation 

This study processes the created GIS data set using the point-based PointNet++ neural 
network architecture to distinguish and separate the GIS point cloud from the compli-
cated backdrop environment. Set abstraction, which comprises of the sample layer, 
grouping layer, and PointNet [8] layer, is the primary component of the PointNet++ 
network. 

The convolution procedure on a two-dimensional picture is analogous to the design 
concept of set abstraction. The local operation is defined by the PointNet layer, 
which is determined by the sampling layer, the grouping layer, which specifies the 
neighborhood of the local operation. Specifically: 

(1) The sampling layer uses the Farthest Point Sampling (FPS) [9] to select local 
‘key’ points for the point cloud. 

(2) The neighborhood surrounding the sample point is obtained by the grouping 
layer using the Ball query grouping technique. 

(3) The PointNet network is used to process the points in the neighborhood of all 
sampling points and extract the corresponding local features. 

3.2 MLS-Based Surface Reconstruction 

After point cloud segmentation and extraction, the GIS point cloud data is no longer 
surrounded by noise, but it is still disorganized. More surface reconstruction is
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required because there isn’t a clear relationship between the points and the shape 
of the GIS hollow cannot be properly stated. 

The Greedy Projection Triangulation algorithm is a reconstruction technique 
based on triangulation. The local point cloud is projected onto the tangent plane 
of its central three-dimensional point, and Delaunay triangulation is performed on 
the obtained plane. Then the triangulation results on the plane are mapped back to the 
three-dimensional space to form a complete mesh surface in the three-dimensional 
space. 

Because of the issue with non-smooth surfaces and gaps in point clouds following 
surface reconstruction. In order to considerably improve the local features of the GIS 
point cloud and more accurately recover the three-dimensional geometric properties 
of GIS equipment, we use the MLS algorithm to calculate the weighted least squares 
of any fixed point in the point set, then move the point on the whole parameter 
domain, and calculate each point separately. Finally, a weighted least squares fitting 
is determined to smooth the surface of the point cloud. 

4 Results and Discussion 

In this paper, 70% of the 360 sets of GIS point cloud data are randomly selected as 
the training set, 10% as the verification set, and 20% as the test set. The model is 
trained by 100 iterations, the Batch size is set to 10, the initial learning rate is set to 
0.001, and the Adam optimizer is used to optimize the model. 

4.1 Poind Cloud Segmentation Results 

The mAcc and mIoU of the model category are used as performance comparison indi-
cators for various GIS point cloud segmentation models in order to further compare 
the performance indicators of the model and investigate the efficacy of the point 
cloud segmentation method [10]. 

An essential metric to assess the precision of point cloud segmentation is the 
mIoU value, which is determined by averaging the IoU values for each category. The 
mAcc value is the ratio of the sum of the prediction accuracy of each class to the 
number of classes. The calculation formula is: 

PmIoU  = 1 

m + 1 
m∑

g=0 

pgg∑m 
h=0 pgh +

∑m 
h=0 phg − pgg (1) 

mAcc  = 1 
m 

m−1∑

g=0 

pgg∑m−1 
h=0 pgh 

(2)



3-D Segmentation and Surface Reconstruction of Gas Insulated … 191

Table 1 Comparison of 
segmentation results of GIS 
point cloud data set 

Segmentation algorithm mIoU (%) mAcc (%) 

PointNet++ 92.1 94.7 

PointNet 78.4 82.8 

Kmeans 59.3 64.2 

Fig. 3 Comparison of GIS cavity segmentation results 

where, m represents the number of categories, g represents the true value, h represents 
the predicted value, and pgh represents the prediction of g as h. 

The segmentation effects of three distinct algorithms—Kmeans clustering [11], 
PointNet and PointNet++—on GIS point cloud data sets are compared in this study. 
Table 1 presents the results. 

Table 1 shows that PointNet++ enhances PointNet and adds the set abstraction 
module to maximize the model’s ability to extract local and global features. Its 
mIOU is 13.7% higher than the PointNet point cloud segmentation algorithm and 
32.8% higher than the Kmeans clustering method. Its mAcc is 11.9% higher than 
the PointNet point cloud segmentation algorithm and 30.5% higher than the Kmeans 
clustering method. 

In order to evaluate the actual scene application effect of different models, the 
GIS field point cloud is randomly selected to test the recognition effect of different 
algorithms. The test results are shown in Fig. 3. The graphic shows that the incorrect 
categorization of points is a problem for both the PointNet method and the Kmeans 
algorithm, and that the recognition impact of the PointNet++ algorithm is clearly 
superior to that of these two algorithms. 

4.2 Surface Reconstruction Results 

The greedy projection triangulation reconstruction algorithm uses the local optimal 
greedy idea to make the reconstructed GIS surface point cloud continuous. The MLS 
algorithm further smooths the point cloud, thereby significantly improving the local 
details of the point cloud on the GIS surface and better restoring the three-dimensional
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Fig. 4 Greedy projection triangulation reconstruction 

Fig. 5 GIS point cloud surface reconstruction 

geometric features of the GIS equipment. The effect of GIS surface reconstruction 
is shown in Figs.4 and 5. 

5 Conclusion 

Based on the PointNet-MLS method, this paper obtains the point cloud data of GIS 
ontology under many background disturbances, and carries out surface repair and 
reconstruction to obtain a smooth and flat GIS surface point cloud. The conclusions 
are as follows: 

(1) Using the PointNet++ network, the GIS point cloud can be separated from other 
background interference, and the mIoU can reach 92.1%. 

(2) Using greedy projection triangulation algorithm and MLS can significantly 
improve the local details of GIS surface point cloud and make it smooth. 

(3) The PointNet-MLS method can extract the point cloud data of GIS ontology 
and reconstruct it under the interference of complex environment, which can 
provide data support for the construction of digital twin platform.
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Optimization of Electromagnetic 
Vibration for FSPM Motor by NSGA-II 
Algorithm 

Shu Wang, You Bian, Wei Zhao, Zhenyu Liu, Xuelei Zhang, Zuxu Guo, 
and Chenhao Kou 

Abstract As the theory of the air-gap field modulation, this paper calculates and 
analyzes the radial electromagnetic force of the motor from the perspective of the 
three elements. Thus the main sources of FSPM motors’ vibration are found out. 
In this paper, a FSPM motor with 10-pole 12-slot is studied, and the rotor structure 
is optimized to weaken the radial force harmonics, which have great influence on 
electromagnetic vibration. The response surface curve CCD method is introduced to 
regress the sample data generated by the FEM, and then the radial force harmonics 
are to minimize and the electromagnetic torque is to maximize. Finally, the multi-
objective optimization of the fitting model was carried out by using NSGA-II algo-
rithm with the reduction of torque less than 5% as the constraint function, and the 
structure parameters of the optimal rotor were obtained. The simulation results show 
that with ensuring the electromagnetic performance, the optimized motor vibration 
can effectively be reduced. 

Keywords FSPM motor · Electromagnetic vibration · Radial electromagnetic 
force · Response surface curve · NSGA-II algorithm 

1 Introduction 

Due to the restriction on the development of traditional rotor permanent magnet 
machine caused by heat dissipation, high-speed intensity load and other problems, 
the design of stator permanent magnet motor has received more and more attention
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from scholars [1]. Among them, the flux switching permanent magnet (FSPM) motor 
show the benefits of high efficiency, high torque density, low back EMF harmonics 
and so on, which has been widely used [2, 3]. Many papers have carried out a series 
of researches on FSPM motor from the aspects of electromagnetic performance 
calculation and optimization [4, 5], control algorithm optimization [6, 7] and new 
motor structure design [8, 9]. 

However, due to the structural characteristics of FSPM motor with double salient 
poles, the electromagnetic vibration response is relatively large. In [10], the rotor 
and stator topology are improved respectively to reduce the cogging torque. To 
some extent, this way can weakens the motor electromagnetic vibration. In [11], 
the cogging torque of a V-type FSPM motor with external rotor is reduced by 
multi-objective optimization method, and the motor electromagnetic vibration is 
suppressed. However, these literatures regard the cogging torque as the only exci-
tation reason for the motor electromagnetic vibration. The radial electromagnetic 
force, which is the more important factors for motor electromagnetic vibration is 
ignored. To solve this problem, in [12], a fault tolerant FSPM motor was selected as 
study object, a new type of tooth structure of stator and rotor is proposed to make 
the low-order radial electromagnetic forces be decreased, and thus the level of motor 
vibration acceleration effectively decreases. 

Currently, cogging torque of motor are mainly focused on to suppressed the FSPM 
motor electromagnetic vibration, neglecting the radial electromagnetic force that has 
a greater impact on motor vibration. A small number of papers have studied the 
radial electromagnetic force to suppress the motor vibration. But these studies only 
put forward some new topologies, rather than to optimize the structures’ size. 

This paper takes the FSPM motor as the research object. Suppress the motor 
electromagnetic vibration by weakening the radial electromagnetic force. Firstly, on 
account of the principle of magnetic field modulation, the theoretical formulas for the 
radial electromagnetic forces, which are the main causes of the motor vibration are 
derived. Through these formulas, the characteristics of the radial electromagnetic 
force with frequencies and orders are summarized. On this basis, a FSPM motor, 
whose pole-slot combination is 12/10 is taken as the prototype. The rotor struc-
ture is improved to weaken the harmonic components of the radial electromagnetic 
force. Finally, using the multi-objective optimization algorithm of the NSGA-II, and 
analyzing the preference relationship for the obtained Pareto optimal solution set, 
the optimal solution of the low electromagnetic vibration motor topology that meets 
the design requirements is selected.
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2 Radial Electromagnetic Force Analysis 

2.1 Characteristics of Radial Electromagnetic Force 

The radial electromagnetic force generated by the FSPM motor acts on the stator 
teeth, causing periodic radial deformation of the motor yoke. The superposition of 
these deformations is the electromagnetic vibration generated by the motor. These 
electromagnetic force densities acting on the stator teeth can be derived from the 
Maxwell stress equation, as shown below [13]: 

fr = 
1 

2μ0

(
B2 
r − B2 

t

) ≈ 
1 

2μ0 
B2 
r (1) 

where Br and Bτ are radial and is the tangential component of the air gap magnetic 
flux density, respectively. Compared with the radial component Br, the tangential 
component Bτ is much smaller. Therefore, it can usually be ignored. μ0 is the vacuum 
permeability. 

The flux density Bpm and BS in the air gap of FSPM motor is mainly produced by 
the source excitation Fpm and armature winding magneto-motive force Fs modulated 
by the rotor salient-pole air gap conductance Λ, then formula (1) can be rewritten as: 
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According to the structure of FSPM motor, the expressions of Fpm, Fs and Λ are: 
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�(θ,  t) = �0 +
∑

k

�k cos(kNrθ − kNrωrt − kNrθ0) (5) 

where N s and N r represent the stator slot number and rotor slot number for FSPM 
motor, respectively; Fμ is the amplitude of harmonic magneto-motive force of source 
excitation field; μ is the harmonic frequency of permanent magnetic field; Fφν is the 
harmonic magnetomotive force amplitude produced by armature reaction magnetic 
field; ν is the harmonic frequency of the armature reaction magnetic field; ωe is
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the angular frequency of the fundamental current of the stator; ωr is the rotational 
angular velocity of the rotor, ωe = N rωr; Λ0 is the constant component of the air-gap 
conductance, and Λk is the harmonic component of the air-gap conductance. 

By substituting (3)–(5) into (2) and simplifying, the characteristic parameters 
(spatial order r and time frequency f r) and sources of radial electromagnetic force 
density produced by the interaction of various magnetic fields of FSPM motor are 
obtained. It shows that the spatial order r is related to the pole slot coordination, 
and the time frequency f r is related to the number of rotor slots. This conclusion is 
different from that of the traditional rotor permanent magnet synchronous motor, that 
is, the time frequency of radial electromagnetic force is only related to the harmonic 
frequency [14]. 

2.2 FEM Simulation of Radial Electromagnetic Force 

In this paper, a 12-slot 10-pole FSPM motor is studied. The parameters of the motor 
are shown in Table 1, and the cross section is shown in Fig. 1. 

From above analysis, the main radial electromagnetic force harmonics which 
cause the vibration response of the motor with this pole-slot combination are summa-
rized as follows: 2rd-order f , 4th-order 2f , 6th-order 3f , 8th-order 2f , 10th-order f , 
14th-order f , respectively. These force harmonics have smaller spatial orders and 
larger amplitudes, so they will cause more intense vibration of the motor. 

This paper used Ansoft software to simulate the radial electromagnetic force 
density of the prototype under rated load by finite element method, so that the above 
force analysis can be verified. And the 2D FFT results of the force density is shown 
in Fig. 2.

It can be seen from Fig. 2, that:

(1) Among the force harmonics, neglecting the harmonics that has no effect on the 
motor electromagnetic vibration (force harmonics with 0f ), the harmonics of 
2rd-order f , 4th-order 2f , the 6th-order 3f , the 8th-order 2f , the 10th-order f and

Table 1 Technical parameters of the FSPM motor 

Parameter Value Parameter Value 

Slot/pole 12/10 Rotor yoke height/mm 7 

Rated speed/(r/min) 400 PM radians/° 7.5 

Rated current/A 10 Stator tooth radian/° 12 

Rated torque/Nm 2 Rotor tooth radian/° 12/22 

Outer diameter of stator/mm 45 Outer diameter of rotor/mm 27 

Inner diameter of stator/mm 27.5 Inner diameter of rotor/mm 20 

Stator yoke height/mm 3.5 Axial length/mm 30
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Fig. 1 Cross section 
diagram of FSPM motor

Fig. 2 2-D fft decomposition of radial electromagnetic force density
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the 14th-order f have larger amplitude, which is consistent with the results of 
the previous theoretical analysis.

(2) The amplitudes of the 10th- and 14th-order f components are relatively large 
with 452373Pa and 202770Pa respectively, which will cause more severe 
electromagnetic vibration response. 

(3) The amplitudes of the 2rd-order f and the 4th-order 2f harmonics are 23,555.1 Pa 
and 31,002.9 Pa, respectively, which are smaller than those of others. However, 
their orders are small. It has been demonstrated in [15], the magnitude of the 
deformation produced by the motor is inversely proportional to the fourth power 
of the order of the electromagnetic force acting on the motor. That is to say, the 
smaller the order of the force harmonic is, the more severe the motor vibration 
is. 

2.3 Harmonic Response Analysis of Radial Electromagnetic 
Force 

In order to restrain the motor vibration to the maximum extent, the first step is to 
sort the effects of different electromagnetic force harmonics on the electromagnetic 
vibration of the motor, in order to find the harmonic component that have a significant 
impact on the motor electromagnetic vibration. In this paper, the vibration responses 
are analyzed by applying the radial force harmonics with different spatial orders as 
the excitation sources to the crown of the stator. Set 2rd-, 4th-, 6th- and 8th- order 
radial forces as unit forces with amplitudes of 1Map. According to the above analysis, 
the amplitudes of the force harmonics with 10th- and 14th-order are larger, which are 
about 10 times that of the other force harmonics, therefore, the amplitudes of 10th-
and 14th-order forces are set to 10Mpa. Select one point on the motor housing, and 
get the vibration acceleration responses under different force harmonics, as shown 
in Fig. 3. From Fig.  3, that:

(1) When the unit radial force harmonics with 1 Mpa is applied, the vibrations of 
the 2rd-order force is larger than that of the 4th-order force and larger than that 
of the 6th-order force, which is in accordance with Jordan’s formula [15]. 

(2) The motor vibration under the action of the 8th-order unit force is exactly the 
same as that under the action of the 4th-order force. This is due to the presence of 
stator teeth, the concentrated force obtained by integrating the 8th- and 4th-order 
force densities on the stator crown is exactly the same. 

(3) Although the spatial order of the 10th- and 14th-order forces are relatively 
large, the amplitudes of these two order forces are also large, which are 10 Mpa 
respectively. So, the vibrations produced by these two order force harmonics 
are the most intense. And the influence of the 10th-order force on vibration is 
slightly larger than that of the 14th-order force. 

In combination with the amplitudes of the radial force harmonics shown in Fig. 2 
and the vibration response shown in Fig. 3, it can be seen that, after the amplitude



Optimization of Electromagnetic Vibration for FSPM Motor … 201

Fig. 3 Frequency response of electromagnetic force

weighting, the vibration caused by 10th-order f force harmonic is larger than that by 
14th-order f force harmonic, and much larger than that of other force harmonics. 

The influence of the unit 2rd-order force harmonic on the motor vibration is 
slightly larger than that of the 4th-order force harmonic, but the amplitude of 4th-
order 2f force harmonic with 31,002.9 Pa is about twice that of the 2rd-order f force 
harmonic with 23,555.1 Pa, therefore, the vibration produced by the 4th-order 2f 
force harmonic is more severe than that produced by the 2rd-order f force harmonic. 

In summary, when the electromagnetic vibration of the prototype in this paper is 
restrained, the weight priority of these force harmonics to be weakened should be: 
10th-order f > 14th-order f > 4th-order 2f > 2nd-order f > 8th-order 2f > 6th-order 
3f . 

3 Low Electromagnetic Vibration Optimization Design 

On the basis of the modulation theory of air-gap field [1], optimizing the modulator 
structure can change the distribution of the air-gap flux density, so as to weaken the 
radial electromagnetic force and finally suppress the motor vibration. Therefore, this 
paper chooses to optimize the structure of the original saliency-pole rotor, as shown 
in Fig. 4, in which the red dotted line is the original rotor tooth structure. A, B and 
C are three optimization variables. A represents the distance between the optimized 
and original rotor tooth tip. B represents the rotor tooth cutting angle. C represents 
the angle between the optimized and the original rotor tooth edge.

The objective functions of this paper are the minimum of the harmonic components 
of the radial electromagnetic force density of 10-th order f , 14-th order f , 4-th order
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Fig. 4 Schematic diagram 
of the rotor optimization

2f , 2-rd order f , 8-th order 2f and 6-th order 3f , (expressed as f 1 ~ f 6, respectively), 
and the maximum of the torque T, the constraint condition is that the reduction of 
torque T is less than 5%. According to the structure parameters of the motor, the 
ranges of A, B and C are 0.2 ~ 1 mm, 0.4 ~ 2° and 2 ~ 10° respectively. Design-expert 
software is used to design the response surface curve CCD method finite element 
simulation table, and Ansoft software is used to simulate and calculate the response 
surface curve regression sample library of f 1 ~ f 6 and T. According to the sample 
library, the response surface curve was fitted by CCD method in Design-Expert 
software, and the fitting model of f 1 ~ f 6 and T with A, B, C was obtained. The 
significance test p < 0.05, indicating that the model has statistical significance [16], 
which can be used to replace the real simulation results with regression equations 
for analysis. 

Motor vibration suppression is a multi-objective optimization problem, and there 
is no global optimal solution that makes all objectives optimal at the same time. 
Therefore, NSGA-II optimization algorithm is used in this paper to find the Pareto 
optimal solution set [17], and then, the Pareto optimal solution set is selected and 
sorted according to the priority of the electromagnetic force suppression analyzed 
above and the constraint condition: the reduction of the electromagnetic torque T of 
the motor is less than 5%, the final optimal solutions of A, B and C are 0.663248888, 
1.740367704 and 6.409895657. Considering the actual processing situation, he final 
optimal solutions of A, B and C are 0.66mm, 1.74° and 6.4°, respectively.
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4 Analysis of Optimization Results 

Selecting the same point on the motor casing before and after optimization, and their 
vibration accelerations are shown in Fig. 5. It can be seen that the electromagnetic 
vibration is more intense in the frequencies with f , 2f , 3f , 4f , etc., which accords 
with the frequency of the motor electromagnetic force analysis above. The overall 
vibration is obviously suppressed after optimization and the average vibration level 
has decreased by about 50% of the original motor. At the frequencies of 5f , 9f , 11f 
and 13f , the vibration accelerations decrease more obviously, with a decrease of about 
72%, 77%, 76% and 80%, which effectively suppressed the motor electromagnetic 
vibration. 

The torques of the motors under rated operating conditions before and after the 
optimization are calculated, as shown in Fig. 6. From Fig.  6, the average torque of the 
motor before the optimization is 2 Nm, and after optimization, although the average

Fig. 5 Vibration 
acceleration spectrum 
contrast diagram of motor 
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Fig. 6 Output torque waveform of the motor 

torque decreases to 1.94 Nm, the reduction is about 3%, which meets the constraint: 
torque reduction not more than 5%. Therefore, the low electromagnetic vibration 
optimization scheme of the FSPM motor proposed in this paper is reasonable and 
feasible. 

5 Conclusion 

From the air-gap field modulation theory, the characteristics and the origins of the 
radial electromagnetic force harmonics (spatial order r and time frequency f ) causing 
the electromagnetic vibration of FSPM are analyzed. Taking a 12-slot 10-pole FSPM 
motor as the research object, the structure of the rotor as the magnetic field modulator 
is improved, and the structural parameters are optimized by the NSGA-II algorithm, 
on the basis of guaranteeing the electromagnetic torque, the main radial electromag-
netic force harmonics, which have great influences on the electromagnetic vibration 
of the motor, are reduced effectively. The motor electromagnetic vibration average 
level is nearly less 50% than before. 

The optimization idea in this paper can be extended to the low electromagnetic 
vibration optimization design of the FSPM motors. 
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Abstract Insulation parts made of materials with the characteristics of dielectric 
and conductive media not only have capacitance and conductance effects between 
electrodes, but also have capacitance effects between adjacent surfaces on uneven 
surfaces. Positive and negative charges will accumulate on the surface, thereby 
affecting the surface electric field and insulating properties. This paper discusses 
the mechanism of the capacitance effect caused by the uneven surface, and gives the 
mathematical expression and solution method of the related electric field and charge 
distribution. Furthermore, this paper uses the finite element method to simulate and 
solve the electric field under AC excitation. The simulation results are demonstrated 
and discussed. 
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1 Introduction 

The problem of charge accumulation in dielectrics with leakage current is an impor-
tant research topic in high-voltage insulation. It has been widely studied and many 
research results have been obtained. Under DC excitation, charge accumulation will 
show a monotonous increase trend, which has a significant impact on insulation [1– 
3]. Under AC excitation, charge accumulation and release will take place alternately, 
and the charge accumulation quantity is related to the time constant of the material. 
In general, when the resistivity of the material is large, then the time constant is also 
large, causing the increase of charge in one period cannot reach a steady state, so the 
charge accumulation quantity is small, but it also has a certain impact on insulation 
[4–6]. 

The calculation of charge accumulation in materials is a time-varying current field 
problem. Even for DC excitation, it is necessary to calculate the transition process of 
charge accumulation and development. The calculation of this problem is generally 
solved by the finite element method [7–9], and the calculation theory and method are 
relatively complete. However, this is a special type of problem in the electromagnetic 
field. Commercial software for general computing of electromagnetic fields generally 
does not focus on this type of problem, or in other words, general commercial software 
does not have the function of calculating charge distribution. Therefore, the special 
calculation software needs to be developed to solve this type of problem. 

In addition to accumulating volume charges in inhomogeneous dielectrics, charges 
also accumulate on surfaces. This paper focuses on charge accumulation on material 
surfaces, especially on large uneven surfaces. This paper analyzes the characteristics 
of charge accumulation and electric field change of uneven surfaces, which results 
from such as the surface ageing of insulating parts including insulators. 

2 Boundary Value Problem of Dielectric with Leakage 
Current 

For the dielectric with leakage current, charges will accumulate in the dielectric 
when it is discontinuous, and charges will also accumulate on the medium interface 
perpendicular to the current density. This problem belongs to the time-varying current 
field problem, and it can also be seen as a coupling problem of the electrostatic field 
and the current field. In order to describe the current field and the electrostatic field 
of the dielectric, the charge is first divided into two states, that is, the charge in the 
moving state and the charge in the dynamic static state. The former is related to the 
current density J, and the latter is related to the electric displacement D. On this  
basis, the equation describing J, D and charge and the boundary value problem are 
given, and the method of applying the excitation source is given.
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2.1 Charge Division Between the Two States 

The charge in two states refers to: one is the charge of a single polarity in a moving 
state, called the moving charge, denoted by qv and ρv; the other is the charge after 
adding the charges of two polarities, that is, the net charge, denoted by q and ρ, and 
the electric field effect of the net charge is the same as that of the static charge. ρv 

is not the source of the Coulomb electric field, that is, its contribution to the electric 
field is not considered, in fact its contribution to the electric field is reflected in ρ. 

The charge in the definition of electric current is the moving charge, while the 
charge in the definition of the law of conservation of charge is the net charge. As 
mentioned above, the current field is the flow velocity field of the charge, and the 
quantity describing the current field is the current density. If the moving charge 
density at a point is ρv, and the moving speed of the charge is v, then the current 
density at this point is defined as: 

J = ρvv (1) 

2.2 Extended Law of Conservation of Charge 
and Application of Excitation Source 

For the problem of time-varying electromagnetic fields in the dielectric with leakage 
current, the constraint equations are based on the law of conservation of charge or 
known as continuity equation. The law of conservation of charge is defined as the 
area integral of the current density J on the closed surface S is equal to the sum of 
all positive and negative charges in the volume V surrounded by the surface S, that 
is, the negative time-varying rate of the net charge q, as follows:

∫∫
©
S 

J · dS = −  
dq 

dt 
(2) 

where the normal direction of S is taken as the outer normal direction. The 
corresponding differential form of the above formula is: 

∇ ·  J = −∂ρ 
∂t 

(3) 

which means the divergence of the current density J is equal to the negative time-
varying rate of the net charge volume density. In fact, the continuity equation or 
the law of conservation of charge just means that the conduction current may be 
discontinuous, and the current can start or end out of thin air in the field.
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The charges in Eq. (2) and Eq. (3) are charges that conform to the characteristics 
that charges cannot be generated or disappeared alone. However, from the perspective 
of moving charges, at the source point, that is, the field area where the power source 
is applied, there will be charges injected into or flowed out of the field. From the 
standpoint of the field, these charges are generated or disappeared alone. At such a 
point, the above law of conservation of charge needs to be extended, and the extension 
form is:

∫∫
©
S 

J · dS − 
dqvSc 
dt

= −  
dq 

dt 
(4) 

∇ ·  J − 
∂ρvSc 

∂t 
= −∂ρ 

∂t 
(5) 

The meaning of the term added in Eq. (4) is the current iSc = dqvSc/dt, which is 
actually the current injected into the field (if the charge is flowing out, the sign is 
opposite), and the subscript Sc represents Source. 

The known source of the current field is the flow of charges injected into or 
extracted from the field, and the way the charges flow in and out has surface distri-
bution and volume distribution. The surface distribution is to inject charges into a 
part of the boundary surface Si of the field domain. The known quantity is generally 
the total current iSc of the surface Si. This way of applying the excitation source 
is a common situation. This excitation source is reflected in the extended law of 
conservation of charge, that is, Eq. (4), and a known current is applied through the 
boundary conditions of the field. The specific application method is illustrated in the 
boundary value problem in the next section. For the source in the form of source 
charge volume density, which is the injection of charge into the field in a region, the 
known volume density ρvSc can be directly reflected in the equation. 

2.3 Initial Boundary Value Problem of the Field 

For the problem of the time-varying current field in the dielectric with leakage current, 
the initial condition must be given in addition to the boundary condition, and the initial 
boundary value problem is formed by combining the general equation of the field. The 
general equations, interface conditions, necessary and sufficient boundary conditions 
and initial conditions of the constrained field are given below, thus constituting the 
initial boundary value problem:

{
∇ ·  J+ ∂ρ 

∂t 
= 

∂ρvSc 

∂t
∈ V (6)  

{∇ ·  D = ρ ∈ V (7)



Simulation and Analysis of Charge Distribution and Capacitance Effect … 211

{∇ ×  E = 0 ∈ V (8)  

{J = σ E ∈ V (9)  

{D = ε E ∈ V (10)  

{Et=0 = 0 ∈ V&S (11)

{
n ·

(
J1 + ε1 

∂ E1 

∂t

)
= n ·

(
J2 + ε2 

∂ E2 

∂t

)
∈ Sint (12) 

{n · (D2−D1) = ρS ∈ Sint (13)

{
n × (Ei − Ej) = 0 ∈ Sint (14) 

{n × E = 0 ∈ S1 (15)

{∫∫
©

S

(
J+ε 

∂ E 
∂t

)
· dS = iSc ∈ S1 (16) 

{n · E = 0 ∈ S2 (17) 

Equations (6)–(8) are general equations describing the current field and the 
Coulomb electric field. Note that the source charge density ρvSc in the equation does 
not generate the Coulomb electric field, so the charge is not included in Eq. (7); ρvSc 

is the source of the given current field, which is often given in the form of current 
iSc and ρ is the unknown quantity to be solved; Eq. (11) is the initial condition, 
Eqs. (12)–(14) are the interface conditions, and Eq. (15) is the boundary condition 
of the conductor electrode, it is considered that the electric field or current density 
on the surface of the conductor electrode is perpendicular to the surface, then the 
flux constraint is applied on the surface as Eq. (16), which is called the first-type 
boundary condition; Eq. (17) is the second-type boundary condition. 

In order to solve the above equations, the equations can be merged to obtain 
an equation containing only one field quantity. After the variable is obtained, other 
variables can be calculated according to the known quantity. It can be combined into 
an equation with charge density ρ as the variable to be solved, but generally it is 
combined into an equation with electric field strength E or current density J as the 
variable to be solved, because it is easy to apply the current source excitation. Then 
the electric displacement D is calculated, and finally the charge density is calculated 
using ρ = ∇·  D. For the surface charge density on the interface or surface, Eq. (13) 
can be used to solve it.
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2.4 The Initial Boundary Value Problem of Potential 
and the Application of Excitation Source 

If the given excitation source is the current source iSc, the current excitation can 
be applied directly by using Eq. (16). But in many cases, the voltage source uSc 
is the given excitation source. In this case, the potential ϕ should be solved first, 
and the voltage source is applied as the boundary condition of ϕ. Assuming that the 
relationship between potential and electric field strength is E = −  ∇  ×  ϕ, then the 
equation that potential satisfies can be obtained by combining the above boundary 
value problem. Substituting E = −  ∇  ×  ϕ and n·E = En = −  ∂ϕ/∂n and the 
relationship between electric displacement and current density and electric potential 
into the above equations, the general equation, interface conditions and boundary 
conditions of electric potential can be obtained. The tangential continuity equation 
of electric field strength (Eq. 14) and the first-type boundary condition (Eq. 15) 
which only contain the electric field strength correspond to the interface condition 
of continuous potential ϕi = ϕj and the boundary condition of known potential ϕ = 
uSc, according to which the voltage excitation can be applied. 

For the sinusoidal steady-state problem, the initial value condition is meaningless, 
and substituting ∂/∂t → jω into the equations can form the boundary value problem 
of the potential in the form of phasor. The finite element method can be used to 
solve the boundary value problem [10, 11], and the finite element method will not 
be described here. 

3 Volume Capacitance and Surface Capacitance 
Characteristics of the Dielectric with Leakage Current 

For the dielectric with leakage current, charges will accumulate in the dielectric when 
it is discontinuous, and charges will also accumulate on the interface perpendicular 
to the current density. For the linear homogeneous dielectric, there is no charge 
accumulation in the material region, that is, although there is charge flowing in the 
material to form a current, the net charge at each point is zero. However, the charge 
will accumulate on the surface of the material, and the charge will generate the 
electric field in the material, causing the charge to move to form a current. 

Figure 1 is a cylindrical dielectric material with leakage current, its relative permit-
tivity is 2, conductivity is 2 S/m, and a time-varying voltage source is applied between 
the two ends. Figure 1a and b respectively show the distribution of the electric field 
strength E and the electric displacement D inside the material and outside the mate-
rial. The electric field is perpendicular to the end surface of the material. This is 
because there are electrode plates with the same radius as the material on the upper 
and lower end surfaces, which are good conductors with the electrical conductivity 
much larger than the dielectric material. Therefore, the electrode plates are approx-
imately equipotential conductors, where the electric field strength is approximately
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Fig. 1 Cylindrical dielectric with leakage current. a Distribution of the electric field strength E, 
b Distribution of the electric displacement D, c Schematic diagram of volume capacitance and 
surface capacitance 

zero, and the electrodes are not drawn in the figure. The field in the material is 
uniform, which is caused by the uniform distribution of current density; while the 
field or electric force line in the air is emitted from the upper end and terminated at the 
lower end, and the normal component of D on the surface is the charge density distri-
bution on the surface of the material, because the normal component of D inside the 
material must be zero; therefore, the charge distribution on the surface of the material 
is shown in Fig. 1c. 

The distribution of charge is equivalent to the capacitive effect. Between the 
upper and lower end surfaces in Fig. 1, the total capacitance is composed of two 
parts connected in parallel, one part is the capacitance corresponding to the electric 
field or electric field energy in the material, which is connected in parallel with the 
conductance formed by the material, and the other part is the capacitance corre-
sponding to the electric field energy in the air, as shown in Fig. 1c. The relationship 
between the two capacitances depends on the dielectric constant or permittivity of 
the material and the shape of the model. For a cylindrical structure, when the ratio of 
height to radius is 2.5:1, if the relative permittivity of the material is 4, the two capac-
itances values are nearly equal. It can be seen that the capacitance corresponding to 
the electric field in the air is relatively large. Generally, the relative permittivity of 
insulating materials is less than 4. At this time, the capacitance of the air will be 
greater than the capacitance of the material. 

4 Simulation of the Charge Distribution and Capacitance 
Effect on Uneven Surface 

When the surface of the dielectric with leakage current is uneven, positive and nega-
tive charges and capacitive effects will appear on the concave or convex surfaces. 
Figure 2a and b are the distribution of electric force lines. It can be seen that on the 
two opposite surfaces of the concave, the electric force lines start from one surface
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Fig. 2 Uneven surface of dielectric with electric leakage. a Distribution of the electric displace-
ment D, b Partial enlarged detail of a, c Schematic diagram of the charge distribution and surface 
capacitance of the two opposite surfaces 

and end on the other surface. It shows that the charge density is positive and negative 
respectively, and the positive and negative charges correspond to the capacitance 
effect, as shown in Fig. 2c. 

The surface charge accumulation and capacitance effect will change the surface 
electric field strength. Since the electric field strength will also increase due to the 
convex, for the case of the uneven surface, the maximum field strength of the convex 
part is much larger than that of the regular surface given in the previous section. 
Especially in the middle part of the cylindrical, the electric field strength of the 
regular surface is zero at 1/2 of the height, and it is small in the surrounding. While 
in the convex part of the uneven surface at 1/2 of the height, the value of electric 
field strength or electric displacement is close to the value at the end. The total 
capacitance corresponding to the air region also increases, and the capacitance of the 
uneven surface is about 1.15 times that of the regular surface. 

It can be seen that when analyzing the surface charge and electric field strength, 
the surface roughness and shape irregularities should be considered. Although it is 
not a new problem in terms of calculation methods, attention should be paid to this 
phenomenon and its influence on insulation characteristics in practice. 

5 Conclusion 

The equation describing the current field in the dielectric with leakage current is the 
law of conservation of charge, but when considering the current injected into the 
field by the source or the current flowing out of the field, the law of conservation 
of charge needs to be extended so that the excitation source can be included in the 
boundary value problem. The relationship between the net charge accumulated in 
the dielectric and the electric displacement satisfies Gauss’s law. For a dielectric, the 
capacitance between its two ends is formed by the parallel connection of the volume 
capacitance and the equivalent capacitance in the surrounding air. The values of
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the two capacitances are comparable, so the capacitance corresponding to the air 
region cannot be ignored. On the uneven surface, positive and negative charges will 
accumulate on the two opposite faces of the concave, thereby increasing the electric 
field strength, therefore the electric field effect of this charge accumulation should 
be considered when analyzing insulation characteristics. 
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Thermal Simulation Model 
of Oil-Immersed Transformer 
and Analysis of Temperature Rise 
Characteristics Under Winding Fault 

Si Chen, Yadong Liu, Yingjie Yan, and Xiuchen Jiang 

Abstract It is significant for safe operation and fault detection of transformers to 
know the temperature field distribution characteristics and the temperature varia-
tion rules accurately under fault conditions of oil-immersed transformer. In this 
paper, a thermal simulation model for oil-immersed transformer is established, and a 
faulty module is added to simulate the temperature field distribution under different 
fault parameters. Simulation results show that: compared to normal operating condi-
tions, the overall temperature of transformer with winding fault increases, and a new 
winding hot spot appears at the location of the winding fault. As the heating power 
of the faulty coils increases, the new hot spot temperature increases, and the overall 
temperature of the oil-tank outer surface increases. With the rise of the fault coils’ 
height, the position of the new hot spot increases, and the range of outer surface 
temperature increases. This study can provide guidance for condition detection and 
fault diagnosis of transformers. 

Keywords Oil-immersed transformer · Thermal model · Winding fault ·
Temperature rise characteristic
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1 Introduction 

As an important equipment in the power grid, the transformer’s safety and stability is 
crucial. Due to poor manufacturing process, heat dissipation failure, long-term over-
load, lightning impact, insulation damage and other reasons, transformer operation 
failure rate is high. According to statistics, transformer failure rate in 10 kV distribu-
tion network in 2021 was 0.40 times per 100 sets per year, with a year-on-year growth 
of 30% [1]. Winding fault can cause more unplanned outages of transformers. One 
of the main phenomena is to cause local temperature rise. Therefore, it is necessary 
to research the temperature characteristics of the operating transformers. 

At present, the temperature detection methods of transformer mainly include direct 
measurement method and guide calculation method [2, 3]. But only some large oil-
immersed transformers in service have the installation conditions of optical fiber 
temperature measurement system inside. And the installation points are few, which 
cannot realize the monitoring of the internal overall temperature distribution. For 
small oil-immersed transformers, only top and bottom oil temperature are observed. 
So it is impossible to directly measure the overall temperature field distribution of 
transformer. The guideline calculation method usually has poor accuracy. It estimates 
hot spot temperature by the top oil temperature rise value. In order to accurately calcu-
late the internal hot spot temperature and temperature field distribution, Susa et al. 
[4, 5] and Swift et al. [6, 7] conducted the research on the transient model of hot 
spot temperature and top oil temperature, and proposed the empirical thermal circuit 
model. But there are still some systematic errors. In order to accurately obtain the 
internal temperature field, finite element method(FEM) has gradually been applied 
to the calculation of the temperature fluid field in transformers. Cenk et al., used the 
FEM to calculate the hot spot temperature of a single-phase transformer [8]. Milad 
et al., used the FEM to conduct thermal simulation on transformer bushing, and 
studied the temperature characteristics of the casing under normal load rate condi-
tions and short-term overload conditions [9]. Xie Yuqing et al. used the upwind finite 
element method to solve coupled equations of the flow field and temperature field 
of the transformer winding, effectively suppressing the non-physical oscillation of 
the solution, improving the stability of winding temperature calculation [10]. Deng 
Yongqing et al. established a transformer winding hot spot temperature inversion 
detection model based on the coupled numerical calculation of transformer temper-
ature fluid field [11]. The above research has achieved the calculation of transformer 
hot spot temperature and temperature field distribution, but only studied the situa-
tion under normal operating conditions, without temperature characteristic analysis 
under fault operating conditions. 

With regard to winding fault, domestic and foreign scholars have also conducted 
research on current harmonics [12], phase differences [13], main magnetic flux, and 
leakage magnetic flux before and after the fault [14]. However, the above research 
does not involve the study of the overall temperature field distribution characteristics 
after winding fault.
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To sum up, aiming at the problem of unclear temperature rise characteristics of 
oil-immersed transformer winding fault, this paper establishes a transformer thermal 
simulation model including faulty module. The temperature field of transformer 
is simulated and calculated, and the distribution characteristics of the temperature 
field under winding fault are studied. The research results can provide guidance for 
transformer fault detection. 

2 Simulation Model 

2.1 Model Parameter 

This paper simulates a transformer with rated parameters of 220 kV · A − 
10 kV/400 V. The transformer structure is shown in Fig. 1. 

The physical parameters of the simulation model are set as follows: 

(1) The inherent heat production of transformer mainly includes iron loss, copper 
loss, and eddy current loss. Eddy current loss is relatively small compared to iron 
loss and copper loss [15], and can be ignored. The heat sources in the model 
include windings and core. The heating power of core is 227W. The heating 
power of winding is related to load rate η, as shown in Table 1.

Fig. 1 Transformer structure diagram 
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Table 1 Relationship between basic heating power of winding and load rate η 
η 0.2 0.4 0.6 0.8 1.0 1.2 

Heating power of winding /W 430.8 861.6 1292.4 1723.2 2154.0 2584.8 

Fig. 2 Schematic diagram 
of faulty module 

(2) The heat dissipation of transformer is affected by various factors such as wind 
speed and ambient temperature. The research object of this article is indoor 
transformer. Due to small indoor air fluidity, the wind speed conditions are 
simplified. The wind speed is set to 0 m/s and the ambient temperature is 5 °C. 

2.2 Faulty Module 

In order to analyze the temperature characteristics of a transformer with winding 
fault, it is necessary to set a faulty module in the simulation model, as shown in 
Fig. 2. 

Where, H represents the height from the location of the fault coils to the bottom 
of the winding, and Q represents the amount of heat generated by the faulty coils. 
By modifying the fault parameters H and Q, fault conditions with different heat 
occurring at different locations are simulated. 

2.3 Heat Dissipation Process Analysis and Control Equation 

Oil-immersed transformer contains solids such as core, windings, oil-tank, and fluids 
such as transformer oil. Inherent heat sources mainly include windings and core. The 
heat dissipation process is shown in Fig. 3.

When heat is generated in core and windings, it is first conducted from the inside 
of solid to the surface. Then, convective heat transfer occurs with the transformer
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Fig. 3 Three-phase oil-immersed transformer heat dissipation diagram

oil at the solid surface, causing the temperature of oil around the surface of core and 
winding to rise, forming natural convection. And heat is transferred through thermal 
convection in transformer oil. As oil flows, heat is carried to the vicinity of oil-tank. 
Convective heat transfer occurs between oil and oil-tank, transferring heat from oil to 
the oil-tank inner surface, and through heat conduction to the oil-tank outer surface. 
The oil-tank outer surface and air are dissipated through thermal convection and 
radiation. 

According to the principle of numerical heat transfer, the transfer process of heat 
in solids and fluids simultaneously follows the three laws of mass conservation, 
momentum conservation, and energy conservation. 

The mass conservation equation is also known as the continuity equation, as shown 
in Formula (1). 

∂ρ 
∂t 

+ div(ρU) = 0 (1)  

where, ρ Represents density, t represents time, and U represents velocity vector. 
The variable form of the momentum conservation equation applied to viscous 

incompressible fluids is Naiver-Stokes equations, as shown in Eq. (2). 

∂U 
∂t 

+ (U · ∇)U = f − 
1 

ρ 
∇ p + 

μ 
ρ 

∇2 U (2) 

where, p is the pressure, f is the external force exerted on the fluid in the micro 
element, and μ is the dynamic viscosity.
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The variation of the energy conservation equation in incompressible fluids is 
shown in Eq. (3). 

∂T 

∂t 
+ div(UT ) = div( 

λ 
ρcp 

gradT ) + 
ST 
ρ 

(3) 

where, T is the temperature, λ is the thermal conductivity of the fluid, cp is a constant, 
ST is a source term, which includes an internal heat source term and a dissipation 
term. 

The above equations are applied to the transformer simulation model and solved 
by numerical methods to obtain the internal temperature field distribution results of 
the transformer. 

3 Analysis of Temperature Rise Characteristics 

In this paper, a transient solution method is used to calculate the temperature field 
distribution of transformer. The simulation time is set to 10 h, at which time the 
temperature rise of transformer reaches a stable state. 

3.1 Effect of H on Temperature Rise Characteristics 

In order to study the impact of load rate η changes on the temperature field distribution 
of transformer, simulations were conducted for normal and fault operating conditions 
under different load rates. Under different load rates, the temperature comparison 
of the C-phase high-voltage winding under normal and fault operating conditions 
(C-phase high-voltage winding, Q = 1000W, H = 75 mm) is shown in Fig. 4, and 
the outer surface temperature comparison is shown in Fig. 5.

By observing Figs. 4 and 5, it can be found that: 

(1) As the load rate η increases, the temperature of winding and the oil-tank outer 
surface increases under normal operating condition. 

(2) Under the same load rate η, compared to normal operating condition, the 
winding temperature increases and new winding hot spot temperatures appear 
at the location of faulty coils under fault operating conditions. The overall 
temperature of the oil-tank outer surface also increases.
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Fig. 4 Phase C HV winding temperature comparison under normal and fault condition 

Fig. 5 Oil-tank outer surface temperature comparison under normal and fault condition

3.2 Effect of Q on Temperature Rise Characteristics 

In order to study the effect of Q on the temperature field of transformer, the temper-
ature fields generated by different Q of the C-phase high-voltage winding are calcu-
lated at the same load rate η (η = 1.0) and H (H = 75 mm). The temperature 
comparison of the C-phase high-voltage winding under normal operating condition 
and fault operating conditions with different Q is shown in Fig. 6, and the surface 
temperature comparison is shown in Fig. 7.

By observing Figs. 6 and 7, it can be found that:
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Fig. 6 Phase C HV winding temperature comparison with the change of Q 

Fig. 7 Oil-tank outer surface temperature comparison of oil-tank with the change of Q

(1) With the increase of Q, the winding temperature increases, and the temperature 
at the faulty point also increases with the change of Q. 

(2) The oil-tank outer surface temperature rises as Q increases under fault operating 
conditions. 

3.3 Effect of H on Temperature Rise Characteristics 

In order to study the influence of H on the temperature field of the transformer, it 
is calculated at the same load rate η (η = 1.0) and the same Q (Q = 1000W), the 
temperature fields corresponding to different H of the C-phase high-voltage winding. 
The temperature comparison of phase C high-voltage winding under normal working 
condition and different fault operating conditions with different H is shown in Fig. 8, 
and the outer surface temperature comparison is shown in Fig. 9.

By observing Figs. 8 and 9, it can be found that:
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Fig. 8 Phase C HV winding temperature comparison with the change of H 

Fig. 9 Oil-tank outer surface temperature comparison with the change of H

(1) With the change of H, the overall temperature of the winding does not increase, 
but the new hot spot temperature caused by the winding fault becomes higher 
and higher, which is positively correlated with H. 

(2) With the rise of H, the overall temperature of the oil-tank outer surface does not 
change much, but the range of temperature gradually increases.
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4 Conclusion 

In this paper, the temperature field of oil-immersed transformer is modeled, and a 
winding faulty module is added to analyze the temperature rise characteristics of the 
transformer under fault operating conditions. The analysis results are as follows: 

(1) As the load rate η increases, both the winding temperature and the temperature 
of outer surface under normal operating conditions increase overall; 

(2) Compared to normal operating condition, the winding temperature increases 
and new winding hot spot appears at the location of the winding fault under 
fault operating conditions; 

(3) As Q scales up, the new hot spot temperature ascends, and the tank shell 
temperature increases; 

(4) With the rise of H, the position of the new winding hot spot rises, and the range 
of temperature of the outer surface enlarges. 

This research provides a guiding basis for transformer fault detection. 
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Nonlinear Vibration Model 
of Transformer Windings and Its 
Application in Short-Circuit Axial 
Strength Evaluation 

Lei Zhang, Rui Li, Liangyuan Chen, and Shaoming Pan 

Abstract The transformer winding produces strong axial vibration under the short-
circuit condition, which affects the strength. In order to deeply study the short 
circuit nonlinear vibration characteristics of the winding and its influence on the 
axial strength, the nonlinear vibration model of the winding is established first and 
the calculation method of dynamic compression force of windings, spacers, and 
clamping rings as well as axial bending stress of conductor is proposed; Then the 
axial strength of a SZ-50,000/110 kV transformer is evaluated and compared with the 
traditional static calculation results; The results show that the calculated compres-
sive forces, the stresses on clamping rings and axial bending stress from the dynamic 
assessment are little bit higher than that of the static assessment. The model and 
calculation method proposed in this paper are of great significance for improving the 
evaluation level of transformer short-circuit strength. 

Keywords Power transformer · Windings · Short-circuit strength · Non-linear 
vibration first section 

1 Introduction 

Power transformer is an expensive and important equipment in the power system. 
Which is related to the security and stability of the entire power system. CIGRE 
statistical results show that the proportion of transformer damage caused by external
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short circuit in China is about 40% [1, 2]. Therefore, the evaluation of winding 
mechanical strength is of great significance to improve the ability to withstand short-
circuit of power transformers. 

A lot of research has been carried out on the condition monitoring and short-
circuit resistance evaluation of transformers at home and abroad [3]. Foreign scholars 
established and improved the mass-spring-damping model of winding vibration in the 
1960s [4]. Zhang Fan et al. considered the nonlinear effect of winding short circuit and 
calculated the electrodynamic force and vibration signals under short circuit impact, 
providing a basis for evaluating the mechanical state and short circuit withstand 
capacity of the winding under short circuit impact [5]. In terms of mechanical strength 
evaluation, Bakshi considers the structure of transformer spacers, braces, and other 
structures, constructs a winding buckling equation, and uses analytical methods to 
calculate the critical buckling load of the transformer, providing a theoretical basis 
for transformer stability evaluation [6, 7]; The transformer is composed of coils and 
spacers in the axial direction and the vibration of the coil itself transmits dynamic 
force to the spacers and coils adjacent to it, which is different from the transmission of 
static force [8]. And this difference increases with the increase of resonance degree. 
Although the above documents have evaluated the axial strength of the transformer 
from different angles, they lack the dynamic evaluation method that considers the 
coil vibration. 

This paper firstly establishes a nonlinear axial vibration model and put forward 
methodologies to calculate dynamic compressive forces of windings, spacers, 
clamping rings, and the axial bending stresses in conductors. Then the model is 
used to calculate the axial strength of a Z-50,000/110kV machine and compared 
with the static strength. The proposed model and methodology are meaningful to 
improve the assessment of windings’ mechanical strength. 

2 Nonlinear Vibration Model of Winding 

2.1 Multi-degree-of-freedom Dynamic Model of Winding 

The spiral and disk type windings are divided by oil passages and spacers in the 
axial direction. The winding axial vibration model shown in Fig. 1 can be obtained 
by equating the conductor to a lumped mass block, and the stiffness and damping 
of insulating materials such as clamping rings, and spacers are equivalent to springs 
and dashpots respectively[9].

With the gravity direction as the negative axis, the dynamic equation is established 
as follows:
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Fig. 1 The axial vibration 
model of transformer 
winding

⎧ 
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

mT ẍt + (cT + cC ) ̇xT − cT ẋ1 − cC ẋB + (kT + kC )xT − kT x1 − kC xB 
= Fc + mT g 

m1 ẍ1 + (cT + c1) ̇x1 − cT ẋT − c1 ẋ2 + (kT + k1)x1 − kT xT − k1x1 
2 = m1g + f 

m2 ẍ2 + (c1 + c2) ̇x2 − c1 ẋ1 − c2 ẋ3 + (k1 + k2)x2 − k1x1 − k2x3 
= m2g + f2 

· · ·  
mn ẍn + (cn−1 + cB ) ̇xn − cn−1 ẋn−1 − cB ẋB + (kn−1 + kB )xn − kn−1xn−1 

−kB xB = mng + fn 
mB ẍB + (cB + cC + cS) ̇xB − cB ẋn − cC ẋT + (kB + kC + kS)xB − kB xn 

−kC xT = mBg 

(1) 

where, M is the mass matrix of the winding coil, C is the damping coefficient matrix, 
K is the stiffness coefficient matrix. ẍ , ẋ and x are the acceleration, velocity and 
displacement matrices of the coil; F is the electromagnetic force matrix; g is the 
acceleration of gravity; Fc is the clamping force matrix of the winding. 

Due to the large rigidity of the winding, the equivalent rigidity of the group of 
spacers and windings can be regarded as the series connection of the springs formed 
by the spacers and the insulating paper. So, N spacers in the circumferential direction 
in the same height of the winding are equivalent to N parallel springs. According
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to the stiffness equivalence principle of parallel spring, the equivalent stiffness of 
spring between mass blocks in the model is: 

k = N × ke = N × A × Es E p 
E p Ls + L p Es 

(2) 

where, N is the number of spacers, A is the area of spacers, μ is the Poisson’s 
ratio of spacers, Es and E p are the elastic modulus of spacers and insulating paper 
respectively, Ls and L p are the thickness of spacers and insulating paper respectively. 

2.2 Nonlinear Mechanical Properties of Paperboard 
in Out-of-plane Direction 

The pressboard which presents nonlinear mechanical characteristics in the out-of-
plane direction have significant visco-elastic-plasticity due to the porous fiber struc-
ture.In order to obtain the mechanical properties of paperboard in the out-of-plane 
direction, the 0MPa-5MPa-0MPa, 2Hz triangular wave load was applied on the dry 
laminated paperboard, and the obtained stress–strain curve is shown in Fig. 2. 

The average value of stress corresponding to the same strain in the loading and 
unloading curves is calculated in Fig. 2, and the nonlinear stress–strain relationship 
and elastic modulus of spacers and paper can be expressed as:

Fig. 2 Stress and strain characteristics of pressboards 
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σ = aεb (ε ≥ 0) (3) 

E = aεb−1 = a((xi+1 − xi )/L0 + ε0)b−1 

((xi+1 − xi )/L0 + ε0 ≥ 0) (4) 

Here, a is the amplitude scale coefficient, its value is 830MPa, b is the nonlinear 
coefficient, its value is 1.432, xi and xi+1 is the displacement of the i and i + 1 
winding disk respectively; L0 is the original thickness of the spacers, and ε0 is the 
static strain generated by the spacer under the action of gravity and compression 
force. 

2.3 Nonlinear Response of Winding Under Short Circuit 

The established model was used to calculate the axial vibration of SZ-50000/110(±8 
× 1.25%)/10.5kV YNd11 transformer, and the corresponding model parameters are 
shown in Tables 1 and 2 respectively. 

Two-dimensional axisymmetric model of the leakage magnetic field of the 
winding was established by taking a single disk as the basic unit, and the electrody-
namic force is as shown in Fig. 3. The amplitude of the electrodynamic force at the 
end of the low-voltage winding is 105.7kN, and the amplitude of the electrodynamic 
force at the end of the high-voltage winding is 86.3kN.

The electric force borne by each coil of the winding is brought into (1). The rigid 
differential equation solver ode23t in MATLAB is selected to calculate the vibration 
response of the winding within 1s after the short circuit impact with a time step of 
10-4s. The winding electrodynamic spectrum and vibration signal under short-circuit 
current are calculated as shown in Fig. 4. As can be seen from Fig. 4a, the frequency 
band of electric power is mainly 0-600Hz, and mainly concentrated around 0Hz, 
50Hz and 100Hz. It can be seen from Fig. 4b that the vibration acceleration of the 
first coil calculated by the nonlinear vibration model of the winding is significantly

Table 1 Parameters of the 110kV Transformer 

Parameter Value Parameter Value 

Short-circuit impedance 17.2 Short-circuit capacity 9000 

Short-circuit current multiple 1.8 Weight of high and low windings 808/1318 

Winding type Continuous Rp0.2 220/160 

High-voltage inner/outer diameter 487.5/582 Low-voltage inner/outer diameter 340/418.5 

High/low voltage disks 48/58 High/low voltage turns 85/514 

Spacer width 40/30 Winding clamping force 25 

Number of spacers 20 Thickness of clamping ring 40
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Table2 Parameters of the 
vibration model High-voltage winding Low-voltage winding 

Parameter Value Parameter Value 

mT .m B 33.34kg mT .m B 33.64kg 

m1 − m58 22.72kg m1 − m58 16.83kg 

kT 4.06 × 108 N/m kT 2.81 × 108 N /m 
k1 − k14 3.63 × 109 N/m k1 − k13 2.26 × 109 N /m 
k16 − k28 k15 − k23 
k30 − k43 k25 − k33 
k45 − k57 k35 − k47 
k15.k44 1.08 × 109 N/m k14.k34 5.86 × 108 N /m 
k29 5.01 × 108 N/m k24 3.72 × 108 N /m 
kB 3.25 × 108 N/m kB 2.25 × 108 N /m 
ks 3.48 × 1011 N /m ks 2.15 × 1011 N/m 

kc 3.48 × 1011 N /m kc 2.15 × 1011 N/m

Fig. 3 Axial 
electromagnetic forces at the 
peak of short circuit current

higher than the linear calculation result, and the vibration amplitude of the nonlinear 
model gradually increases with the increase of time.
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(a) Electrodynamic spectrum 

(b) First disk winding acceleration 

Fig. 4 The excitation and response vibration signals of top rings 

3 Dynamic Evaluation of Axial Mechanical Strength 
of Winding 

3.1 Dynamic Model of Axial Force 

The compression force on the winding derived from the extrusion of adjacent winding 
and the axial electric force and compression force borne by itself. �Fi is:

�Fi = −miai − Fc − mg + fi (5) 

where, miai is the force of adjacent winding during coil vibration, Fc and mg are 
fixed values, and fi is proportional to the square of current. When the acceleration 
of winding is large, the axial compression force increases significantly. 

Under the action of short-circuit electrodynamic force, the distance between 
winding continuously changes, and the stress of spacer is: 

σ = aεb = a((xi+1 − xi )/L0 + ε0)b 

((xi+1 − xi )/L0 + ε0 ≥ 0) (6)
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where, (xi+1 − xi ) indicates that the distance between winding decreases, the spacer 
is compressed, and the stress increases; On the contrary, the distance between 
windings increases, and the stress decreases. 

The clamping rings and ending disk are connected by spring kT (kB) and damping 
cT (cB ), so the sum of forces acting on the upper and lower clamping rings by spacers 
is: 

FT = N × A × σ + cT × ( ̇xT − ẋ1) (7) 

FB = −N × A × σ − cB × ( ̇xB − ẋn) (8) 

where, σ is the compression force of the spacer. 
Under the action of axial force, the conductor between the circumferential spacers 

will bend, and the maximum bending stress of the contact surface between the spacers 
is calculated according to the fixed support straight beam. 

σaxial_bending = 
q × l2 

2 × w 
(9) 

l = 
2π R 
N 

− W (10) 

where, q is the axial electrodynamic mass density of the conductor, l is the span of 
conductor between spacers; W is the width of spacers. 

3.2 The Compression Force of Windings 

The above transformer parameters are used for calculation. According to the winding 
structure, the compression force coefficients of high and low voltage windings are 
75.6kN/MPa and 47.1kN/MPa respectively, and the corresponding compression force 
of 2.5 MPa is 189.2kN and 117.8kN respectively. The axial compression forces at the 
top and bottom of the high-voltage coil calculated by the static method are 275.5kN 
and 102.9kN respectively, and the axial compression forces at the top and bottom of 
the low-voltage coil are 223.5kN and 12.1kN respectively. 

According to formula (5), the axial dynamic compression force borne by different 
disk of high and low voltage windings is shown in Fig. 5. With the reduction of 
short-circuit current and electrodynamic force, the axial compression force of the 
winding attenuates. The maximum compression force of the first disk during the 
short-circuit of the high-voltage winding is 297.6kN, which is 108% of the static 
calculation result (275.5kN); The minimum compressive force amplitude of the 58th 
disk is 82.2kN, which is about 80% of the static calculation result (102.9kN); The 
maximum axial compression force at the end of low-voltage winding is 236.2kN
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and 18.9kN respectively, which are about 105% and 156% of the static calculation 
results. 

(a)High voltage 

(b)Low voltage 

Fig. 5 Axial dynamic force of the HV winding
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3.3 The Compression Force of Spacers and Clamping Rings 

The stress of spacers at different positions of high and low voltage windings 
calculated by (6) is shown in Fig. 6. 

(a) High voltage  

(b) Low voltage 

Fig. 6 Dynamic compression force of spacers in windings
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It can be seen from the winding displacement that the high-voltage winding is 
compressed towards the middle as a whole, so the spacers in the middle of the winding 
are subject to extrusion, and the maximum compression force of the winding 15th-
45th disks is about 16.58 MPa; Low-voltage winding is stretched towards both ends, 
with the maximum compression force of 5–15 disks and 37th-47th disks. In addition, 
at 25th disk of low voltage winding and 1st-2nd disks of high voltage winding, the 
pressure near the maximum moment of short circuit electrodynamic force is 0, which 
means that the coil separated with the spacers and lost the axial support of the spacers. 

In the short-circuit process, the thickness of spacers and the force of clamping 
rings change continuously. The high-voltage winding reaches the maximum value 
30 ms after the short circuit, which is 3.5 MPa and 3.3 MPa respectively, and the 
minimum pressure during the period is 0, indicating that the ending winding is 
separated from the spacer; The pressure of the low-voltage winding on the clamping 
rings decreases first and then increases to 4.2 MPa within 0–5 ms after the short 
circuit. The minimum pressure in the whole process is 0.8 MPa. Compared with 
the static results, the calculated maximum dynamic compression force of the high 
and low voltage winding on the clamping rings and spacers is 1.8 MPa (100%) and 
0.9 MPa (27%) respectively. 

3.4 Axial Bending Stress 

The maximum axial bending stress of HV and LV windings calculated by static 
method is 32.14 MPa and 26.36 MPa respectively. The dynamic axial bending stress 
distribution of high and low voltage winding conductors calculated from (9) and 
(10)  is  shown in Fig.  7. The maximum axial bending stress of high and low voltage 
windings is about 33 MPa, which is about 103% and 125% of the results calculated 
by static method.

The comparison between the calculation results of the static method and the 
dynamic method proposed in this paper is shown in Table 3. It can be seen from 
the results that the compression force and bending stress calculated by the dynamic 
method are greater than those calculated by the static method, in which the compres-
sion force of the high-voltage winding spacers is 88% higher, and the compres-
sion force of the high-voltage and low-voltage winding clamping rings is 106% and 
27% higher, respectively, indicating that the dynamic method is more rigorous in 
evaluating the short-circuit strength.

4 Conclusion 

Based on the nonlinear dynamic model of winding axial vibration, this paper proposes 
the calculation method of dynamic compression force of windings, spacers, clamping 
rings and axial bending stress of conductor. The main conclusions are as follows:
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(a)High voltage 

(b)Low voltage 

Fig. 7 Axail bending stresses in conductors

(1) Short-circuit electrodynamic force is a broadband signal of 0-600Hz, mainly 
concentrated in the vicinity of 50Hz and 100Hz. The winding short-circuit 
vibration signal has harmonics of 50 Hz and 100 Hz with the same exci-
tation frequency and higher than 100 Hz due to the nonlinear mechanical 
characteristics.
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Table3 Comparison of the 
calculated results

HV winding LV winding 

Compression force of windings/kN 

Static method 275.5 223.5 

Dynamic method 297.6 236.2 

Compression force of spacers/MPa 

Static method 8.8 15.21 

Dynamic method 16.58 16.44 

Compression force of clamping rings /MPa 

Static method 1.7 3.3 

Dynamic method 3.5 4.2 

Axial bending stress/MPa 

Static method 32.14 32.14 

Dynamic method 32.23 32.23

(2) In the short-circuit process, a single winding disk oscillates in the equilibrium 
position, and its displacement direction depends on the overall short-circuit 
electric power distribution. The electric power at the end changes rapidly with 
the height, while the displacement amplitude changes gradually saturation. 

(3) Compared with the static evaluation method, the the compression force of wind-
ings, spacers, clamping rings and axial bending stress calculated by the dynamic 
evaluation method are all higher in varying degrees. The compression force of 
the pad of high voltage winding is 88% larger, and the compression force of the 
platen of high and low voltage winding is 106% and 27% larger, respectively. 
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Study of Bidirectional Current Flow 
Controller for Multi-terminal DC Grid 

Mengyu Yao 

Abstract This paper studies the need for DC current flow controllers (DCCFCs) in 
multi-terminal DC power grids. The DCCFC can regulate power flow and prevent 
overloading of DC lines, promoting the utilization of renewable and regenerative 
energies. The proposed DCCFC topology is presented with independent ability. It 
can achieve bidirectional power flow regulation. The operation principles and control 
strategy of the DCCFC are analyzed. Computer simulated results of steady-state and 
dynamic-response are provided to validate the entire study. This paper provides a 
comprehensive overview of the demands for DCCFCs in multi-terminal DC grids 
which can regulate power flow efficiently and effectively, with the results retrieved 
from simulation demonstrating the operation and performance of the proposed 
DCCFC. 

Keywords DC power flow controller · Multi-terminal DC grids · Independent ·
Bidirectional 

1 Introduction 

It is crucial to address the pressing issues of power transmission and grid connection. 
In comparison to AC transmission systems, DC transmission systems offer a range of 
advantages, including lower losses and no need for synchronization or reactive power 
compensation. The widespread adoption of voltage source converters (VSC) has 
created a solid foundation for the development of DC power grids. As a result, high 
voltage direct current (HVDC) transmission technology has become a top priority 
for large-scale clean energy transmission and integration [1–3]. 

The development trend of DC power grids is moving towards multi-terminal or 
meshed configurations that are larger in scale, more reliable, and offering greater 
flexibility of operation [4, 5]. However, this evolution not only brings corresponding
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advantages, but also poses certain challenges to existing technologies. Power flow 
control is an important issue that needs to be researched and addressed in multi-
terminal DC grids. In AC grids, flexible AC transmission systems (FACTS) are used 
to control reactive power and regulate line power flow, but this is not possible in DC 
grids [6]. Therefore, special devices for DC power flow control, called DC current 
flow controllers (DCCFCs), are being studied and deployed to regulate power flow 
in meshed DC grids. 

After conducting a comprehensive study on DC power regulation, four main types 
of DCCFC have been identified: variable series resistor, series voltage source, inter-
line DC current flow controller (IDCCFC), and DC transformer. The series resistor 
type DCCFC has a simple control system but results in high loss and cannot achieve 
bidirectional regulation [7, 8]. Although the series voltage source type DCCFC 
requires relatively fewer devices and has lower losses, it has challenges with insu-
lation design and high cost [9]. The IDCCFC has a straightforward topology and 
lower losses, but it can only be applied to multiple lines simultaneously and cannot 
achieve independent regulation for each controlled line [10–12]. The DC transformer 
type DCCFC generally necessitates AC transformers and numerous power electronic 
devices, resulting in a complex structure. It is better suited for connecting DC power 
grids with varying voltage levels [13, 14]. 

This paper studies the DCCFC with bidirectional power flow control ability. The 
device is capable of adjusting the power flow by controlling the voltage differ-
ence between terminals. Simulation results of a three-terminal DCCFC device are 
compared to the analysis for validate the study. 

2 Topology and Operation Principles 

This section presents the topology of the proposed DCCFC and analyzes its operation 
principles based on the equivalent circuit. 

2.1 Basic Circuit Topology 

The schematic diagram of the proposed DCCFC applied to a multi-terminal DC 
grid is shown in Fig. 1. The DCCFC consists of one auxiliary terminal and n 
controlled transmission lines connected by the proposed device. It includes one 
stack with N series-connected half-bridge sub-modules (SMs), a large inductor LT , 
a resonant tank composed of inductor Lr and capacitor Cr , a full-bridge rectifier 
composed of controlled semiconductor switches, rectifier capacitor Co, magnitude 
control switches St and S’t t, and LC filters applied on each controlled line. The 
auxiliary terminal supplies energy to the stack through the large inductor, and the 
output of the stack is used as the input of the rectifier through the resonant tank 
together with the auxiliary terminal. The current magnitude control switches are
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Fig. 1 Topology of the proposed DCCFC in multi-terminal DC grid 

connected in parallel with the rectifier capacitor Co, which is used as the output of 
the rectifier. Each midpoint of the magnitude control switches is connected to the LC 
filter as a DCCFC output terminal and is connected to the corresponding controlled 
transmission line. 

The terminal voltages of the DC grid are denoted by Vj ( j = 1, 2, …, n), while 
V 0 represents the auxiliary terminal voltage. The resistance of the jth transmission 
line is represented by Rj, and the current flowing through the jth line is represented 
byI j.. The voltage at the jthDCCFC output terminal is denoted byVoutj. The capacitor 
voltage and output voltage of the ith sub-module are represented by vCi and vSMi 
(i = 1, 2, …, N), respectively. The voltage across the stack and large inductor are 
represented byvSand v. The input voltage of the rectifier and the current flowing 
through the resonant tank arevr and ir ., respectively. The rectifier capacitor voltage 
is represented as VCo. 

2.2 Operation Principles 

The stack operates using phase-shift modulation to generate a two-level square wave 
by periodically inserting N and M SMs. The stack voltage, represented as vS , will 
alternate between NVSM and MVSM at a fixed frequency, where VSM is the average 
balanced value of all capacitor voltages. As a result, the stack converts the DC power 
grid into AC power, and the voltage across the large inductor, represented asva, is a  
square wave. 

The resonant tank is designed with a series resonant frequency that is the same 
as the frequency of va and vS , which makes its AC impedance almost zero during 
normal operation. This provides a path for transferring AC power from the stack 
to the rectifier. By correctly controlling the switches in the full bridge rectifier, the 
voltage of the rectifier capacitor can be almost equal to the peak value of va. 

The proposed DCCFC is capable of regulating power flow by adjusting the output 
terminal voltages, which is achieved by modifying the polarity and magnitude of the 
equivalent voltage inserted in each transmission line using two groups of controlled
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switches and the capacitor Co. One of the groups consists of the previously mentioned 
magnitude control switches, while the other group comprises two switches connected 
to the auxiliary terminal in the full bridge rectifier. These two switches, marked as Sw1 
and Sw2 in Fig. 1, also function as polarity control switches and carry out rectification. 
Their duty cycle is fixed at 0.5, leaving only the duty cycle of magnitude control 
switches adjustable for power flow regulation. 

To provide a clear explanation of how the two groups of switches work, a single 
controlled transmission line is used as an example, and equivalent circuits in different 
states are shown in Figs. 2 and 3. The directions indicated in the figures are considered 
as positive reference directions, and the amplitude of the input voltage of the full 
bridge rectifier, marked as Vt , is used. When vr ≥ 00, as shown in Fig. 2, switchesSw1 
and S2 are turned on, and vr is rectified by diodes Dw1 and D2。In Fig. 2a, when switch 
Stj is turned on and S’tj is turned off, capacitor Co is bypassed, and the line power 
flows throughSw1 and Stj Fig. 2b, when switch S’tj is turned on and Stj is turned off, 
capacitor Co is inserted into the line with positive polarity, resulting in a decrease in 
the output voltage of the DCCFC and a reduction in the line power flow. Therefore, 
the output voltage Voutj can be regulated by changing the duty cycle αj of the switch 
Stj, where Voutj is equal to V0-(1-αj)VCo in this state. It is important to note that the 
two switches of each group are complementary. 

When vr < 0, as shown in Fig. 3, the switches Sw2 and S1 are turned on and vr is 
rectified by the diodes Dw2 and D1. In Fig.  3a, when switch S’tj is turned on and Stj 
is turned off, capacitor Co is bypassed and the line power flows through Sw2 and S’tj. 
In Fig. 3b, when the switchStj is turned on and S’tj is turned off, the capacitor Co is 
inserted into the line with negative polarity so that the output voltage of the DCCFC 
will increase, resulting in an increase in line power flow. Therefore, in this state, the 
output voltage Voutj is equal to V 0 + αjVCo.

(a) Capacitor bypassed (b) Capacitor inserted with positive polarity 
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Fig. 2 Equivalent circuits of DCCFC when vr ≥ 0 

(a) Capacitor bypassed (b) Capacitor inserted with negative polarity 
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Fig. 3 Equivalent circuits of DCCFC when vr < 0  
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3 Control Strategy 

The proposed control strategy includes two parts: stack voltage control and voltage 
inserted control. The controlled stack voltage sets the maximum regulating range 
of the DCCFC. Within this range, power flow control is achieved by adjusting the 
inserted voltage. 

3.1 Stack Voltage Control 

The two-level phase-shift modulation proposed in [15] is utilized for controlling 
the stack voltage due to its ability to achieve high operating frequency with low 
switching frequency, and the advantages of self-balanced SM capacitor voltages. 
This modulation determines the voltage of capacitor Co by calculating the difference 
between the number of sub-modules inserted at different times. As analyzed in the 
previous section, when the number of inserted sub-modules is N and M respectively, 
the stack voltage vS takes the form of a square wave with amplitudes of NVSM and 
MVSM . The auxiliary DC terminal voltage V 0 is equivalent to the average voltage of 
the stack. 

V0 = 
N + M 

2 
VSM (1) 

The average voltage across the large inductor is

(
Va = 
Va = 

NVSM − V0, 
MVSM − V0, 

the number of inserted SMs is N 
the number of inserted SMs is M 

(2) 

Because the voltage of the Co is almost equal to the peak value of the large inductor 
voltage, it can be derived from (1) and (2) that 

VC0 = 
N − M 

N + M 
V0 (3) 

Therefore, by adjusting the parameters of phase-shift modulation, the value of 
the rectifier capacitor voltage VCo can be changed, which in turn changes the range 
of equivalent inserted voltage, allowing for adjustment of the power flow regulation 
range.
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3.2 Voltage Inserted Control 

Based on the analysis in section II, the equivalent inserted voltage control is essen-
tially controlling the duty cycle of switches Stj andS’t . As an example, let’s consider 
a single controlled line, where the relationship between the output voltage of the 
DCCFC and the duty cycle of Stj is given by:

(
Vout j = 
Vout j = 

V0 −
)
1 − α j

)
VCo, 

V0 + α j VCo, 
vt ≥ 0 
vt < 0 

(4) 

Since vt half cycle is positive and half cycle is negative, the average voltage of 
output voltage is 

Vout j = 0.5ΔVout j (t≥0) + 0.5ΔVout j (t<0) = V0 + (α1 − 0.5)VCo (5) 

Then the power flowing through DC terminal j on jth line is 

Pj = 
Vout j − Vj 

R j 
V j = 

V0 − Vj +
)
α j − 0.5

)
VCo 

R j 
V j (6) 

Hence, the maximum adjustment range of power flow and the power flow changed 
by the DCCFC are 

Pj max = 
V0 − Vj + 0.5VCo 

R j 
V j (7) 

Pj min = 
V0 − Vj − 0.5VCo 

R j 
V j (8)

ΔPj =
)
α j − 0.5

)
VCo 

R j 
V j (9) 

From Eq. (5), the inserted voltage can be expressed as (αj-0.5)VCo. Therefore, 
the line current can be controlled by manipulating the duty cycle αj. Let  Prefj be the 
desired power of the jth transmission line, and Iorij be the current without DCCFC. 
From Eq. (6), we can obtain the duty cycle as: 

Pre  f  j  = 
V0 − Vj +

)
α j − 0.5

)
VCo 

R j 
V j = Iori j V j +

)
α j − 0.5

)
VCo 

R j 
V j (10) 

From (3) and (10), the duty cycle αj can be calculated as 

α j =
(
Pre  f  j  
V j 

− Iori j
)
N + M 

N − M 

R j 
V0 

+ 0.5 (11)
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Fig. 4 The closed loop diagram of inserted voltage control 

To ensure control reliability, closed-loop control is employed to adjust the open-
loop duty cycle. Figure 4 shows the closed-loop control diagram for a single line. 
The sum of αopen, calculated from (7), and Δα, the output of the PI controller, is 
restricted to the range of 0 to 1. The switching signals for switches St and St’ can be 
generated through pulse-width modulation (PWM) control. 

4 Simulation Result 

To validate the effectiveness of the proposed DCCFC in regulating the current of 
transmission lines, a MATLAB/SIMULINK model of the DCCFC in a three-terminal 
DC grid was developed. In this section, we present a set of simulation results using 
the model. The simulation parameters are listed in Table 1, and the stack control 
parameters are set as N = 5 and M = 2. Based on the given parameters, the line 
currents without DCCFC are expected to be -500A and 400A, respectively. The 
simulation results, which include steady-state and dynamic operation, are shown in 
Fig. 5. 

Table 1 Simulation parameters 

Parameter Description Value 

V0 Auxiliary terminal voltage 10 kV 

V1 Voltage of DC terminal 1 10.5 kV 

V2 Voltage of DC terminal 2 9.6 kV 

R1, R2 Line resistance 0.6 Ω

Lr Inductor of resonant tank 280 μH 

Cr Capacitor of resonant tank 22.874 μF 

f r Resonant frequency 2 kHz  

f t Switching frequency of magnitude control switches 2 kHz
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(a) Voltages of the SM capacitors (b) Voltage of the rectifier capacitor 

(c) Resonant currents and voltages (d) Dynamic response of line currents 

Fig. 5 Simulation results of operation performance of the DCCFC 

Figure 5a illustrates the waveforms of the SM capacitor voltage vCj ( j = 1, 2, …, 
5), which are well balanced around the theoretical value of 2.86kV calculated from 
(3) due to the self-balanced control strategy. The switching frequency of each SM is 
1200Hz, while the phase-shift modulation enables an equivalent operating frequency 
of 2kHz, thus reducing the operating frequency of each switch. Figure 5b presents 
the voltage waveforms of the rectifier capacitor voltage Vco, which stabilizes at the 
theoretical value of 4.286kV through the power conversion of the stack and full 
bridge rectifier. The capacitor voltage fluctuates when the line currents change, but it 
quickly stabilizes. Figure 5c shows the waveforms of the rectifier input voltage and 
resonant tank current. In the resonant operation mode, the voltage and current of the 
rectifier maintain the same phase, effectively reducing the switching loss. Figure 5d 
displays the dynamic response of line currents in both directions, as the given power 
flow has both positive and negative directions. The simulation results indicate that the 
proposed DCCFC can regulate the current of each line in either direction to follow 
the given current.
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5 Conclusion 

This paper studies a bidirectional and independent power flow regulation scheme 
using DCCFC. The DCCFC scheme is able to adjust the power flow of the transmis-
sion line by controlling the voltage difference between the two terminals. The rectifier 
capacitor voltage is maintained as stable as the regulated current is almost constant 
with negligible ripple. The power is transferred from the stack and exchanged through 
the resonant tank at the auxiliary terminal. By controlling the duty cycle of the magni-
tude control switches, the DCCFC can independently insert any voltage values with 
either directions into transmission line, enabling independent and bidirectional power 
flow regulation. The simulation results have validated the operation principles and 
power flow control analysis presented in this paper. 
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A Current Flow Controller 
with Independent Regulation Capability 
for HVDC Grid 

Mengyu Yao and Xueao Qiu 

Abstract With the increasing significance of renewable energy and demand for 
long-distance power transmission and large-scale gridinterconnection, developing 
and expandinghigh voltage direct current (HVDC) grids have become essential. 
However, in multi-terminal or meshed DC grids, controlling the current flow of 
each line through converter stations is not completely feasible. The line current 
flow regulation devices used in AC grids cannot be applied in DC grids straight-
forwardly. Therefore, in order to implementcomplete power flow control in HVDC 
grids, DC current flow controller (DCCFC) becomes indispensable. As the state-of-
the-art interline DCCFCs need to exchange power between multiple lines, this paper 
presents a DCCFC topology that can be used in multi-terminal DC grids and which 
can achieve independent control and bidirectional regulation. The operation principle 
and control strategy of the proposed DCCFC are studied, with simulation results of 
steady-state and dynamic response presented to validate the theoretic analysis. 

Keywords HVDC grids · DC current flow controller · Multi-terminal DC grids ·
Independent regulation 

1 Introduction 

With the growing concern over energy issues, many countries and regions are 
investing in research and implementing projects to develop renewable energy and 
ensure energy security [1]. However, the traditional AC transmission system faces 
limitations in accommodating the distribution of renewable energy. Whereas the 
DC transmission systems offer more advantages in power transmission, including
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lower losses and no need for synchronization or reactive power compensation. There-
fore, high voltage direct current (HVDC) transmission technology is a priority for 
large-scale renewable energy transmission and integration [2–4]. 

In DC power grids, the line currents can only be regulated by changing the line 
resistance or voltage across the line, as stated by Ohm’s law. This means that the 
traditional power flow regulation technology used in AC power grids is not suitable 
for HVDC power grids [5]. As a result, it is essential to apply new devices that 
can regulate line currents in HVDC grids, known as the DC current flow controllers 
(DCCFCs) due to their function. These devices are specifically designed for use in 
HVDC systems. 

Most research on DCCFC focuses on the variable voltage source type due to its 
advantages, including low power losses and high regulation flexibility [6, 7]. Specif-
ically, the series–parallel-connected DCCFC, which is a type of variable voltage 
source DCCFC, is of particular interest because it allows for independent regula-
tion of the current of each line. This type of DCCFC typically consists of a series-
connected circuit that exchanges power with the line [7–9] and a parallel-connected 
circuit that transfers power between the DC terminals and lines [10, 11]. 

This paper proposes a series–parallel-connected DCCFC with the ability to regu-
late the voltage on each output terminal independently, thereby changing the inserted 
voltage between lines to achieve current regulation. Simulation of a three-terminal 
device applied in DC grids is conducted to verify the feasibility of this topology. 

2 Topology and Operation Principle 

This section illustrates the function and operation process of the proposed DCCFC 
topology when installed on multi-terminal DC grids. To explain the operation 
principle, an example of a single line is used. 

2.1 Basic Circuit Topology 

Figure 1 illustrates the schematic of the proposed DCCFC installed on multi-terminal 
DC grids. The system includes n + 1 DC terminals represented by V 0 and Vj ( j = 
1, 2, … n), with the proposed DCCFC installed at terminal V 0. The DCCFC has a 
total of n output ports connected to nDC lines through filters. The proposed DCCFC 
can be divided into three main parts: the energy supply DC-DC converter, the Boost 
converter, and the regulation switches.

The energy supply DC-DC converter utilizes a DC transformer consisting of two 
symmetrical arms, two symmetrical resonant tanks, and a full bridge rectifier with 
the output capacitor Cp. It absorbs energy from terminal V 0and generates a stable 
DC voltage across the output capacitor Cp. Each arm is comprised of a stack of N 
series-connected half-bridge submodules (SMs) and an inductor LS (or L’S). The
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Fig. 1 Topology of the proposed DCCFC in multi-terminal DC grids

SM capacitor is denoted by CSM , and the SM capacitor voltages in two stacks are 
represented byvSMi and vSMi’ (i = 1, 2, …, N), respectively. DC Terminal V 0 inputs 
DC power to the arms through two large inductors LT and LT ’, which suppress 
AC current components flowing into the DC terminal. Each resonant tank consists 
of an inductor and a capacitor in series, operating in resonant mode. The resonant 
tanks block DC current and allow AC power to be transmitted. The full bridge 
rectifier, composed of controllable semiconductor switches, stabilizes the voltage 
on the output capacitor Cp and enables bidirectional power exchange. The average 
voltage across the capacitor Cp is denoted by VCp. 

The diode in the classic boost circuit is replaced by a controllable semiconductor 
switch in the boost converter of the proposed topology, which ensures the bidirec-
tional transmission of power. The output capacitor of the boost converter and the 
average voltage across it is represented by and respectively. 

The boost converter in the proposed topology replaces the diode in the classic 
boost circuit with a controllable semiconductor switch, enabling bidirectional power 
transmission. The output capacitor of the boost converter is represented by Cb, and 
the average voltage across it is denoted by VCb, 

There are n groups of regulation switches, each consisting of two controllable 
semiconductor switches for n output ports. The midpoint of each group of switches 
is connected to a filter as the output port of the DCCFC, represented by Voutj, 
respectively. The n output ports of the DCCFC are connected to n controlled lines, 
respectively, to control the power flowing through the DC terminal Vj.
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2.2 Operation Principle 

The energy supply DC-DC converter applies a phase-shift modulation introduced in 
[12, 13]. In each stack, the X and Y (N ≥ X > Y ≥ 1) SM capacitors are deployed 
in series in different half cycles, generating a voltage of two levels. As a result, the 
terminal voltage V 0 can be expressed as: 

V0 = |vS| =
|
|v'

S

|
| = 

XVCSM  + YVCSM  

2
= 

X + Y 
2 

VCSM (1) 

Here, VCSM represents the average voltage of the SM capacitor. As a result, the voltage 
across the two large inductors is a square wave voltage with an average amplitude of 
VT , which can be calculated as follows: 

VT =
|
|vS − v'

S

|
| = (X − Y )VCSM  = 

2(X − Y ) 
X + Y 

V0 (2) 

Due to the resonant mode, the AC impedance of each resonant tank is almost 
zero. As a result, the input voltage vt of the full bridge rectifier is also a square wave 
voltage with an average amplitude of VT . Consequently, the average value of the 
rectifier output voltage VCp is VT . 

To analyze the principle of current regulation, we have chosen the operation of 
line1 as an example. The simplified equivalent circuit is shown in Fig. 2, and the 
directions indicated in the figures are taken as the positive reference directions. The 
two regulation switches of each group are complementary. When S1 is turned on and 
S1’ is turned off, as shown in Fig. 2a, the output port voltage Vout1 of the DCCFC 
can be calculated as follows: 

Vout1 = V0 − VCp  + VCb (3)

Similarly, When S1’ is turned on and S1 is turned off as shown in Fig. 2b, the 
output port voltage Vout1 can be calculated as 

Vout1 = V0 − VCp (4) 

Hence, the voltage variation ΔV 1 caused by the DCCFC can be derived as

ΔV1 = Vout1 − V0 =
(

VCb − VCp, S1 turned on 
−VCp, S'

1 turned on 
(5) 

Because VCp and VCb are the input and output voltages of the boost converter 
respectively, the relationship between the two voltages must be VCb > VCp. Therefore, 
when S1 is turned on, ΔV 1 > 0, and when S1’ is turned on, ΔV 1 < 0. In other words, 
the proposed DCCFC is capable of not only increasing the DC terminal voltage but 
also decreasing it equivalently, thereby regulating the line current.
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(a) S1 is turned on and S'1 is turned off 

(b) S'1 is turned on and S1 is turned off 
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Fig. 2 Simplified equivalent circuits

3 Control Strategy 

For illustration purposes, let us consider the current flowing through line1 denoted as 
I1, with the positive direction flowing into terminal 1. Assuming that the duty cycle 
of S1is D1, we can calculate the average value of Vout1 as: 

Vout1 = D1
)

V0 − VCp  + VCb
( + (1 − D1)

)

V0 − VCp
(

= V0 − VCp  + D1VCb (6) 

Assuming the duty cycle of Sb in boost converter (as shown in Fig. 1) is  α, it can  
be derived that 

Vout1 = V0 − VCp  + D1VCb 

= V0 + 
(D1 + α) − 1 

1 − α 
VT (7) 

Therefore, the current flowing through line1 is 

I1 = 
Vout1 − V1 

R1 

= Iori1 + 
(D1 + α) − 1 

1 − α 
VT 

R1 
(8)
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Fig. 3 Control strategy diagram 

where Iori1 is the original current of line1 without DCCFC installed and R1 is the 
resistance of line1. 

From Eq. (8), it is apparent that the duty cycles of the proposed DCCFC can be 
adjusted to regulate the line current. Although the boost converter is shared by all the 
lines, each group of regulation switches can be controlled independently. Therefore, 
the duty cycle α, together with VT determined by the modulation parameters of the 
stack, determines the current regulation range of the DCCFC. Meanwhile, the duty 
cycle Dj determines the specific value of current in the corresponding line. 

The control strategy of the proposed DCCFC utilizes a traditional PI controller 
to regulate the regulation switches. Additionally, to ensure stability of the output 
capacitor voltage VCb of the boost converter, the PI controller is also utilized to correct 
the switching duty cycle of the boost converter. The control strategy is illustrated in 
Fig. 3. 

4 Simulation Result 

To verify the feasibility of the proposed DCCFC, a simulation in a three-terminal 
DC grid using MATLAB/SIMULINK was conducted. This section presents a set of 
simulation results. The simulation parameters used are presented in Table 1, where 
X = 5 and Y = 4 are the modulation parameters of the stacks.
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Table 1 Simulation parameters 

Parameter Description Value 

V0 Voltage of terminal which DCCFC installed on 10 kV 

V1 Voltage of DC terminal 1 9.8 kV 

V2 Voltage of DC terminal 2 10.3 kV 

R1, R2 Line resistance 1 Ω

Lr Inductor of resonant tank 500 µH 

Cr Capacitor of resonant tank 12.713 µF 

f r Resonant frequency 2 kHz  

α Switching duty cycle of the boost converter 0.5 

The simulation was set up as follows: initially, the DC grid system operated 
without the DCCFC, and the currents in lines 1 and 2 were 200A and −300A, 
respectively, which were uncontrollable. At 1s, the DCCFC was activated with Iref 1 
set at 1kA and Iref 2 set at -900A. At 4.5s, Iref 1 dropped to 500A and Iref 2 dropped 
to -600A. At 7s, the target currents were reversed, withIref 1 set at -500A andIref 2 set 
at 200A. At 10s, Iref 1 increased to -1000A and Iref 2 increased to 1100A. The simu-
lation results are presented and discussed in the following sections. The simulation 
parameters used in the study are presented in Table 1, with the stacks modulation 
parameters set to X = 5 and Y = 4. 

Figure 4a displays the waveforms of the SMs capacitors, which are well-balanced 
around the theoretical value of 2.22kV. Figure 4b depicts the waveforms of the 
rectifier input voltage and the currents of the resonant tanks. Under the resonant 
operation mode, the voltage and current of the rectifier are in the same phase, i.e., the 
zero-crossing points of the voltage and current coincide, thus effectively reducing 
the switching loss. Figure 5 illustrates the dynamic response of line currents, which 
are given in both positive and negative directions. The simulation results demonstrate 
that each line current can follow the given current in any direction under the control 
of the proposed DCCFC.
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(a) Voltages of the SM capacitors in the stack 

(b) Resonant currents and full bridge voltages 

Fig. 4 Simulation results of steady state
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Fig. 5 Dynamic response of line currents under the operation of the DCCFC 

5 Conclusion 

This paper proposed a bidirectional DCCFC with independent power flow regulation 
ability, which can be utilized in HVDC grids to regulate the line current. The proposed 
DCCFC can change the voltage of each output port independently, thereby altering the 
inserted voltage between DC lines. The energy supply DC-DC converter maintains 
the rectifier capacitor voltage. By controlling the duty cycle of the boost converter, 
the regulating range of the DCCFC can be adjusted. By controlling the duty cycle 
of each group of regulation switches, the DCCFC can independently adjust each 
output terminal voltage to regulate the current flow of each line. Simulation results 
are presented to validate the proposed DCCFC’s operation principle and power flow 
control analysis. 
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and Yu Dong 

Abstract This paper proposes a compact magnetically controlled distribution trans-
former topology, which combines a controllable reactor with a distribution trans-
former to make a conventional distribution transformer with the ability to flexibly 
regulate reactive voltage in addition to the basic function of voltage transformation. 
Firstly, the structure of a new magnetically controlled distribution transformer is 
proposed in this paper. The equivalent circuit of the magnetically controlled distri-
bution transformer is obtained through the analysis of its basic electromagnetic rela-
tionship. Then, the formula for calculating the permeability of the core and the air 
gap in the magnetic valve section under saturation condition is analyzed theoreti-
cally by using Schwartz—Christopher transformation. The leakage flux is included 
in the calculation of excitation inductance, and the influence of the air gap beside the 
magnetic valve on the excitation reactance is fully considered. Finally, the inductance 
characteristics of the magnetically controlled distribution transformer are studied, 
and the finite element electromagnetic simulation is also carried out. 

Keywords Magnetically controlled distribution transformer · Equivalent circuit ·
Magnetic valve · Finite element analysis
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1 Introduction 

With the progress and development of productivity, electric energy has been widely 
used in all aspects of social life because of its advantages of simple production, 
easy control, convenient transmission, green and clean, and has gradually become 
indispensable energy in modern life. How to improve the quality of electric energy 
has also become a research hotspot. Most of the loads in low-voltage distribution 
network are single-phase loads, and the fluctuation and randomness of loads are easy 
to cause the problem of three-phase unbalance. This phenomenon will increase the 
loss of power system, affect the reliability of power supply, and is not conducive to 
the safe and stable operation of power system [1]. 

The controllable reactor can adjust the magnetic saturation of the iron core by 
changing the size of the DC excitation, so as to realize the function of smoothly 
adjusting the reactive power output of the reactor. Its development is based on the 
research of magnetic amplifier. A series of controllable magnetic valve reactors with 
different voltage levels have been successfully developed, but there are still short-
comings in harmonics and loss. In the 1990s, Wuhan University took the lead in 
conducting research on magneto-controlled reactor [2], and carried out research on 
response speed, harmonics, loss and other aspects, and achieved a series of inno-
vative achievements [3–5]. At present, the developed products are in the interna-
tional leading level, hundreds of sets of products have been put into operation. In 
September 2007, the UHV magneto-controlled reactor jointly developed by TbeA 
Shenyang Transformer Group was successfully put into operation in Jiangling. 
Subsequently, more and more magneto-controlled reactors with different voltage 
levels and capacities were successfully put into operation in various places [6–8]. 

To solve the above problems, this paper proposes a new type of magneto reactance 
transformer, which combines the core and winding of the common power transformer 
and magneto reactance transformer into one. The inductance characteristics of the 
magnetically controlled distribution transformer are studied, and the finite element 
electromagnetic simulation is also carried out. 

2 Model Mechanism Analysis 

2.1 The Topology of the New Magneto-Controlled 
Distribution Transformer 

Based on the optimization of the existing single-phase magnetic transformer 
topology, a compact three-dimensional three-phase magnetically controlled trans-
former topology is proposed. Since there are both DC and AC magnetic fluxes in the 
core, it is necessary to obtain an equivalent magnetic circuit model by studying the 
magnetic circuit topology of the transformer, so as to provide theoretical basis for 
the optimization of the topology structure. It is shown in Fig. 1.
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Fig. 1 The topology and B-H curve of magnetically controlled distribution transformers 

2.2 The Working Mechanism of the New 
Magneto-Controlled Reactance Transformer 

In order to simulate the magnetization characteristics of the new magnetically 
controlled transformer core, a segmented ideal B-H magnetization curve model is 
adopted in this paper. Ignoring complex factors such as hysteresis and anisotropy 
of ferromagnetic materials, the magnetization curve is divided into two sections, as 
shown in Fig.  2. Among them, the permeability of the core is μ1 when unsaturated, μ0 

when saturated, and μ1≈1000μ0. The critical saturation magnetic induction inten-
sity of the core is Bs. At this time, the mathematical model of the ideal magnetization 
curve is shown in Eq. (1): 

Ht = 

⎧ 
⎪⎨ 

⎪⎩ 

B 
μ1 

|B| < Bs 
B−Bs 
μ0 

+ Bs 
μ1 

B > Bs 
B+Bs 
μ0 

− Bs 
μ1 

B < −Bs 

(1) 

Ignoring the resistance of the working winding, the basic equation of the magneto 
reactance transformer is shown in Eq. (2):
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Fig. 2 The unit value of fundamental component and the magnetic valve field line diagram 
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⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

F1 = N1i1 + N2i2 + Nkik = f (B1)(l − lt ) + f (Bt1)lt 
F2 = N1i1 + N2i2 − Nkik = f (B2)(l − lt ) + f (Bt2)lt 
N1 

d(�1+�2) 
dt = U1 

Nk
( d�1 

dt  − d�2 
dt

) + ik Rk = Uk 

(2) 

In the formula, F1 and F2 refer to the magnetic motive force of core I and II, B1 

and B2 refer to the magnetic induction intensity of the non-magnetic valve segment 
of core I and II, Bt1 and Bt2 refer to the magnetic induction intensity of the magnetic 
valve segment of core I and II, f(B) is the corresponding magnetic field intensity. N1, 
N2 and Nk are the turns of primary side winding, secondary side winding and DC 
excitation control side winding, respectively. 

It can be seen from the state of the iron core I and II of the magneto-controlled 
reactance transformer and the working state of the winding that they have symmetry. 
Therefore, they have the following relation is shown in Eq. (3):

{
B1(ωt) = −B2(ωt + π ) 
B2(ωt) = −B1(ωt + π ) 

(3) 

Suppose the expression of B1 and B2is shown in Eq. (4): 

B1(ωt) = Bd + B1m sin(ωt − φ1) + B2m sin(2ωt − φ2) 
+ B3m sin(3ωt − φ3) + . . . (4) 

B2(ωt) = −Bd + B1m sin(ωt − φ1) − B2m sin(2ωt − φ2) 
+ B3m sin(3ωt − φ3) − . . . (5) 

It can be seen from is as Eqs. (6 and 7) that the odd harmonics in the magnetic 
induction intensity of core I and core II at any time are in phase, and the even 
harmonics are in reverse phase, which can be obtained 

ek = ek1 + ek2 = Nk Ab

(
dB1 

dt  
− 

dB2 

dt

)

= ωNk Ab[4B2m cos(2ωt − φ2) + 8B4m cos(4ωt − φ4) + . . .] (6) 

U1 = ωN Ab[Bm cos(ωt − φ1) + 3B3m cos(3ωt − φ3) + . . .] (7) 

According to the principle of harmonic balance, it is shown in Eq. (8):

{
B1(ωt) = Bd − B1m cos ωt 
B2(ωt) = −Bd − B1m cos ωt 

(8)
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It is noted that the DC component Bd is not equal to the initial DC magnetic 
induction B0 (f(B0) = EkNk/Rk lt1) when the primary winding is not connected to 
AC power supply and only DC excitation voltage is applied in the DC excitation 
control winding. The size of Bd is controlled by the DC excitation voltage Ek. 

According to the magnetically controlled transformer excitation current and 
primary current, secondary current relationship is shown in Eq. (9): 

N1i0 = N1i1 + N2i2 (9) 

Since the magnetization curve f(B) is an odd function, it is shown in Eq. (10): 

f [B1(ωt)] = f [−B2(ωt + π )] = −  f [B2(ωt + π )] (10) 

Current i0(t) contains only odd harmonic components, which can be expressed by 
the following relation is shown in Eq. (11): 

i0(t) = 
∞∑

k=0 

i0(2k+1)m cos[(2k + 1)ωt] (11) 

The amplitude of each harmonic component is as Eq. (12): 

i0(2k+1)m = 
2 

π 

π∫

0 

lt 
2N1

{
f
[
B1(θ )

] + f
[
B2(θ )

]}
cos(2k + 1)θdθ (12) 

Among them, θ = ωt . It is shown in Fig. 2. 
When the DC excitation control current is 0, Bd = 0, the magnetic induction 

intensity B1 and B2 of core I and core II varies in the range from -Bs to Bs, with 
the amplitude B1m = Bs1. When the DC excitation control current increases, the DC 
component in B1 and B2 will also increase, which will make part of the curve of B1 

and B2 in the figure go beyond the range of -Bs to Bs. The shaded section of the curve 
corresponds to the horizontal axis, which is represented by magnetic saturation, and 
represents the time that core I or Core II reaches saturation in one power frequency 
cycle. 

β = 2 arccos 
Bs1 − Bd 

Bs1 
(13) 

When DC excitation is 0, Bd = 0, the core does not reach saturation state within 
a period, so β = 0. With the increase of DC excitation control current, the saturation 
time of the core also increases. When the core is saturated throughout the whole power 
frequency cycle, β = 2π, magnetic saturation reaches the limit value. Therefore, the 
magnetic saturation β reflects the magnetic saturation degree of the core with a range 
of  0 to 2π. It can be deduced that the expression of magnetic saturation β is shown
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in Eq. (13). f [B1(t)], f [B2(t)] is as in Eqs. (14)–(17). 

f [B1(t)] = 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

Bs(1−cos β 
2 −cos ωt) 

μ1 
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2 −cos ωt) 
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+ Bs 
μ1 

π − β 
2 ≤ ωt < π  + β 

2 
Bs(1−cos β 

2 −cos ωt) 
μ1 

π + β 
2 ≤ ωt ≤ 2π 

f [B2(t)] = 
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Bs(cos β 
2 −cos ωt) 
μ0

− Bs 
μ1 

0 ≤ ωt < β 
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Bs(−1+cos β 
2 −cos ωt) 

μ1 

β 
2 ≤ ωt < 2π − β 

2 
Bs(cos β 

2 −cos ωt) 
μ0

− Bs 
μ1 

2π − β 
2 ≤ ωt ≤ 2π 

(14) 

i∗ 
0(1) = 

1 

2π 
(β − sin β) (15) 

i∗ 
0(2k+1) = i0(2k+1)/

(
1 

μ0 
− 

1 

μ1

)
Bs1lt1 
N1 

(16) 

i∗ 
0(2k+1) =

1 

(2k + 1)π

[
sin kβ 
2k

− 
sin(k + 1)β 
2(k + 1)

]

k = 1, 2, 3, . . . (17) 

2.3 Working Mechanism of the New Magneto-Controlled 
Reactance Transformer 

When β = 2π, the per unit value of the fundamental wave of the excitation current is 
equal to 1, which indicates that the current reference value is exactly the amplitude of 
the fundamental wave component of the excitation current when the limit saturation 
of the magnetically controlled transformer is β = 2π. The curve of fundamental 
current per unit value changing with magnetic saturation can be drawn, as shown in 
Fig. 2. As can be seen from the figure, with the increase of the magnetic saturation 
β of the iron core, the per unit value of the fundamental wave component of the 
excitation current also increases, that is, the equivalent excitation inductance of the 
magnetically controlled transformer decreases. The equivalent excitation inductance 
of the transformer can be smoothly adjusted by changing the value of magnetic 
saturation β. 

Considering that the structure of the magnetic valve is of polygonal irregular 
shape, and the magnetic flux distribution of the air gap edge and the magnetic valve 
have a great influence on the excitation inductance when the core is saturated, the 
Schwarz-Christoffel transformation will be used in this paper to calculate the air gap 
permeability and the magnetic valve segment permeability respectively when the 
magnetic valve is saturated. It is shown in Eqs. (18)–(23)
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�′
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σa = 1+ 
2l 

πa 
(1 + ln  

πh 

2l 
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3 Model Mechanism Analysis 

A simulation model of single-phase MCT is constructed. Figure 3 shows the 
simulation model of the MCT, and the voltage ratio is 400 V/64 V (Table 1). 

Set the DC power supply voltage to 60 V, and MCT reaches the rated reactive 
output state. As shown in Fig. 4, MCT can output reactive power of 30% of active 
power capacity while transmitting active power.

From the simulation, MCT in this paper can realize the function of buck-boosting 
voltage of traditional transformers, and can also output reactive power stably. The 
single-phase magnetic control reactor is of three column structure, and the single-
phase transformer is of two column structure, so they have five columns in total.

Fig. 3 The flux density distribution of MCT in one currnet cycle (Add 60 V DC excitation)
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Table 1 Design parameters 

Parameter type Numerical value 

Rated capacity 1.8(kVA) 

Primary side/secondary side rated voltage 400 V/64 V 

Primary side/secondary side rated current 4.5A/28A 

Length and Diameter of magnetic valve 30 mm and 40mm 

Core diameter 60 mm 

Number of turns on primary side/secondary side 624 turns/100 turns

Fig. 4 The active power and reactive power (Add 60 V DC excitation)

Single phase MCT has only 4 columns, so its volume is 25% less than that of the 
original transformer and reactor. 

4 Conclusion 

This paper proposes a compact magnetically controlled distribution transformer 
topology, which combines a controllable reactor with a distribution transformer to 
make the traditional distribution transformer have the ability to flexibly regulate the 
reactive voltage in addition to the basic function of raising and lowering the voltage, 
and only adds part of the floor space to the original distribution transformer volume, 
which is especially suitable for urban distribution stations with a high proportion of 
renewable energy sources.
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The Study of Fire Spread Trend in Cable 
Tunnels with Different Wind Speeds 

Zhe Zhang, Ying Sun, Liang Zou, and Xiaolong Wang 

Abstract Recently, power grid fire accidents happen frequently, the cable fire is an 
important part. To address this issue, it is advisable to conduct effective simulation 
tests to investigate the impact of various factors on cable fires. Therefore, a simu-
lation model for cable tunnel fires was established based on the typical design of 
cable tunnels and cable layout schemes, in order to investigate the distribution of 
temperature and generated gases under different wind speed conditions. According 
to the simulation results, the higher wind speed condition is more likely to accelerate 
the fire combustion process and to increase the concentration of harmful gas gener-
ation than those obtained for lower wind speed condition. However, higher wind 
speed potentially reduces the temperature of the upper tuyere more effectively, and 
then decreases the fire disaster area, avoiding further spread of fire. The high wind 
speed condition has been found to significantly decrease the amount of harmful gas 
produced at the air inlet and prevent the multi-directional diffusion of noxious gas. 
These findings provide some reference for the prevention of cable tunnel fires and 
the post-disaster handling work. 
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1 Introduction 

With the rapid economic development, the usage of cable increases rapidly in our 
country. The fire caused by non-flame retardant cable also increases [1]. The fires 
caused by electrical failures accounted for 52% of the identified fires, among which 
fires caused by cable line breakage are particularly prominent [2]. During the opera-
tion of the cable, due to the dense and narrow space of the underground cable tunnel, 
the heat is easy to accumulate near heat sources. The overheating will burn through 
the insulation layer and generate arc, which is easy to cause fire [3]. Burning cables 
will again generate a lot of heat and release a lot of toxic and harmful smoke, which 
is likely to cause casualties and property losses [4]. 

Currently, several studies investigating the hazards and developmental character-
istics of underground cable fires have been conducted [5–12]. Lv et al. [5] summa-
rized the ignition mechanism of cable fires under the action of multiple factors. It 
summarized the combustion characteristics and tests of wires and cables. Huang 
et al. [6] established a full-size fire HRR estimation model for vertical cable bridge, 
which can accurately estimate the heat release rate of vertical cable bridge fire. Zhang 
et al. [7] used conical calorimeter for radiation ignition experiment, and measured 
combustion parameters such as heat release rate (HRR) and mass loss rate (MLR) of 
crosslinked polyethylene cable under three radiation intensification conditions. Bai 
et al. [8] analyzed the law of smoke propagation in cable trench under traditional 
firewall and new firewall. Xie et al. [9] proposed a new fire area map containing 
surface temperature and critical mass flux to quantify the fire risk of cables. Zeng 
et al. [10] investigated the flammability of cable coatings and developed a fire test 
method to assess the fire propagation tendency of groups of cables protected by 
cable coatings. Chen et al. [11] proposed a hybrid Bayesian network (BN)-based fire 
risk analysis model, to investigate the evolution of overload-induced early cable fire 
risks. Li et al. [12] carried out the fire spread dynamic simulation of the power cabin 
of the pipe corridor by building a corresponding simulation platform of the pipe 
corridor. It analyzed the effectiveness, reliability and adaptability of the temperature 
sensing detector, the point-type smoke sensing detector, the distributed fiber temper-
ature sensing detector and the photo type fire detector. These above contents mainly 
focused on fire temperature changes or fire products. However, they do not involve 
the analysis of the overall development law of fire in underground cable tunnel. In 
particular, it is impossible to know the temperature distribution and the various gases 
distribution. Moreover, there is no analysis and research on the fire spread in the 
relatively closed space of underground cable tunnel of substations. 

Cable combustion simulation test is the basis of fire risk prediction and an effec-
tive means to evaluate cable combustion characteristics [13]. This paper is based 
on the previous research and simulation work, in consideration of the common 
substation cable tunnel design. The cable simplification model is optimized. The 
simulation model of cable trench fire is constructed. The temperature and gas distri-
bution under different wind speed conditions are studied. The influence of different 
wind speed conditions on the development of cable fire under typical substation cable
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Fig. 1 Cable simplification model 

tunnel design is summarized. The findings offer a theoretical reference for preventing 
underground cable fires and post-disaster treatment in the future. 

2 Fire Simulation Model Setting 

2.1 Cable Simplification Model 

The prevailing type of cable used today is the three-layer structured cable, which 
comprises of a metal conductor layer, an insulating layer, and a oversheath layer. 
These layers are arranged in the following order: an inner copper core with a thickness 
of 0.02 m, a middle crosslinked polyethylene layer with a thickness of 0.01 m, and 
an outer polyvinyl chloride layer with a thickness of 0.01 m. To simplify the design 
of the cable structure model, a concentric structure was adopted. The structure of 
this simplified cable model is illustrated in Fig. 1. 

2.2 Simulation Model Parameter Setting 

A simulation model of a cable tunnel fire was constructed based on typical cable 
settings for 110 kV substations and common designs for underground cable tunnels. 
The cable tunnel has a rectangular shape, measuring 10 m in length, 1.4 m in width, 
and 1.5 m in height, with concrete walls and a concrete top. A layer of 0.1 m-thick 
fireproof bricks is laid at the bottom of the cable trench. Fireproof bricks of 0.1 m 
thickness are laid at the bottom of the cable trench. The cables inside the cable tunnel 
are three-layer cable as shown in Fig. 1. These three-layer cables are fixed by steel 
structural supports. Each layer comprises six cables, distributed evenly on both sides 
of the tunnel. The spacings between these three-layer cables from the ground are 
0.1 m, 0.6 m and 1.1 m respectively.
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Fig. 2 Schematic diagram of fire simulation model 

Based on the structure and size of the above cable tunnel, the center of the bottom 
surface is taken as the coordinate reference. The fire source, firewall, monitoring 
sensor, ventilation hole and other equipment are set in the model. The fire source is a 
rectangular surface with dimensions of 1 m in length and 0.4 m in width, and a heat 
release rate of 2500 kW/m2. Two firewalls composed of fireproof bricks are installed 
in the cable tunnel and symmetrically placed on both sides of the fire source. The 
distance between these two firewalls is 6 m. There is a small gap between the firewall 
and the cable. In the cable tunnel, three sets of sensors are installed to monitor gas and 
temperature. Set 1 is positioned in close proximity to the fire source. Set 2 is located 
at the upwind inlet. Set 3 is located at the downwind inlet. In this simulation, three 
sets of sensors were designed, including temperature sensors and gas sensors. The 
gas sensors mainly measured the content of CO, CO2, O2, and HCl. These sensors 
were installed at four different heights (1.4 m, 0.9 m, 0.4 m, and 0.1 m) in order to 
capture data on the distribution of temperature and gas concentrations. The heighes 
was denoted as h. The fire source, the firewall location and the monitoring sensor 
positions were kept constant throughout the experiments. Two ventilation holes were 
installed on both sides of the cable tunnel, with dimensions of 0.55 m square. The 
ventilation hole on the right side served as the inlet, while the other served as the 
outlet. The wind speed was denoted as v. Two sets of wind speed, v = 1.0 m/s 
and v = 2.0 m/s, are used respectively. Cable tunnel simulation model settings are 
shown in Fig.  2 to study the effect of different firewall distance on cable fire spread 
characteristics. 

3 Analysis of Fire Simulation Spread Results 

By establishing underground cable trench fire model. The development of fire 
under two different wind speeds was simulated. The temperature variation and gas 
concentration distribution in the cable tunnel during cable fires were analyzed.



The Study of Fire Spread Trend in Cable Tunnels with Different Wind … 277

3.1 Temperature Variation Situation Analysis 

In the cable tunnel, three sets of temperature sensors are utilized to achieve compre-
hensive temperature monitoring for various positions during the simulation process. 
The temporal behavior of temperature in monitoring Set 2 and monitoring Set 3 is 
analyzed under different wind speed conditions. The corresponding outcomes are 
presented in Fig. 3. 

The temperature distribution information was obtained by collecting sensor data 
with longitudinal heights of 1.4 m, 0.9 m, 0.4 m and 0.1 m. Analysis of the temper-
ature distribution in the cable tunnel showed clear stratification in the temperature 
distribution of the cable trench fire located at the upwind outlet. The temperature basi-
cally increases with the increase of longitudinal height. This is because hot air is less 
dense than cold air. The hot flue gas generated by the fire source to rise to the upper 
cable tunnel, which was the primary cause of the thermal stratification. However, 
under the condition of low wind speed, there is no stratification of the temperature 
at the downwind inlet. This is due to the mixing of temperature distribution by the 
air flow caused by the action of wind. Furthermore, as the fire spread, the burning 
part gradually spread from down to up. The flame also affected the temperature 
stratification inside the tunnel. Moreover, under the action of wind, the temperature 
distribution on both sides of the firewall is uneven. The temperature of the upper 
tuyere is lower than that of the lower tuyere. When the wind speed increases, this 
temperature difference also shows an increasing trend. Under the condition of low 
wind speed, the temperature of tunnel increases rapidly with the increase of time at 
first 100 s. The larger the vertical height, the faster the temperature rises. Then, the 
temperature of tunnel gradually becomes stable and fluctuates. It can be seen from 
Fig. 3a that the monitored temperature reaches its maximum value when it is close 
to 100 s and then it drops slowly and becomes a relatively stable state after 100 s. 
The reason is that the fire spreading trend is rapid during the early burning of the 
cable. The quantity of heat accumulates rapidly as well. Finally, the fire stabilized 
and stopped spreading. With the help of the wind cooling effect, the temperature
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inside the tunnel decreased slightly. It can be seen from Fig. 3b that under the action 
of rapid fire in the early stage, the temperature at the upper air outlet reaches the 
maximum in 50 s. The temperature gradually decreases to normal temperature under 
the action of wind. 

Comparing Fig. 3a, b, it can be observed that the wind speed has a significant 
impact on temperature. The temperature at the upper air inlet at high wind speed is 
much lower than that at low wind speed, with a maximum temperature difference of 
about 60 °C. Furthermore, the maximum temperature at the upper air inlet is only 60 
°C under high wind speed, which effectively reduce the loss caused by the spread of 
fire. 

3.2 Gas Variation Situation Analysis 

The cable tunnel is equipped with three sets of gas sensors to monitor different 
gases, which can realize whole-process monitoring of gas cylinder concentration at 
different positions in the simulation process. Gas concentrations in monitoring Set 1 
and monitoring Set 2 at a height of 1.4 m under different wind speeds were analyzed, 
and the results were shown in Fig. 4.

It can be found that the concentrations of CO and HCl produced under high wind 
speed conditions are significantly higher than those produced under low wind speed 
conditions, regardless of whether they are near the fire source. The reason for this 
phenomenon is that when a fire occurs in the cable tunnel, the high wind speed 
condition has better ventilation conditions, which leads to better combustion. This 
leads to more generation of noxious gases in the fire space, leading to higher CO 
and HCl contents being released. In the case of high wind speed, both gas generation 
and O2 consumption at the upwind inlet have little change. The concentration of 
gas at the upwind inlet differs greatly from that near the fire source. This is because 
good ventilation conditions under the condition of high wind speed keep the gas 
concentration at the air inlet relatively stable. At the same time, the firewall has a 
certain sealing function. Two firewalls can inhibit the diffusion of gas to a certain 
extent. This makes it difficult for high concentrations of gas to reach the upper tuyere 
area with low concentrations. 

Based on the analysis of Fig. 4c, d, it can be observed that the concentration of 
CO2 generated by cable combustion is higher at low wind speed compared to high 
wind speed, regardless of whether near the fire source or not. The concentration of 
residual O2 at low wind speed is lower than that at high wind speed. This is because 
the good ventilation capacity at high wind speed promotes the gas exchange near 
the fire source. Even at high wind speeds, more gas is produced and consumed by 
combustion. However, the residual content of gas in the air during combustion is 
opposite to the situation of production and consumption. Under the condition of low 
wind speed at the upwind inlet, the wind cannot completely block the gas exchange 
inside and outside the firewall. Meanwhile, it can be judged that a complete gas path
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Fig. 4 Change of gas concentration at h = 1.4 m

is formed under the condition of high wind speed, so as to ensure the stability of 
each gas concentration. 

After analyzing the gas at different positions, it is evident that there is a clear 
stratification of noxious gas content in tunnel. The CO concentration at different 
positions and heights under the condition of low wind speed is taken as an example, 
and the result is shown in Fig. 5. During the cable combustion process, the concen-
tration of noxious gases such as CO and HCl increases significantly with increasing 
height, particularly in the vicinity of the upwind opening and the fire source. At the 
downdraft, the noxious gas concentration is similar. Furthermore, the concentration 
of CO gas at the downdraft outlet is significantly higher than other locations. This 
finding has important implications for post-disaster rescue operations in the cable 
tunnel.
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Fig. 5 CO content at v = 1 m/s  

4 Conclusion 

Based on the finite element simulation software, the fire simulation model is estab-
lished in this paper. The fire spreading in two different wind speed conditions was 
studied. The distribution of temperature and concentration of CO, HCL, CO2 and O2 

at different positions in the cable tunnel was obtained. The distribution of gas concen-
tration under two different conditions was compared. The following conclusions were 
drawn: Wind speed conditions have a significant impact on the development of the 
fire, with high wind speed promoting its spread. Temperature changes are greatly 
influenced by wind speed conditions, with high wind speed effectively reducing the 
temperature of updraft outlet and preventing the fire spreading, thereby minimizing 
its impact. Different wind speed conditions have influence on the noxious gases 
content. High wind speed conditions will increase the concentration of harmful gas 
generation. However, the high wind speed condition can greatly reduce the harmful 
gas content at the upper air inlet. It can prevent noxious gas from spreading in multiple 
directions. 
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Effects of Insulating Paper Thickness 
on Space Charge Characteristics 
in Oil-Impregnated Paper Insulation 

Si Fu, Jinzhao Miao, and Zhihui Ma 

Abstract Oil-paper insulation is the main form for converter transformers insula-
tion. The space charge characteristics under the action of direct current electric field 
is obvious in voltage conversion. In order to reveal the physical mechanism of the 
effect of insulating paper thickness on the space charge characteristics, a bipolar 
charge transport model is introduced. Three charge transfer processes of trapping, 
de-trapping and recombination are fully considered in this paper. The effect of insu-
lating paper thickness on space charge characteristics is investigated. The results 
show the thickness of the insulating paper has a decisive effect on the width of 
the low-density trap region within the dielectric. Electric field distortion within the 
dielectric deepens as the thickness of the insulating paper decreases. 

Keywords Oil-paper insulation · Space charge characteristics · Bipolar charge 
transport model · Electric field distortion 

1 Introduction 

The supply and demand of electric energy show the characteristics of reverse distribu-
tion. In recent years, our country has been vigorously developing high-voltage direct 
current transmission projects, and thus realizing large-scale, long-distance and high-
efficiency power transmission [1]. In high-voltage DC transmission projects, high-
voltage converter transformers are irreplaceable equipment. Its internal insulation 
form is a combination of oil and paper composite insulation. Since the degradation 
of insulation paper causes irreversible performance degradation, insulation paper is 
the main factor affecting the service life of converter transformers. Space charge 
characteristics is one of the key issues facing the development of insulating paper 
and other polymers. It is closely related to the thickness of the insulating paper. The
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existence of space charges will cause serious distortion of the electric field distribu-
tion and partial discharge or breakdown of the insulating paper in the transformer 
[2]. Thus, the existence of space charge makes the characteristics of the insulating 
paper destroyed and affects the service life of the converter transformer. 

Space charge refers to the fact that under the action of DC voltage for a long 
time, positive and negative charges will be injected from the electrode into the solid 
dielectric interior. If the positive and negative charges somewhere inside the dielectric 
cannot completely cancel each other out, the part of the charges are called the space 
charge at the corresponding position. The space charges of insulating paper and 
other polymers have two main sources. One is traps formed by impurities inherent 
and aging in the insulating dielectric. The electrode injected charges under electric 
field, the traps result in charge accumulation. The other one is positive and negative 
ions generated by thermal ionization decomposition of impurities in the insulating 
dielectric, resulting in charge accumulation [3]. The number of space charges formed 
by thermal ionization of the insulating dielectric is much smaller than the number of 
charges injected by the electrode, so the space charges formed by thermal ionization 
are ignored in the simulation. 

Existing methods for studying insulating paper with respect to space charge distri-
bution can be divided into two categories: physical experimental methods [4] and 
numerical simulation methods. The method of physical experiment has some defi-
ciencies. For instance, the aging experiment of insulating paper demands a prolonged 
experimental period, as well as the accuracy of measurement data cannot be guaran-
teed. Moreover, it cannot reveal the charge movement process inside the insulating 
medium directly, and the interaction between various microscopic particles inside 
the medium cannot be obtained. The numerical simulation method considers the 
physical processes of charge movement, which includes charge injection, trapping, 
de-trapping, recombination and migration. It provides an insight into the internal 
charge transport mechanism of insulating dielectric. Also, it is simpler to change the 
relevant structures and parameters. It is more intuitive to get the impact regulation of 
various experimental conditions and dielectric parameters on the space charge char-
acteristics. The numerical simulation results obtained by using software to model 
bipolar charge transport are in high agreement with the measured results obtained 
through experiments [5, 6]. 

In order to investigate the effect of insulating paper thickness on the space 
charge characteristics of oil paper insulation, it adopts numerical simulation method 
and bipolar transport model with carriers in this paper. Under the conditions of 
different thicknesses of insulating paper, it obtains the internal electric field intensity 
curves and the polarity distribution range characteristics of the internal net space 
charge density curves of the insulating paper under different pressurization times, 
respectively.
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2 Simulation Method 

2.1 Carrier Model 

The bipolar carriers transfer process under DC voltage [7, 8] is shown in Fig. 1. It is  
assumed that the space charges of the insulating paper are all from electrode injection, 
then the cathode injects mobile electrons and the anode injects mobile holes. The 
current density of the electrode injected charges can be expressed by Schottky law 
[6]: 

Je,h(x, t) = AT 2 exp(− ϕe,h 

kT  
) exp( 

q 

kT  

√
qEe,h(x, t) 
4πε0εr 

) (1) 

With for the Eq. (1), Je,h(x, t)
[
A.m−2

]
is the current density of electrons and 

holes, A is the Richardson constant, T [K ] is the temperature, ϕe,h[eV ] is the injection 
barriers for electrons and holes, q is the elementary charge, Ee,h(x, t)

[
V .m−1

]
is the 

electric field, k is the Boltzmann’s constant ε0 and εr are the vacuum permittivity 
and relative permittivity, respectively. 

Where S0, S1, S2 and S3 are the recombination coefficient of trapped electrons 
and trapped holes, mobile electrons and trapped holes, trapped electrons and mobile 
holes, mobile electrons and mobile holes, respectively; Be and Bh are the coefficients 
of mobile electrons and mobile holes trapped by deep traps, respectively; De and Dh 

are the de-trapping coefficients of trapped electrons and trapped holes, respectively. 
When the numerical simulation method is used to calculate the space charge 

characteristics, the sum of the changes in the concentration of the various types of 
carriers inside the insulating paper caused by non-charge conduction transport is 
considered as the source term and is denoted as Sik  (i = e, h is electrons or holes, 
k = μ, t is mobile or trapped).The source terms for the four types of carriers are 
given as follows [9]:

S1 S2 S3 

Be De 

S0 

Bh Dh 

Mobile electrons trapped electrons mobile holes trapped holes 

Fig. 1 Movement process of internal carriers 
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Seμ = ∂neμ 

∂t 
= −Beneμ(1 − net 

net,0 
) + Denet − S1nhtneμ − S3nhμneμ (2) 

Set = ∂net 
∂t 

= Beneμ(1 − net 
net,0 

) − Denet − S2nhμnet − S0nhtnet (3) 

Shμ = ∂nhμ 

∂t
= −Bhnhμ(1 − nht 

nht,0 
) + Dhnht − S2netnhμ − S3nhμneμ (4) 

Shμ = ∂nhμ 

∂t
= −Bhnhμ(1 − nht 

nht,0 
) + Dhnht − S2netnhμ − S3nhμneμ (5) 

With for the Eqs. (2–5), neμ is the density of mobile electrons, nhμ is the density 
of mobile holes, net is the density of trapped electrons, nht is the density of trapped 
holes; net,0 and nht,0 are the maximum density of electron and hole traps, respectively. 

According to the physical process of charge transport, the set of control equations 
of the bipolar charge transport model can be obtained [10]. Gauss’s Law (Poisson’s 
Equation) is used to solve for the overall electric field distribution; Ohm’s Law 
(Transport Equation) is used to solve for the instantaneous current density of carriers 
when the diffusion process is neglected; and Charge Conservation Law (Conservation 
Equation) is used to solve for the density of various carriers. The three equations are 
given as follows: 

∂ E(x, t) 
∂ x

= − (nhμ + nht − neμ − net )(x, t) 
ε0εr 

(6) 

je,h(x, t) = ne,h(x, t)μe,h E(x, t) (7) 

∂ne,h(x, t) 
∂t

+ ∂ je,h(x, t) 
∂x

= Sik(x, t) (8) 

With for the Eqs. (6–8), E
[
V .m−1

]
is the electric field, ne,h

[
C.m−3

]
is the 

charge density of carriers, μe,h
[
m2.V −1.s−1

]
is the mobility of mobile charge, 

Sik(x, t)
[
A.m−3

]
is the source items which contain all the physical processes such 

as charge trapping, de-trapping and recombination. 

2.2 Simulation Setup 

This paper studies the space charge distribution in the thickness direction of the 
insulating paper. Since the insulating paper is a thin film sample, the insulating paper 
can be simplified to a 1-D spatial structure in the thickness direction. The finite 
element method is used to solve the bipolar charge transfer model. In this paper, the 
sample thickness is 1 mm, the maximum cell of the grid is 0.5 µm and the dissection 
cell is 200.The grid is partially shown in Fig. 2. According to the statistical ranges
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of parameters such as charge mobility, complex coefficient, trap density, injection 
potential barrier, and decoupling rate given in the literature [11], the parameters are 
shown in Table 1. Since the sample thickness is thin and the DC field effect is more 
likely to cause the accumulation of space charge inside the sample, the potential at 
0 mm is 0 V, the current voltage at 1 mm is 3000 V, and the temperature T is taken 
as 293 K. 

Fig. 2 Partial schematic diagram of grid section 

Table 1 Main parameters of 
the simulation Name Expression Description 

U 3[kV] Direct current voltage 

er 2.7 Relative dielectric constant 

e0 8.854E-12[F/m] Vacuum dielectric constant 

Be 0.1[1/s] Trapping coefficient for electron 

Bh 0.1[1/s] Trapping coefficient for hole 

De 0.91[eV] De-trapping coefficient for electron 

Dh 0.92[eV] De-trapping coefficient for hole 

Φe 1.126[eV] Injection barriers for electron 

Φh 1.13[eV] Injection barriers for hole 

μe 8E-13[m^2/(V*s)] Effective mobility for electron 

μh 4E-13[m^2/(V*s)] Effective mobility for hole 

net,0 100[C/m^3] Deep trap densities for electron 

nht,0 100[C/m^3] Deep trap densities for hole 

S0 1E-5[m^3/(s*C)] Recombination coefficients 

S1 1E-5[m^3/(s*C)] Recombination coefficients 

S2 1E-5[m^3/(s*C)] Recombination coefficients 

S3 0 Recombination coefficients 

F0 96458[C/mol] Faraday constant
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3 Simulation Result 

3.1 Space Charge Characteristics 

The parameters in Table 1 and the 1-D model shown in Fig. 2 are used for numerical 
simulation. The transient potential and internal net charge density of insulating paper 
at pressure time of 0 min, 10 min, 30 min, 50 min and 60 min are shown in Figs. 3 
and 4, respectively. 

According to Fig. 3, the space charge characteristic causes polarity and distribution 
range shift of the potential in the insulating paper at the same time. The polarity offset 
means that the potential on the cathode side decreases and the potential on the anode 
side increases. The longer the pressurization time, the more obvious the polarity 
offset. The distribution range offset means that the potential offset on the cathode 
side is distributed in the thickness range of about 0~0.73 mm, while the potential 
offset on the anode side is only distributed in the thickness range of about 0.74~1 mm. 
The reason is that the potential polarity offset is caused by the pole plate injection 
into the charges, while the distribution range offset is caused by the different mobility 
of mobile electrons and mobile holes. Specifically, the decrease of potential near-
cathode is caused by the accumulation of mobile electrons in electrode injection, 
while the increase of potential near-anode is caused by the accumulation of mobile 
holes in electrode injection. With the increase of pressurization time, the amount 
of charge injected by the electrode increases, which is expressed as an increase of 
potential offset. For example, when d is 0.26 mm and the pressurization time is

Fig. 3 Electrical potential transient distribution
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Fig. 4 Distribution of net charge density

increased from 0 to 10 min, 30 min, 50 min and 60 min, the potential decreases from 
780 V to 764.5 V, 725 V, 681.4 V and 659.3 V, respectively. 

According to Fig. 4, with the increase of the pressurization time, the net charge 
density of the insulating paper near the electrode side is approximately exponential 
distribution. The distribution range of the mobile electron density near the cathode 
side is larger than that of the mobile hole density near the anode side. The reason is 
that the mobility of mobile electrons is twice as high as the mobility of mobile holes, 
and the mobility of charge is directly proportional to the distribution range on both 
sides of the insulating paper. It is proved that the mobility is the main factor causing 
the asymmetric distribution of space charge and electric field. 

3.2 Effect of Thickness on Space Charge 

The thickness of the insulating paper was set at 1.2 mm and 0.8 mm, and other 
parameters were kept constant. The corresponding net space charge density curves 
are shown in Figs. 5 and 6, respectively.

In order to facilitate the description, the space charge distribution is divided into 
three parts, negative charge region, zero charge region and positive charge region. 
According to Figs. 4 and 5, when the thickness of insulating paper is increased from 
1 mm to 1.2 mm, the zero charge region increases from 0.369 mm to 0.678 mm. 
According to Figs. 4 and 6, when the thickness of insulating paper is decreased from 
1 mm to 0.8 mm, the zero charge region decreases from 0.369 mm to 0.036 mm. When
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Fig. 5 Net charge density distribution of insulating paper of 1.2 mm thickness 

Fig. 6 Net charge density distribution of insulating paper of 0.8 mm thickness
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(a) Thickness is 1.2 mm (b) Thickness is 1.0 mm (c) Thickness is 0.8 mm 

Fig. 7 Electric field intensity distribution inside the insulating paper of thickness 1.2 mm, 1.0 mm 
and 0.8 mm 

the applied voltage time is the same, the slope of the net space charge density curve 
decreases gradually and the ratio of negative charge region to positive charge region 
keeps basically constant. The reason is that the trap density on the near electrode side 
is higher than the intermediate trap density due to the higher electric field strength and 
temperature on the near electrode side. When the thickness of the insulating paper 
decreases, it compresses the low trap area in its middle, resulting in an increased 
degree of electric field distortion inside the dielectric. The electric field strength of 
different thicknesses of insulating paper is shown in Fig. 7. 

In summary, if the insulating paper becomes thinner, the failure rate of the insu-
lating structure will increase due to the space charge characteristics. Further, it affects 
the service life of the converter transformer. 

4 Conclusion 

Based on the bipolar charge transport model and the physical processes of mobility, 
trapping, de-trapping and recombination of carriers such as electrons and holes, it 
has investigated that the effect of insulation paper thickness inside the converter 
transformer on the space charge characteristics. There are the following conclusions. 

Under DC voltage, it accumulates space charges which has the same polarity as 
the electrode injection near the electrode side of the insulating paper. It results in 
a polarity offset of the dielectric instantaneous potential. The different mobility of 
electron and hole makes the instantaneous potential has a distribution range offset. 

The change of insulating paper thickness has little change the polarity offset 
and distribution range offset of space charge characteristics. However, the low trap 
region within the dielectric decreases with the decrease of dielectric thickness, and 
the electric field distortion increases with the decrease of dielectric thickness. 

Acknowledgements This work was supported by the Liaoning Provincial Education Department 
Basic Research Project for Universities (LJKMZ20220513).
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Preparation and Energy Storage 
Characteristics of Novel 
Poly(M-phenylene Isophthalamide) 
Dielectric Composites 

Guangyu Duan, Fengying Hu, Guiyuan Liu, Wenxuan Shao, and Zuming Hu 

Abstract Novel polymer-based dielectric composites were prepared by adding core-
double-shell structured PDA@TiO2@BaTiO3 nanoparticles (PTBP) into Poly(m-
phenyleneisophthalamide) (PMIA). In order to suppress the local electric field distor-
tion caused by different dielectric constants and improve the interfacial compatibility 
between BaTiO3 (BT) and PMIA, TiO2 and polydopamine (PDA) were wrapped 
on BT to fabricate core-double-shell structured PTBP nanoparticles. The obtained 
results indicate the dielectric constant of PTBP/PMIA dielectric composite obvi-
ously increases with increment of PTBP content. When PTBP content reaches up 
to 10 wt%, the dielectric constant of PTBP/PMIA composite dielectric increases by 
57.1% compared with that of as-prepared PMIA at 103 Hz. The dielectric properties 
of PTBP/PMIA dielectric composites also maintain stable at high temperature (>150 
°C), which is suitable for applications in high-temperature conditions. In addition, 
PTBP particles significantly improve the energy storage properties of PTBP/PMIA 
dielectric composites. When the PTBP content is 10 wt%, the maximum values of 
energy storage density (Ue) and discharge energy density (Ud) are 1.91 J/cm3 and 
1.23 J/cm3 at room temperature, respectively, which are 103.2% and 61.8% higher 
than that of as-prepared PMIA. Consequently, this research provides a new approach 
to fabricate novel high-temperature polymer-based dielectric composites.
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Keywords PMIA · Barium titanate · TiO2 · Dielectric · Energy storage property 

1 Introduction 

To meet the high-temperature requirements of hybrid electric vehicles, oil and 
gas exploration technologies, and space power systems, aromatic polymers, e.g., 
polyimide (PI), poly(ether-ether-ketone) (PEEK) and fluorinated polyester (FPE) 
have been widely utilized to prepare high-temperature polymer-based dielectrics [1, 
2]. However, the low dielectric constant and exponentially increasing conductivity 
loss under high temperature limit the enhancement of energy storage properties of 
aromatic polymer dielectrics [3]. 

To enhance the dielectric constant of aromatic polymers, fillers with high dielectric 
constant, such as barium titanate (BaTiO3), strontium barium titanate (BaxSryTiO3), 
and strontium titanate (SrTiO3), have been utilized to achieve the goal [4]. However, 
the obvious difference of dielectric constants between fillers and polymer always 
lead to severe electric field distortion at the interface and incur partial breakdown at 
low electric field [5]. To address this issue, surface modification has been adopted to 
suppress the local electric field distortion. For example, fillers with high dielectric 
constant as “core” and low dielectric constant as “shell” have been developed to 
maintain the high breakdown strength of polymer dielectrics [6]. 

Besides the dielectric constant and breakdown strength, the leakage current 
density of polymer dielectrics at high temperature also significantly affects the energy 
storage properties. As temperature increases, the injection of electrons at electrode/ 
dielectric interface (Schottky conduction) and the thermal excited charge carrier in 
polymer dielectrics (Poole–Frenkel conduction) both rapidly increase, leading to the 
remarkable decline of charge–discharge efficiency of polymer dielectric [7]. Conse-
quently, how to effectively suppress the formation of leakage current under high 
temperature condition is of importance to improve the energy storage performances 
of polymer dielectrics. 

Poly(meta-phenylene isophthalamide) (PMIA) is an aromatic polyamide with 
exceptional high-temperature resistance, making it capable of stable operation at 
temperatures up to 200 °C. Hence, for the purpose of preparing high-temperature 
polymer-based dielectrics, this work employed high dielectric constant BaTiO3 (BT) 
nanoparticles as fillers and PMIA as high-temperature polymer. To enhance the 
interfacial compatibility between fillers and PMIA, and suppress the local electric 
field distortion, titanium dioxide (TiO2) and polydopamine (PDA) were wrapped 
on surface of BT. The effects of PDA@TiO2@BT (PTBP) nanoparticles on dielec-
tric properties, breakdown strength, and energy storage properties of PTBP/PMIA 
dielectrics were thoroughly investigated.
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2 Methods 

2.1 Preparation of TiO2@BT Nanoparticles 

0.5 g of BT nanoparticles were dispersed in 200 mL of anhydrous ethanol under 
continuous magnetic stirring. Subsequently, 1 mL of triethylamine was added grad-
ually, and followed by sonication for 1 h. The obtained product was denoted as 
sample A. Simultaneously, 4 mL of tetrabutyl titanate was added to 40 mL of anhy-
drous ethanol under continuous stirring, and designated as sample B. Finally, sample 
B was slowly added into sample A under mildly stirring. The TiO2 layer was formed 
on surface of BT via the hydrolysis of tetrabutyl titanate, which was catalyzed by 
triethylamine in an ethanol medium. The resultant precursor solution was filtered 
and calcined at 550 °C to yield TiO2@BT nanoparticles. 

2.2 Preparation of PDA@TiO2@BT Nanoparticles 

The poor compatibility between inorganic fillers and polymer can result in migration 
of space charges under high temperature environments, and leading to high level of 
conductive loss. Therefore, organic polydopamine (PDA) was employed to adhere to 
the surface of TiO2@BT to improve the interfacial compatibility between TiO2@BT 
nanoparticles and PMIA. Briefly, 1 g of TiO2@BT nanoparticles was dispersed in 
150 mL of deionized water with ultrasonic treatment. Next, 1.8 g of Tris was added 
to the dispersion solution, and the pH was adjusted to 8.5 by HCl. Finally, 0.3 
g of dopamine hydrochloride was added, and the mixture was stirred for 6 h at 
room temperature. After the reaction, the modified TiO2@BT nanoparticles were 
centrifuged and washed with deionized water and ethanol several times to obtain 
PDA@TiO2@BT (PTBP) nanoparticles. 

2.3 Preparation of PTBP/PMIA Films 

The PTBP/PMIA films were prepared via solution-casting approach. Initially, a 
certain amount of PTBP nanoparticles was dispersed in DMAc through ultrason-
ication for 1 h. The obtained PTBP dispersion was added to PMIA solution, and the 
solid content of PMIA solution was diluted from 18.5% to 14%. Subsequently, the 
PTBP/PMIA solution was slowly cast onto clean glass sheets to manufacture PTBP/ 
PMIA films. To completely remove the solvent, the PTBP/PMIA films were dried 
at 100 °C for 12 h, and then transferred to a vacuum oven at 80 °C for 24 h. The 
thickness of prepared PTBP/PMIA film was approximately 50 μm, and the PTBP 
content varied from 0 wt%, 3 wt%, 5 wt%, 7 wt% to 10 wt%. Additionally, the 
prepared films were denoted as PTBP-0, PTBP-3, PTBP-5, PTBP-7, and PTBP-10
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Fig. 1 The schematic illustration for preparation of PTBP/PMIA dielectric composites 

based on the content of PTBP. The schematic illustration for preparation of PTBP/ 
PMIA films is illustrated in Fig. 1. 

3 Results and Discussion 

3.1 Morphologies of Samples 

The morphologies of BT, TiO2@BT, PTBP and PTBP/PMIA dielectric composites 
are illustrated in Fig. 2. It is displayed that the TiO2@BT (Fig. 2b) and PTBP (Fig. 2c) 
nanoparticles exhibit comparable morphologies to BT (Fig. 2a). In Fig. 2d, the PTBP 
nanoparticles show distinct double core–shell structure with PDA layer of approxi-
mate 3 nm and  TiO2 layer of around 8 nm. PDA is beneficial to reducing the surface 
energy of TiO2@BT nanoparticles and inhibiting the formation of agglomerations in 
PMIA, which contributes to enhancing the interfacial compatibility between PTBP 
nanoparticles and PMIA. The smooth and flat cross-section of PTBP-0 can be seen in 
Fig. 2f, while the cross-section of PTBP-10 (Fig. 2e) is rougher than that of PTBP-0. 
Moreover, the PTBP nanoparticles are tightly embedded in PMIA and uniformly 
distributed, which is favorable for suppressing the dielectric loss of PTBP/PMIA 
dielectric composites and improving the energy storage properties.

3.2 Dielectric Properties of Samples 

The dielectric properties of PTBP/PMIA dielectric composites were evaluated in 
the frequency range of 102 Hz to 106 Hz. It is seen from Fig. 3a that the dielec-
tric constant distinctly increases with increasing PTBP content. Specifically, the 
dielectric constant of PTBP-10 was 57.1% higher than that of PTBP-0 at 103 Hz. 
This improvement can be attributed to following factors: firstly, the high dielectric 
constant of PTBP nanoparticles is conducive to promoting the dielectric constant 
of PTBP/PMIA dielectric composites. Secondly, the double core–shell structure of
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Fig. 2 Morphologies of a BT, b TiO2@BT, c and d PTBP, e PTBP-0, f PTBP-10

PTBP nanoparticles facilitate the Maxwell–Wagner-Sillars(MWS) interfacial polar-
ization, thus enhancing the dielectric constant of PTBP/PMIA dielectric composites. 
Additionally, the presence of PTBP nanoparticles are beneficial to enhancing the 
stability of dielectric constant in the tested frequency range. For instance, the vari-
ation rate of PTBP-0 between 102 and 106 Hz is 14.6%, while PTBP-10 exhibits a 
variation rate of only 8.1% under the same condition. 

Dielectric loss of PTBP/PMIA dielectric composite converts the stored electrical 
energy into joule heat, which not only reduces the charge–discharge efficiency of 
dielectric capacitors, but also creates thermal effect that cause local breakdown [8]. 
Hence, suppressing the dielectric loss of polymer dielectric is crucial to improve the 
energy storage properties. In Fig. 3b, the dielectric losses of PTBP/PMIA dielectric 
composites were analyzed in the frequency range of 102–106 Hz. It can be observed 
that the dielectric loss of PTBP/PMIA dielectric composite slightly increases with 
increasing content of PTBP in the range of 102–103 Hz. This phenomenon is 
attributed to the difference of conductivity between TiO2 and BT, resulting in a 
large number of electrons accumulating at the interface. However, with increasing 
frequency, the dielectric loss of PTBP/PMIA dielectric composite decreases rapidly,

Fig. 3 Dielectric properties of samples 
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this can be explained by the smaller effect of interfacial polarization and conduc-
tivity on dielectric loss at higher frequency region. Furthermore, the dielectric losses 
of prepared PTBP/PMIA dielectric composites are lower than 0.06 in the tested 
frequency range, which is capable of meeting the requirement of polymer-based 
dielectric capacitor. 

The conductivities of PTBP/PMIA dielectric composites are depicted as a func-
tion of frequency in Fig. 3c. The results reveal a nearly linear relationship between 
the conductivity and frequency, indicative of good insulation performance of PTBP/ 
PMIA dielectric composites. However, with increasing content of PTBP, the insu-
lation performance of PTBP/PMIA dielectric composite gradually deteriorates. For 
instance, at 102 Hz, the conductivity of PTBP-0 is 6.7 × 1012 (S · cm−1), while that 
of PTBP-10 increases to 5.3 × 1012 (S · cm−1). This behavior can be ascribed to the 
reason that, at low PTBP content, the PTBP nanoparticles can uniformly dispersed in 
PMIA, which hinders the mobility of interface carriers and space charges. Neverthe-
less, when PTBP content exceeds 7 wt%, PTBP nanoparticles tend to contact with 
each other and leading to the formation of conductive pathways [9]. 

3.3 Breakdown Strength of Samples 

It is known that the breakdown strength is a crucial parameter for evaluating the 
energy storage properties of polymer dielectrics [10]. Therefore, the Weibull distri-
bution was employed to model the breakdown strength of PTBP/PMIA dielectric 
composites. Equation (1) is utilized to calculate the Weibull distribution, where P(E) 
represents the probability of breakdown, E is the breakdown strength of the sample, 
Eb is the Weibull breakdown strength when the probability of breakdown is 63.2%, 
and β is the Weibull parameter. A higher β value indicates greater reliability of the 
numerical breakdown strength. 

P(E) = 1 − exp
[
−

(
E 

Eb

)β
]

(1) 

Equation (2) is employed to compute the corresponding P(E) for each measured 
breakdown strength E, where i is the rank of measured breakdown strength values 
in ascending order, and n is the total number of tests for each sample. To achieve 
more precise Weibull breakdown strength, each sample underwent 7 tests. The fitting 
results and Weibull breakdown strengths of samples are displayed in Fig. 4. 

Pi = i − 0.44 
n + 0.25 (2)

Figure 4a shows that the Weibull breakdown strength of PTBP/PMIA dielectric 
composite gradually decreases with increment of PTBP fillers. It is seen from Fig. 4b



Preparation and Energy Storage Characteristics of Novel … 299

Fig. 4 Breakdown strength of samples

that the Weibull breakdown strength decreases from 315.3 MV/m (PTBP-0) to 269.4 
MV/m (PTBP-10), the Weibull distribution parameter also decreases from 16.7 to 
13.2 simultaneously. These outcomes imply that, although TiO2 and PDA contribute 
to inhibiting the electric field distortion at the interface between PTBP and PMIA, the 
increase of inner defect and leakage current result in decline of breakdown strength 
of PTBP/PMIA dielectric composites. 

3.4 Energy Storage Properties of Samples 

Figure 5a–c present the hysteresis loops and polarization characteristics of PTBP-0, 
PTBP-5 and PTBP-10, respectively. The results exhibit that the maximum polar-
ization of dielectric composite increases with increasing PTBP content. Specifi-
cally, the maximum polarization values of PTBP-5 and PTBP-10 increase by 68.8% 
and 90.1% at room temperature, respectively, compared with PTBP-0. The obvious 
enhancement can be attributed to the dual-core–shell structure of PTBP nanoparticles 
that significantly strengthens the interfacial polarization [11]. Furthermore, the high 
dielectric constant of BT nanoparticles further improves the maximum polarization of 
PTBP/PMIA dielectric composites. The improvement of polarization is expected to 
increase the energy storage density of PTBP/PMIA dielectric composites. Figure 5d, 
e display the effective polarization of PTBP/PMIA dielectric composites. Obviously, 
the difference value between Pmax and Pr increases with increment of PTBP content, 
indicating that the discharge energy density of PTBP/PMIA dielectric composite also 
increases [12]. The energy storage properties of samples are presented in Fig. 5f–h. 
It is seen that the energy storage density (Ue) and discharge energy density (Ud) of  
PTBP/PMIA dielectric composites gradually increase with increasing electric field. 
The Ue and Ud of PTBP-10 are 1.91 J/cm3 and 1.23 J/cm3 at electric field of 250 
MV/m, respectively, which are 103.2% and 61.8% higher than those of PTBP-0. 
The outcomes indicate that PTBP nanoparticles can effectively enhance the energy 
storage properties of PTBP/PMIA dielectric composites. Additionally, the charge– 
discharge efficiency (η) of PTBP/PMIA dielectric composites gradually decrease
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Fig. 5 Energy storage properties of samples 

with increasing electric field. This can be ascribed to the increased leakage current in 
PTBP/PMIA dielectric composites under high electric fields, which incurs the stored 
energy converts into heat [13]. Nevertheless, it is worth noting that the η of prepared 
PTBP/PMIA dielectric composites are all above 60% under high electric fields. 

4 Conclusion 

In this paper, novel high-temperature PTBP/PMIA dielectric composites were 
successfully fabricated. The results displayed that the dielectric constant of PTBP/ 
PMIA dielectric composites obviously increase with increasing content of PTBP 
nanoparticles, and the dielectric loss maintained low values. Owing to the incre-
ment of inner defects and leakage current, the breakdown strength of PTBP/PMIA 
dielectric composite decreased slightly. Moreover, the energy storage density (Ue) 
and discharge energy density (Ud) of PTBP/PMIA dielectric composites gradually 
increase with increasing content of PTBP. The Ue and Ud of PTBP-10 are 1.91 
J/cm3 and 1.23 J/cm3 at 250 MV/m, respectively, which are 103.2% and 61.8%
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higher than those of PTBP-0. These consequences indicate that PTBP nanoparti-
cles can effectively enhance the energy storage properties of PTBP/PMIA dielectric 
composites. 
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The Roof Cable Terminal Simulation 
Calculation Study Based 
on Electric-Thermal Coupling Physical 
Field 

Xuefei Li, Liankang Zhang, Jingbing Wang, Jiaxing Wang, and Guochang Li 

Abstract The roof cable accessories of the motor train unit are affected by various 
factors such as electricity, heat and airflow. Conducting simulation and calculation 
research based on electric-thermal coupled can effectively guide product develop-
ment. Also, it can provide technical support for product fault operation and mainte-
nance. The electrothermal coupled simulation model of roof cable terminal is estab-
lished. The electric field distribution and temperature field distribution of the cable 
terminal at room temperature and the influence of ambient temperature on the electric-
temperature field are studied respectively. The simulation shows that the change of 
terminal electric field caused by temperature is not significant, and the maximum 
distortion point occurs at the triple junction point, which is 4.54 kV/mm. The elec-
tric field is mainly distributed at the main insulation of the cable, and the electric field 
strength is 4.10 kV/mm. At steady state, the maximum temperature near the wire core 
is 47.0 °C. The temperature of the insulating layer decreases in a gradient from the 
inside to the outside. The temperature of the umbrella skirt part was 26.2 °C. In addi-
tion, the ambient temperature has a large impact on the temperature distribution at 
the terminals. Temperature differences and differences in the thermal conductivity of 
different materials can create temperature gradients inside the terminals. The change 
in the internal electric field of the terminal due to temperature change is small in 
comparison. The work is a guideline for the design and fault analysis of roof cable 
terminals for motor train units. 

Keywords Motor train unit · Cable terminal · Electric-thermal coupled · Electric 
field simulation
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1 Introduction 

In recent years, the fast development of railway has not only put forward more 
stringent requirements for the power supply system of motor train unit, but also 
tested the safety and reliability of the electrical equipment of bullet trains [1]. As 
a weak link in the transmission and distribution system of the motor train unit, 
the roof high voltage cable terminal is demanded with good electrical insulation 
performance and environmental resistance [2–4]. The operating conditions of the 
roof cable terminal are very complex. The high-speed airflow from train operation, 
the temperature difference formed by the geographical difference between the north 
and the south, the moisture and water from rain, snow and ice, as well as the harmonic 
interference and switching overvoltage caused by train vibration will all affect the 
overall insulation performance of the high-voltage terminal [5–8]. In the process of 
locomotive operation, if the heat-shrinkable insulation sleeve of the cable terminal 
fails, the safe operation at the locomotive will be seriously affected. 

At present, scholars have carried many studies on the fault problem at cables 
through experiments and simulations. Zhu Lin [9] conducted the electric field simu-
lation analysis in the presence of air gap at the cable terminal, and the results showed 
that air gap is an important reason for the discharge of cable terminal. Illias [10] 
in Canada found that when the interior contains defects, the electric field distor-
tion at the defects is much greater than the electric field strength in the surrounding 
area. Clabburn [11] found that too high or too low impedance of stress control tube 
can cause discharge breakdown of the insulation structure, indirectly revealing the 
importance of the dielectric parameters of the stress control tube. 

The research work of high-voltage system of motor train unit mainly focuses 
on the numerical analysis about the electric field of insulation structure of cable 
terminal under various flaws, analysis of material insulation characteristics, etc. All 
these studies provide the basis for optimal design of terminal structure and upgrading 
of terminal insulation level. The simulation of roof cable accessories is an important 
guide for the design and operation maintenance of new products. 

In this paper, the physical model of high-voltage cable terminal is established 
according to the size and material properties about the roof terminal. Calculate the 
electric field distribution and temperature field distribution inside the high-voltage 
terminal at room temperature. The temperature field distribution and electric field 
distribution of the terminal at different ambient temperatures are further discussed. 

2 Simulation Calculation Model Construction 

As  shown in Fig.  1, set the air pressure to standard atmospheric pressure, and establish 
the two-dimensional geometric model of the cable terminal. The cable terminal elec-
tric field simulation uses the finite element method, and the electric field distribution
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follows the Poisson equation of the electric field. When the size of the power equip-
ment is much less than one tenth of the wave length, the electric field can be approx-
imated as an electrostatic field [12]. In this paper, the internal electric fields of high-
voltage terminals are treated as electrostatic fields. Physical field boundary conditions 
and material performance parameters are set according to the actual environment and 
material properties about the terminal. 

The losses during cable operation are mainly conducted in the form of heat, when 
current flows through the cable and the cable core conductors heat up. According to 
Ohm law, and to neglect the heat loss in the cable conductor, we can get the heat 
generation per unit length of cable core as S = I2R [13]. 

The effective resistance R per unit length of wire core can be calculated by the 
following formula: 

R = R0[1 + α25(T − 25)] (1) 

In the formula: R is the resistance at temperature T; R0 is the resistance of the 
wire core at 25 °C; α25 is the resistance temperature coefficient at 25 °C. 

The heat production of a conductor over a period of time can be calculated using 
Eq. (2): 

Q = I 2 Rt (2) 

In the formula, Q is the heat production of the line core; I is the current through 
the cable core; R is the core resistance value; t is the time when the cable is put into 
operation. 

The temperature distribution of the terminal is obtained using Poisson equation 
for heat conduction [14, 15], and the specific calculation process is as follows: 

∂2T 

∂x2 
+ 

∂2T 

∂y2 
+ 

φ 
λ 

= 0 (3)

1.copper core; 2. cable insulation; 3.stress control tube; 4.umbrella skirt; 5.semiconducting 

Fig.1 Cable terminal geometry model 
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In the formula, T is the terminal temperature; Φ is the heat producing power; λ 
is the thermal conductivity of the material. 

The cable terminal electric field distribution is obtained using Poisson equation 
for the electrostatic field, and the second-order Poisson equation for the potential 
is shown in Eq. 5. The gradient of the electric potential is the magnitude of the 
electric field. The electric field in cable insulation and casing insulation is inversely 
proportional to the relative dielectric constant magnitude. The relative dielectric 
constant of the material used in the calculation is determined by the results of the 
temperature field distribution combined with experimental data. 

∇2 φ = −ρ 
ε 

(4) 

ε1 E1 = ε2 E2 (5) 

In the formula, ε1 and ε2 are the relative dielectric constants of the cable insulation 
and casing insulation, respectively; E1 and E2 are the electric fields inside the cable 
insulation and casing insulation, respectively. 

3 Calculation Results and Analysis 

3.1 Electric Field Distribution of High Voltage Cable 
Terminals 

In order to evaluate the insulation capability of the high-voltage terminal, a physical 
field simulation model is established based on the terminal operating conditions and 
material insulation characteristics. According to the actual operating conditions of 
the cable terminal on the roof of motor train unit, the voltage is set to 27.5 kV 
frequency AC, and the simulation current is set to 300 A. The metal shield and outer 
sheath of the cable are grounded, and the ambient temperature is 25 °C. The potential 
distribution and electric field distribution of the roof high voltage cable terminal are 
calculated. The calculation results are shown in Figs. 2 and 3.

The terminal electric potential distribution is shown in Fig. 2. The electric potential 
of the conductor at the cable termination is 27.5 kV, and the electric potential shows 
a gradient distribution along the radial direction of the termination. The electric 
potential contour line are more dense near the cable insulation and stress control 
tubes. The stress control tube causes the electric potential lines near the break in 
the semi-conducting shield of the cable to tend to diverge, reducing the electric 
field distribution inside the nearby insulation. The terminal umbrella skirt electric 
potential gradually decreases from the top to the bottom, but the contour line density 
gradually increases.
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Fig. 2 Cable terminals potential change 

Fig. 3 Cable terminals electric field changes

The electric field distribution of the cable terminal is shown in Fig. 3. Combined 
with the analysis of the cable terminal electric potential distribution diagram, the 
electric field is mainly concentrated in the insulating layer, which is about 3.4 kV. 
The location of the maximum electric field distortion at the terminal is located at the 
combination of semiconducting, insulating layer and stress control tube. The electric 
field strength at this location is 4.54 kV/mm, which is the most vulnerable position 
of the transmission and distribution system of the motor train unit. 

Based on the results of the electric field distribution at the terminal, a coordinate 
system is established along the radial direction of the cable terminal. Taking the 
copper core center of the cable as the coordinate origin, the electric field distribution 
along the diameter direction of the terminal is obtained. As shown in Fig. 4, the copper 
core, the cable insulation, the cable shield, the stress control tube and the umbrella 
skirt are shown from the origin of the coordinates to both sides. From the figure, it
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Fig. 4 Radial electric field 
distribution at cable 
terminals 

Table 1 Maximum electric field in different areas 

Location Major insulation Stress control tube Umbrella skirt 

Electric field strength (kV/mm) 4.10 1.94 0.76 

can be seen that the electric field strength in the copper core is close to zero. This is 
because the copper core is a conductor, the dielectric constant is very large, so the 
electric field strength is close to zero. The location of the most serious electric field 
distortion is mainly distributed in the junction of insulating layer, semiconducting, 
and stress tube, semiconducting and stress tube junction. The electric field strength 
of the distortion is 4.10 kV/mm and 1.51 kV/mm, respectively. 

The maximum electric fields in different areas of the cable terminals are shown 
in Table 1. From Table 1, it can be seen that the maximum electric field of the cable 
main insulation and stress tube is located at the three bonding points, and the electric 
field strength is 4.10 kV/mm and 1.94 kV/mm respectively. The maximum electric 
field of the umbrella skirt is located at the bottom umbrella skirt, and the maximum 
electric field strength of the umbrella skirt is 0.76 kV/mm. 

3.2 Temperature Field Distribution of High-Voltage Cable 
Accessories 

Under the action of the cable core for a long time, the continuous high tempera-
ture overheating phenomenon easily leads to the aging modification of the internal 
components of the terminal, and suffers irreversible aging damage. The electrical 
and mechanical characteristics of the cable deteriorate continuously, leading to a
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sharp decline in the overall insulation performance of the terminal, which seriously 
threatens the safe operation of the motor train unit. According to the actual situation 
of operation, the simulation results of the cable terminal temperature field are shown 
in Fig. 5. The maximum temperature of the cable terminal gradually increases with 
the increase of the operating time and reaches stability around 15 h. The maximum 
terminal temperature at stabilization is about 47.0 °C. 

The internal electric-thermal field distribution of the cable terminal under room 
temperature operation is calculated by simulation, as can be seen from Fig. 7. As can 
be seen from the graph, the temperature maximum is located in the core part of the 
cable, with a maximum value of 47.0 °C. The temperature distribution at the cable 
core is uniform. The temperature of the insulating layer decreases in a gradient from 
inside to outside, with a temperature of 46.3 °C at the position close to the copper core 
and 43.4 °C at the other side. The minimum temperature is 26.2 °C in the umbrella 
skirt. It can be seen that the temperature of each layer inside the terminal decreases 
gradually with the increase of radial distance. This is the result of the diffusion of the 
heat flow generated by the heat source to the outer layers. The closer the material is 
to the heat source, the less heat is lost and the higher the temperature generated. The 
farther the material is from the heat source, the greater the heat loss and the lower 
the temperature generated.

Fig. 5 Maximum 
temperature change at cable 
terminals 
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3.3 Effects of Ambient Temperature 
on the Electrical-Temperature Field of the Cable 
Terminal 

The high voltage cable terminals are installed in the high voltage box. The tempera-
ture inside the box is influenced by the combination of the internal electrical equip-
ment and the external natural environment. During actual operation, the temperature 
inside the high pressure box can reach 50°C. The high voltage terminals operate not 
only with the geographical temperature difference between the north and the south 
in a day, but also with the huge natural temperature difference generated by different 
seasons. Under the action of high electric fields and extreme temperatures, insulation 
materials can deteriorate or degrade, leading to potential discharge and breakdown 
risks in roof-top high-voltage terminals [16]. 

Set the environmental conditions by extreme weather and calculate the tempera-
ture distribution of cable terminals after a period of operation at ambient temperatures 
of −30 °C, 25 °C and 50 °C. The calculation results are shown in Figs. 7 and 8. 

As can be seen from Fig. 7, when the ambient temperature is −30 °C, the lowest 
point of cable terminal temperature is near the umbrella skirt, and its value is − 
27.1 °C. Influenced by the ambient temperature, the temperature is lower near the 
air part. The innermost mandrel can reach a maximum temperature of 1.68 °C in 
low-temperature environments. As shown in Fig. 6, the minimum temperature of 
the cable termination at room temperature is 26.2 °C near the umbrella skirt and 
the maximum temperature is 47.0 °C near the core bar. As shown in Fig. 8, when 
the ambient temperature is 50 °C, the temperature near the umbrella skirt reaches 
51.1 °C and the cable mandrel temperature reaches 71.9 °C. When the cable terminal 
is running with load, the core temperature forms convection heat dissipation with the 
air after heat transfer through each layer of the medium. The heat transfer process is 
accompanied by a large influence of external ambient temperature changes. 

Temperature differences and differences in the thermal conductivity property 
of different materials can create temperature gradients inside the cable terminals.

Fig. 6 Cable terminal temperature distribution
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Fig. 7 Ambient temperature −30 °C, terminal temperature distribution 

Fig. 8 Ambient temperature 50 °C, terminal temperature distribution

Temperature affects the relative dielectric constant, electrical conductivity, and 
thermal conductivity of the material. This causes a change in the electric field inside 
the terminal. Figure 9 shows the variation curves of the maximum electric field of the 
cable terminals over a period of operation at different external ambient temperatures. 
The increase in external ambient temperature leads to an increase in temperature at 
each location of the cable terminal. The increase in temperature leads to a decrease in 
the relative dielectric constant of cable insulation, stress control tube, etc. This brings 
about a change in the electric field strength. The maximum field strength increases 
from 4.83 kV/mm to 5.06 kV/mm when the external ambient temperature increases 
from 0 °C to 50 °C, and the increase of field strength is about 4%. It can be seen that 
there is little change in the electric field of the terminal caused by the temperature 
change.
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Fig. 9 Maximum electric 
field variation under different 
external environments 

4 Conclusion 

(1) The electric field distribution in different areas of the cable terminal was calcu-
lated. The maximum distortion of the electric field at the cable terminal occurs at 
the triple junction point with an electric field strength of 4.54 kV/mm. Secondly, 
the electric field is concentrated in the main insulation of the cable with an 
electric field strength of 4.10 kV/mm. 

(2) The natural environment has a large impact on the temperature distribution of 
cable terminals. Temperature differences and differences in the thermal conduc-
tivity of different materials can create temperature gradients inside the cable 
terminals. The temperature maximum value is distributed near the copper core 
and the minimum value occurs at the umbrella skirt. The change in the electric 
field inside the terminal caused by the temperature change is not significant. 

(3) In this study, it is proposed to calculate the internal electric field as well as the 
temperature field of the high-voltage terminal by simulating the electric-thermal 
coupled field of the cable terminal. The electric field, potential and temperature 
field distributions at each critical location of the cable terminals was obtained. 
This offers a reference for improving the overall insulation level of the terminal. 
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Identification of Series Fault Arc 
Occurred in Motor with Inverter Circuits 
Under Vibration Conditions 

Yanli Liu , Zhengyang Lv, Lingwei Zhang, Yiyan Liu, Hao Wang, 
and Huiyang Wang 

Abstract One of the safety risks in electricity supply systems is the series fault 
arc (SAF). The method for identifying SAFs in electrical connectors for industrial 
motor with inverter circuits under vibrational situations was suggested in this study. 
Firstly, we adopted a motor with an inverter as a load, and a SAF experiment was 
conducted under vibrational conditions. To eliminate high-frequency harmonic inter-
ference from the inverter, the fault-phase current signal at the back-end of the inverter 
collected by the experiment was filtered with a finite impulse response low-pass 
filtering. After that, the filtered current signal was processed by phase space recon-
struction (PSR), and the obtained signal was normalized, visualized and gray scaled. 
Next, the gray level co-occurrence matrix (GLCM) of the processed signal in the 0°, 
45°, 90° and 135° directions were calculated, and 24 matrix parameters were selected 
as the preliminary characteristics of the SAF. Finally, the random forest (RF) algo-
rithm was used to screen out 13 effective features and completed the training of the 
recognition model. The test results show that the identification method can not only 
distinguish between the normal data and the SAF data with 100% accuracy, but also 
classify the normal data and the SAF data with 99.25% accuracy under three different 
vibration frequencies. 

Keywords Vibration · Motor with inverter circuits · SAF · PSR · GLCM · RF 

1 Introduction 

Three phase asynchronous motors are commonly used loads in industrial systems, and 
inverters are often used to control the speed and start of motors. When a three-phase 
asynchronous motor has a vibration fault, it will produce mechanical vibration with 
a specific vibration frequency. If the electrical connection of the motor is loose, the 
contact point is prone to generating a SAF under vibration conditions. The prolonged
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SAF is very prone to serious electrical fires. At present, there is little research on 
SAF identification under the vibration conditions of AC systems. Therefore, it is 
necessary to study the identification of SAFs under vibration conditions. 

Reference [1] extracted the time domain and frequency domain characteristics of 
current signals, used random forest method dimensionality reduction, and combined 
deep neural network to realize load type judgment and fault location. Reference [2] 
used the optimized generalized S-transform to extract features from aviation current 
signals, and used the support vector machine (SVM) optimized by particle swarm 
algorithm to complete the identification of aviation SAFs. Reference [3] performed 
double-tree complex wavelet transform on current signals and detected SAF by kernel 
extreme learning machine. Reference [4] converted the high-frequency signal char-
acteristics of current into grayscale images, and realized the SAF identification of 
home low-voltage distribution system based on convolutional neural network (CNN). 
Reference [5] converted the current signal into a threshold-free recursive plot, and 
21 GLCM parameters are used as the final feature. The SAF identification of house-
hold load was realized based on linear discriminant analysis. The result of references 
[1–5] did not address the problem of SAF diagnosis of motor with inverter circuits 
in industrial system under vibration conditions. 

Reference [6] converted the reconstructed current of wavelet packets into 
grayscale images, and used grayscale-gradient co-generation matrix and SVM to 
realize the SAF identification. Reference [7] took the fault phase current and single-
phase voltage as the research objects, extracted SAF features by kernel principal 
component analysis, and realized SAF detection under complex harmonics based 
on SVM optimized by firefly algorithm. Reference [8] constructed the fault phase 
current signal after the decomposition of 5 layers of empirical wavelets into an 
attractor trajectory matrix, which was characterized by the singular value of the 
matrix, and used SVM to realize the identification of SAFs. References [6–8] mainly 
focused on the SAF generated at the front end of the inverter, and did not consider the 
influence of vibration generated during motor vibration fault on SAF identification. 

In this paper, the fault phase current signal at the back end of the inverter 
under vibration conditions was taken as the research object. The SAF features were 
extracted by PSR and GLCM, and the feature vectors were input into the classi-
fication model based on RF algorithm to complete the feature screening and SAF 
recognition. The following sections explain the work done in this paper from three 
aspects: experiment, algorithm principle and test analysis.
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Fig. 1 The vibration SAF generator 

Fig. 2 The overall structure of the vibration fault arc experiment system 

2 Experiment 

2.1 Experimental Platform 

In order to restore the true vibration situation of the electrical contact point under 
vibration conditions to a greater extent, we designed a vibration SAF experimental 
system based on a voice coil motor. The vibration SAF generator is shown in Fig. 1. 
The SAF generator was located at the rear end of the inverter. In order to simulate 
the vibration of the contact point with poor contact under the vibration fault of the 
motor, the moving contact and static contact were driven by the voice coil motor to 
reciprocate. 

The overall structure of the experimental system is shown in Fig. 2. The experi-
mental power supply is provided by a 380 V power supply, and the load is selected 
three-phase asynchronous motor with inverter. The experimental system control and 
data acquisition circuit consists of LHB100A5VY2 current sensor, USB3200 data 
acquisition card, switch power supply, Copley motor controller, and computer. 

2.2 Experimental Scheme 

The experimental plan is shown in Table 1. During the experiment, the working 
current of the motor was 12 A. The vibration frequencies of 8 Hz, 16 Hz, and
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Table 1 Experimental scheme 

Experimental group number 1 2 3 4 

SAF No Yes Yes Yes 

Vibration frequency (Hz) / 8 16 25 

(a) Normal                      (b) 8Hz                         (c) 16Hz                        (d) 25Hz 

Fig. 3 Initial current waveform 

25 Hz generated when the motor experiences vibration faults were selected as the 
experimental vibration frequencies. During the experiment, the vibration frequency 
of the voice coil motor was set using CME software. The sampling frequency was 
set to 50 kHz. 

2.3 Experimental Results 

The waveform of experimental results is shown in Fig. 3. From Fig.  3, it is found 
that the current under vibration conditions has a long arc current zero rest zone. And 
the higher the vibration frequency, the shorter the zero rest zone. This is because 
after the current crosses zero, under the action of the voice coil motor, the distance 
between the contacts is long, and the gap cannot be broken down, so the current is 0. 
As the frequency of vibration increases, the duration of this process becomes shorter, 
resulting in a shorter zero-break zone. 

3 SAF Identification Method Based on PSR–GLCM–RF 
Algorithm 

3.1 Data Low-Pass Filtering 

In order to filter out the interference of high-frequency harmonics of the inverter, a 
finite impulse response low-pass filter with a sampling frequency of 50 k Hz and a 
cutoff frequency of 150 Hz is designed. The current waveform and the spectrogram 
of current signals before and after filtering are shown in Fig. 4. From Fig.  4, it is  
found that the filtered current waveform becomes smoother, and there is almost no
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(a) Current waveform                                             (b) Spectrogram 

Fig. 4 Analysis of low-pass filtering before and after current signal filtering 

loss in the 50 Hz fundamental frequency signal. The amplitude of the fundamental 
frequency signal in Fig. 4b is not fully displayed. 

3.2 PSR and Data Visualization 

After filtering the current signal in a low pass, we normalize it. The PSR [9] converts 
one-dimensional data into matrix through time delay reconstruction method to realize 
signal dimensionality upgrading. The single sample collected by the data acquisition 
card is X discrete points of [u(1), u(2), ..., u(X)] and the matrix after phase space 
reconstruction is as follows: 

U (n) = [u(n), u(n + τ),  · · ·  , u(n + (m − 1)τ ] 
n ∈ (1, 2, · · ·  , X − (m − 1)τ ) (1) 

where, m is the dimension of phase space, and τ is the delay constant. 
After visualizing and gray scaling the reconstructed matrix, a PSR visualization 

grayscale image is obtained, as shown in Fig. 5. From Fig.  5, it is found that there is a 
significant difference between the PSR visualization grayscale images under normal 
conditions and different fault frequencies. 

(a) Normal                      (b) 8Hz                           (c) 16Hz                          (d) 25Hz 

Fig. 5 Grayscale plot of current signal PSR visualization
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3.3 Image Digital Texture Features GLCM 

Texture analysis can analyze and extract the spatial distribution patterns of image 
grayscale, and the GLCM [10] is a commonly used digital texture feature in texture 
analysis. The initial grayscale image in this paper is 256 levels. In order to reduce 
computational complexity, the grayscale image is compressed to obtain a two-
dimensional digital image f (x, y) with a grayscale level of 16. We calculated the 
GLCM of the f (x, y) at a certain distance from 4 directions, including 0°, 45°, 90°, 
and 135°. The GLCM of the f (x, y) is as follows:  

P(i, j ) = #{[(x1, y1), (x2, y2) ∈ M × N| f (x1, y1) 
= i, f (x2, y2) = j]} 
i, j ∈ (1, 16) (2) 

In the equation, # () represents the number of elements in the set that meet the 
condition. 

This paper selected energy, entropy, contrast, and correlation as 4 features to char-
acterize the GLCM. The energy is the amount that reflects the uniform distribution 
of image grayscale and texture thickness. The entropy reflects the complexity of the 
image gray distribution. The contrast reflects the clarity of the image and the depth 
of the texture grooves. The correlation represents the similarity of elements in the 
row or column direction of the GLCM. We calculated the 4 features of the GLCM in 
the 0°, 45°, 90° and 135° directions, and calculated the mean and standard deviation 
of 4 features in 4 directions. We used these 24 features as preliminary features of the 
SAF current signal. 

3.4 A Data Classification Method Based on RF Algorithm 

This paper selected RF algorithm [11] to achieve data classification. The RF algo-
rithm belongs to the guided aggregation algorithm in integrated learning. The RF 
algorithm is difficult to overfitting and has good anti-interference ability. The number 
of decision trees and the minimum number of leaves will affect the accuracy and 
running speed of the model. Their effect on model error is shown in Fig. 6. From  
Fig. 6, it is found that in order for the model to have low error and run faster, it is 
necessary to select the appropriate parameter values. In Sect. 4.1, this paper analyzed 
the importance of 24 initial features.
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Fig. 6 RF algorithm 
classification model error 
curve 

4 Testing of SAF Identification Model 

4.1 Feature Screening and Analysis of Test Results 

Divide the experimental data into a sample library containing 1200 samples. In 
Table 1, there are 300 samples for each experimental group, with sample labels 1–4. 
Randomly select 800 samples from the sample library as the training set, and the 
remaining 400 samples as the testing set. In this paper, the minimum number of 
leaves was set to 2 and the number of decision trees was set to 40. The test result 
confusion matrix and the importance of 24 preliminary features are shown in Fig. 7. 
The preliminary classification accuracy of the 4 samples of the identification model 
is 97.5%. 

Labels on the horizontal axis of Fig. 7b correspond to different initial character-
istics. Labels 1–4 represent the energy of 0°, 45°, 90° and 135° GLCM. Labels 5–8 
represent the entropy of 0°, 45°, 90° and 135° GLCM. Labels 9–12 represent the 
contrast of 0°, 45°, 90° and 135° GLCM. Labels 13–16 represent the correlation of 
0°, 45°, 90° and 135° GLCM. Labels 17–24 represent the average and the standard 
deviation of energy, entropy, contrast and correlation in 4 directions. 

This paper arranged the importance of features in order, deleting one feature with 
the lowest importance each time. Table 2 shows the model recognition accuracy

(a) Confusion matrix (b) The Importance of Features 

Fig. 7 Preliminary test results 
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Table 2 The influence of 
different features on 
recognition accuracy 

Number of features A1 (%) A2 (%) 

24 100 97.5 

20 100 98.25 

16 100 98.75 

14 100 99 

13 100 99.25 

12 100 96.25 

after partial feature deletion. In Table 2, the A1 shows the accuracy of the distinction 
between the normal current and the SAF current, and the A2 indicates the classifica-
tion accuracy of 4 different types of samples. From Table 2, it is found that when the 
number of features decreases to 12, the accuracy of the identification model begins to 
significantly decrease. Therefore, this paper selected the most important 13 features 
as the final SAF features, their corresponding labels are 5, 6, 7, 8, 9, 10, 11, 12, 18, 
19, 21, 22 and 23. At this point, the model identification accuracy A2 is 99.25%. 

4.2 Comparative Analysis of Different Identification Methods 

The GLCM is a digital texture feature of an image, which can be directly classified 
as a fault arc feature. In order to explore the advantages and disadvantages of using 
GLCM as a SAF feature and the feature extraction method proposed in this paper, 
GLCM is directly input into CNN for classification, and its recognition accuracy 
is compared with the method proposed in this paper. In addition, this paper also 
tested some methods in the reference literature, and the comparison results of their 
recognition accuracy are shown in Table 3. 

The comparison results in Table 3 show that the A1 value and A2 value of the 
identification method in this paper are the highest, which shows that the identification 
method in this paper is more suitable for the SAF identification of the back-end 
current signal of the inverter under vibration conditions. The identification method

Table 3 Recognition 
accuracy of different 
recognition methods 

No. Methods A1 (%) A2 (%) 

1 Enter GLCM directly into the CNN 98.75 89.25 

2 Reference [6] 100 92.25 

3 Reference [7] 98.67 67.23 

4 Reference [8] 100 82.25 

5 Reference [5] 99.76 78.52 

6 Proposed method 100 99.25 
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in this paper not only distinguishes between normal and SAFs with 100% accuracy, 
but also has a classification accuracy of 99.25% for 4 different types of samples. 

5 Conclusion 

The high-frequency harmonics generated by the inverter interfered with the SAF 
identification of the current signal at its back end. After filtering the current signal, we 
extracted the preliminary SAF features using the PSR-GLCM algorithm. We also use 
RF algorithms to screen the final SAF features and implement SAF identification. By 
comparing with other SAF identification methods, we found that the PSR-GLCM-RF 
algorithm has certain advantages in distinguishing normal current and SAF current, 
and in classifying SAF under different vibration conditions. 
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Electric Field Simulation and Defect 
Analysis of Transformer Oil-Paper 
Capacitive Bushing 

Yu Rui, Lei Xu, Tao Jiang, Bowen Yao, Fanhua Zhang, Beibei Wang, 
and Binbin Wei 

Abstract In order to study the insulation performance of oil-paper capacitive 
bushing, the finite element model of 40.5 kV transformer oil-paper capacitive scaled 
bushing with field strength similar to that of actual 1000 kV bushing is established 
based on COMSOL software. Based on this model, the 2D electric field analysis is 
carried out. The field strength distribution and potential distribution of the bushing 
under different defects are calculated, and the degree of electric field distortion at 
the defects is obtained. The calculation results show that the design of the capacitor 
core of the casing can effectively uniform the electric field distribution in the casing 
under normal working conditions. When the fault occurs, the internal electric field 
distorts in different degrees at the defect. Therefore, it is very important to avoid 
bushing the dirty and wrinkled capacitive screen, keep the bushing environment dry 
and avoid the humidity of the capacitor core. 

Keywords Oil-paper capacitive bushing · The finite element model · COMSOL ·
Electric field distribution 

1 Introduction 

Oil-paper insulated bushing is an important part of transformer, which is widely used 
in power system [1]. Oil-paper capacitive transformer bushing is an important outlet 
device of transformer, which acts as a carrier for introducing or leading out the high, 
medium and low voltage side currents of transformer and insulates the oil tank shell 
of transformer [2]. Once the transformer bushing fails, it will pose a serious threat to
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the transformer and nearby equipment, and even cause a large-scale power outage and 
personal injury, resulting in social disorder and significant economic losses [3, 4]. 

In the process of operation, the insulation performance of the casing will gradually 
deteriorate due to the long-term action of strong mechanical force, large current 
and high voltage, as well as the influence of wet weather and pollutants [5, 6]. 
Under the action of high field strength for a long time, these defects may cause a 
series of problems such as local overheating or partial discharge, which will lead to 
accidents such as casing breakdown and damage [7]. Therefore, for the operation and 
maintenance of casing equipment, the electric field simulation calculation of high-
voltage casing can effectively provide guidance for the optimal design of casing 
[8, 9]. 

Therefore, this paper comprehensively analyzes the typical faults of oil-immersed 
capacitive bushing, and based on the principle of electric field strength equivalence 
[10], establishes a finite element simulation model of 40.5 kV bushing scale model 
with field strength similar to that of actual 1000 kV bushing [11]. Based on the 
electric field simulation analysis of COMSOL electrostatic module, the electric field 
simulation calculation of normal and typical fault conditions of bushing is carried 
out, and the insulation performance of bushing is analyzed. Finally, based on the 
results of electric field distribution under different fault types, effective preventive 
measures are put forward. 

2 Simulation Calculation of Electric Field of Oil-Paper 
Capacitive Bushing 

2.1 Mathematical Model and Boundary Conditions 
of Electric Field Calculation 

The bushing works under electrostatic field at any time, which is − ∂ B 
∂t = 0 

[3]. Therefore, the physical field to be solved in this paper is a two-dimensional 
electrostatic field. 

The finite element method is suitable for solving electromagnetic problems, and 
the electromagnetic field is established according to Maxwell’s equation, which 
describes the differential form of the quasi-static electric field as follows (differential 
form): 

∇ × �E ≈ 0 (1)  

∇ × �H = �J = 
∂ �D 
∂t 

(2) 

∇ •  D = ρ (3)
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where, �E represents the electric field intensity, and the unit is V/
m; �H is the magnetic 

field strength, and the unit is A
/
m; �D is the electric displacement, and the unit 

is C
/
m2; ρ represents the density of free charge body, and the unit is C

/
m3; �J 

represents the conduction current density, and the unit is A
/
m2; ∂ D 

∂t represents the 
displacement current density. 

The relationship between the above parameters in the dielectric is as follows:

�D = εE (4)

�J = γ �E (5) 

where, ε represents the dielectric constant, and the unit is F
/
m; γ represents the 

electrical conductivity, and the unit is S
/
m2. 

In the quasi-static electric field, the electric field is regarded as irrotational, so the 
relationship between electric field and potential in the field is as follows:

�E = −∇ϕ (6) 

The partial differential equation-Poisson equation which describes the potential 
distribution of electrostatic field is obtained from Eqs. (3), (4) and (6): 

∇2 ϕ = −  
ρ 
ε 

(7) 

Equation (7) considers the influence of free charge on the potential distribution in 
the electrostatic field. When there is no free charge in the field, the formula can be 
simplified as: 

∇2 ϕ = 0 (8)  

Equation (8) can be used to solve and calculate the potential distribution of steady-
state current field. 

In electric field calculation, the initial conditions are expressed as: 

ϕ|t = 0 = ϕx, y, z(0) (9) 

There are two kinds of boundary conditions in the electric field calculation of 
oil-paper capacitive bushing. 

A kind of boundary of electric field is called reinforced boundary, which needs to 
be given in finite element simulation in advance in calculation. A kind of boundary 
constrains the boundary potential. This boundary is also called Dirichlet boundary
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condition, and its expression is: 

ϕ
∣∣
r1 = ϕ (10) 

The second boundary of electric field is called automatic boundary, which accords 
with variational conditions in calculation. The second boundary condition constrains 
the normal reciprocal of the boundary potential. This boundary is also called Newman 
boundary condition, and its expression is: 

∂ϕ 
∂n

∣∣
r2 = ϕ(x, y, z) (11) 

Therefore, only one kind of boundary needs to be set before calculation. 

2.2 Casing Structure and Scale Model Parameters 

This paper mainly analyzes the electric field of transformer bushing through simula-
tion. For transformer bushing with high voltage level, on the one hand, the number of 
plates at the inner insulation is often more, and the number of plates of transformer 
capacitor bushing with general voltage level greater than 10, 1000 kV will reach 
about 190 layers [12]. Building a 1:1 simulation model of high voltage bushing will 
undoubtedly increase the complexity of the simulation model and greatly increase 
the amount of calculation. On the other hand, the capacitance core of oil-paper capac-
itive insulation sleeve is only about 0.08–0.12 mm for each layer of insulation paper 
and 0.01 mm for each layer of polar plate. In the simulation software, due to the 
extremely thin thickness of insulation oil paper, it is often impossible to realize fine 
grid division in grid division calculation, which leads to a large error in the final field 
strength calculation result and a low calculation rate. Based on the above analysis, 
the finite element simulation model of 40.5 kV casing scale model with field strength 
similar to that of actual 1000 kV casing is selected and established in this paper. 

Oil-paper capacitance is widely used in bushings with voltage levels of 110 kV 
and above to evenly distribute the internal electric field. The oil-paper capacitive 
bushing structure of transformer is shown in Fig. 1. Oil-paper capacitive bushing 
is mainly composed of central conducting rod, outer insulating upper and lower 
porcelain sleeves, and inner insulating capacitor core, insulating oil, oil conservator, 
mounting flange, bottom equalizing ball and oil tank [13].

The inner insulation of oil-paper capacitive bushing is the capacitor core, which is 
the focus of bushing design. The capacitor core is a coaxial series capacitor consisting 
of a layer of aluminum foil tightly wound with oil-immersed cable paper every certain 
layer outside the central copper guide rod as the polar plate. One side is connected 
with the copper conductive rod, and the other side has a lead wire led out through
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Fig. 1 Structural schematic 
diagram of oil-paper 
capacitive bushing

the measuring terminal. The inside of the sleeve is vacuumized and dried and filled 
with insulating oil [4]. The structure of the capacitor core is shown in Fig. 2. 

Fig. 2 Schematic diagram 
of capacitor core structure
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In this simulation, the scale model of oil-paper capacitive bushing is adopted. The 
maximum voltage is 40.5 kV, the total length of bushing is 1137 mm, the diameter of 
conductive rod is 35 mm, the aluminum foil electrode plate is 10 layers, and the oil 
tank is insulating oil. Specific parameters of scaled casing are as follows (Table 1). 

The scale model of bushing is mainly to make the internal field strength of the 
capacitor core of the model equivalent to that of the actual 1000 kV bushing by 
changing the length of the plates and the distance between the plates. The specific 
plate size of 40.5 kV bushing is shown in Table 2. 

Table 1 Parameters of 40.5 kV Casing 

Technical parameter Numerical value 

Maximum voltage (um) (kV) 40.5 

Rated current (A) 630 

1min power frequency withstand voltage (kV) 95 

Lightning full-wave impulse withstand voltage (kV0) 200 

Dielectric loss factor at 20 °C (under Um) ≤ 0.005 
Maximum partial discharge (under um) (pC) ≤ 10 
Minimum creepage distance of external insulation (mm) 1260 

External insulation flashover distance (mm) 485 

Bending tolerance load (N) 1600 

Maximum installation angle with vertical direction (°C) 30 

Table 2 Design dimensions of 40.5 kV bushing capacitor core 

Plate layer 
number 

Length of polar 
plate (mm) 

Superior 
difference (mm) 

Lower grade 
difference (mm) 

Diameter (mm) 

Zero screen 681 45 

1 638 31 12 47.057 

2 595 31 12 49.137 

3 552 31 12 51.217 

4 506 31 15 53.297 

5 460 31 15 55.897 

6 414 31 15 58.497 

7 368 31 15 61.097 

8 320 32 16 63.177 

9 272 32 16 65.257 

10 224 32 16 67.337
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Table 3 Relative dielectric constant of casing materials 

Material Insulator Insulating oil paper Dielectric oil Copper Aluminium 

Relative dielectric 
constant εr 

6 3.8 2.2 2000 2000 

2.3 Establishment of Scaled Casing Simulation Model 

As can be seen from the bushing structure diagrams in Figs. 1 and 2, the oil-paper 
capacitor bushing is an axisymmetric structure, and the electrode screen inside the 
capacitor core is very thin and has many layers. Therefore, when establishing the 
simulation calculation model, this paper chooses to establish a two-dimensional 
axisymmetric model, and the electrode screen of the capacitor core is replaced by a 
line [14]. The boundary condition is that the operating voltage of the conductive rod, 
oil conservator, equalizing ring and zero screen is 23.4 kV, the last screen, flange 
and oil tank shell are at zero potential, and the other capacitive screens are set as 
dielectric shields. Only the relative dielectric constant needs to be considered in the 
material setting. The parameters are shown in Table 3. 

After the simulation model of casing structure is built based on the above data, it 
is necessary to mesh according to the structure of casing model, in order to ensure 
the accuracy of calculation, save computer memory and ensure the calculation speed 
[15]. The insulation thickness between the electrode screens of the capacitor core 
is all about 1 mm. In order to ensure the calculation accuracy, high-density grid 
elements are selected in this part during grid division. The internal structure of oil 
tank, air, insulating oil layer and other parts are single, and rough grid can be selected 
for division. At the corner structure of the structure, the mesh generation at the corner 
is refined by the method of corner thinning. The finite element model diagram and 
mesh generation diagram of casing are shown in Fig. 3.

3 Analysis of Simulation Results 

3.1 Electric Field Distribution of Casing Under Normal State 

Based on the finite element model of transformer bushing established in Sect. 1.2, 
the bushing is numerically simulated by using finite element software, and the poten-
tial distribution diagram of bushing model shown in Fig. 4 and the radial potential 
distribution diagram of capacitor core of bushing model shown in Fig. 5 are obtained 
respectively.

As can be seen from the potential distribution in Fig. 4, the red area indicates 
high potential, the blue area indicates low potential, and other color areas indicate 
the transition of different potentials. The overall potential of the bushing is in a state 
of gradual transition from the high voltage area of the central conductor and the
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Fig. 3 Finite element model 
and mesh generation 
diagram of casing

Fig. 4 Overall and local 
potential distribution 
diagram of casing



Electric Field Simulation and Defect Analysis of Transformer Oil-Paper … 333

Fig. 5 Radial potential 
distribution of capacitor core

equalizing ball to the low voltage area of the oil tank and sleeve. It can be seen from 
the radial potential distribution diagram in Fig. 5 that the aluminum foil polar plate 
makes the potential inside the capacitor core decrease uniformly from the zero screen 
to the last screen, which conforms to the boundary conditions of loading. 

According to the electric field diagram of the bushing in Fig. 6, the electric field 
distribution of the bushing as a whole is uneven, and the electric fields at the bushing 
tail, the surface of the equalizing ball and the capacitor core are concentrated, and 
the electric fields in the insulating oil and the area far from the core are low. Among 
them, the field strength in the capacitor core is much higher than that in other areas. 
From the local enlarged diagram, it can be seen that the electric field distortion at the 
bottom of each layer of electrode plate and the surface of the equalizing ball is serious, 
forming a local strong electric field area, which will improve the requirements for 
insulation performance at these positions, and the bushing is more prone to discharge, 
breakdown and other failures.

As shown in Fig. 7, due to the voltage equalization of aluminum foil plates, the 
forced electric field is perpendicular to the aluminum foil. The axial electric field 
between the plates is approximately uniform to avoid partial discharge due to too 
high field strength. However, the electric fields at the upper and lower ends of the 
plates are seriously distorted. The radial electric field of the capacitor core decreases 
first and then increases outward from the zero-layer plate, and the overall distribution 
is “U”. The electric field near the inner and outer plates is higher, but the electric 
field in the middle plate is lower. The maximum electric field intensity in the radial 
direction of the capacitor core appears on the insulating paper near the zero screen 
of the main insulation of the bushing, which is 3.1835 kV/mm and the minimum 
electric field intensity is 1.6256 kV/mm.
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Fig. 6 Overall and local 
electric field distribution of 
casing

Fig. 7 Axial and radial electric field distribution of capacitor core 

3.2 Electric Field Distribution Under Casing Fault Condition 

Based on the finite element model of bushing in Sect. 1.2, five fault conditions, such 
as uniform damping of bushing, floating of end screen, plate deviation, folding and
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breakage of capacitor core, are simulated respectively, and the influence of defects 
on the electric field distribution of bushing model is compared and analyzed. 

The following respectively introduce the simulation methods of five kinds of 
casing faults on the finite element model: 

(a) In the simulation model, the relative dielectric constant of the material is changed 
to simulate the damp defect. After the material is damp, the relative dielectric 
constant will become larger [16]. In this simulation experiment, the relative 
dielectric constants of transformer oil and insulating paper are changed to 5, 
which simulates the uniform moisture defect. 

(b) The transformer bushing is grounded in normal operation. If the terminal screen 
is imperfect or poorly grounded in operation, a high floating voltage will be 
formed between the terminal screen and the ground, which will cause the 
terminal screen to discharge to the ground, burn the nearby insulation, and even 
lead to a serious bushing explosion accident. In the simulation experiment, the 
grounding failure of the last screen can be simulated by setting the last screen 
to the floating potential. 

(c) The number of layers of plates in the capacitor core of transformer bushing may 
cause the internal plates to shift under the circumstances of bushing collision 
and vibration, that is, the plate deviation defect. In the finite element model, 
the plate offset defect is arranged on the seventh layer plate, and the sinking 
distance is set to 20 mm. 

(d) Arranging the fold defect in the middle of the fifth layer plate in the simulation 
model capacitor core, and arranging a triangular defect with a height of about 
0.3 mm to simulate the fold defect. 

(e) The arrangement position and method of the bushing model damage defect are 
the same as those of the fold defect, and a rectangle of 0.1 ∗ 1 mm is set  in  
the middle of the fifth layer plate to simulate the capacitor core damage defect. 
Because the capacitor core is always immersed in insulating oil, the damaged 
part will eventually be filled with insulating oil, so the relative dielectric constant 
of the damaged part is set to 2.2. 

As shown in Fig. 9, it can be seen that the damp of the capacitor core basically does 
not affect the electric field distribution in the bushing, and the maximum radial field 
strength of the capacitor core is 3.1565 kV/mm and the minimum is 1.6527 kV/mm. 
Figure 8a shows the distribution map of the field strength at the end screen-flange 
when the end screen is suspended. It can be found that the field strength in this area 
is obviously increased, and the electric field distortion at the chamfer of the flange 
is obvious. Figure 9 shows that the electric field in the plate area presents a “U” 
shape from the inside to the outside, and the electric field intensity is much smaller 
than that in the defect-free model, when the maximum electric field intensity in the 
plate area is only 0.38914 kV/mm. Figure 8b is a local enlarged view of the field 
strength after the offset of the polar plate. Compared with the defect-free model, it 
can be found that the sinking of the polar plate has no influence on the overall electric 
field distribution, but there is a certain degree of electric field concentration at the 
tip of the sinking polar plate. The electric field intensity at the tip is 3.3053 kV/mm,
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which is about 1.5 times compared with the 2.1248 kV/mm of the defect-free model. 
Figure 8c shows the electric field distribution at the fold. Combining with the radial 
field intensity curve in Fig. 9, it can be found that the fold defect has little influence 
on the overall electric field distribution, and the electric field intensity of insulating 
oil and other far-field areas is close to zero. However, serious electric field distortion 
will be found by observing the position of the fold of the capacitor core plate, and the 
maximum electric field at the tip of the model is about 4.6473 kV/mm. The electric 
field concentration area will be formed outside the sharp corner of the defect, and the 
electric field distortion here is about 2–3 times that of the defect-free model. On the 
contrary, the inner side of the sharp corner of the defect will form a low field strength 
region; Fig. 8d shows the electric field distribution at the damaged electrode plate. 
Compared with the model with damaged defects and the model without defects, the 
electric field distribution of the whole casing has not changed obviously, but there is 
obvious electric field concentration at the damaged hole. 

Fig. 8 Electric field distribution of casing fault condition
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Fig. 9 Variation curves of radial field strength under normal and fault conditions 

3.3 Impact Analysis of Casing Insulation and Suggestions 
for Operation and Maintenance 

From the above analysis of the calculation results and distribution of the electric field 
of the bushing, it can be seen that, on the one hand, the positions such as the tail of 
the bushing, the surface of the equalizing ball and the capacitor core belong to the 
areas where the field strength is concentrated, so it is necessary to reasonably adjust 
the length of the plate, the range between the top and bottom and the gap distance 
between the plates, which can effectively improve the electric field distribution in 
the high field strength area and reduce the occurrence of insulation accidents. On 
the other hand, based on the analysis of the field strength distribution of typical 
faults of casing, it is known that the defects in the casing manufacturing process are 
also harmful to the insulation of casing. So the process should be improved in the 
manufacturing process, meanwhile materials with better performance should be used 
to avoid air gaps, burrs and bulges. 

The following preventive measures are proposed for production, transportation, 
operation and maintenance: 

(a) Improve product quality control, and avoid burr defects on the surface of the 
conductive rod, dirty and wrinkled capacitive screen, etc. 

(b) During transportation, the fixation should be firm to avoid the displacement of 
internal structures such as polar plates caused by collision.
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(c) Pay attention to keep the casing environment dry, and replace the sealing washer 
immediately after taking and replenishing oil to prevent the water from getting 
damp due to the failure of the sealing washer. 

(d) During maintenance, always pay attention to the integrity of casing grounding 
performance, and try not to install an online monitoring device for the grounding 
lead of the last screen as much as possible. If necessary, the spring-pressed 
grounding mode can be changed to a direct lead-out grounding mode to ensure 
the integrity of the grounding of the last screen. 

4 Conclusion 

In this paper, the finite element simulation model of 40.5 kV bushing scale model 
with field strength similar to that of actual 1000 kV bushing is established. The 
electric field simulation calculation of bushing under normal operation and typical 
fault conditions is carried out. 

(a) Under the normal working condition of the bushing, the overall potential grad-
ually transits from the high voltage area of the central conductor and the equal-
izing ball to the low voltage area of the oil tank and the bushing. The electric field 
is concentrated at the tail of the bushing, the surface of the equalizing ball and 
the capacitor core. The radial electric field of the capacitor core first decreases 
and then increases from the zero-layer plate, and the overall distribution shows 
a “U” shape. 

(b) Due to the floating defect of the last screen, the high electric field is concentrated 
at the fuel tank, with serious electric field concentration at both ends of the flange. 
When the electrode plate is folded, deviated and damaged, the electric field of 
the casing is seriously distorted at the defect. 

(c) Optimize the structural parameters such as the spacing and thickness of the 
capacitor cores to make the internal electric field distribution more reasonable. 
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Coupling Simulation Study 
on Dislocation Slip of Self-Elastic Arcing 
Contact Sets of SF6 Circuit Breaker 

Yakui Liu, Fengchao Wang, and Hongyun Li 

Abstract High voltage circuit breaker plays a very important role in the safe oper-
ation of the power grid. One of the core components, self-elastic contacts made of 
tungsten-copper alloy, undertakes the task of switching circuits in its operation. The 
mechanical properties of the contacts are degraded during operation due to defects 
such as stress relaxation and metal fatigue. So that the contact force between the 
movable contact and stable contact decreases, which will lead to a serious failure 
of the circuit breaker. Since the contacts are inside the arc-extinguishing chamber 
and surrounded by SF6 gas, it is difficult to achieve an accurate measurement of 
their mechanical properties. Therefore, the relationship between the plastic stress– 
strain of the contact and the change of the circuit breaker opening and closing must 
be calculated with the help of simulation technology. MATLAB and ABAQUS are 
combined to establish a discrete dislocation dynamics finite element coupling simu-
lation program for tungsten-copper alloy self-elastic contacts, to simulate the dislo-
cation evolution, and then to establish the contact plastic stress–strain relationship. 
The establishment of the model helps to understand the mechanical properties of the 
contacts during the operation of the circuit breaker, and this method is important for 
maintaining the safe and stable operation of the circuit breaker. 
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1 Introduction 

The dynamic mechanical behavior of materials has been a common concern of solid 
mechanics and materials science. It has been found through numerous microscopic 
experiments that when the microstructural scale of a material decreases to the micron 
scale, the strength of the material tends to increase significantly, exhibiting a signifi-
cant microscale effect [1], and the scale effect has long been attributed to the presence 
of dislocations within the material. The dynamic mechanical behavior of crystalline 
materials is mainly controlled by dislocation dynamics, and the lamellar dislocation 
energy [2], Peierls stress [3], solid solution atoms [4], and precipitation-reinforced 
particles [5] are all influenced by the motion of dislocations and thus have an impact 
on the macroscopic mechanical behavior of materials, so dislocation dynamics is an 
important basis for studying the macroscopic mechanical behavior of materials [6]. 

Tungsten copper alloy contacts are subjected to strong mechanical shock and arc 
ablation during operation. At present, there are relatively few studies on the disloca-
tion dynamics model of contacts. Self-actuated contacts work inside the interrupter 
chamber and are surrounded by SF6 gas, and the mechanical properties of the contacts 
cannot be measured by conventional means. This paper combines MATLAB and 
ABAQUS to establish a discrete dislocation dynamics finite element coupled simu-
lation model of tungsten-copper alloy self-actuated contacts, and obtains the disloca-
tion evolution law of copper-tungsten alloy, and then obtains the plastic stress–strain 
relationship diagram of the contacts, which helps to analyze the mechanical property 
changes of the contacts during the operation of the circuit breaker. 

2 Dislocation Motion 

2.1 Dislocation Slip Speed 

Dislocations are a kind of linear defects in crystals that can slip within their slip 
surfaces, and therefore are regarded as carriers of plastic flow of materials. The slip 
motion of a large number of dislocations inside the crystal constitutes the plastic 
deformation of materials on a macroscopic scale. Based on the previous analysis, 
both stress relaxation and metal fatigue can be regarded as the result of dislocation 
motion inside the crystal in essence. 

Since it is difficult to measure the dislocation motion directly, simulation studies 
are needed to investigate the dislocation slip of self-actuated contacts of tungsten-
copper alloy. This project is based on the 2D discrete dislocation dynamics simulation 
framework proposed by Needleman, which only considers the existence of edge 
dislocations in the crystal and ignores the role of spiral dislocations and mixed 
dislocations. There are several types of dislocation motions in the crystal: dislocations 
slip on the slip plane under stress, dislocations of opposite sign in the same slip
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plane annihilate each other, dislocations in different slip systems are close to each 
other and block into forest dislocations, dislocations move to the crystal boundary 
and are adsorbed and plugged, and dislocation sources proliferate. According to the 
dislocation theory, the stress field between dislocations can be expressed as: 
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where G is the shear modulus, b is the dislocation Burgers vector, and v is the 
Poisson’s ratio. 

After finding the stress field, the interaction force between dislocations f (J ) can be 
calculated as: 

f (J ) = 

⎛ 

⎝σ + 
n∑

K �= J 

σ K 
⎞ 

⎠b(J ) m(J ) (4) 

where: σ is the external load on the dislocation (Pa); σ (K ) is the force of dislocation 
K on dislocation J ; b( J ) is the Burgers vector of dislocation J; m( J ) is the normal 
direction of the slip surface where dislocation J is located. 

The dislocations are not only subject to external forces and inter-dislocation forces, 
but also subject to the lattice resistance piezoelectric force fP − N during the slip 
motion, which can be expressed as the combined force on the dislocations as: 

fP − N = 
2G 

1 − v 
e− 2πξ  

b (5) 

The combined force on the dislocation is: 

f0 = f ( J ) − fP − N (6) 

After finding the stress on the dislocation, we can find the dislocation slip velocity: 

v( J ) = 
f0 
Bg 

(7)
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where: v(J ) is the slip velocity of dislocation J ; B(g) the linear resistance coefficient. 

2.2 Unit Plasticity Strain Variables 

Discrete dislocation dynamics simulation requires a large number of numerical calcu-
lations for solving the model dislocation motion, dislocation source multiplication 
and dislocation barriers. In this paper, we use MATLAB software to write a discrete 
dislocation dynamics simulation program. Firstly, the initialization pre-processing 
is carried out, including the establishment of a two-dimensional model, the initial-
ization of pre-stored dislocations, dislocation sources and dislocation barriers in the 
model, etc. 

The numerical field generated by the external load is calculated by means of finite 
elements and substituted into the dislocation dynamics to solve for the strain rate 
and other parameters, and then the plastic strain is brought into the finite elements to 
solve for the corresponding correction field, and the final numerical solution can be 
solved by superimposing the dislocation field and the correction field to obtain the 
total stress σ0 and the total strain ε0 respectively: 

σ0 = σfem + σDD (8) 

ε0 = εfem + εDD (9) 

where: σfem is the elastic stress provided by the finite element; εfem is the elastic 
strain provided by the finite element; σDD is the plastic stress provided by the discrete 
dislocation dynamics; εDD is the plastic strain provided by the discrete dislocation 
dynamics. 

In this paper, we use the MATLAB discrete dislocation dynamics program to call 
the ABAQUS software to calculate the finite element boundary load conditions in 
the simulation in order to improve the simplicity and versatility of the simulation. 
The calculated finite element stresses need to be input into the MATLAB dislocation 
dynamics program, and the stresses and strains from the dislocation dynamics solu-
tion are superimposed on the finite element field. ABAQUS is used in the program to 
provide the stresses needed for the dynamics calculations. When the finite element 
stresses are transferred to the dislocations, procedures such as dislocation multi-
plication are started. The material instanton equation in the finite element part of 
the coupled simulation contains only the elastic modulus, and the dislocations start 
to multiply and move after the material stresses reach the yield stress. The strain 
increment per unit time ε p is: 

ε p = 
1 

2

∑
vi (ni bi + bi ni ) (10)
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where: vi is the slip velocity of the dislocation; ni is the slip direction normal unit 
vector of the dislocation; bi is the Burgers vector of the dislocation. 

By using the above equation, the incremental plastic strain within the cell can be 
calculated and combined with the iterative unit time, the plastic strain value of the 
cell at the current moment can be solved. 

3 Analysis of the Theoretical Framework of Discrete 
Dislocation Dynamics 

Discrete dislocation dynamics uses the defect-dislocation in a crystal as the basic 
unit to calculate the mechanical properties of a material at the macroscopic level by 
means of a dislocation field composed of dislocated dislocation behavior. As a new 
simulation framework proposed in the 1990s and gradually developed in the new 
century, it is able to balance computational efficiency and computational accuracy. 
It provides a new perspective and bottom-up interpretation of the scale effects of 
small-scale crystals. Understanding, developing, and refining this approach will have 
a positive effect on a deeper understanding of the mechanistic aspects of the plastic 
behavior of crystals. The theoretical framework of discrete dislocation dynamics 
based on this project is analyzed as follows: 

Stress relaxation is a thermally activated process of movable dislocation motion 
driven by elastic strain energy. In this process, the elastic deformation of the material 
is gradually converted to plastic deformation, which gradually forms permanent 
plastic deformation after the continual accumulation of time. In addition, as time 
proceeds, the density of movable dislocations continues to decrease, while the rate 
of stress relaxation also decreases. 

This project is based on the 2D discrete dislocation dynamics simulation frame-
work proposed by Needleman, which only considers the existence of edge disloca-
tions in the crystal and ignores the role of spiral dislocations and mixed dislocations. 
The dislocation motions in the crystal are mainly as follows: dislocations slip on the 
slip plane under stress, dislocations of opposite sign in the same slip plane annihilate 
each other, dislocations in different slip systems are blocked close to each other to 
form forest dislocations, dislocations move to the crystal boundary and are adsorbed 
and plugged, and dislocation sources proliferate. 

The discrete dislocation dynamics simulation requires a lot of numerical calcu-
lations to solve the model dislocation motion, dislocation source proliferation and 
dislocation obstruction. The MATLAB software is used to write the discrete disloca-
tion dynamics simulation program. Firstly, the initialization pre-processing is carried 
out, including the establishment of a two-dimensional model, the initialization of 
pre-stored dislocations, dislocation sources and dislocation barriers in the model, 
etc.



346 Y. Liu et al.

4 Finite Element Coupled Simulation Model 

First, the model to be simulated is established in the finite element program and the 
boundary conditions are applied. At this time, no solution is required and the Inp file 
of ABAQUS is saved. When building the contact finite element simulation model, 
it is necessary to set up various material parameters, such as material properties in 
Table 1, stress–strain relationships in Table 2 and model properties in Table 3. Make  
the data parameters simulate the material properties of tungsten-copper alloy as much 
as possible, so that the subsequent calculation and analysis can better simulate the 
real situation and produce more accurate results. 

Since this project mainly analyses the dislocation behaviour of the moving contact 
and the stress–strain change law, the motion of the static contact can be set relative to 
the reference system fixed on the moving contact by the relative motion, so the moving 
contact is stationary and the static contact is in motion. When the boundary conditions 
are applied to the dynamic contact because only one of the six degrees of freedom is 
open, the static contact of this analysis can be completely assumed as a rigid body, 
and thus ignore the static contact analysis calculation. Combining the settings of the 
contact analysis motion module with the boundary condition application method, the

Table 1 Material properties 
Density/g/cm−3 15.688 

Yield strength/MPa 1000 

Modulus of elasticity 334,000 

Poissonbee 0.34 

Table 2 Stress–strain 
relationship Yield stress Plastic strain 

1 1000 0 

2 1100 0.000353 

3 1300 0.000354 

4 1500 0.000355 

5 1800 0.000357 

Table 3 Model attributes 
Type Setting method 

Surface-to-surface contact Finite slip 

Normal phase behaviour Tangential behaviour 

Pressure overfills hard contact Frictionless 

Field output request Course output request 

Frequency: every n increments Frequency: every n increments 

Output variables: S, U Output variables: ALLEN 
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ABAQUS finite element analysis part of this project effectively reduces the difficulty 
of the coupling calculation, greatly improves the analysis accuracy, and reduces the 
calculation time, making the research efficiency effectively improved. 

After initializing the boundary conditions in ABAQUS and applying external 
conditions such as external forces or velocities, the total stress and strain occurring 
in the 3D contact model under the action of external forces can be simulated. The 
contact force generated by the dynamic contact movement colliding with the static 
contact during circuit breaker closing is the root cause of the contact strain. To analyse 
the mechanical properties of the contacts, the collision contact stresses of the moving 
and static contacts are first simulated and calculated. The values of stress and strain 
at each point will change with time so that all data can be exported in csv format, 
including total stress and total strain, which can be received by MATLAB and used 
as the initial condition to start the dislocation movement, and finally MATLAB will 
get the changes of plastic stress and plastic strain with time and save them in csv 
format for ABAQUS When the data is received by ABAQUS, the second collision 
simulation can be performed. 

See Figs. 1, 2 and 3.
The algorithm flow is shown in Fig. 1. After initializing the boundary conditions 

in ABAQUS, external conditions such as external forces or velocities are applied 
to simulate the total stress and strain occurring in the three-dimensional contact 
model under the action of external forces. To analyse the mechanical properties of 
the contacts, the collision contact stresses of the moving and static contacts are first 
simulated and calculated. The stress and strain values at each point change over 
time, and the data can be exported in csv format, including total stress and total 
strain. The exported data from ABAQUS can be received by MATLAB and used 
as the initial condition to make the dislocation start to move, and finally MATLAB 
will get the change of plastic stress and plastic strain over time and save them in csv 
format for ABAQUS to receive. This process is the coupling process of MATLAB 
and ABAQUS. 

Since the plastic strain cannot be recovered, the plastic strain and plastic defor-
mation can only increase as shown in Fig. 3. The total stress, including elastic stress 
and plastic stress, starts to increase at the moment of contact, and the total stress 
is positively correlated with the total strain. If plastic deformation occurs, when the 
contact is disconnected, the total stress is plastic stress. 

The subsequent bit error calculation is performed and the updated data is obtained 
as shown in Fig. 2. 

5 Conclusions 

In this paper, a discrete dislocation kinetic-finite element coupling simulation 
program for the self-actuated contacts of tungsten-copper alloy is established by 
combining relevant mechanical calculations and finite element analysis, and the
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Fig. 1 Finite element coupling operation flow

dislocation evolution law of copper-tungsten alloy is obtained by simulation. The 
following conclusions are drawn: 

(1) According to the finite element analysis, the maximum stress is at the root of 
the dynamic contact at the moment of contact and the stress reaches the yield 
limit when the tungsten-copper alloy contact reaches 1000 MPa, followed by 
plastic strain. 

(2) A plot of plastic stress as a function of strain as a function of time for the contacts 
is obtained by MATLAB correlation calculations.
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Fig. 2 Total stress–strain relationship diagram 

Fig. 3 Plastic stress and plastic strain with time variation
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Analysis of Aging Degree of Composite 
Insulators Based on Joint Relaxation 
Spectrum 

Ding Zhang, Xinwen Hou, Yufei Zhang, Chuangang Zhu, Xiaonan Li, 
Xiong Ge, Ran Zhong, and Yu Lei 

Abstract In power systems, composite insulators are subjected to strong electric 
fields and environmental corrosion, and will age and affect the electrical insula-
tion effect; however, existing insulator aging detection methods are limited by the 
test environment, and it is difficult to intuitively reflect the microchemical struc-
ture changes of silicone rubber materials. In this paper, the NMR relaxation spec-
trum analyzer and CPMG signal were used to verify the feasibility of T2 relaxation 
spectrum for aging degree detection, and the combined sequence of IR-CPMG was 
proposed to experiment on composite insulators with different aging years. The 
results show that detecting the signal amplitude of the joint sequence and inverting 
the two-dimensional relaxation spectrum can visually characterize the change of 
the main hydrogen-containing group from the height and volume of the joint spec-
tral peak, and effectively distinguish the composite insulators with different aging 
degrees. 

Keywords Composite insulators · Nuclear magnetic resonance · IR-CPMG ·
Joint relaxation spectrum 

1 Introduction 

In transmission systems, insulators can be divided into ceramic insulators, glass 
insulators, and silicone rubber composite insulators according to their insulation 
materials, among which composite insulators have the advantages of high mechan-
ical strength, unbreakably, and good stain resistance, and have been widely used in 
recent years [1–3]. However, under the strong electric field distribution of the working 
environment and the corrosion of the natural environment, molecular group fractures
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will occur inside the silicone rubber composite insulator [4], which affects the elec-
trical insulation effect between the wire and tower; therefore, it is of great significance 
to detect the aging state of the composite insulator. Currently, the commonly used 
composite insulator aging detection methods include the direct observation method, 
hydrophobic detection method, leakage current method, ultraviolet detection method, 
etc. [5–7]; the subjective judgment of testers limits some of these methods, some are 
demanding on the test environment, and it is difficult to reflect the microstructural 
changes in silicone rubber materials intuitively. In contrast, nuclear magnetic reso-
nance (NMR) technology is a phenomenon of precession evolution of material spin 
ensembles under the action of an applied magnetic field, which is widely used to study 
the structure and dynamic properties of rubber and polymer materials and is currently 
used in chemical analysis, medical imaging, geological exploration, and other fields 
for microstructure reproduction and molecular dynamics information extraction [8– 
11]. As a powerful nondestructive testing technology, finding the intrinsic relation-
ship between relaxation parameters and the aging of composite insulator umbrella 
skirts has excellent theoretical and practical significance for the research on the aging 
characteristics and mechanism of silicone rubber composite insulator umbrella skirt 
sheaths and scientifically evaluating the service life of composite insulators. 

Detection methods based on NMR relaxation spectra can be used stably and 
reliably to analyze insulator aging. The NMR relaxation spectrum mainly adopts 
the transverse relaxation time T2 spectrum analysis detection method [12–14]. The 
collected time-domain echo signal is a Laplace transform, and the analysis results 
of the transformation are compared with the detection results of other methods. 
In 2002, Song et al. proposed a fast two-dimensional T1–T2 correlation spectral 
Laplace inversion algorithm [15], marking the beginning of Laplace’s multidimen-
sional NMR technology. The two-dimensional relaxation spectrum adds the relax-
ation information of T1 based on the T2 spectrum [16], which effectively distin-
guishes substances with significant differences in the diffusion coefficient and is 
widely used in petrophysical research. At present, the chemical structure and aging 
mechanism of composite insulators are analyzed, and the laboratory Newman relax-
ation spectrum analyzer is used to carry out T2 relaxation spectrum and T1–T2 
combined relaxation spectrum detection, which verifies the feasibility of using the 
T1–T2 combined relaxation spectrum to measure the aging degree of composite 
insulators. 

2 Analysis of Aging Mechanism of Insulators 

The main component of the silicone rubber composite insulator umbrella skirt is 
polydimethylsiloxane, which mainly contains C–Si bonds, Si–O bonds, etc., owing to 
the influence of the external strong electric field and harsh working environment; C–Si 
bonds, Si–O bonds, and other bonds can be weakened or even broken; some molecular 
groups break away from the main group and the oxygen and water molecules in the 
air chemical reaction, producing ·H, ·CH3 and Free radicals, as shown in Fig. 1.



Analysis of Aging Degree of Composite Insulators Based on Joint … 353

Fig. 1 Molecular formula of polydimethylsiloxane 

In the chemical mentioned above reactions that cause the degradation of insulation 
performance, the number and state of H-containing groups in the composite insulator 
will change, and this structural change will lead to a decrease in the non-polarity of 
the composite insulator, a decrease in hydrophobicity, and different degrees of pulver-
ization and embrittlement. Therefore, detecting and analyzing the NMR relaxation 
spectrum of the umbrella skirt can indirectly determine the degree of aging of the 
insulator. 

3 Nuclear Magnetic Resonance and Detection Signal 

Nuclear magnetic resonance is a physical phenomenon in which the nuclear magnetic 
moment of a material atom splits at an energy level under the action of an external 
magnetic field and produces an energy level transition under the action of an applied 
radio frequency magnetic field. When the magnetic nucleus is in a uniform external 
magnetic field B0, the nucleus is subjected to the action of the magnetic moment, 
which is manifested as follows: while the nucleus rotates around its axis, it must 
show precession in the direction of the applied magnetic field, which is called the 
La-more precession. The Lamore precession angle frequency, ω0, was determined 
using the Lamore precession equation. 

In the detection of the composite insulator aging NMR relaxation spectrum, the 
main factors affecting the signal amplitude are the ambient temperature, sample 
quality, gain of the amplifier of the detection device, and the continuous spin-echo 
sequence used. Under the given conditions, the signal size depends on the proton 
density of the sample, transverse relaxation time T2, and longitudinal relaxation time 
T1. The acquired signal strength of an RF echo scan sequence can be expressed as 
Eq. (1) 

S = K · [H ] · (1 − e−T R/T 1 ) · eT E/T 2 (1) 

where K is the proportion factor of the detection device, which is related to the factors 
of the detection instrument itself; [H] is the proton density, which is related to the
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mass of the sample being measured; TR is the sequence repeat time; and TE is the 
echo time. It can be seen from Eq. (1) that for the detection of the relaxation spectrum 
curve of the insulator aging degree inversion, the e-index factor terms can reflect the 
aging degree of insulators under different ages and grid conditions. 

For the measurement of longitudinal relaxation time T1, the Inverse Recovery 
signal is often used for testing. One period of the pulse train is that a 180° pulse is 
first applied, a 90° pulse is applied after the reversal time, and after a while, the 180° 
pulse is applied again to refocus and acquire the signal echo, as shown in Fig. 2. 
Different reversal times TI is set for n periods of pulse trains to obtain a longitudinal 
magnetization strength recovery curve. 

Since the CPMG sequence (Carr-Purcell-Meiboom-Gill) can greatly eliminate the 
signal attenuation caused by the inhomogeneity of the external magnetic field, the 
self-selected pulse train signal is usually selected for the transverse relaxation time 
T2 for testing. The pulse consists of a 90° pulse and several 180° pulses, as shown 
in Fig. 3. For molecular systems with simple structures, the attenuation signal of the 
measured echo peak. 

In this study, the T1–T2 combination method is adopted; that is, the combination 
of IR-CPMG is used to detect the aging degree of the composite insulator, and the 
pulse train signal is shown in Fig. 4.

Fig. 2 The signal of inverse 
recovery 

Fig. 3 The sequence of CPMG 
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Fig. 4 The sequence of IR-CPMG 

4 Insulator Aging Degree Detection 

The record information of aging composite insulator samples is shown in Table 1, 
the service life of the three composite insulators is 7 years, 5 years and 12 years, 
respectively, and the samples sent for inspection are collected from the same part at 
the middle end of the composite insulator. 

In this experiment, the Suzhou Newman Insulator Aging Relaxation Spectrum 
Analyzer was used for data acquisition and inversion, the magnet field strength 
in the analyzer was 0.5T, and the temperature control of the permanent magnet 
by the instrumentation was constant at 32 °C; to improve the smoothness of the 
distribution of T2 one-dimensional spectral data, the SIRT algorithm was used for 
signal inversion. 

The experiment first uses a standard NMR continuous echo sequence, that is, 
the CPMG signal, to measure the T2 relaxation spectrum time-domain signal of 
the sample; the parameters of the CPMG sequence in the experiment are shown in 
Table 2. 

Table 1 The information of aging insulators 

Sample number The age of the 
sample 

Degree of aging Voltage level (kV) Production 
location 

1# 7 years Slight chalking and 
cracking 

±500 Zibo, 
Shandong 

2# 5 years No chalking, and 
slight cracking 

500 Cangzhou, 
Hebei 

3# 12 years Severe chalking 
and cracking 

1000 Xiang Yang, 
Hubei 

Table 2 CPMG sequence parameters 

Sequence 
Parameters 

Center 
frequency 
(MHz) 

90° pulse 
width (μs) 

180° 
pulse 
width 
(μs) 

Echo 
time 
(ms) 

Number of 
echoes 

Number of 
accumulations 

Value 20.5539 7 11.04 1 200 4
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Fig. 5 The T2 lateral 
relaxation time spectrum of 
three samples 

In the T2 relaxation spectrum, the lateral relaxation time T2 of the H atoms in 
the atomic cluster is the abscissa corresponding to the respective peaks, and the area 
enclosed by the peaks and the transverse axis can be the tent of the H atoms in the 
crest atomic cluster, as shown in Fig. 5. 

From the area of the curve, sample 2 measured the largest inversion crest area. The 
area of the principal peak was 1062.874. The area of the secondary peak was 38.275, 
followed by the crest area of sample 1, the area of the principal peak was 874.422, 
and the area of the secondary peak was 31.544; In contrast, the crest area of sample 
3 was much smaller than that of sample 1 and sample 2; the area of the two peaks 
was 192.627 and 7.92, respectively. The measurement results are consistent with the 
corresponding aging degree of the experimental sample in Table 1; that is, sample 3 
has the most aging severe degree, the umbrella skirt pulverized and cracked seriously, 
followed by sample 1, with the umbrella skirt pulverized and slightly cracked, and 
the lightest aging degree is only slightly cracked sample 2. 

In general, the lateral relaxation time of NMR can reflect the proximity between 
hydrogen atoms, and the lateral relaxation time is an essential characteristic quantity 
that reflects the state of hydrogen atoms in a substance. From the relaxation time of 
the prominent peaks of the three samples, the relaxation time of samples 1 and 2 was 
the shortest, the T2 relaxation time corresponding to the two prominent peaks was 
the same as 2.31 ms, and the T2 relaxation time corresponding to the main peak of 
sample 3# was 2.01 ms. With increasing sample aging, the T2 relaxation time of the 
main peak showed an overall decreasing trend. 

In order to more intuitively reflect the aging degree of composite insulator samples 
of different ages and distinguish atomic groups more intuitively, we used the method 
of T1–T2 joint inversion and used IR-CPMG sequence for testing. The inverted time 
series of the IR signal is shown in Table 3.

For the CPMG signal in this joint sequence, we take the same parameters as in 
Table 2, and the measured two-dimensional relaxation spectrum is shown in Fig. 6.

From the combination of the T1–T2 spectra, we obtained the distribution curve 
of log(T1/T2), as shown in Fig. 6. There were four peaks in the distribution curve, 
and the T1/T2 ratio for each peak in the three samples did not change significantly.
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Table 3 The inverted time series of the IR signal 

Serial number 1 2 3 4 5 

Reversal time (ms) 0.09 0.17 0.51 1.50 4.43 

Serial number 6 7 8 9 10 

Reversal time (ms) 13.09 38.70 114.42 338.27 1000

Fig. 6 IR-CPMG combined relaxation spectrum

The lower peak of T1/T2 corresponds to the brightest peak in the T1–T2 spectrum 
in Fig. 6, representing the most crucial hydrogen-containing group in silicone rubber 
insulators. The height of the joint relaxation spectrum varies for insulator samples 
with different aging ages. The height of the relaxation spectrum of sample 2 was 
39.85, followed by the height of the relaxation spectrum of sample 1 was 30.41, and 
the height of the relaxation spectrum of sample 3 was 13.77. 

In addition, we analyzed the integral values of the height under the combined 
relaxation spectrum of T1–T2, as shown in Table 4. The integral values corresponding 
to peaks 1 and 2 decreased significantly with the change in aging degree, representing 
the two hydrogen-containing groups with the most significant influence on the aging 
degree. In contrast, the integral value changes of peaks 3 and 4 did not seem obvious. 
Proportionally, with an increase in aging years, the integral proportions of peaks 3 
and 4 were 7.1%, 7.7%, and 17.4%, respectively, and the proportion increased with 
an increase in the aging age of the sample. 

Compared with the T2 relaxation spectrum excited by a single CPMG signal, the 
T1–T2 combined relaxation spectrum measured by the IR-CPMG sequence can more 
intuitively reflect the hydrogen-containing groups in the sample. From the leading 
hydrogen-containing group of the joint spectrum, the peak height and integration of 
the sample decreased significantly with increasing aging age. In future research, other

Table 4 The integral value of the spectral peak 

Spectral peak serial number 1 2 3 4 

Sample1 1877.397 982.651 166.097 69.748 

Sample2 2268.932 1238.664 188.125 79.587 

Sample3 635.737 445.308 157.781 69.745 
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sequences such as PIR-CPMG and BE-CPMG can be considered for the inversion of 
two-dimensional relaxation spectra. The specific changes and cleavage processes of 
internal hydrogen-containing groups can be analyzed from a microscopic perspective 
according to multiple sets of two-dimensional relaxation spectra. 

5 Conclusion 

In this study, relaxation spectrum analysis of insulator samples with different running 
hours of the hanging network was carried out using a nuclear magnetic resonance 
relaxation spectrum detection instrument. First, the CPMG sequence was used to 
analyze the aging degree of the existing insulator samples, which verified the feasi-
bility of the T2 relaxation spectrum for aging detection. The IR-CPMG signal was 
used to measure the T1–T2 two-dimensional relaxation spectrum, and it was found 
that the height and integral value of the combined relaxation spectrum changed signif-
icantly with an increase in the aging age of the composite insulator, which would be 
more conducive to the analysis of the aging degree of the composite insulator. The 
analysis of the T1–T2 combined relaxation spectrum in this study provides a new 
method for evaluating the aging degree of composite insulators for inspection work 
in power systems. 
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Simulation for the Chain Formation 
of Cellulose Particles in Flowing 
Transformer Oil Under DC Voltage 

Yuhang Yao, Mengyue Yu, Cheng Pan, Suyi Xia, and Ju Tang 

Abstract The formation of impurity bridges in transformer oil can be altered by 
the oil flow, which in turn influences the breakdown progress of contaminated oil. 
In this paper, a solid–liquid two-phase flow model that incorporated both uniform 
and non-uniform electric fields was developed. The chain-forming behaviors in oil 
were simulated under various flow velocities and the experimental verification was 
carried out. It was shown that in stationary oil, the cellulose particles would gradually 
converge along the direction of electric field. Then particle chains were established 
across the gap, starting and ending with the adsorbed particles on the electrode 
surface. In non-uniform electric fields, the chains were broader and particles accu-
mulated more tightly. However, the formation of particle chains was inhibited when 
the transformer oil flowed. Furthermore, complete chains could not be formed after 
the flow velocity increased to 20 mm/s. Finally, the mechanism of particle chain 
formation and the effect of flow velocity on the bridge-forming were discussed in 
relation to the changes in the force conditions. 

Keywords Transformer oil · Cellulose particles · Flow velocity · DEP force ·
Impurity brides 

1 Introduction 

The converter transformer is one of the key equipment in the High-voltage direct 
current (HVDC) system, which plays a crucial role in ensuring safe and stable 
operation of system [1]. The oil-paper composite insulation is mainly employed 
in converter transformers, where the quality of the oil has a significant impact on 
overall insulation performance [2]. Nevertheless, during the manufacturing, installa-
tion, operation, and maintenance, transformer oil is inevitably contaminated by solid 
particles, such as metallic particles and cellulose particles. Among them, cellulose
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particles account for more than 90% of the total impurities [3]. It has been shown that 
the accumulation of solid impurities in the oil gap can cause a significant degradation 
of the insulation performance, causing serious damage to the liquid-phase insulation 
of transformers [4]. 

At present, the classic “particle bridge theory” is commonly used to explain trans-
former oil breakdown due to the impurities. That is, solid particles will accumulate 
in areas of high field strength under the action of electric field forces, forming an 
“impurity bridge” across the gap and causing insulation breakdown [5]. The bridge-
forming behaviors of cellulose particles in transformer oil have been investigated. 
Shekhar Mahmud et al. studied the bridge formation behaviors of cellulose particles 
in transformer oil under DC, AC, and AC/DC combined voltages. They founded 
that only when a stable DC electric field was applied, particle bridges would appear 
across both electrodes. And the small particles would form bridges faster [6]. Dan 
et al. studied the aggregation characteristics of cellulose particles in oil under AC 
and DC voltages and analyzed the morphological characteristics of particle bridge 
under different voltages. It was found that particles were adsorbed on the electrode 
surface in the form of short whiskers under AC voltage, while they were intercon-
nected to form fiber bridges across both poles under DC voltage [7]. Li et al. studied 
the generation and growth of impurity bridges in oil-paper insulation systems under 
constant negative DC voltage. They divided the development of bridges into three 
stages: pre-generation, growth, and initiation of breakdown. It was concluded that 
the high-risk bridges generated in the third stage were the key factors that trigger 
insulation damage, and the breakdown always occurred along the bridges [8]. 

Existing studies on the bridge formation characteristics have always been 
conducted in static transformer oil. However, the transformer oil in actual equipment 
keeps flowing due to oil circulation cooling system and temperature gradient [9]. The 
oil flow changes the force on particles and in turn affects the bridging approach. Our 
group conducted an experimental study on the bridging characteristics of cellulose 
particles in flowing oil [10]. A high-speed camera was used to capture images of 
bridge formation at different flow rates. The results showed that the oil flow changes 
the morphology of bridges and the formation of bridges is delayed or even destroyed 
at higher flow rates. However, the above study only provided a superficial analysis 
of the experimental phenomena. The bridge formation mechanism of particles in 
flowing oil still needs to be further explored. 

Based on the insufficiency of the previous study, this paper presents an exhaustive 
force analysis of cellulose particles in oil. And a simulation model of solid–liquid 
two-phase flow coupled with uniform and non-uniform electric fields was estab-
lished, respectively. The bridge-forming behaviors of particles in oil at different 
flow velocities were simulated. Finally, the mechanism of influence of oil flow on 
particle chain formation was discussed, which supports the next explanation of the 
breakdown for flowing oil.
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2 Numerical Modelling of Chain Formation 

2.1 Equations of Continuous Phase 

The schematic diagram of the solid–liquid two-phase flow model is shown in Fig. 1, 
where the continuous phase is set as transformer oil in the electrode gap, and the 
discrete phase is the cellulose particles. Since the volume fraction of particles is much 
less than 10%, the discrete phase is considered to be dispersed and the Eulerian– 
Lagrangian method can be used to solve for the particle motion. Assuming that the 
transformer oil is an incompressible Newtonian fluid, the Navier–Stokes equation is 
used to solve for the continuous phase [11]. The continuity equation is expressed in 
Eq. (1), where u is the oil flow velocity, p is the fluid pressure, ρ is the transformer oil 
density. η is the dynamic viscosity and ∇2 is the Laplace operator. FV characterizes 
the coupling relationship between the discrete phase and the continuous phase, as 
shown in Eq. (2). FD,i is the traction force of the fluid on the ith particle. r is the 
arbitrary position vector in the fluid and ri refers to the position vector of the ith 
particle. δ is the Dirac function and N is the total number of particles. 

ρ 
∂u 
∂t 

+ ρ(u · ∇)u = ρg − ∇  p + η∇2 u+Fv (1) 

Fv = −  
N∑

i=1 

F D,i δ(r − r i ) (2) 

Fig. 1 Schematic diagram of solid–liquid two-phase flow model
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2.2 Equations of Discrete Phase 

The kinetic equations in the Lagrangian coordinate system are used to calculate the 
state of motion of the particles: 

4 

3 
π R3 ρp 

dvp 
dt  

= FG + FBu + Frep + FD+FDEP+FPDEP + Fothers (3) 

where R and ρp are the radius and density of cellulose particles, vp is the particle 
velocity. Particles in oil will be subjected to gravitational force (FG), buoyancy 
force (FBu), collision force (Frep), dielectrophoretic force (FDEP), secondary dielec-
trophoretic force (FPDEP), Fothers mainly includes additional mass force, pressure 
gradient force, Magnus force, etc., which can be found in Ref. [11]. Among them, the 
gravitational and buoyancy forces on the particles can be calculated by the following 
equations: 

FG = 
4 

3 
π R3 ρp g (4) 

FBu = −  
4 

3 
π R3 ρ g (5) 

The generation mechanism of the dielectrophoretic force on cellulose particles is 
attributed to the non-uniform distribution of the electric field, and its action can be 
divided into global and local effects. Global dielectrophoretic is the motion generated 
by the interaction of the polarized particles with a non-uniform electric field. When 
the particles are suspended in solution, the charges inside the particles and inside the 
solution under the action of the external electric field produce directional movement 
along the direction of the electric field, forming an electric dipole parallel. The 
different forces on the two ends of the dipole in the non-uniform electric field cause 
the particles to move [12]. The equation for the dielectrophoretic force can be shown 
by Eq. (6), where, p is the equivalent dipole moment formed, which can be calculated 
by Eq. (7). In the equation, ε0 εm εp are the vacuum dielectric constant, the relative 
dielectric constants of the solution and the particles, respectively. 

FDEP = ( p • ∇)E (6) 

p = 4πε0εm R
3 εp − εm 

εp + 2εm 
E (7) 

From a microscopic view, when particles are close to each other, the positive 
charge on each electric dipole will attract the negative charge on another dipole, 
pushing the particles close to each other and connect together to form a chain. 
This effect calls the secondary dielectrophoretic effect [13]. The specific calculation 
formula of FPDEP between the ith and jth particle is:
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FPDEP,ij = 1 

4πε0εm 

3 

R5 
i j  

[Ri j
(
pi • p j

) + (
Ri j  • pi

)
p j 

+ (
Ri j  • p j

)
pi − 

5 

R2 
i j  

Ri j
(
pi • Ri j

)(
p j • Ri j

)
(8) 

where Rij is the Eulerian distance vector between particle i and j. For the particles 
in oil, they can be equated as isotropic cellulose spheres of radius a. In this way, 
the dipole moments of each particle in the uniform electric field are of the same 
magnitude and direction. Based on this, FPDEP in the uniform electric field can be 
reduced to Eq. (9), where θ is the angle between Rij and p. 

⎧ 
⎨ 

⎩ 
Fx = 3p

2 sin θ(1−5 cos2 θ)  
4πε0εm R4 

i j  
i x 

F y = 3p
2 cos θ(3−5 cos2 θ)  

4πε0εm R4 
i j  

i y 
(9) 

To ensure that no overlap occurs between particles, collision forces need to be 
considered. A hard sphere collision model is used to calculate the elastic collision 
forces between particles when they collide with each other [14]: 

Frep = −K0 

N∑

i=1 

exp

[
−κ

(
Ri j  

δmin 
− 1

)]
Ri j  

Ri j  
(10) 

where K0 is the collision force constant, whose magnitude is comparable to the value 
of dielectrophoretic force; 1/κ is the range of collision force action and the truncation 
distance Rc = 2a is set to reduce the operation cost. δmin is the minimum particle 
spacing. 

When the particles move in the transformer oil, they will receive the drag force 
exerted by the oil flow, which is calculated by Eq. (11), where λd is the traction 
correction factor [11]. 

FD = −6λdπηR(u − vp) (11) 

In addition, a large number of experiments have shown that cellulose particles 
will adsorb on the surface after contacting the metal electrode [3, 10]. So, adsorption 
boundary conditions are set on the upper and lower electrode surfaces. Table 1 shows 
main simulation parameters for reference and verification. The simulation duration 
is 120 s and the time step is set to 10 s−6.
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Table 1 Table captions 
should be placed above the 
tables 

Parameters Values Units 

ρ 0.85 g cm−3 

U0 1500 V 

η 0.0059 Pa s 

p0 101,325 Pa 

εr 2.2 1 

εm 4.4 1 

u0 0–20 mm s−1 

ρp 0.93 g cm−3 

R 50 μm 

g 9.85 m s−2 

D 1.5 mm 

3 Simulation Results 

3.1 Chain-Formation Between Uniform Electric Fields 

Cellulose particles with a mass fraction of approximately 0.005% were released into 
the oil gap between uniform electric fields randomly. The chain formation process 
at various flow rates between uniform electric fields is illustrated in Fig. 2.

Initially, when the transformer oil was stationary, the cellulose particles in the 
oil were randomly distributed within the uniform electric field at t = 0 s. Some 
particles contacted the electrode surface and became adhered. Over time, particles in 
the oil gradually aggregated along the electric field lines. Particle chains were formed 
spanning the gap, which began and ended with particles adsorbed on the electrode 
surface. At approximately t = 10 s, complete particle chains were observed in the 
gap. Furthermore, after the simulation duration reached 20 s, three complete chains 
could be observed within the gap. 

When the transformer oil flowed at 5 mm/s, after being randomly introduced to the 
gap, the cellulose particles were propelled along with the oil flow by the drag force. 
During migration, particles aggregated along the electric field lines, connected with 
others head to tail and finally formed chains. However, the particle chains formed 
under the influence of oil flow took on an arc shape. At t = 10 s, the initial particle 
chain was disrupted. And the particles adsorbed on the electrode surface formed short 
chains, which tilted along the flow direction. Over time, the lengths of the short chains 
decreased, and their numbers reduced. This trend became more pronounced when 
the flow velocity was increased to 20 mm/s. As the rate of particle migration with 
oil flow accelerated, complete long chains of particles would no longer be formed, 
and only several short chains of particles remained on the electrode surface. Their 
lengths were significantly shorter than those observed at 5 mm/s. Collectively, the
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Fig. 2 Chain formation of cellulose particles in uniform electric field at different flow velocities

results indicated that oil flow disrupted the bridging behaviors of cellulose particles 
spanning the gap. 

3.2 Chain-Formation Between Non-uniform Electric Fields 

Figure 4 shows the simulation results of the chain formation behaviors of fiber 
particles in a non-uniform electric field. In the stationary transformer oil, cellulose 
particles were randomly released into the oil gap at 0 s. After that several particles 
migrated toward the arc-top of the ball electrodes and remained on the electrode 
surface upon contacted. As time elapsed, discrete particles in the oil gap gradually 
converged towards the high field strength region and began to connect with each 
other. Particle chains between two electrodes were built, i.e., the impurity particles
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bridge. In contrast to the particle chain formed in a uniform electric field, the particle 
bridge in the non-uniform electric field was thicker and the particles accumulated 
more closely. 

When the transformer oil flowed at 5 mm/s, the chain-forming behaviors were 
simulated, as depicted in Fig. 3b. Similar to the scenario in the uniform electric field, 
the particles also migrated with the oil flow upon released. The particles located in 
the vicinity of the electrode surface were the first to adhere to it. Subsequently, the 
particles at the entrance migrated towards the high field strength region with the 
oil flow and gradually converged to the particle pile at the top of the electrode arc. 
However, only a fraction of particles at the exit could be adsorbed by the particle 
chains. A few particles migrated out of the simulation region with the oil flow, thereby 
not participating in the chain formation. At 10 s, a complete particle chain could be 
observed between the gaps. However, the presence of oil flow resulted that the center 
of this chain became slightly shifted in the direction of oil flow, leading to a reduction 
in the thickness at this location. Nevertheless, with a further increase in the flow rate, 
the migration rate of particles increased and the number of particles that could be 
adhered decreased. After 20 s, the particles could only form particle mounds at the 
arc-top of the electrodes, and a complete particle chain could not be observed.

4 Experimental Verification 

To verify the simulation results obtained in this study, the platform for observing 
cellulose particles in oil was established, as described in detail in the [10]. Exper-
imental observations of particle chains in uniform and non-uniform electric fields 
were conducted. The electrode spacing was set to 2.5 mm, and the applied voltage 
was +2.5 kV, to ensure that the electric field strength corresponded to the simulation 
model. The total observation time was 60 s, and images were captured at 0, 5, 20, 
and 60 s, respectively. 

The observed images of the chain formation in a uniform electric field are 
presented in Fig. 4. When the oil flow was stationary, the cellulose particles in the oil 
gradually converged in the direction of the electric field, forming several complete 
chains. As time progressed, the number of particle chains increased. When the flow 
velocity was 5 mm/s, particle chains were already observed at 5 s. As time passed, 
the particle chains would migrate with the oil flow, and eventually, only a few short 
chains could be formed in the gap. When the flow velocity increased to 20 mm/s, 
complete particle chains could not be formed and the length of the particle short 
chains on the electrode surface decreased. 

The observed results of the forming process in a non-uniform electric field are 
presented in Fig. 5. In stationary oil, the cellulose particles rapidly converged towards 
the center of the gap after the electrodes were energized and oriented themselves 
into a long chain connecting the two electrodes, namely “particle bridge”. As time 
progressed, the particle chain became thicker. When the flow velocity increased to 
5 mm/s, coherent chains of particles could still be formed in the oil gap, but their
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Fig. 3 Chain formation of cellulose particles in non-uniform electric field at different flow velocities
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Fig. 4 Chain formation images of particle chains in uniform electric field

morphology changed. The center of the long chains tilted in the direction of the flow 
velocity, resulting in a curved shape. And the chains would become progressively 
wider with time. However, when the oil velocity increased to 20 mm/s, the formation 
of chains was inhibited and the cellulose particles only formed short whisker-like 
chains on the electrode surfaces. In summary, the experimental observations were 
consistent with the simulation results, indicating that the formation of particle chains 
was influenced by the oil flow.

5 Discussion 

5.1 Mechanism of Chain-Forming of Cellulose Particles 
in Transformer Oil 

To investigate the mechanism behind the formation of cellulose particle chains in oil, 
it is necessary to conduct a thorough analysis of the force conditions on particles. 
Specifically, the force changes on a certain particle (No. 105) in the uniform electric 
field were evaluated as it interacted with the particle chain, as shown in Fig. 6a. Prior 
to 0 ms, the particle was free in transformer oil and gradually approached the particle 
chain due to FPDEP. At 0 ms, the particle contacted with the particle chain, resulting 
in a significant increase in FPDEP. The interparticle collision led to a rapid surge in 
Frep. This sudden collision also caused the particle’s velocity to rapidly decrease 
to zero, in turn reduced FD to zero. Subsequently, the particle was adsorbed by the 
particle chain, and Frep and FPDEP balanced each other.
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Fig. 5 Chain formation images of particle chains in non-uniform electric field

Fig. 6 Changes on force conditions on the cellulose particle during chain formation 

For the non-uniform electric field, we analyzed the variation of force conditions 
on a typical particle (No. 71) in the static oil. Figure 6b illustrates force changes in 
the vertical direction before and after convergence into the particle chain. In the non-
uniform electric field, the particle experienced a dielectrophoretic force (~300 nN) 
that drove it towards the electrode surfaces. The particle then contacted the particle 
stack at 0 ms. As the distance between the particles shortened, FPDEP and Frep between 
particles instantaneously increased, causing the particle velocity to rapidly decrease 
to zero. Then, this particle was adsorbed by the particle chains. FDEP, FPDEP, and
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Frep which was in the opposite direction balanced each other, thereby maintaining 
the formation of the particle chain. 

In summary, FPDEP plays a pivotal role in the process of particle chain forma-
tion. It makes the particles adsorb each other and maintains the stable state of 
particle chains. Additionally, FDEP in the non-uniform electric field can drive particles 
towards regions of high field strength, promoting the chain formation. 

5.2 Effect of Flow Velocity on the Chain-Forming 
of Cellulose Particles 

Based on the result in Sect. 3, it is evident that the oil flow will hamper the formation of 
particle chains. Complete chains are hard to be constructed at higher flow velocities. 
To investigate the effect of flow velocity on particle chain formation, we examined 
the forces acting on a certain particle within the particle chain in flowing oil, as 
illustrated in Fig. 7. 

In the uniform electric field, particle No. 20, which was situated at the end of an 
inclined particle chain, mainly experienced the FD and the FPDEP in the horizontal 
direction. These two forces acted in opposite directions but were of similar magni-
tude. They allow the particle to maintain its position without being carried away by 
the oil flow. Additionally, the FD exerted on the particle was calculated when the flow 
velocity increased to 20 mm/s. The result shows that the increase in flow velocity 
led to a significant rise in the horizontal component of the FD, rendering the particle 
unable to maintain force equilibrium. This, in turn, led to the fragmentation of the 
particle chain. 

As for the non-uniform electric field, particle No. 80 was located at the center of 
the oil gap, where the particle chain was the most slender and fragile. At this point, the 
particles were primarily subject to FDEP, FPDEP, FD, and Frep. The  FDEP balanced FD

Fig. 7 Force conditions on the cellulose particle in flowing transformer oil 
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in the horizontal direction, ensuring the formation of complete chains in flowing oil. 
However, as the flow velocity increased further, the drag force significantly increased 
and overwhelmed FDEP, destructing of the particle chains. 

In conclusion, the oil flow will disrupt the formation of particle chains. In the 
uniform electric field, the FPDEP is crucial for maintaining the morphology of the 
particle chains. The chain-forming will be inhibited due to the increasing of the FD. 
In the non-uniform electric field, the FDEP can counteract the FD in the horizontal 
direction to a certain extent, allowing the formation of particle chains at low flow 
velocity. However, the oil flow will destroy and fragment the particle chains as the 
velocity further increases. 

6 Conclusion 

When the transformer oil is stationary, cellulose particles will gradually converge 
along the direction of the electric field, forming a long chain across the gap. Particles 
accumulate more closely in the non-uniform electric field and the particle chains 
formed will be wider. However, when the transformer oil flows, the formation of the 
particle chains will be hindered. Complete particle chains even cannot be formed 
when the flow velocity increases to 20 mm/s. 

The secondary dielectrophoretic force is the main reason for the arrangement of 
cellulose particle chains. And the dielectrophoretic force in the non-uniform electric 
field can push the particles to the high field strength region, promoting the formation 
of particle chains. However, as the transformer oil flows at a higher velocity, the drag 
force in the horizontal direction becomes significantly higher, and the secondary 
dielectrophoretic force and the dielectrophoretic force cannot balance its effects. 
The equilibrium state of particles is broken and the particle chains are difficult to 
form. 
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Calculation and Analysis of Induced 
Voltage in Overhead Ground Lines 
of UHVDC Transmission Lines After 
Ground Insulation Modification 
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Abstract The insulated ground wire of ultra-high voltage direct current (UHVDC) 
transmission lines may produce induced voltage due to proximity to operating lines 
after insulation modification, which can affect the safety of the equipment and opera-
tors in the deicing circuit. In this paper, a calculation model for induced voltage after 
the insulation modification of UHVDC transmission line ground wire was estab-
lished. The influence of model symmetry, grounding switch status, and soil resis-
tivity on induced voltage was quantitatively studied, and field tests were conducted 
on ±800 kV transmission lines for verification. The results show that the asymmetry 
of the ground wire and optical cable in UHVDC transmission lines is an important 
factor affecting calculation accuracy. When there is a grounding point in the deicing 
circuit, the main influencing factor of induced voltage changes from the electrostatic 
induction component generated by the DC voltage to the electromagnetic induction 
component generated by the ripple current, with an effective value of 783 V in this 
project. The calculation and measurement results in this paper can provide reference 
and basis for the design and construction of ground deicing devices and deicing 
circuits in UHVDC transmission projects. 
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1 Introduction 

Ultra-high voltage (UHV) transmission is one of the important indicators of the 
development level of the power industry, and is an inevitable requirement for long-
distance power transmission. UHV transmission can increase transmission capacity 
and transmission distance, reduce the engineering cost of unit power transmission, 
reduce line losses, and save land occupation for transmission corridors. It conforms 
to China’s national conditions, conforms to the development trend of the power grid, 
and has significant comprehensive economic and social benefits [1, 2]. 

As global climate change continues, the 0 °C line in China is moving northward 
and westward, and the harm of icing to transmission lines is becoming increasingly 
serious. In early 2022 alone, a series of UHVDC transmission lines including Qishao, 
Binjin, Shanwu, and Yahuhad incidents of ground wire (including optical cable, 
etc.) breakage, tension clamp detachment, suspension clamp fracture, and crossarm 
bending caused by icing. Icing on ground wires has become the main threat to the 
safe and reliable operation of UHVDC transmission lines. 

In response to the induced voltage on the transmission lines of ultra-high voltage 
direct current (UHVDC) caused by ice melting, many scholars at home and abroad 
have conducted sufficient research. Guo et al. [3] studied the induced voltage gener-
ated at the ice melting device on the operating line of a UHV double-circuit AC 
transmission line and a stopped line. Yu et al. [4] proposed measures to suppress 
induced voltage and current using a segmented ice melting device on the same UHV 
double-circuit AC transmission line during one circuit operation and one circuit 
stoppage. Chen et al. [5] studied the electrical requirements of the insulation of the 
ground wire insulator and the parallel discharge gap after the insulation modification 
of the fiber composite overhead ground wire, but did not analyze the induced voltage 
in the ground wire after modification. Zhu et al. [6] established a mathematical 
model of ice melting vibration characteristics based on the temperature distribution 
characteristics during the ground wire icing process and analyzed the DC ice melting 
temperature and ground wire vibration characteristics. Chen [7] developed a voltage-
adjustable DC ice melting power source to meet the demand for OPGW ice melting. 
Zasypkin et al. [8] analyzed the calculation method of overcurrent and undercurrent 
relay protection current values in the relay protection composite unit of steel light-
ning protection wires for AC ice melting schemes in overhead transmission lines and 
adjusted the corresponding protection accordingly. Zha et al. [9] studied the induced 
voltage of overhead ground wires for different tower types, ground wire models, line 
lengths, and replacement methods under different operation modes of 500 kV AC 
and ±500 kV DC transmission lines. They concluded that when the ground wire is 
insulated and has no grounding point, the induced voltage increases with the line 
length, and the static induction voltage of the ±500 kV DC ground wire decreases 
significantly as long as there is one grounding point. 

However, there is a lack of research on the issue of induced voltages in the circuit 
during the process of grounding wire (including optical cable, etc.) ice melting for



Calculation and Analysis of Induced Voltage in Overhead Ground Lines … 377

ultra-high voltage direct current transmission lines, especially when the lines are 
energized. 

Compared with the transmission lines, the ground wire (including optical cables) 
of UHVDC transmission lines is more susceptible to icing because of its higher 
height, higher wind speed at the corresponding position, and no current passing 
through it during normal operation. In order to achieve ground wire live ice-melting 
without affecting the normal operation of UHVDC transmission lines, insulation 
modification is required for the ground wire originally connected to the tower 
grounding grid. Furthermore, because the optical cable has both lightning protection 
and communication functions, excessive temperature rise during ice-melting will 
cause irreversible damage to the optical cable core. Therefore, strict control of the 
temperature rise of the optical cable during ice-melting is necessary. Compared to 
other power transmission lines, ultra-high voltage direct current (UHVDC) trans-
mission lines require longer distances, taller towers, and higher levels of operational 
reliability. Therefore, the difficulty of UHVDC ground wire icing melting technology 
is greater, and there has been no successful experience of UHVDC ground wire icing 
melting both domestically and internationally Compared with conductors, the over-
head ground wire of UHVDC transmission lines is more susceptible to icing due to its 
higher height and greater wind speed at corresponding positions, and it does not pass 
operating current during normal operation. To achieve ground wire de-icing without 
affecting the normal operation of UHVDC transmission lines, it is necessary to carry 
out live-line de-icing of the ground wire. At this time, insulation transformation needs 
to be carried out on the ground wire originally connected to the tower grounding grid. 
Since optical cables have both lightning protection and communication functions, 
and UHVDC transmission lines have longer distances, higher towers, and higher 
requirements for operational reliability than other lines, the difficulty of live-line 
de-icing technology for UHVDC ground wires is also greater, and the requirements 
for equipment safety and personal safety are higher. Therefore, the calculation and 
verification of induction voltage are even more important. 

This paper conducts numerical calculations on the induced voltage on the ground 
wire in the ice melting section of the Shaanxi section of the ±800 kV Qishao line 
after the insulation transformation, providing a basis for overvoltage protection and 
insulation coordination of the output port of the deicing device. After the insulation 
transformation of the ground wire and the construction of the deicing device, field 
tests of the induced voltage were carried out at the output port to verify the accuracy 
of the simulation results.
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2 Theoretical Analysis 

2.1 Classification of Induced Voltage and Induced Current 

The electromagnetic induction parameters between operating lines and maintenance 
lines can mainly be classified into four categories. Due to the mutual capacitance 
between conductors and their capacitive coupling to ground, the operating lines will 
produce electrostatic induction voltage and electrostatic induction current on the out-
of-service lines. Due to the electromagnetic induction of conductors in alternating 
magnetic fields, there is mutual inductance between AC lines that are installed on 
the same tower, run in parallel or cross over each other and the out-of-service lines. 
The AC lines will produce electromagnetic induction voltage and electromagnetic 
induction current on the out-of-service lines. 

(1) When neither end of the line is grounded, the current is zero. At this time, 
the electrostatic coupling component plays a decisive role in the induced 
voltage, and the value is mainly related to the capacitance between circuits, 
the capacitance between conductors and ground, and the operating voltage of 
the line. 

(2) When only one end of the line is grounded, the grounding point will pass through 
the induced current, which is determined by the electrostatic coupling compo-
nent and is approximately equal to the electrostatic coupling current. At the 
same time, the other end of the line will produce a high induced voltage, which 
is determined by the electromagnetic induction voltage. 

(3) When both ends of the line are grounded, i.e., under maintenance conditions, 
the grounding point will produce an induced current, which is determined by 
the electromagnetic induction component and is mainly related to the line. 

2.2 Theoretical Calculation Model 

Based on the distributed parameter method, the equations for current I and voltage 
U at any point on the line g are [10]: 

− 
∂ U̇ 
∂ I 

= jωL İ + j ωMAg İA + j ωMBg İB (1) 

− 
∂ İ 
∂I 

= jωC0 U̇ + jωCAg
(
U̇ − U̇A

) + jωCBg
(
U̇ − U̇B

)
(2) 

where: 

U̇A, U̇B, İA and İB are the voltages and currents of the operating line, respectively; 
C0 is the unit-length ground capacitance of the adjacent line g;
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CAg and CBg are the unit-length mutual capacitances between the polar conductors 
of the operating line and line g, respectively; 
MAg and MBg are the unit-length mutual inductances between the polar conductors 
of the operating line and the adjacent line g, respectively. 

The simplified general calculation formula is: 

U̇2 = U̇1 cos γ l − j İ1 ZC sin γ l + 
α 
γ 2 

U̇A(1 − cos γ l) − j 
M 

L 
ZC İA sin γ l (3) 

İ2 = −j 
U̇1 

ZC 
sin γ l + ̇I1 cos γ l + j 

α 
γ 2ZC 

U̇A sin γ l + 
M 

L 
İA(cos γ l − 1) (4) 

where: 

γ is the propagation constant, γ = j ω
√
L
(
C0 + CAg + CBg

)
. 

M is the equivalent mutual inductance, M = MAg + MBg. 
α is the equivalent capacitance, α = −ω2L

(
CAg + CBg

)
. 

ZC is the characteristic impedance, ZC =
√
L/

(
C0 + CAg + CBg

)
. 

(1) Line with both ends open 
When both ends of the line are open, I1 = I2 = 0, for a typical line γ/ << 1, 

we have: 

U̇1 ≈ U̇2 ≈ 
α 
γ 2 

U̇A = 
CAg U̇A + CBg U̇B 

CAg + CBg + C0 
(5) 

(2) Line with one end grounded 
Assuming that the line is grounded at one end, we have I1 = 0, U2 = 0, and:

||U̇1

|| ≈ ||j(M/L)ZCİA tan γ
|| = ||jωl

(
MAgİA + MBgİB

)|| (6)

||İ2
|| ≈ ||j

(
α/γ 2 ZC

)
U̇A tan γ

|| = ||jωl
(
CAg ȦA + CBg Ḃ

)|| (7) 

(3) Line with both ends grounded 
When both ends of the line are grounded, U1 = U2 = 0, and: 

İ1 ≈ İ2 = −(
MAgIA + MBgİA

)
/L (8)
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3 The Main Factors Influencing Induced Voltage 

The Qishao ±800 kV transmission line (Shaanxi section) #2484–#2509 is 14.446 km 
long, with a length of 6481 m from section #2484 to #2495 and a length of 7965 m 
from section #2495 to #2509. The overhead ground wire type for the section 
is JLB20A-150-19, and the optical cable model is OPGW-24B1(ULL)-155. The 
schematic diagram of the ice-melting circuit is shown in Fig. 1. 

As shown in Fig. 1, the overhead ground wire and optical cable of the ±800 kV 
Qishao transmission line (Shaanxi section) in the #2484–#2509 section have been 
insulated and upgraded. The overhead ground wire and optical cable are short-
circuited at the #2484 and #2509 tower positions. At the #2495 tower, the over-
head ground wire and optical cable are respectively led down and connected to the 
DC ice-melting device through a 10 kV output cable. The operating conditions that 
were calculated and tested in this study were as follows: The ice-melting device was 
disconnected from the ice-melting output cable, and the grounding of the ice-melting 
output cable was controlled by a knife switch. Induced voltage was measured at the 
point where the ice-melting output cable was disconnected. 

According to the on-site investigation, there are no parallel or intersecting ultra-
high or extra-high voltage AC transmission lines within 3 km of the ±800 kV Qishao 
Line (Shaanxi section) #2484–#2509 section. Therefore, in normal operation of the 
line, this section mainly considers the static induction caused by ultra-high voltage 
DC transmission when calculating the induced voltage on the ground wire.

Fig. 1 Schematic diagram of ice-melting circuit 
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3.1 The Effect of Model Symmetry on Induced Voltage 

In practical engineering, on the one hand, the differences in parameters of overhead 
ground wires and optical cables lead to different temperature characteristics and 
sag, resulting in differences in the distance between the wires. On the other hand, 
the power lines are not arranged completely straight and horizontally, and there are 
differences in inner angle side, outer angle side, and height, which make the two sides 
of the ground wire slightly lose model symmetry with the change of the line direction. 
Therefore, in practical engineering, the distance D1 between the optical cable and 
the wire and the distance D2 between the overhead ground wire and the wire are not 
exactly equal. In other words, in actual working conditions, there exists a distance 
difference D = |D1 − D2| between the two, which is difficult to accurately obtain. 
Based on operation and maintenance experience and field observations, the estimated 
D value within the actual ice melting section is no more than 3 m. Therefore, when 
the distance is 1, 2, and 3 m respectively, the induced voltage in the ice melting circuit 
is calculated, and the results are shown in Table 1 and Fig. 2. 

From Table 1 and Fig. 2, it can be seen that the calculated induced voltage of the 
ice melting circuit is close to 0 when D = 0. This is because in the ice melting circuit 
after the short-circuit between the overhead ground wire and the optical cable, the 
induced voltage generated by one pole wire on the overhead ground wire cancels

Table 1 The effect of 
distance difference D on 
induced voltage 

D (m) Induced voltage (V) 

0 0.520 

1 5603 

2 11,130 

3 16,130 

Fig. 2 The effect of distance 
difference D on induced 
voltage 
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Table 2 The effect of 
grounding switch state on 
induced voltage 

Condition One open Both grounded Both open 

Induced voltage (V) 0.0026 0.0014 16,128 

out with the induced voltage generated by the other pole wire on the optical cable. 
With the change of distance D, the symmetry of the model is lost, and the induced 
voltage in the ice melting circuit increases linearly. It reaches 16.13 kV when D = 
3 m. Therefore, in the calculation and analysis of actual engineering, it is necessary 
to pay attention to the influence of model symmetry, otherwise it will lead to a large 
deviation between the calculation results and the actual situation. 

3.2 The Effect of Grounding Switch State on Induced Voltage 

According to the theoretical analysis in the previous section, the induced voltage in 
the icing circuit has significant differences when the circuit is open at both ends, 
grounded at one end, or grounded at both ends. Here, we continue to validate the 
asymmetric model and present the calculation results in Table 2. 

From Table 2, it can be seen that when the circuit is open at both ends, there is 
a significant induced voltage in the ice melting circuit due to the influence of the 
nearby operating ultra-high voltage direct current transmission lines. However, once 
there is a grounding point in the entire circuit, the induced voltage will rapidly drop 
to near zero, consistent with the theoretical analysis results. 

3.3 The Effect of Earth Resistivity on Induced Voltage 

The induced voltage at the end of the ice melting ground wire was calculated when the 
ice melting ground wire was open at the ice melting device in earth with equivalent 
uniform resistivity of 100 Ω m, 500 Ω m, 1000 Ω m and 2000 Ω m, and the results 
are shown in Table 3 and Fig. 3. 

Table 3 The effect of earth resistivity on induced voltage 

Earth resistivity (Ω m) Induced voltage (V) 

One open Both grounded Both open 

100 0.0015 0.0003 16,128 

500 0.0026 0.0014 16,128 

1000 0.004 0.0028 16,128 

2000 0.0067 0.0056 16,128



Calculation and Analysis of Induced Voltage in Overhead Ground Lines … 383

Fig. 3 The effect of earth resistivity on induced voltage 

As shown in Table 3 and Fig. 3, the earth resistivity has little effect on the induced 
voltage on the ice melting ground wire when the circuit is open at both ends. As 
shown in Fig.  2, under the condition of grounding at one end or both ends, the earth 
resistivity indirectly affects the induced voltage at the grounding point by influencing 
the grounding resistance at the grounding point. This results in the induced voltage 
increasing linearly with earth resistivity. However, since the static induced voltage 
in both of these conditions is overall close to zero, it can be ignored. 

4 Results of Field Testing 

Measurements were taken on the induced voltage/induced current on the overhead 
ground wire/fiber optic cable of the #2484–#2509 section of the ±800 kV Qishao 
transmission line after its insulation was upgraded. The test results were compared 
with the calculated results as shown in Table 4. 

As  shown in Table  4, the measured DC component of the induced voltage on the 
overhead ground wire/fiber optic cable of the ±800 kV Qishao transmission line 
#2484–#2509 section after the insulation upgrade corresponds to the D = 2.51 m

Table 4 Measured value of induced voltage 

Condition Induced voltage (DC) (V) Induced voltage (AC) (V) 

Both open 13,716 412 

One open 0 783 
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condition under the open circuit condition in the calculated results obtained by inter-
polation. Once there is a grounding point in the ice melting circuit, the DC component 
rapidly returns to zero, consistent with the theoretical analysis and calculated results. 

However, in the actual measurement, there is still an AC component with an 
effective value in the ice melting circuit, as shown in Fig. 4. According to the on-
site investigation, there are no ultra-high voltage AC transmission lines around the 
entire ice melting circuit section, so the AC component was not considered in the 
calculation, resulting in a difference between the calculated and measured results. 

The AC induced voltage waveform in Fig. 4 was subjected to Fourier analysis, 
and the results are shown in Fig. 5.

According to the Fourier analysis results, the main frequency of the induced 
voltage is distributed at 1500 Hz, followed by frequencies of 1200 Hz, 900 Hz, 
300 Hz, and 1800 Hz, which are speculated to be caused by the ripple voltage elec-
tromagnetic induction generated by the ±800 kV ultra-high voltage DC transmission 
line. 

Further, the induced voltage value caused by the ripple voltage was calculated 
based on the D = 2.51 m model, and the calculation results are shown in Table 5 and 
Fig. 6.

Fig. 4 Measured AC component of induced voltage on overhead ground wire/fiber 
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Fig. 5 The FFT result of measured AC component of induced voltage

Table 5 The effect of rippled 
voltage and rippled current on 
induced voltage 

Rippled voltage (V) Rippled current (A) Induced voltage (V) 

500 3 797 

1000 3 797 

5000 3 797 

5000 30 7966 

5000 300 77,872

From the calculation results, it can be seen that under the condition of grounding at 
one end of the ice melting loop, the induced voltage is mainly affected by electrostatic 
induction, and it increases linearly with the increase of ripple current, regardless of 
the value of ripple voltage (Fig. 7), which is consistent with theoretical analysis. 
Based on numerical fitting, taking the measured electromagnetic induced voltage at 
a frequency of 1500 Hz as an example, the corresponding value of ripple current is 
4.88 A.
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Fig. 6 The effect of rippled 
current on induced voltage

Fig. 7 The effect of rippled 
voltage on induced voltage 

5 Conclusion 

(1) Ultra-high voltage transmission lines usually use double ground wires (one of 
which is OPGW). Although the hanging points of the designed ground wires are 
symmetrical, the actual engineering often causes the model to lose symmetry 
due to different sagging and other reasons, which should be taken seriously in 
simulation calculations, otherwise significant computational errors may occur. 

(2) After the insulation transformation of the ground wire, the induced voltage in 
the ground wire is mainly affected by the electrostatic induction voltage of 
the operating line, and once there is a grounding point in the loop, the DC 
electrostatic induction voltage will quickly decrease to near zero as the voltage 
of the operating line linearly changes.
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(3) In the ground wire icing circuit with a single point of grounding, the induced 
voltage is mainly caused by the electromagnetic induction of the ripple voltage 
of the ultra-high voltage DC transmission line, which increases linearly with the 
increase of the ripple voltage. In this project, the induced voltage value reaches 
783 V. The calculation and measurement results of this article provide a typical 
value of induced voltage for the ground wire icing circuit of ultra-high voltage 
projects, which can provide reference for the design of ground wire icing devices 
and induced voltage suppression in subsequent ultra-high voltage projects. 

Acknowledgements Sincerely gratitude for the project supported by State Grid Corporation of 
China Scientific and Technological Project “Research on Key Technologies of On-Site Rapid Detec-
tion and Performance Improvement of New Grounding Materials” (5500-202232127A-1-1-ZN). 

References 

1. Liu Z (2013) Technical innovation of ultra-high voltage AC transmission in China. Power Syst 
Technol 37(03):567–574. https://doi.org/10.13335/j.1000-3673.pst.2013.03.020 (in Chinese) 

2. Peng K (2015) Study on induction voltage and current of 1000kV AC ultra-high voltage trans-
mission line on 500 kV AC transmission line conductor. Shanghai Jiao Tong University (in 
Chinese) 

3. Guo Z, Lu J, Yu Z, Tan Y, He J, Hu J, Li B, Zhang H (2013) Analysis of induced voltage in 
de-icing devices for special high-voltage double-circuit transmission lines on the same tower. 
Power Syst Technol 37(11):3015–3021. https://doi.org/10.13335/j.1000-3673.pst.2013.11.010 
(in Chinese) 

4. Yu Z, Guo Z, Lu J, Tan Y, He J, Hu J (2014) Suppression measures for induced voltage and 
current in segmented de-icing devices of special high-voltage double-circuit transmission lines 
on the same tower. High Voltage Eng 40(05):1332–1338. https://doi.org/10.13336/j.1003-6520. 
hve.2014.05.007 (in Chinese) 

5. Chen X, Xia C, Zhu H, Ma Z, Yin Y, Zhang Y (2017) Electrical requirements for insulators and 
parallel discharge gaps of composite fiber overhead ground wires in DC de-icing insulation 
transformation. High Voltage Eng 43(08):2733–2738. https://doi.org/10.13336/j.1003-6520. 
hve.20170731039 (in Chinese) 

6. Zasypkin AS, Nagay VI (2021) The calculation method of ice melting schemes’ relay protection 
settings and clarification of the ice depositions control method on steel lightning protection 
wires. J Phys Conf Ser 2096(1). https://doi.org/10.1088/1742-6596/2096/1/012045 

7. Chen H, Zi ZN, Hua Z (2022) Research and application of ice melting power supply for OPGW. 
IET Conf Proc 2022(5):685–689. https://doi.org/10.1049/cp.2022.0516 

8. Zhu H, Han Z, Xing H, Xu D, Zhang R, Liu C, Chen W (2023) DC ice-melting operation of the 
ground wire based on the characteristic investigation of the thermal structure coupling effect. 
Electr Power Syst Res 218, Article 107586. https://doi.org/10.1016/j.epsr.2022.107586 

9. Zha ZP, Li ZQ, Ying L, Mian F (2022) Study on overhead ground wire induced voltage of 
500 kV AC/DC transmission lines for ice melting. In: Proceedings—2022 7th Asia conference 
on power and electrical engineering, ACPEE 2022, pp 1704–1711. https://doi.org/10.1109/ 
ACPEE53736.2022.00181 

10. Wang Y (2008) Simulation experiment research on induced voltage and current of 500 kV 
double-circuit transmission line on the same tower. Shenyang University of Technology, 
Shenyang (in Chinese)

https://doi.org/10.13335/j.1000-3673.pst.2013.03.020
https://doi.org/10.13335/j.1000-3673.pst.2013.11.010
https://doi.org/10.13336/j.1003-6520.hve.2014.05.007
https://doi.org/10.13336/j.1003-6520.hve.2014.05.007
https://doi.org/10.13336/j.1003-6520.hve.20170731039
https://doi.org/10.13336/j.1003-6520.hve.20170731039
https://doi.org/10.1088/1742-6596/2096/1/012045
https://doi.org/10.1049/cp.2022.0516
https://doi.org/10.1016/j.epsr.2022.107586
https://doi.org/10.1109/ACPEE53736.2022.00181
https://doi.org/10.1109/ACPEE53736.2022.00181


Numerical Modeling of the Arc 
in Switching-Type SPD 

Yipeng Zhang, Qibin Zhou, Yijie Xiao, Xiaoyan Bian, and Zhenyu Pang 

Abstract Surge protection is very important for the safe operation of power system. 
The application of Surge Protective Device (SPD) is the one of key measures of 
surge protection. Due to its high surge absorption capability, switching-type SPD 
is widely used in various scenarios of power systems. The follow current in the 
switching-type SPD which will generate continuous arc is one of the main problems 
to this type of SPD. How to extinguish the follow current arc is the key problem of 
developing switching-type SPD. In this paper, a two-dimensional numerical model of 
follow current arc inside a switching-type SPD is established based on the magneto 
hydro dynamic (MHD) model. The simulation results show that the air flow and 
the configuration of splitter plates in the arc extinguish chamber greatly affect the 
extinguishment of the arc. The stronger air flow and the convex configuration of 
splitter plates make the arc extinguished more easily. The conclusion of this paper 
will be beneficial for the optimization of switching-type SPD design. 
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1 Introduction 

For all kinds of AC and DC systems, surge can pose a great threat to the equipment. For 
instance, some PV systems are not sufficiently protected against lightning, accounting 
for approximately 26% [1]. Therefore, measures of lightning protection should be 
adopted to reduce the risk to a tolerable level in indirect and direct lightning strikes. 

Due to the special non-linear voltage-current characteristic, Surge Protective 
Device (SPD) is generally used to absorb the surge current and discharge to the 
earth. In IEC 62305-4:2020, the Surge Protection Measures (SPM) is formed with 
different types of SPDs [2]. There have been many researches on SPD nowadays. 
For instance, Luis Ignacio Colina Jimenez discussed a problem how the creeping 
discharge spark gap (CDSG) principle can be applied to SPDs [3]. Falun Song 
analyzed the relationship between the breakdown voltage and the optimal operation 
frequency [4]. 

In IEC 61643-11, SPD is divided into two kinds [5]. Among them, the switching-
type SPD is widely used in various power supply systems due to its surge absorption 
ability. Some problems will be caused in practice by the defective design of the spark 
gap which is the main component of SPD. When the surge is passed by the switching-
type SPD, an arc will be generated in the spark gap. The arc burns continuously 
because of the line voltage applied at the ends of the SPD, which will make the 
device on fire resulting in significant economic loss and outage. Therefore, it is of 
great significance to study the development and extinguishment of the arc in the 
spark gap. 

Magneto hydro dynamics (MHD) methods are often used to establish the mathe-
matical model of arc [6–8]. This paper discusses a special-designed spark gap with 
an arc extinguisher. Section 2 introduces the arc modeling theory and the magneto 
hydro dynamics (MHD) model. The model is established and simulated in Sect. 3. 
The simulation results is analyzed in Sect. 4. Through simulation and analysis, the 
ability to extinguish the arc will be improved in the switching-type SPD, which 
enhances the safety of power systems. 

2 Modeling Methodology 

In microcosmic view, arc is a kind of plasma containing many charged particles. In 
macroscopic view, arc can be viewed as a magnetic fluid consisting of four physical 
fields—electric, magnetic, temperature, and fluid fields. The magneto hydro dynamic 
(MHD) model, which consists of several equations for these four physical fields, can 
calculate the state of the arc. 

Figure 1 shows how the MHD model is coupled. The temperature field affects the 
electric field by changing the conductivity of air at different temperatures, so as to 
solve the current density J. The current density solved in the electric field affects the 
spatial magnetic field distribution B through the Ampere theory. Lorentz force F is
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Fig. 1 Coupling mechanism of MHD model 

formed under the combined action of magnetic field distribution and space current. 
Lorentz force causes the flow field to shrink and further affects the space temperature 
change. 

Based on the coupling of the above four physical fields, the MHD model can be 
established and the arc properties can be calculated. 

3 Simulation Model and Its Boundary Condition 

According to the modeling approach in Sect. 2, this section simplifies the arc model. 
A two-dimensional arc simulation model is established in COMSOL-Multiphysics. 
As shown in the Fig. 2, the simulation area is concentrated between two electrodes 
and grid area. The model mainly includes copper electrodes, iron splitter plate group, 
inlet and outlet.

In order to facilitate the convergence of simulation calculation and reduce the 
complexity of simulation, some assumptions are introduced in the simulation: 

(1) Without considering the initial process of arc formation, assuming that the arc is 
already stably burning between the electrodes at the beginning of the calculation 
(t = 0.05 ms). 

(2) Assuming that the arc plasma always satisfies the local thermodynamic 
equilibrium (LTE) state. 

(3) The flow of the arc plasma generated by electromagnetic force is laminar. 
(4) The air flow generated by the material is simulated by a constant pressure.
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Fig. 2 Simulation model of 
switch-type SPD

Splitter Plates 

Electrode 

Air Outlet 

Air Inlet

4 Simulation Results and Discussion 

4.1 Simulation of Arc Development Process 

In this section, the elongation, bending and extinguishing process of the arc under 
the effect of air flow and Lorentz force were simulated. During this process, the 
distribution of arc voltage and temperature was obtained. 

The arc temperature distribution at different times is shown in Fig. 3. At 0.05 ms,  
there is a fluid with a high central temperature in the middle of the electrode. This 
hot fluid is the arc at the initial moment. The temperature of the arc is very high. It’s 
maximum temperature at the arc root can even reach more than 20000 K. The arc is 
forced downward by the Lorentz force and the air blow. At 0.35 ms, under the effect 
of force, the arc develops steadily down the chamber wall. As the arc is gradually 
stretched, its temperature also drops. At 0.55 ms, when the arc enters the metal 
splitter plates, the arc is squeezed and curved. At 0.65 ms, the arc completely enters 
the splitter plates and is divided into several independent short arcs. The maximum 
temperature of the arc decreased significantly. At 0.75 ms, under the Lorentz force 
and air flow field, the short arc located in the middle part of the splitter plates group 
first spray out of the splitter plates area, and the maximum temperature of the arc 
continued to decrease. It is generally believed that the arc is successfully extinguished 
at this time. The temperature profile at 1.1 ms also verified this conclusion. The arc 
has mostly dissipated and the temperature is gradually dropping to space temperature.

The voltage, current and maximum temperature curves of the arc is shown in 
Fig. 4. As time goes by, the arc is gradually elongated. Therefore, the arc voltage
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Fig. 3 Arc temperature 
distribution at different times

gradually increases while the arc current decreases with time. The arc is extinguished 
when the current value is reduced to 0 A or the potential difference reaches 220 V. The 
maximum temperature of the arc gradually decreases. In particular, the maximum 
temperature decreases rapidly from 0.65 to 0.75 ms. It is the time for the arc to enter 
the splitter plates. The arc energy dissipates rapidly under the effect of the splitter 
plates.

4.2 Simulation of Arcs Under Different Air Blowing Strength 

During the process of arc development, the air-producing materials in the arc extin-
guish chamber are decomposed and vaporized by high temperature of the arc. This 
makes the pressure in the arc extinguish chamber increase. As the air is discharged 
through the outlet, it forms a high-speed air stream that helps to blow out the arc. In 
this section, the influence of different strength of air inflow on the dynamic process of



394 Y. Zhang et al.

Fig. 4 Voltage, current and maximum temperature curves of arc. a Voltage and current, b temper-
ature

Fig. 5 Voltage and maximum temperature curves of arc under different blowing strength. a Voltage, 
b temperature 

arc is explored. In the simulation, the air flow generated by the material is simulated 
by a constant pressure air flow entering. The results are shown in Fig. 5. 

For the model of arc extinguish chamber with outlet, the inflow of air can drive the 
arc to bend and elongate quickly. Then the arc is directly driven to the splitter plates 
area, so that the extinguishment of the arc is accelerated. As shown in Fig. 5, the  
development trend of voltage is similar, which means that the arc can be successfully 
extinguished under several different blowing intensities. Besides, the arc voltage 
rises faster with the increase of blowing strength. Similarly, with the increase of 
the strength of air blowing, the decrease rate of the maximum temperature of the 
arc is faster. With the increase of air blowing strength, air flow makes the power of 
convective heat dissipation increase, which means that the cooling effect of air on 
the arc is enhanced. On the other hand, the increase of air blowing strength directly 
makes the arc enter the splitter plates more quickly. The splitter plate has a strong 
limiting effect on arc, which speeds up the extinguishment of arc. It can be concluded 
that the arc is extinguished more quickly, while the pressure of the inflow airflow is 
bigger.
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Fig. 6 Different configurations of splitter plates 

4.3 Simulation of Arcs in Different Configurations of Splitter 
Plates 

The configuration of the splitter plates in the arc extinguish chamber will have some 
influence on the internal air flow. In this section, the arc development in an arc 
extinguishing chamber with different configurations of splitter plates is simulated 
and analyzed. As shown in Fig. 6, convex, flush and concave configurations modes 
are designed respectively. The same boundary conditions are set. 

Figure 7 shows the temperature distribution of arc at 0.5 ms. The arc development 
speed is similar in different configurations. The difference is that the arc in the arc 
extinguish chamber with the convex configuration reaches the splitter plates the 
earliest while the arc in the arc extinguish chamber with the concave configuration 
reaches the latest. What’s more, in the simulation of the concave configuration, the 
arc root at the cathode appears disturbance. This phenomenon does not appear in the 
other two simulations. The change of splitter plates configuration has the greatest 
influence on the distribution of internal airflow field in the arc extinguish chamber. 
Therefore, the simulation of its airflow velocity distribution is continued.

In the airflow distribution shown in Fig. 8, it is found that in the simulation of 
concave splitter plates, air eddies will appear between the electrode and the splitters. 
This will affect the arc root near the electrode and cause disturbance to the arc root. 
Air eddies are considered the main cause of arc root disturbance. When the arc root 
is disturbed, it can cause unstable movement and irregular shape of the arc, as well 
as uneven distribution and incomplete dissipation of the arc energy. This not only 
results in uneven temperature distribution of the arc and concentration of thermal 
stress, but may also cause a secondary breakdown, which is should be avoided in 
practical applications.

The curves of arc parameters in different configurations can be seen Fig. 9.
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Fig. 7 Temperature distribution of arc at 0.5 ms

Fig. 8 Airflow velocity field distribution of arc

Fig. 9 Voltage and maximum temperature curves of arc in different configurations of splitter plates. 
a Voltage, b temperature
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Among the three configurations, the convex configuration can more quickly extin-
guish the arc, with the voltage reaching 220 V and the current becoming 0 A earliest. 
The flat configuration ranks second, while the concave configuration of the splitter 
plates has the slowest arc extinguishing speed. Moreover, it can be found from the 
previous conclusion that the concave configuration of the splitter plates will create 
a swirling airflow between the splitter plates and the electrode, which will disturb 
the arc root position. This is not conducive to the movement and energy dissipation 
of the arc. It may also cause secondary breakdown and reduce the reliability and 
lifespan of the equipment. Therefore, the concave configuration of the splitter plates 
should be avoided. However, the convex configuration of the splitter plates should 
be chosen to improve the performance and reliability of arc extinguishment in the 
equipment. 

5 Conclusion 

This paper discusses the problem on the development and extinguishment of the 
arc in switching-type SPD. Based on the MHD model, a two-dimensional numerical 
model of arc is established by the multi-field coupling method. The main conclusions 
of the study can be listed as follows: 

(1) The extinguishing time of the arc is greatly affected by the air flow. As the air 
flow strength increases, the arc will move faster and enter the splitter plates 
earlier. 

(2) The arc extinguishment is affected by the different configurations of splitter 
plates. Among the three configurations, the convex one has the best performance 
on the arc extinguishment. 
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Aerodynamic Configuration and Ability 
to Extinguish Arc in Switching-Type SPD 

Yijie Xiao, Qibin Zhou, Yipeng Zhang, and Xiaoyan Bian 

Abstract The application of surge protective devices plays an important role in 
ensuring the safe operation of power systems. Among all kinds of SPD, switching-
type SPD is widely used in power systems due to its great surge absorption capacity. 
Spark gap is the main structure in switching-type SPD. It has the problem that the 
follow current arc in the spark gap will continue to burn due to the voltage at the 
SPD after discharging the surge current. This paper analyzes the development of the 
arc in the SPD arc extinguish chamber based on the magneto hydro dynamic (MHD) 
model. The relationship between aerodynamic configuration and ability to extinguish 
arc can be concluded. The result will be benefit for the structural optimization design 
of the SPD arc extinguish chamber. It also improves the safety and reliability of the 
equipment. 
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1 Introduction 

Surge protection is essential for power systems. IEC 62305-4:2010 describes the 
Surge Protection Measures (SPM) formed by different types of surge protective 
devices (SPDs) [1], which can suppress the overvoltage in the circuit and divert the 
lightning energy to the ground. The application of surge protective devices plays an 
important role in ensuring the safe operation of power systems. 

Many researches about SPD have been conducted in the past decade. For instance, 
American Skuletic [2] and He [3] got the results of the energy coordination and 
effective protective distance of SPDs in low voltage power systems by calculating 
the coordination of SPDs with different loads. Kisielewicz et al. [4] proposed rules 
for SPD selection on the basis of the voltage protection level of the SPD. In these 
studies, researchers have found important differences between different types of SPD 
in lightning protection systems, including parameters such as residual voltage and 
response time. 

In IEC 61643-11, SPD can generally be divided into several types according to the 
different non-linear components [5]. One is switching-type SPD, which usually uses 
a spark gap inside. The typical structure of the switching-type SPD is an air gap with 
two electrodes. Another one is clamping-type SPD, which generally uses a metal 
oxide varistor (MOV) inside. Compared with the clamping-type SPD, switching-
type SPD has great surge absorption capacity. Currently, research on switching-type 
SPDs has focused on the effects of gap structure on protection characteristics [6], arc 
characteristics [7] and the improvement of gap performance by coupled triggering 
circuits and trigger methods [8, 9]. However, there are still some problems in the 
spark gap in practice [10, 11]. After discharging the surge current, the arc in the 
spark gap will continue to burn due to the voltage at the SPD, which generates a lot 
of heat. It will bring great threat to the protected equipment. Therefore, it is necessary 
to study the extinguishment of the arc in the spark gap. 

In this paper, to calculate the reliability of the arc extinguishment in the switching-
type SPD, a cambered spark gap with an arc extinguish chamber is modeled. The 
arc modeling theory is mainly introduced in Sect. 2. The model is established and 
simulated in Sect. 3. The analysis of the calculation results is introduced in Sect. 4. 
Through simulation and analysis, the ability to extinguish the arc will be improved 
in the switching-type SPD. 

2 Modeling Methodology 

The magneto hydro dynamic (MHD) model is generally used to express the arc. It 
consists of several equations for four physical fields including electric, magnetic, 
temperature, and fluid fields.
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2.1 Electric Fields 

The electric field is necessary for the formation of the arc. Solving for the current 
density and electric field distribution through the electric field provides the basis for 
calculations of the magnetic and flow fields. 

∇ ·  J = 0 (1)  

Equation (1) is current conservation equation. J indicates current density. 

J = σ E + 
∂ D 
∂t 

+ Je (2) 

Equation (2) explains the generation of current density. In Eq. (2), σ for specific 
conductivity, E for electric field intensity, D for electric displacement vector, t for 
time, J for external current density. 

2.2 Magnetic Field 

Lorentz force is the reason why the arc is able to keep burning. The equations 
of magnetic field can be solved for the magnetic induction strength. The Lorentz 
force can be obtained by calculating the magnetic induction strength and the current 
density. 

∇ ×  H = J (3) 

Equation (3) is Ampere’s law. H for magnetic field strength. 

J = σ E + σv  × B + Je (4) 

Equation (4) represents the source of the current that forms the magnetic field. 

Em = −  
∂ A 
∂t 

(5) 

Equation (5) represents Faraday’s law of electromagnetic induction. It illustrates 
that a changing magnetic field produces an electric field.
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2.3 Temperature Field 

The change of the temperature is related to the energy. The energy of the MHD 
model is from a power source, which is represented by changes in arc and electrode 
temperature. 

ρCp

(
∂ T 
∂t 

+ v · ∇T

)
− ∇  ·  (k∇T ) = Q + Q p + Qvd (6) 

Q = 
∂ 

∂T

(
5kB T 

2e

)
(∇T · J) + E · J + Qrad (7) 

Equation (6) is a thermodynamic equation. For the MHD model, internal heating 
Q is the main factor. Equation (7) shows that arc heating consists of three parts 
including enthalpy change heat, Joule heat and radiant heat of plasma. 

2.4 Fluid Field 

The plasma is treated as a fluid. The laminar flow theory based on Navier–Stokes 
equation (Eq. 8) is used to describe the arc flow. 

ρ

(
∂v 
∂t 

+ v · ∇v

)
= ∇  · [−p I + μ

(∇v + (∇v)T
)] + F + ρ g (8) 

F = J × B (9) 

ρ∇ ·  (v) = 0 (10)  

Equation (9) represents the Lorentz force, which is the main source of forces in 
the fluid field. Equation (10) represents the conservation of mass in the fluid. 

To sum up, the macro state of the arc can be obtained by coupling calculation of 
the above physical fields. 

3 Simulation Model 

This paper simplifies the internal structure of SPD. The arc extinguish chamber model 
used in this paper is shown in Fig. 1. A two-dimensional model was established with 
a size of 35 mm  × 40 mm in the x–y direction. The initial gap between the cathode 
and anode is 2 mm. Both the cathode and anode are made of copper material. In
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Fig. 1 Arc extinguish 
chamber model 

Air 

Cathode 

Anode 

Splitter plate 

Quartz 

Vent1 

Vent2 

addition, 19 silicon steel grating plates are arranged in the arc extinguish chamber. 
The parts from the two electrodes to Vent2 are insulated sidewalls and 5 air channels. 

4 Simulation Results 

4.1 The Development of the Arc 

This part reproduces the development of the arc in the arc extinguish chamber. The 
input source is set as DC1000 A/220 V and the initial temperature is 293 K. The 
distribution of temperature and current density at different times are shown in Fig. 2. 
The development of the arc can be judged by its temperature and current density.

At t = 0.1 ms, a stable cylindrical arc has been formed between the cathode and 
anode. The two electrodes have already been connected by the arc. At t = 0.6 ms, 
the arc is influenced by the Lorentz force and the driving force of the airflow. Thus, 
it moves smoothly along the two stages towards the splitter plates. At t = 1.2 ms, 
the arc begins to contact the splitter plates and his maximum temperature drops 
significantly. In addition, the arc root tailing phenomenon appears at the position 
of the anode arc root. The incorrect structural design of the arc extinguish chamber 
caused an abnormal aerodynamic configuration inside it. Figure 3 shows the velocity 
vector distribution diagram of the airflow field at this time. There is a small vortex 
of air at that position. The vortex causes the arc root to experience a force opposite 
to the direction of the arc column. This causes the arc column to expand forward
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Fig. 2 The distribution of 
temperature and current 
density of the arc

under the electromagnetic force, while the arc root stagnates. As this phenomenon 
continues to develop, it will gradually become an arc trailing. The distribution of 
temperature and current density at t = 2.5 ms showed that the arc was divided into 
several independent short arcs after entering the splitter plates. The maximum arc 
temperature drops. 

However, due to defects in the design of the arc extinguish chamber, the arc 
has been vibrating at the upper of the splitter plates and cannot be extinguished 
successfully. Figure 4 shows the arc voltage and temperature curve versus time. The 
arc voltage is maintained below 150 V. It can be proved that the arc is not completely

Fig. 3 The velocity vector 
distribution diagram of the 
airflow field 
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Fig. 4 Arc voltage and temperature versus time. a Temperature, b voltage 

extinguished after 2 ms. At the same time, its maximum temperature is maintained 
above 10,000 K. Due to the long-time burning, the energy of arc is very large, which 
is easy to destroy the arc extinguish chamber in practice. Further simulation is needed 
to explore the method to successfully extinguish the arc. 

4.2 The Simulation of Different Vent Sizes 

The outlet (Vent2) size of arc extinguish chamber will have great influence on the 
airflow field. In addition, the arrangement of the splitter plates in the arc extinguish 
chamber will also affect the airflow field. The arc will eventually move into the 
splitter plates, so the different arrangement of the splitter plates may also affect 
the shape of arc. Currently, it is speculated that the reason why the arc cannot be 
successfully extinguished may be related to the aerodynamic configuration inside 
the arc extinguish chamber. Therefore, the air outlet (Vent2) under the arc extinguish 
chamber is enlarged. The situations under different numbers of splitter plates are 
simulated. Simulation results are shown in Fig. 5.

After increasing the width of the Vent2, the ability to extinguish arc is obviously 
improved. With the development of the arc, especially after entering the splitter 
plates, the temperature drops rapidly and the arc voltage rises to about 220 V rapidly. 
The effect of arc extinguishment effect is better when only 9 or 10 splitter plates is 
retained. Too many splitter plates may affect the airflow speed and direction in the 
arc extinguish chamber, which will hinder the normal flow of air. In the simulation 
with 19 splitter plates, a peak appears at about 4 ms in the arc parameter curve. After 
this time, the maximum temperature rises and the voltage drops again. There is an 
arc secondary breakdown. 

As shown in Fig. 6, at the upper corner of the arc extinguish chamber, the 
phenomenon of secondary breakdown occurs. The electrode is re-broken, causing
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Fig. 5 Arc voltage and temperature versus time. a Temperature, b voltage

the temperature rises and the voltage drops again. Then, the reignited arc enters the 
quench chamber again and finally is extinguished. 

Increasing the width of the outlet (Vent2) is beneficial to improving the airflow 
distribution and enhancing the arc extinction ability of the extinguish chamber. 
However, there is still a secondary breakdown phenomenon. Although the arc 
produced by the secondary breakdown enters the arc extinguish chamber again and 
is interrupted, the high temperature generated by multiple arcs will accelerate the 
damage of the product, so it is still necessary to avoid this phenomenon as much 
as possible. Therefore, it is necessary to continue to improve the design and further 
optimize the airflow distribution.

Fig. 6 Arc reignition 
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Fig. 7 New arc extinguish 
chamber with six air 
channels 

Fig. 8 Arc voltage and temperature versus time: a temperature, b voltage 

4.3 The Simulation of 6 Air Flow Channels 

As shown in Fig. 7, an airflow channel (shown in the red circle) is added to the left 
side of the model. The parameter change of arc is analyzed by simulation again. The 
results are shown in Fig. 7 

As can be seen in Fig. 8, the secondary breakdown phenomenon disappeared after 
adding an airflow channel. The arc voltage rises to 220 V and don’t fall again, which 
is proved that the arc is extinguished successfully. It can be considered that adding 
one more airflow channel is beneficial to improve the airflow distribution of the arc 
extinguish chamber and increase the ability to extinguish the arc. 

5 Conclusion 

The aerodynamic configuration inside the arc extinguish chamber has a significant 
impact on arc extinguishment. A too small outlet will cause air flow obstruction, 
leading to the failure of the arc extinguish. This paper analyzes the development 
of the arc in the SPD arc extinguish chamber through simulation. Based on the 
simulation results, The main conclusions of the study can be listed as follows:



408 Y. Xiao et al.

(1) Excessive and too dense splitter plates will hinder the flow of air. It can improve 
the ability of arc extinguishment by reducing the number of splitter plates 
appropriately. 

(2) A too small vent will hinder the air flow. The air flow can be improved by 
increasing the number of air channels and the width of vent2, thereby enhancing 
the ability of arc extinguishment. 
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Study on Voltage Control Method 
of Energy Router Based on Common DC 
Voltage Bus 

Shuxi Liu, Qin Luo, Jianhong Chen, and Yufei Qu 

Abstract In order to relieve the pressure caused by the direct input of all kinds of 
distributed energy to the stable operation of distribution network, a kind of multi-
port energy router with common DC bus is studied. The energy router provides 
five standardized interfaces that enable “plug and play” for photovoltaic, energy 
storage, diesel generators, DC loads and distribution network ports. The virtual motor 
control algorithm is introduced into the interface control link of energy router, which 
can increase the damping and inertia of the system, effectively reduce the voltage 
fluctuation of DC bus, and realize the friendly interconnection between distributed 
energy and distribution network. At the same time, an improved virtual synchronous 
motor control algorithm is introduced to make the energy router run stably under 
the voltage drop of power grid. Finally, an experimental model is built by simulation 
software to verify the feasibility and effectiveness of the proposed control algorithm. 

Keywords Energy routers · Virtual AC motor control · Virtual DC motor control ·
Network fault 

1 Introduction 

With the rapid development of economic construction and the iterative renewal of 
industrial production, renewable distributed energy sources such as photovoltaic 
and wind power are being vigorously built as well as grid-connected, but the fluc-
tuating and intermittent nature of their power generation poses a great burden on 
the stable power supply of traditional distribution grids [1, 2]. With the help of 
mature power electronics technology, the multi-port energy router, a highly inte-
grated device, can not only provide standardized power interfaces, but also realize
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the balanced flow of energy between interfaces through the controller to enhance the 
reliability of distributed energy supply, which is the core device to realize the future 
energy Internet. 

Literature [3] proposes a new energy router structure that can access multiple 
voltage levels simultaneously. In [4], a hybrid AC-DC energy router is studied, and 
four operating modes and their switching methods are analyzed. In [5], an energy 
router for DC micro-grid is studied and a droop phase shift control method with 
normalization is proposed to achieve a reasonable distribution of micro-grid energy 
between different operating conditions. In [6], a virtual synchronous motor control 
strategy is used to improve the damping and inertia of the system. The literature [7] 
introduced a PI controller in the power loop of the Virtual Synchronous Generator 
(VSG) to enable the VSG to improve the output current under grid faults to some 
extent. The literature [8, 9] proposes the application of Virtual DC Motor (VDCM) 
in PV, energy storage environment. The literature [10, 11] introduces virtual motor 
control in energy routers, adding some inertia and damping to the AC output side. 

Based on the above analysis, this paper proposes an improved voltage stabilization 
control strategy for a multi-port energy router with common DC bus, which increases 
the bus voltage inertia and damping by adopting a virtual motor control algorithm, 
and also improves the virtual AC motor control for the AC interface, so that the energy 
router can operate stably in grid faults within a certain range, while reducing the DC 
bus voltage disturbance. Finally, the correctness and effectiveness of this voltage 
stabilization control algorithm is derived by building a model and conducting an 
experimental analysis of the control strategy. 

2 Topology of the Energy Router 

The energy router studied in this paper is shown in Fig. 1a. The core of the operation 
of the multi-port energy router is to maintain the stability of the DC bus voltage and 
to distribute the energy between the ports via the DC bus. Various power electronics 
and corresponding control strategies are used to realize the flow of energy between 
the various electrical sources and the change of voltage levels.

As shown in Fig. 1b, the AC interface uses a virtual synchronous motor control 
strategy to reduce the impact on the grid and output a smoother three-phase sinu-
soidal AC voltage during the energy transfer conversion process. The energy storage 
interface, as the core device of the energy router, uses virtual DC motor control, 
which can better smooth out DC bus voltage fluctuations compared to the traditional 
constant voltage control mode. The photovoltaic power port uses a unidirectional 
Boost converter and is operated in Maximum Power Point Tacking (MPPT) mode, 
considering the use of green and clean energy wherever possible. The diesel gener-
ator port can be used as an emergency power supply in the energy router due to the 
controllable power output.
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Fig. 1 Energy router

3 Virtual Motor Control 

3.1 VDCM Control of the Energy Storage Interface 

The introduction of VDCM control at the energy storage interface allows a certain 
damping factor to be added to the DC bus to prevent fluctuations in the DC bus 
voltage during the power flow between the interfaces in the energy router, acting 
as a balancing voltage regulator. Figure 2 shows the Buck-Boost topology and the 
equivalent structure of the DC motor. It is easy to see from the figure that the DC 
motor and the Buck-Boost circuit have a similar structure and a pairwise relationship. 
The energy stored in the DC motor comes from the kinetic energy generated by the 
rotor rotation Ek = Jw2/2, while the energy contained in the energy storage capacitor 
is W c = CUdc 

2/2, thus further proof the feasibility of the VDCM. 

V1 

iba t 

Rba t Lba t 

Uba t 

Udc DC 

bu s E 

ra La 

wr 

Electromagnetic Equations 

Mechanical Equations 

io ic 

ia 
C 

V2 

Fig. 2 Virtual DC motor coupling schematic
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3.2 Virtual AC Motor Control Under Grid Fault 

Conventional controller in the event of a grid fault can cause large fluctuations in the 
DC bus voltage amplitude, resulting in the energy router being unable to maintain a 
stable output current and power. This paper proposes an improved VSG controller 
to cope with grid faults. It is able to stabilize the output power of the grid-connected 
interface when the grid voltage drops to 20% and also reduces the double-frequency 
disturbing component in the DC bus voltage. 

When the three-phase grid voltage drops, the output power of the VSG is calculated 
according to the instantaneous power theory, and the coordinate transformation is 
carried out to obtain Eq. (1): 
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Among them, id +, iq +, id −, iq− not only changes the positive and negative sequence 
output power values in the system, but also controls the output current. The design 
of the current loop control is therefore central to ensuring the stability of the VSG 
system. In order to keep the output current stable, the magnitude of the negative 
sequence current needs to be controlled, where the positive and negative component 
can be separated by a second order generalized integrator. 

In the case of a sudden drop in grid voltage, the analysis is simplified by neglecting 
the effect of the filter capacitor to derive the output voltage of the VSG, which is 
converted to a pull-form, with s tending to zero in the steady state due to the final 
value theorem, and then converted to the time domain, as follows: 

⎧⎨ 
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d = R(u∗ 
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Equation (2) shows that if only the negative sequence current is zero-tracked, there 
are still active and reactive double-frequency component. Therefore, the active and 
reactive power doublings need to be suppressed and the negative sequence currents 
need to be selected for control again. 

If the active double-frequency component needs to be suppressed, it is necessary 
to keep Ps2, Pc2 equal to zero and bring in Eq. (1). The calculation formula of negative 
sequence current is as follows:
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Similarly, if the reactive double-frequency component needs to be suppressed, 
it is necessary to keep Qs2, Qc2 equal to zero and bring in Eq. (1). The calculation 
formula of negative sequence current is as follows:
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Based on the mathematical model analyzed above, the control block diagram for 
the VSG under grid voltage drop can then be derived as shown in Fig. 3. 

Fig. 3 VSG control block diagram under grid voltage drop
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Table 1 VSG controller main circuit parameters 

Parameter Value Parameter Value 

DC voltage Udc 400 V Net-side voltage U 220 V 

Filter inductor L1 4.8 mH Filter resistor R1 0.1 Ω

Filter capacitor C 50 µF Switching frequency f 10 kHz 

Active inertia link J 1000 Active damping factor Dp 50 

Reactive droop coefficient Dq 480 Reactive inertia coefficient K 1600 

Line equivalent inductance L2 3 mH Line equivalent resistance R2 0.1 Ω

4 Experimental Results and Analysis 

4.1 Comparative Experiments of VSG Under Grid Faults 

In order to verify the superiority of VSG control, an experimental module was built 
in Matlab/Simulink to simulate a three-phase voltage fault in the grid. Among other 
things, the main parameters within the system can be seen in Table 1. The simulation 
duration was set to 1.5 s, with a grid fault occurring at 0.8 s and the system returning 
to stability after 1.2 s. 

Three-phase Voltage Drop to 0.2 pu. When the three-phase voltage drop to 20% 
of the rated voltage value, Fig. 4 shows the three-phase voltage fault waveform, from 
which it can be seen that the power fluctuation of the conventional VSG is about 
158 W, while the power fluctuation of the improved VSG is reduced to 149 kW. And 
it can be concluded that the THD of the improved VSG control strategy is reduced 
to 0.47%. The analysis leads to the conclusion that the improved VSG improves the 
output power and output current under grid faults.

4.2 Energy Router Voltage Regulation Control Comparison 
Experiments 

To verify that VDCM control can stabilize the DC bus voltage and improve bus 
voltage fluctuations, experiments were set up in Simulink. Various scenarios such 
as sudden changes in PV output, sudden changes in DC load and single-phase grid 
faults were classified and verified against conventional droop control. The simulation 
parameters for the energy storage interface are shown in Table 2.

Mutation experiments. The simulation duration was set to 1 s for experiments 
with sudden changes in PV and sudden changes in load. In Fig. 5a with a DC load of 
5 kW and the PV running in MPPT mode, the light intensity rises from 750 to 1000 W/ 
m2 at 0.4 s and then drops to 800 W/m2 at 0.8 s. In Fig. 5b, the light intensity is set 
to 1000 W/m2 and the DC load power rises from 3 to 8 kW at 0.5 s. The comparison
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Fig. 4 Three-phase voltage fault waveform diagram

Table 2 System simulation 
parameters Parameters Numerical values 

DC bus voltage Udc/V 400 

Battery terminal voltage Udc/V 150 

CT /Φ 5.1 

Armature Equivalent Resistance Ra/Ω 0.2 

Damping factor D 15 

Inertia coefficient out J 2

shows that the use of VDCM is effective in mitigating voltage fluctuations and that 
the VDCM control has a faster recovery than conventional droop control.

Simulation and Comparison Analysis of Single-phase Faults at the AC Inter-
face. The light intensity was set to 1000 W/m2 and the DC load interface power 
was kept at 5 kW. A single-phase fault at the AC interface was considered, with the 
resulting double-frequency component causing disturbances to the DC bus voltage. 
To verify the above improvements in the VSG and VDCM at the energy router inter-
face, the AC interface a-phase voltage was set to plunge to 20% at 0.6 s. As can 
be seen in Fig. 6, when a voltage fault occurs at the grid-side interface, it causes 
the power output of the energy storage system to have a double-frequency distur-
bance, but the overall fluctuation has little impact on the system due to the VSG
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control improvements. Compared to droop control, VSG and VDCM provide better 
suppression of voltage fluctuations. 

The simulation verification analysis shows that the proposed energy router voltage 
regulation control can operate correctly in a multi-port system. A combined simu-
lation of PV sudden change, load sudden change and access to a diesel generator 
in emergency mode and a single phase fault on the network side is set up and the 
conventional droop control and VDCM control are compared. The traditional droop 
control has a larger fluctuation range and the overshoot is much higher than the
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VDCM control, so the VDCM control is more suitable for the energy storage inter-
face. Make the energy storage interface add a certain inertia link and damping factor 
to make the system DC bus voltage operation more smooth and stable. 

5 Conclusion 

In this paper, an energy router voltage stability control method for common DC bus 
is presented. Firstly, by introducing the output external characteristics of a conven-
tional generator into the interface control link of the energy router, the energy router 
system adds a certain inertia and damping factor, which can effectively reduce bus 
voltage fluctuations compared to conventional droop control, and make the DC bus 
voltage more stable when the voltage changes caused by power delivery between 
internal interfaces smoother and more stable. An improved VSG for grid faults is 
then investigated to enable the energy router to provide some support in the event 
of a voltage drop, providing a guarantee for the safe operation of the power system. 
Finally, an experimental model is built through a simulation platform, and the feasi-
bility and effectiveness of this voltage stability control algorithm is verified through 
experiments. 
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Structural Parameters 
on the Performance of Magnetic Field 
Sensor Based on Faraday Effect 

Meng Huang, Haomin Lv, Lei Zhang, and Bo Qi 

Abstract The existing research direction focuses on non-metallic magnetic field 
sensors based on Faraday effect. The relationship between the structure and perfor-
mance of such sensors is not clear. Therefore, this paper simulates the structural 
parameters of non-metallic magnetic field sensors based on Faraday effect. The main 
structures include magneto-optical crystals, polarizers and polarizers. The effects of 
the length of magneto-optical crystals, the initial angle between polarizers and polar-
izers, and the material of magneto-optical crystals on the range and sensitivity of 
magnetic flux leakage sensors are compared and analyzed. It is concluded that as the 
length of magneto-optical crystals decreases, the range increases, and the maximum 
range is 4 T when the initial angle between polarizers and polarizers is 45°. The 
range of magneto-optical crystal material TGG is 42.5% larger than that of TSAG, 
and the corresponding sensitivity is 60.3% smaller. In practical engineering, the selec-
tion of non-metallic magnetic field sensors with appropriate structural parameters is 
conducive to the use in scenarios requiring large range and high sensitivity. 

Keywords Faraday effect · Magnetic field sensor performance · Structural 
parameters 

1 Introduction 

The main principle of the magnetic field sensor used in engineering is Faraday elec-
tromagnetic induction [1]. The main structure is passive detection coil, but it contains 
metal components. In the presence of electric field, it will bring serious insulation 
problems. It is easy to cause internal breakdown during built-in measurement, damage 
sensors and windings, and bring danger to testers. Due to the limitation of its own
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metal materials, the measurement error will be relatively large in a complex electro-
magnetic environment, which cannot meet the measurement requirements. The Hall 
effect is widely used in magnetic field measurement. However, its probe contains 
metal materials, which has the same fatal disadvantage as Faraday electromagnetic 
induction method [2]. 

In engineering, magnetostrictive material is also used in combination with fiber 
grating for magnetic field measurement [3, 4]. The principle is that magnetostric-
tive material deforms in the magnetic field, causing the attached fiber grating to 
deform, so that the central wavelength changes, and magnetic field measurement is 
realized by detecting wavelength changes. Through optical fiber communication, the 
transmission of optical signal is not affected by strong electromagnetic interference. 
However, the measurement range of this principle is below 0.1 T, which cannot meet 
the requirements of large range in engineering [5, 6]. 

Therefore, the current research direction focuses on the study of magnetic field 
sensors based on Faraday effect [7–9]. The main structures include magneto-optical 
crystals, polarizers and polarizers, etc., excluding metal devices. They are not affected 
in complex electromagnetic environments, and can be used in the presence of strong 
electric fields. It will not bring serious insulation problems, and can guarantee the 
safety of the tester to the greatest extent, and its measurement range is larger than 
the magnetostrictive effect. 

This paper simulates the structural parameters of non-metallic magnetic field 
sensors based on Faraday effect. The main structures include magneto-optical crys-
tals, polarizers and polarizers. The influence of the results parameters such as the 
length of the magneto-optical crystal, the initial angle between the polarizer and 
the polarizer, and the magneto-optical crystal material on the performance of the 
magnetic flux leakage sensor such as range, resolution and sensitivity is compared 
and analyzed. 

2 Principle of Magnetic Field Sensor Based on Faraday 
Effect 

The principle of non-metallic magnetic field sensors is based on the Faraday effect. In 
1845, Faraday first discovered the Faraday effect [10]: under the action of a magnetic 
field parallel to the direction of light transmission, the polarization direction rotates 
during the transmission of linearly polarized light in magneto-optical materials. The 
rotation angle is called the Faraday rotation angle. The schematic diagram is shown 
in Fig. 1.

The main component of the built-in magnetic field sensor based on Faraday effect 
is a sensing probe containing a magneto-optical crystal. When the incident linearly 
polarized light passes through the magneto-optical crystal in the sensing probe, the 
polarization plane of the linearly polarized light rotates θ, and its relationship with 
the leakage magnetic field is:
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Fig. 1 Faraday effect principle diagram

θ = BV L (1) 

Among them, B is the leakage flux density at the position of the magneto-
optical crystal; V is the Verdet constant of magneto-optical crystal. Verdet constant 
is the standard to measure the Faraday effect of magneto-optical materials. In many 
magneto-optical materials, the Faraday effect is very weak and cannot be effectively 
utilized. After a lot of exploration experiments, it is found that some garnet materials 
have obvious Faraday effect. In addition, Verdet constant depends not only on the 
type of magneto-optical materials, but also on the wavelength of optical signals and 
the ambient temperature of magneto-optical crystals. L is the length of the optical 
signal transmitted in the magneto-optical crystal. 

The light wave output by the light source is generally a partially polarized light 
composed of natural light, linearly polarized light and other light. It cannot be directly 
used as an incident linearly polarized light. It is necessary to pass the output light of 
the light source through the polarizer to produce the incident linearly polarized light 
that meets the requirements. 

It is difficult to directly measure the polarization direction of the incident ray 
polarized light and the outgoing ray polarized light, which makes it difficult to directly 
measure the Faraday rotation angle. Therefore, a polarizer is usually set after the 
outgoing ray polarized light carrying the magnetic field information. The Faraday 
rotation angle that reflects the size of the magnetic field is transformed into the 
change of light intensity. By measuring the change of light intensity, the Faraday 
rotation angle is obtained indirectly, and then the magnetic field measurement is 
realized. Among them, the light intensity P of the output light after the polarizer 
mainly depends on the light intensity of the incident light, the angle of the polarizer 
and the Faraday rotation angle. Let the angle between the polarizer and the x-axis be 
0°, and the angle between the analyzer and the polarizer be α, then: 

P = 
1 

2 
I [1 + cos(2θ − 2α)] (2) 

where I is the light intensity before the input magneto-optical crystal after passing 
through the polarizer.
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The frequency of alternating current is mostly 50 Hz or 60 Hz, and 50 Hz is mainly 
used in China. Therefore, this paper takes the magnetic field frequency of 50 Hz as 
an example. When α is 45°. Combining Eqs. (1) and (2), the change of probe output 
light intensity caused by magnetic field can be expressed as Eq. (3). 

P = 
I 

2 
· {1 + sin[2V L  B  cos(ω0t)]} (3) 

where t is time, ω0 is the angular frequency of the magnetic field, and its value is 
314.16 rad/s. 

The second term on the right side of Eq. (3) can be simplified by using the 
characteristics of the first kind of Bessel function. 

sin(2V L  B  cos ω0t) = −2 
∞∑

n=1 

(−1)n J2n−1(2V L  B) cos[(2n − 1)ω0t] (4) 

If the higher order term is omitted, then (3) is simplified by Bessel function and 
becomes 

P = 
I 

2 
· [1 + A3 cos(ω0t)] (5) 

It can be seen from the above derivation process that A3 is obtained by the change 
of sin (2VLB) through the first Bessel function, and B can be obtained by A3. 

The 50 Hz component of the output light intensity of the sensor is only related 
to the measured magnetic field. The amplitude P0 of the 0 Hz component and the 
amplitude P50 of the 50 Hz component are obtained by fast Fourier transform of the 
output light intensity:

{
P0 = I 2 
P50 = I 2 A3 

(6) 

The amplitude of the two components is directly divided to obtain a value inde-
pendent of the light intensity and only related to the magnetic field. The leakage 
magnetic field measurement results obtained by the signal cross-contrast method are 
as follows: 

A3 = 
P50 
P0 

(7) 

In summary, the measured magnetic field can be obtained from A3, and the factors 
affecting A3 include the angle between the polarizer and the polarizer is α, the Feld 
constant V of the magneto-optical crystal, and the length L of the optical signal 
transmitted in the magneto-optical crystal. Next, the influence of three structural 
factors on A3 will be simulated and analyzed, and the influence of three structural 
factors on the performance of the sensor will be obtained.
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3 The Influence of Three Structural Factors 
on Performance 

3.1 Angle Between Polarizer and Polarizer A 

The above selection α is equal to 45° for theoretical derivation, and now the simulation 
analysis proves that the magnetic field sensor range is the largest when α is equal 
to 45°. The simulation analysis α is equal to 30° and 45° are compared. By the 
control variable method, L is 8, and the magneto-optical crystal material is TSAG. 
The simulation results are shown in Fig. 2. 

The simulation results show that the black line is A3. When A3 begins to decline, 
it is considered to be saturated, and the magnetic field sensor reaches the upper limit 
of the range, because the A3 does not meet the Bessel function expansion condition 
at this time. At this time, the Bm corresponding to A3 has two values, which can 
not distinguish the specific magnetic field value. The red line is dA3/dBm, and the 
maximum value is the sensitivity of the magnetic field sensor. 

From the simulation results, it can be concluded that when α is equal to 45°, as 
shown in the  black  line on of Fig.  2a, the range of the magnetic field sensor is greater 
than 2000 mT, and it has not yet reached saturation at 2000 mT, up to 4000 mT. 
When α is equal to 30°, as shown in the black line of Fig. 2b, the maximum range 
of the magnetic field sensor reaches saturation at 1000 mT, which can not meet the 
measurement requirements of large range in engineering. Therefore, when analyzing 
the influence of other structural parameters on the performance of the sensor, the angle 
between the polarizer and the polarizer is 45°.

Fig. 2 Performance comparison of different α 
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Fig. 3 Performance comparison of different L 

3.2 Magneto-optical Crystal Length L 

In this paper, the performance changes of magnetic field sensors with three lengths 
of 6, 8 and 10 mm are simulated and analyzed. By the control variable method, the 
α is 45°, and the magneto-optical crystal material is TSAG. The simulation results 
are as shown in Fig. 3. 

From the simulation results, it can be concluded that when the maximum L is 10, 
the range is the smallest and reaches saturation near 3300 mT. When the minimum 
L is 6, the range is the largest and is close to saturation at 5000 mT. In terms of 
sensitivity, from the maximum value of the red line dA3/dBm, it can be seen that 
the sensitivity is 0.00037 when the minimum L is 6, and the sensitivity is 0.0006 
when the maximum L is 10. Therefore, in practical engineering, it is necessary to 
consider both the range and sensitivity requirements, and consider the appropriate 
magneto-optical crystal length L by combining the two. 

3.3 The Feld Constant V of Magneto-optical Crystal Material 

In this paper, the influence of two kinds of magneto-optical crystal materials, TSAG 
crystal and TGG crystal, on the performance of the sensor is simulated and analyzed. 
By the control variable method, L is 8 and α is 45°. The simulation results are as 
shown in Fig. 4.

The analysis results show that the TSAG crystal is close to saturation at 4000 mT, 
and the TGG crystal is close to saturation at 5500 mT. In terms of sensitivity, the 
maximum value of TSAG crystal is 0.0004, which is greater than the sensitivity 
of TGG crystal. In practical engineering, it is necessary to consider the range and 
sensitivity of the sensor to flexibly select the magneto-optical crystal material.
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Fig. 4 Performance comparison of different V

4 Conclusion 

1. In this paper, the minimum L is 6 mm, for example, it is close to saturation at 
5000 mT, the range is the smallest when the maximum L is 10, and it reaches 
saturation near 3300 mT.When the initial angle between the polarizer and the 
polarizer is 45°, the maximum range is 4000 mT, which is much larger than the 
range when the initial angle is 30°. 

2. With the decrease of the length of the magneto-optical crystal, the sensitivity 
decreases. In this paper, the minimum L is 6, for example, when the sensitivity 
is 0.00037 and the maximum L is 10 mm, the sensitivity is 0.0006. 

3. This paper provides the relationship between the structural parameters and the 
performance of the magnetic field sensor based on Faraday effect, which can 
be used in practical engineering to select the appropriate structural parameters 
through the range and sensitivity requirements. 
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Study on the Effect of O2 Content 
on the Decomposition Characteristics 
of C5F10O Under Different Buffer Gases 

Long Li, Liangjun Dai, Baojia Deng, Qiang Yao, Ying Zhang, Huaxia Yang, 
Yifan Wang, and Yi Li 

Abstract In recent years, C5F10O has aroused a lot of notice as a potential SF6 alter-
native gas. As a new kind of environmentally friendly insulated gas, the research on 
the effect of O2 content on the decomposition characteristics of C5F10O mixed insu-
lating gas is still insufficient. In this paper, partial discharge tests of C5F10O/N2/O2 

mixed gas and C5F10O/CO2/O2 mixed gas are carried out to imitate the work condi-
tion of gas insulation equipment under the severe non-homogeneous field. The impact 
of O2 content in the mixed gas on its decomposition characteristics is analyzed, and 
the difference of decomposition characteristics under two buffer gases is compared. 
We found that under the condition that N2 is the background gas, when the oxygen 
ratio is around 4%, the overall concentration of decomposition by-products generated 
by mixed gas partial discharge is the lowest. In addition, the influence of two back-
ground gases on the partial discharge decomposition of C5F10O are totally different. 
When N2 is the background gas, there exists an obviously trend to reduce the decom-
position. But when CO2 is the background gas, it even exacerbates the decomposition 
to a certain extent. 

Keywords C5F10O gas mixture · O2 · Partial discharge · Decomposition 
characteristic 

1 Introduction 

Sulfur hexafluoride (SF6) is a colourless, odorless and non-toxic gas. As a prominent 
insulation medium, it is usually applied in gas insulated equipment (GIE). However, 
the greenhouse effect of SF6 is high, and its GWP value is about 25,200 times that
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of CO2, which is one of the six prohibited greenhouse gases listed in the ‘Kyoto 
Protocol’ [1]. At present, SF6 emissions from the power industry account for a very 
high proportion of total SF6 emissions [2]. Therefore, it is necessary to find a gas with 
good environmental protection characteristics and physical and chemical properties 
as an insulating medium to replace SF6, that is, to develop SF6 alternative technology, 
which can fundamentally reduce the use of SF6 [3]. 

At present, the perfluoroketone insulating gas proposed by ABB Company has 
great application potential in electrical equipment. The insulating medium C5F10O 
is stable, and its GWP value is close to 1, and the insulation strength is about 2 
times that of SF6 gas [4]. It is suitable for medium voltage gas insulated metal-
enclosed switchgear and control equipment [5]. For the insulation and discharge 
decomposition performance of C5F10O, domestic and foreign researchers have also 
made some progress [6–8]. The liquefaction temperature of C5F10O is high, which is 
26.9 °C. Therefore, it needs to be mixed with commonly used buffer gases (N2, CO2) 
to satisfy the minimum temperature of operating [9]. In addition, Wei et al. found 
that the breakdown voltage of C5F10O/N2 mixed gas boosts with the enhancing of 
oxygen concentration [10]. Therefore, we use the needle-plate electrode to imitate 
the work condition of GIE under the severe non-homogeneous field and carried out 
partial discharge tests of C5F10O/N2/O2 mixed gas and C5F10O/CO2/O2 mixed gas. 
After partial discharge tests, we measured the gas decomposition components. The 
influence of O2 content in the mixed gas on its decomposition characteristics is 
analyzed, and the difference of decomposition characteristics under two buffer gases 
is compared. It provides a reference for the selection of O2 concentration and buffer 
gas in low and medium voltage GIE based on C5F10O. 

2 Platform and Method 

2.1 Test Platform 

Figure 1 shows the illustrative diagram of the test platform. The main equipment 
includes an induction voltage regulator (providing an AC voltage of 0–380 V for 
the test transformer), a protection resistor (10 kΩ) to limit the short-circuit current 
when the breaks down occurs and prevent test transformer from over-loading. The 
voltage divider capacitor (1/1000) and the non-inductive detection impedance (50Ω) 
transfer the PD current signal to a voltage signal. The PD signals are stored in a digital 
oscilloscope (Tektronix MDO3054, maximum sampling rate is 10 GS/s). In our tests, 
the discharge decomposition components of C5F10O mixed gas were detected by 
Shimadzu QP 2010 Ultra gas chromatography-mass spectrometry (GC–MS).

In order to imitate the severe non-homogeneous field inside GIE, the needle-
plate electrode is selected for the experiment. The structural parameters are shown in 
Fig. 2. The needle is tungsten copper needle. Because tungsten has the characteristics 
of good thermal and electrical conductivity, it is not easy to be ablated under partial
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Fig. 1 Schematic diagram of test platform

discharge for a long time, resulting in the needle tip becoming bald, which affects 
the measurement of partial discharge charge and partial discharge. The total length 
of the needle is 17 mm, the bottom diameter is 5 mm, and the length of the needle tip 
is 5 mm. The sharper the tip, the more prone to partial discharge. In order to avoid 
the error of the test results of different needle electrodes, the curvature radius of the 
needle electrode tip is set to 0.3 mm. The plate electrode material is brass, 8 mm 
thick and 70 mm in diameter. In the experiment, the needle tip was set to 10 mm 
from the center of the plate electrode. 

Fig. 2 Structure parameter 
diagram of needle-plate 
electrode



430 L. Li et al.

2.2 Test Method 

Before each test, the gas chamber and the electrode were wiped roundly to avoid 
the influence of impurities and dust in the air chamber or the possible residual solid 
decomposition products in the previous experiment on the experimental results. After 
drying with anhydrous ethanol, the electrode model is installed on the conductive 
rod, the electrode spacing is adjusted, and the powder-free rubber gloves are worn for 
overall operation. Then we washed the gas chamber with buffer gas. After washing 
the gas three times and vacuuming the gas chamber, the gas is filled with the vacuum 
chamber in the proportion required for our test and then the subsequent tests can be 
started. 

3 Result and Discussion 

3.1 Influence of O2 Content on the Decomposition 
Characteristics of C5F10O/N2/O2 Mixed Gas 

Figure 3 shows the concentrations of gaseous by-products under the pressure of 
0.3 MPa and the C5F10O partial pressure is 10.5 kPa, and the C5F10O/N2/O2 mixed 
gas is with 0, 4% and 8% oxygen respectively. We found that with the addition of 
oxygen, the kind of gaseous PD decomposition by-products were not changed, but 
the formation characteristics of products was influenced. The addition of oxygen 
may lead to changes in the decomposition characteristics of the mixed gas. In order 
to maintain the insulation reliability of the C5F10O mixed gas, we researched the 
relationship between the main products concentration and the oxygen content, which 
provided a reference for selecting the oxygen ratio in practical applications.

It can be seen from the above figure that with the enhancement of oxygen content, 
the concentration of CF4, C2F6, C3F8 and C3F6 decomposition products is greatly 
reduced due to the addition of oxygen, except that C2F4 is not produced by decompo-
sition. CHF3 decreases slightly after the addition of oxygen, while the characteristic 
curve of C3HF7 shows a “V” shape. It decreases greatly first when the oxygen concen-
tration is less, and then enhances slightly with the multiplication of oxygen. Different 
from other products, the content of CO increases significantly with the enhancing of 
oxygen content. At the same partial discharge time when the oxygen concentration 
is 8%, the concentration at the peak is 9 times and 7.5 times higher than that when 
the oxygen concentration is no oxygen and 4% oxygen respectively. The peak area 
diagram of COF2 shows another different characteristic, which is most obvious at 4% 
oxygen, while the concentration at 8% oxygen is basically the same as that without 
oxygen. In comprehensive consideration, when the oxygen ratio is around 4%, the 
overall concentration of decomposition by-products generated by PD decomposition 
of C5F10O mixed gas is the lowest.
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Fig. 3 Decomposition characteristics of C5F10O/N2/O2 mixed gas. a CF4, b C2F4, c C2F6, d C3F6, 
e C3F8, f CHF3, g CO, h COF2
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3.2 Effect of O2 Content on the Decomposition 
Characteristics of C5F10O/CO2/O2 Mixed Gas 

Figure 4 shows the concentrations of gaseous by-products under the pressure of 
0.3 MPa and the C5F10O partial pressure is 10.5 kPa, and the C5F10O/CO2/O2 mixed 
gas is with 0, 4% and 8% oxygen respectively. 

Fig. 4 Decomposition characteristics of C5F10O/CO2/O2 mixed gas. a CF4, b C2F6, c C3F8, 
d C3F6, e CO, f COF2
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Different from that when the background gas is N2, when the background gas is 
CO2, after adding oxygen, the concentration of CF4, C2F6, C3F8, C2F4, C3F6 and 
other gaseous by-products is basically unchanged or slightly increased compared 
with that when there is no oxygen, in which the concentration of CF4, COF2, C3F6, 
C2F6, C3F8 changes most obviously. To sum up, under the same test conditions, 
the influence of two background gases on the PD decomposition characteristics of 
C5F10O mixed gas are different. When N2 is used as the background gas, there 
exists a clear tendency to reduce the decomposition. While when CO2 is used as the 
background gas, the decomposition of mixed gas is promoted. 

4 Conclusion 

Under the buffer gas of N2, with the enhancing of oxygen content, the concentration 
of CF4, C2F6, C3F8 and C3F6 in the decomposition products is greatly reduced due 
to the addition of oxygen. The concentration of CHF3 decreases slightly after the 
addition of oxygen, while the content of CO increases significantly with the gain of 
oxygen. The peak area of COF2 increases most obviously at 4% oxygen, while the 
concentration at 8% oxygen is basically the same as that without oxygen. Considering 
comprehensively, when the oxygen ratio is near 4%, the overall concentration of PD 
induced decomposition by-products generated by C5F10O mixed gas is the lowest. 

When the buffer gas is CO2, after adding oxygen, the concentration of gaseous 
products such as CF4, C2F4, C2F6, C3F8 and C3F6 is basically unchanged or slightly 
increased compared with that without oxygen, among which the concentration of 
COF2, CF4, C2F6, C3F8 and C3F6 changes most obviously. Based on the above, the 
impact of two background gases on the PD decomposition characteristics of C5F10O 
mixed gas are different under the same conditions. When N2 is the background gas, 
there is a clear trend to reduce the decomposition. While when CO2 is the background 
gas, the decomposition of mixed gas multiplies. 
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Investigation of Gas Adsorption 
Properties Between CrB and SF6 
Decompositions: A Theoretical Study 
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and Yi Li 

Abstract CrB, as a new type of two-dimensional material, possesses both high 
conductivity, large specific surface area, and high activity similar to MXenes, as 
well as good antioxidant properties, showing potential as a gas sensing material. In 
this paper, the performance of CrB as a gas sensing material for SF6 decomposition 
components (H2S, SO2, SOF2, and SO2F2) was explored by applying first-principles 
calculations. The results show that the adsorption of the four gases is all attributed to 
strong chemical adsorption, and significant structural changes occur in H2S, SOF2, 
and SO2F2 during the interaction. Through the analysis of the differential charge 
density map and the density of states map, it is found that, except for the SO2 

molecule, both the H-S and S-F bonds in the other gas molecules are broken and new 
chemical bonds are formed with the Cr atoms on the substrate surface. This work 
reveals the relevant mechanism of interaction between CrB and SF6 decomposition 
components, indicating that the material has high sensitivity to H2S, SO2, SOF2, and 
SO2F2 and has potential for application as a sensing material. 

Keywords CrB · Gas sensing · SF6 decomposition
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1 Introduction 

SF6 gas has been widely used in gas insulated equipment due to its excellent insu-
lation performance and arc-extinguishing ability [1, 2]. However, during long-term 
operation, local discharge or local overheating faults caused by insulation defects 
inevitably occur inside the equipment. Under the continuous action of these faults, 
the insulation state inside the equipment will continue to deteriorate and ultimately 
lead to more serious consequences [3]. During the occurrence of local discharge, SF6 
will undergo a certain degree of decomposition and generate stable decomposition 
products such as H2S, SO2, SOF2, and SO2F2 under the action of trace water and 
oxygen [4]. By detecting the concentration and type of these gas products, on-site 
operators can take timely measures to prevent the further development of faults and 
reduce the losses and negative impacts of insulation accidents. 

Currently used gas detection methods include gas chromatography-mass spec-
trometry (GC-MS), spectroscopy, electrochemistry, and resistance-based sensors 
based on nanomaterials. Among them, resistance-based sensors have received 
widespread attention in the field of SF6 decomposition component detection due 
to their low cost, simple structure, low energy consumption, small size, and high 
integrability [5]. It has been reported that materials such as graphene, metal oxides, 
transition metal disulfides, graphene, and MXenes can all respond to SF6 decompo-
sition components. However, sensors based on these materials have problems such as 
high operating temperatures or poor stability. MBenes, (obtained by etching MAB, 
composed of an early transition metal (M), metals from groups 13 and 14 of the 
periodic table (A), and boron (B)), as a new type of two-dimensional material, has 
large specific surface area, high conductivity, rich surface functional groups, and 
good stability, making it suitable for sensing and has high application potential. So 
far, there have been few studies on the interaction between MBenes and gases. Chen 
et al. explored the adsorption effect of MoB on CO, NO, SO, and SO2. The results 
revealed that MoB had strong interaction with NO, SO, and SO2, and the interac-
tion energy reached above −2 eV and could not be desorbed at room temperature, 
showing potential as an irreversible high-sensitivity sensor [6]. Shukla et al. explored 
the performance of Mo2BX2 (X = H, OH, O) as adsorbents for capturing and storing 
NO2, SO2, CO2, and NH3, and found that MBenes were appropriate for CO2 capture 
and selective removal of NO2 and SO2 gases. The moderate adsorption energy for 
NH3 reveals that MBenes and their functionalized derivatives are promising sensing/ 
capturer materials for NH3 detection [7]. Mir et al. studied the adsorption of CO2 on 
various MBenes and obtained the adsorption strength ranking of the studied MBenes 
based on adsorption energy as Sc2B2 > Ti2B2 > V2B2 > Cr2B2 > Mn2B2 > Fe2B2 [8]. 
Considering the potential application of MBenes in the sensing field, it is necessary 
to conduct related theoretical calculations to explore the application possibilities of 
these materials in relevant industries, providing a reference for the application of this 
material while serving modern production.
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In this paper, first-principles calculations were used to analyze the sensing and 
capturing effect of CrB on SF6 decomposition components. By analyzing the adsorp-
tion energy, charge transfer, density of states, and other parameters of the adsorption 
system after structure optimization, it was found that CrB can strongly adsorb the 
four SF6 decomposition components, and the adsorption strength order is SOF2 > 
SO2F2 > H2S > SO2. During the interaction process, the structures of H2S, SOF2, 
and SO2F2 underwent significant changes. The analysis of the differential charge 
density map and the energy density of states map suggest that bonding and breaking 
behaviors occur during the adsorption process. The structure of SO2 did not change 
significantly, so the corresponding system had the lowest adsorption energy among 
the four systems. These results indicate that CrB has high sensitivity to the four 
SF6 decomposition components and has the potential to be used as a gas-sensitive 
material for SF6 decomposition component detection. 

2 Method  

Calculations of multiple properties of CrB, including geometric optimization, band 
structure, and density of states, were carried out using the VASP software based 
on the plane wave pseudopotential method. The exchange–correlation functional 
approximation method used the Perdew-Burke-Ernzerhof (PBE) function, which is 
based on the generalized gradient approximation (GGA) in density functional theory. 
Although this method has lower accuracy than hybrid functionals, its efficiency is 
nearly 1000 times higher, making it the most widely used exchange–correlation 
functional approximation method. The outer and inner electrons were treated using 
the projected augmented wave (PAW) method, and the plane wave cutoff energy 
(Ecut) was set to 520 eV. The convergence criterion for the system energy calculation 
was set to a difference of less than 1 × 10–5 eV between two consecutive calculations. 
The block Davidson iteration method was used for geometric structure optimization, 
and the convergence criterion was defined as the maximum force on each atom not 
exceeding 0.02 eV/Å. To consider weak van der Waals forces, the DFT-D3 dispersion 
correction program developed by Grimme was introduced. The initial structure was 
set as a 4 × 4 × 1 supercell composed of the minimum unit cell, and the k-point 
mesh for geometric optimization and electronic structure calculation was set to 4 × 4 
× 1 in the Monkhorst-Park grid. The atomic charge calculation results in the system 
were processed using Bader charge analysis, and all calculations did not include spin 
polarization. 

For the optimized system structure, the adsorption energy (Eads) was used to 
describe the strength of the interaction between gas molecules and CrB, which was 
defined as follows: 

Eads = Egas/CrB − Egas − ECrB (1)
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3 Results and Discussion 

3.1 Geometrical Structures 

From Fig. 1a, it can be seen that the structure of the single-layer CrB appears as a 
cross-distribution of B atomic chains and Cr atomic chains when viewed from the 
top, while the arrangement of four layers of Cr-B-B-Cr from top to bottom is close 
to a sandwich structure. The optimized lattice constants of the crystal cell are a = 
b = 2.913 Å, and the bond length between B atoms is 1.800 Å, while the distance 
between adjacent layers of B atoms and Cr atoms is 2.126 Å, which is attributed to 
the large atomic diameter of Cr. The band structure of CrB is shown in Fig. 1b, where 
the calculated results show that the conduction band minimum (CBM) and valence 
band maximum (VBM) are located at −1.784 eV and −1.930 eV, respectively, indi-
cating that the structure has no band gap and has good metallic conductivity. The 
structures of the four SF6 decomposition components are shown in Fig. 1c–f, respec-
tively. Considering the symmetry of the CrB surface, all gas molecules are placed 
at the highlighted positions in Fig. 1a with different initial molecular orientations 
for adsorption calculations. For the SO2 and H2S gas molecules, they are arranged 
parallel and perpendicular to the CrB plane, respectively, while SOF2 and SO2F2 are 
placed in the corresponding initial positions considering the molecular symmetry. 
The optimal adsorption results of the four gas molecules on the single-layer CrB 
surface are shown in Fig. 2. 

Fig. 1 Geometrical and electronic structures of a and b CrB b SO2 c H2S d SOF2 e SO2F2
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Fig. 2 Optimized structures of a H2S adsorption system, b SO2 adsorption system, c SOF2 
adsorption system, d SO2F2 adsorption system 

3.2 Optimized Adsorption Structures 

In the adsorption systems of H2S, SOF2 and SO2F2 in Fig. 2a, the gas molecules 
underwent significant twisting and deformation under the influence of interaction 
forces. For H2S, the distance between the two H atoms and the S atom increased 
from the original 1.348 Å to 3.136 Å and 3.139 Å, respectively, which is much larger 
than the range of the hybridization of S and H atomic orbitals, indicating complete 
decomposition of the H2S molecule. In addition, the minimum distances between the 
S or H atoms and the Cr atoms on the CrB surface decreased from 3.800 Å and 2.713 Å 
to 2.386 Å and 1.783 Å, respectively, revealing strong binding of the gas molecule to 
the substrate surface. In the SOF2-CrB and SO2F2-CrB adsorption systems, the strong 
binding force of the substrate surface on the gas molecules weakened the chemical 
bond between the S and F atoms, and increased the distance between them, and 
they were respectively attracted and captured by different Cr atoms. However, the O 
atoms, which remain close to the S atom in the two optimized structures, indicate that 
the strength of the S–O bond is significantly stronger than that of the S-F bond, with 
the S–O bond lengths in the SO2F2 and SOF2 systems being 1.470 Å, 1.654 Å, and 
1.708 Å, respectively. Due to the structural changes during the adsorption process, 
all three systems experienced drastic energy changes. According to Eq. (1), the 
adsorption energies of H2S, SOF2, and SO2F2 on the CrB surface were −4.182 eV, 
−7.213 eV, and−5.302 eV, respectively, which belong to strong chemical adsorption. 
In the optimized SO2-CrB adsorption system, the distance between the O atom and 
the closest Cr atom on the substrate surface decreased from 2.600 Å to 2.061 Å, while 
the distance between the S atom and the closest Cr atom decreased from 3.217 Å to 
2.419 Å. During the adsorption process, compared with the gas molecules in other 
adsorption systems, the SO2 molecule did not undergo significant structural changes.
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The S–O bond was slightly elongated (from 1.448 Å to 1.619 Å) under the influence of 
CrB, and it had the smallest adsorption energy (−3.521 eV) among the four systems. 
In addition to the changes in the gas molecules, the CrB substrate in the vicinity of the 
gas molecules was also subjected to some traction, resulting in upward protrusion 
of some local Cr atoms. Based on the structural optimization analysis, it can be 
inferred that the four SF6 gas molecules underwent drastic structural deformation 
and accompanied by significant adsorption energies during the interaction with CrB. 
Therefore, it is speculated that the formation and breaking of chemical bonds occurred 
during the adsorption process, which will be verified by the analysis of the density 
of states and the differential charge density in the following analysis. 

3.3 Electronic Structure Analysis 

In order to further investigate the interaction between gas molecules and single-
layer CrB substrate, Bader charge analysis was used to calculate the charge transfer 
behavior during the adsorption process, as shown in Fig. 3, where the direction of the 
arrow indicates the direction of electron transfer from the CrB substrate to the gas 
molecule, with Qt being positive if the gas molecule gains electrons, and negative 
otherwise. In addition, the differential charge density maps obtained after the four 
SF6 decomposition components were adsorbed on the CrB surface are also shown in 
Fig. 3, where the yellow regions indicate an increase in charge density and the blue 
regions indicate a decrease. The results show that all gas molecules act as electron 
acceptors, with the number of electrons acquired in order of magnitude corresponding 
to the order of adsorption energy, namely SOF2 (2.181 e) > SO2F2 (1.862 e) > H2S 
(1.595 e) > SO2 (1.058 e). Furthermore, the results from the differential charge 
density maps show that the electrons gained by the gas molecules mainly come from 
the Cr atoms with a significant decrease in charge density on the surface, indicating 
that Cr atoms play a major role in the adsorption of the decomposition components.

In order to analyze the bonding situation and changes in conductivity of the SF6 
decomposition components after adsorption, the partial density of states (LDOS) and 
total density of states (TDOS) of each adsorption system are given in Fig. 4. From  
the TDOS of the pristine CrB in Fig. 4, it can be seen that there is a clear peak of 
the partial density of states (PDOS) at the Fermi level, which verifies its metallic 
character. After the adsorption of gas molecules, a reduction in the TDOS peak at the 
Fermi level can be observed to varying degrees in Fig. 4a–d, indicating a weakening 
of the conductivity of CrB and a macroscopic increase in resistance. In the LDOS, 
obvious hybridization is observed at positions of 0.64 eV, −0.66 eV, −2.68 eV, − 
3.85 eV, −5.80 eV, and −6.78 eV between S 3p, H 1 s, and Cr 3d orbitals in the H2S 
adsorption system, indicating that H2S molecules may have formed new chemical 
bonds with Cr atoms after bond cleavage. Similarly, obvious hybridization peaks 
can be observed in the SOF2 and SO2F2 systems, such as −4.77 eV, −5.53 eV, − 
7.25 eV in Fig. 4c, and −4.88 eV, −5.54 eV, −6.77 eV, −7.52 eV in Fig. 4d, where 
the atomic orbitals of the gas molecules overlap with the 3d orbitals of Cr atoms on
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Fig. 3 Charge density deformation results of adsorption system, a H2S adsorption system, b SO2 
adsorption system, c SOF2 adsorption system, d SO2F2 adsorption system

the surface of CrB, indicating the formation of new chemical bonds. In the LDOS 
of SO2, hybridization between the S 3p, O 2p, and Cr 3d orbitals at −2.91 eV, − 
7.28 eV, and −7.93 eV can be observed, indicating that the bond between S and O 
atoms is still present, which is consistent with the previous speculation.
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Fig. 4 TDOS and PDOS of a H2S adsorption system, b SO2 adsorption system, c SOF2 adsorption 
system, d SO2F2 adsorption system

4 Conclusion 

In summary, this study calculated the geometric and electronic structure parame-
ters of single-layer CrB after adsorbing H2S, SO2, SOF2, and SO2F2. By analyzing 
parameters such as adsorption energy, charge transfer, and density of states, it was 
found that CrB had the highest adsorption energy for SOF2 at −7.213 eV, followed 
by SO2F2 at −5.302 eV and H2S at  −4.182 eV, with the lowest adsorption energy 
of SO2 at −3.521 eV. All gas molecules were strongly chemisorbed and acted as 
electron acceptors during the adsorption process. Analysis of the differential charge 
density map and density of states showed that the adsorption of H2S, SOF2, and 
SO2F2 resulted in the breaking of H–S and S-F bonds and the formation of H-Cr and 
F-Cr bonds, indicating a strong interaction between gas molecules and the substrate. 
The relevant calculation results provide a first understanding of the mechanism of 
CrB adsorbing SF6 decomposition components and broaden the application field of 
CrB as a two-dimensional material.
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Fig. 4 (continued)
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Study About the Surface Charge 
Accumulation and Dissipation 
of Insulators Under Corona Condition 

Fan Yi, Wenli Xu, Xiaoshan Yao, Naifa Gong, Dazhao Zhang, Zhiye Du, 
Hao Meng, and Guohua Yue 

Abstract The insulator surface charge buildup issue is a significant element 
impacting the electric field on the insulator surface in HVDC transmission. The elec-
trostatic probe method is used to measure the surface potential of various insulators 
under the corona situation in order to acquire insulator surface charge buildup and 
dissipation regularity under DC high voltage. A charge density inversion approach 
for curved surfaces is suggested in this study. The chosen measurement points are 
used to create triangular meshes from the curved surface. Based on the measured 
potential, surface charge density is inversed. According to the findings, an insulator 
with a PRTV coating on its surface is easily charged. The surface potential attenuation 
trend of the insulator shed sprayed with PRTV coating is exponential attenuation. 
The peak value of insulator shed sprayed with PRTV coating surface charge density 
is about −0.5μC/m2. 

Keywords Insulator · Surface potential · Charge accumulation · Charge inversion 

1 Introduction 

In HVDC power system, corona generates space charge, which accumulates on the 
surface of insulator shed under the action of constant electric field. The space charge 
on insulator shed surface will change the potential distribution and electric field 
distribution, cause the electric field intense distortion along the surface, and electric 
field distortion along the surface will reduce the flashover voltage of insulators. At 
the same time, the space charge on the insulators surface will accelerate the aging of 
insulating materials.
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With the rapid development of UHVDC, it is urgent to clarify the law of insulators 
surface charge accumulation and dissipation, and the method is found to control 
surface charge of insulator shed to improve the insulation performance of insulator. 

The surface potential distribution of different insulators under corona condition 
are measured by electrostatic probe method. In order to obtain the surface charge 
density distribution of insulator shed, a surface charge density inversion method is 
proposed in this paper. The surface electrostatic potential of insulator shed is inverted 
to the charge density, and the law of charge accumulation and dissipation on insulator 
surface is obtained. 

2 Insulator Shed Surface Charge Accumulation 
and Dissipation Test 

2.1 Surface Potential Measurement System 

Figure 1 depicts an insulator surface potential measurement apparatus. 
During the experiment, a high voltage is supplied to the spherical electrode, 

causing it to discharge and create corona. After a set period of time, the high voltage is 
withdrawn and the spherical electrode has finished discharging. The multi axis motion 
controller can precisely regulate the location of the electrostatic probe to complete 
radial and full surface scanning of various insulator surfaces [1]. Electrostatic probes 
may detect the electrostatic potential of an insulator’s surface, generating a picture 
of the potential’s change over time and obtaining electrostatic potential changes 
exponentially with time [2].

Fig. 1 The surface potential measurement system is depicted in a diagram 
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2.2 Test Insulators and Selection of Potential Measurement 
Points 

Several kinds of insulators commonly used in engineering are selected to measure 
the surface potential changes after corona. The tested insulators are divided into three 
types: ceramic material, glass material and surface spraying PRTV coating. Different 
insulators are shown in the figure (Fig. 2). 

Corona spherical electrodes are placed in the center of insulators in the test plat-
form, and both insulators and spherical electrodes are spherically symmetrical, so 
the electric field in the whole test space also presents spherically symmetrical distri-
bution, and the charge accumulation on the insulator shed surface also presents 
spherically symmetrical distribution. Therefore, a point potential on the insulator 
surface can present each point potential on the circumference. So the paper measure 
one axis potential change of insulator shed to analyze the law of charge accumulation 
and dissipation. 

When measuring the potential changes at different points on an axis of insulator 
shed surface, each potential measuring point is selected from the outside to the 
inside equidistantly [3]. The distance between each measuring point is about 1 cm. 
The first potential measuring point near the edge of insulator shed is marked as 1. 
The number gradually increases from the outside to the inside. According to the 
size of insulator shed, 9–13 potential measuring points are selected respectively. 
The schematic diagram of the measuring points selection for insulator shed surface 
potential is shown in Fig. 3.

(a) XWP6-70 Ceramic 
Insulator 

(b) LXHY-210 glass insulator (c) XHP-210 Ceramic Insulator 
Coated with PRTV 

Fig. 2 Physical drawings of different insulators 
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Fig. 3 Measuring points selection of insulator 

2.3 Insulator Shed Surface Potential Change 

The surface potential distribution of XWP6-70 ceramic insulator was shown in Fig. 4, 
and LXHY-210 glass insulator surface potential distribution was shown in Fig. 5, 
and the surface potential of XHP-210 ceramic insulator sprayed with PRTV coating 
changed with time as shown in Fig. 6. 

From the above figure, it can be seen that the surface potential of ceramic and 
glass insulator shed is very low, and there is no trend of potential decay in a short 
time. Because the surface potential is approximately linear with the surface charge 
density, the surface charge density of insulator shed is also very low. It can be judged 
that under high voltage DC corona, the surface of ceramic and glass insulator shed 
hardly accumulates charge, So it is not necessary to invert the potential into charge 
density. 

For insulators sprayed with PRTV coating, the surface accumulated charge 
increases sharply. At the same time, the insulator shed surface near the insulator cap is 
difficult to accumulate charge, and the charge density at the edge of the insulator shed

Fig. 4 Surface potential 
distribution of XWP6-70 
ceramic insulator shed after 
corona
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Fig. 5 Surface potential 
distribution of LXHY-210 
glass insulator shed after 
corona 

Fig. 6 Surface potential of 
XHP-210 ceramic insulator 
shed coated with PRTV 
change with time

is not as high as that in insulator shed middle part, and the surface potential distribu-
tion presents a “spoon” shape. The attenuation of surface potential at the measuring 
point far away from the insulator cap is consistent, and the trend of surface potential 
attenuation curve is almost the same, approximating an exponential attenuation. The 
surface charge of XHP-210 ceramic insulator coated with PRTV coating basically 
dissipated in 1500 s after corona.
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3 Curved Surface Charge Inversion Method 

3.1 Introduction of Charge Inversion Method 

Polarized charges and free charges are present on the insulator surface following 
corona discharge. The superposition theorem states that the potential and electric 
field intensity produced by these two charges at any given point superimpose to yield 
the ϕ(P) and E(P) of every given point [4]. 

σa = σ + σ , (1) 

σ represent free charge density; σ , represent polarized charge density. 
The insulating surface is divided into n meshes in accordance with the princi-

ples of the finite element approach. When n is large enough, it may be said that 
the distribution of electric charges within each mesh is uniform [5, 6]. Currently, 
the representations of potential and electric field intensity for each mesh may be 
expressed as follows: 

ϕ j = 1 

4πε0 

n∑

i=1 

(σa)i

{

Si 

1 

ri j  
d S (2) 

E j = 1 

4πε0 

n∑

i=1 

(σa)i

{

Si 

r 

r3 i j  
d S (3) 

The following matrix equation describes the relationship between surface 
potential and charge density of an insulating surface: 

⎡ 

⎢⎢⎢⎣ 

ϕ1 

ϕ2 
... 

ϕn 

⎤ 

⎥⎥⎥⎦ 
= 

⎡ 

⎢⎢⎢⎣ 

P11 P12 · · ·  P1n 
P21 P22 · · ·  P2n 
... 

... 
... 

Pn1 Pn2 · · ·  Pnn 

⎤ 

⎥⎥⎥⎦ 

⎡ 

⎢⎢⎢⎣ 

(σa)1 

(σa)2 
... 

(σa)n 

⎤ 

⎥⎥⎥⎦ (4) 

The potential coefficient matrix P is defined as follows: 

P = 

⎡ 

⎢⎢⎢⎣ 

P11 P12 · · ·  P1n 
P21 P22 · · ·  P2n 
... 

... 
... 

Pn1 Pn2 · · ·  Pnn 

⎤ 

⎥⎥⎥⎦ (5) 

Each unit’s charge density equation is as follows:
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⎡ 

⎢⎢⎢⎣ 

(σa)1 

(σa)2 
... 

(σa)n 

⎤ 

⎥⎥⎥⎦=P−1 

⎡ 

⎢⎢⎢⎣ 

ϕ1 

ϕ2 
... 

ϕn 

⎤ 

⎥⎥⎥⎦ (6) 

Free charge density is expressed as follows for any cell: 

σi = (ε2 
−→
Ei2 − ε1 

−→
Ei1) · −→ni (7) 

ε1 and ε2 refer to the dielectric constant of insulating material and air respectively; 
Ei1 and Ei2 refer to the electric intensity of insulating surface and air surface at the 
interface respectively; ni refer to the unit normal vector from the interface to the air 
side [7]. 

Free charge density and visible charge expressed as matrices: 
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σ1 

σ2 
... 

σn 
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F11 F12 · · ·  F1n 

F21 F22 · · ·  F2n 
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⎢⎢⎢⎣ 

(σa)1 

(σa)2 
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(σa)n 
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Definitied matrix F is as follows: 

F= 

⎡ 

⎢⎢⎢⎣ 

F11 F12 · · ·  F1n 

F21 F22 · · ·  F2n 
... 

... 
... 

Fn1 Fn2 · · ·  Fnn 

⎤ 

⎥⎥⎥⎦ (9) 

The following are the computational expressions for each component of matrix 
F: 

Fi j  = 

⎧ 
⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

(ε2 − ε1) 
1 

4πε0

{

Si 

−→ri j  · −→ni 
r3 i j  

ε1 + ε2 
2ε0 

, i = j 

(10) 

The following formula may be used to calculate any component of the potential 
matrix P: 

Pi j  =
{

Si 
4πε0 Ri j  

, i /= j 
Ri 
2ε0 

, i = j 
(11)
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3.2 Charge Inversion of Curved Surface Structures 

According to the charge inversion calculation principle, there are two main differ-
ences in the charge inversion calculation of plane surface and curved surface 
materials. 

(1) In surface meshing of planar materials, planar materials can be simplified to a 
two-dimensional model. The location of each element can be represented by 
only two coordinates, x and y. While the curved surface material is divided into 
elements, it needs three coordinates, x, y and z, to represent the position of each 
element [8, 9]. 

(2) Formula (7) is expressed differently in computation. Specifically, When i /= j, 
Fij = 0 for planar materials. For curved surface material, we need to calculate 
the unit normal vector nk at the center of each element. Then the angle between 
two vectors rik and nk is calculated. The angle between rik and nk is recorded as 
θ. In the actual calculation of charge density, Fij expression can be simplified 
as follows: 

Fi j  = (ε2 − ε1) 
Si 

4πε0 

cos θ 
r2 ik  

(12) 

For the curved surface of known surface equation, the normal vector of each point 
can be obtained directly by surface equation derivation. But in practical engineering, 
the method of surface equation derivation can not be applied to measure the curved 
surface of unknown surface equation such as insulators. Therefore, a general solution 
method suitable for all curved surface should be created [10]. 

According to the geometry, a plane is determined at three points. As shown in 
Fig. 1,ΔABC is a mesh after the curved surface is meshed. The region in which each 
mesh is located is thought to be a plane since the mesh is so narrow. The grid’s three 
vertices are points A, B, and C, its center is O, and the plane it is situated in has a 
normal vector called n. When the mesh is divided into quadrilateral elements, the 
mesh will be further divided into two triangular elements according to the diagonal 
line. The coordinates of A, B and C can be obtained by meshing. When the coordinates 
of A, B and C are A(x1, y1, z1), B(x2, y2, z2) and C(x3, y3, z3), the normal vector n = 
(a, b, c) of the  mesh  is  set [11] (Fig. 7).

According to the geometry, it can be seen that: 

−→n = −→CB  × −→CA (13) 

The coordinates of the normal vector n are as follows: 

a = (y2 − y3)(z1 − z3) − (z2 − z3)(y1 − y3) 
b = (z2 − z3)(x1 − x3) − (x2 − x3)(z1 − z3) 
c = (x2 − x3)(y1 − y3) − (y2 − y3)(x1 − x3) 

(14)
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Fig. 7 Normal vector 
solution schematic diagram

n 

A 

B 

C 

Oi 

Therefore, the first item in the inversion calculation formula (10) can be written 
in the form as follows: 

Fi j  = (ε2 − ε1) 
1 

4πε0

{

Si 

r i j  · ni 

r3 i j  
dS i /= j 

= (ε2 − ε1) 
Si 

4πε0 

r1m + r2n + r3 p 
r3 i j  

(15) 

Among them: Si is the area of the grid; r1、r2 and r3 are three coordinates of 
vector rij; rij is the length of vector rij. For mesh generation, the area Si of each mesh 
is determined and known, and the coordinates of vector rij can also be obtained by 
the central coordinates of each mesh. Therefore, Fij can be obtained directly [12]. 

4 Surface Charge Distribution of Insulators Coated 
with PRTV Coating 

According to the measured potential, it is considered that the potential on the circle 
where the point is located is equal. 30 points of equal distance are selected for each 
circle, and the selected potential inversion point is shown in Fig. 8. According to 
the measured potential, the charge density distribution on the insulator shed surface 
is obtained by charge inversion. The surface charge density distribution of insulator 
shed is shown in the Fig. 9. After corona, the peak value of insulator shed surface 
charge density is about −0.5μC/m2.
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Fig. 8 Schematic diagram of insulator surface potential distribution
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(a)Surface Charge Distribution at 35s after 
Discharge 

(b)Surface Charge Distribution at 687s after 
Discharge 

(c)Surface Charge Distribution at 1456s after Discharge 

Fig. 9 Surface charge density of XHP-210 ceramic insulator coated with PRTV 

5 Conclusion 

1. In this paper, an inversion algorithm for calculating surface charge density is 
proposed. Meshes of triangles are used to partition the surface. The normal 
vectors at each mesh are obtained by using geometric method, and the F matrix 
is obtained. Then the surface charge density is obtained by inversion. 

2. Ceramic and glass insulator shed hardly accumulates charge, while insulators 
sprayed with PRTV coating are easy to accumulate charges. The surface potential 
attenuation trend of the insulator shed sprayed with PRTV coating is exponential 
attenuation. The peak value of insulator shed sprayed with PRTV coating surface 
charge density is about −0.5μC/m2.
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Influence of Oxygen on Characteristic 
Law of C5F10O/N2 Mixture Partial 
Discharge Statistical Characteristic 

Long Li, Qiang Yao, Baojia Deng, Liangjun Dai, Ying Zhang, Shiling Zhang, 
Ke Li, and Haoran Xia 

Abstract In recent years, C5F10O (Perfluoro(3-methyl-2-butanone), as a potential 
substitute gas for SF6, has attracted extensive attention from researchers. C5F10O has 
high molecular freedom and strong energy absorption ability. Due to the high fluorine 
content in C5F10O gas, it has excellent insulation characteristics, more than twice that 
of SF6 under the same conditions. It is considered to be the most promising alterna-
tive gas for SF6. C5F10O mixed ratio insulating gas is a new type of environmentally 
friendly insulating gas, and its partial discharge statistical characteristics are rarely 
studied at home and abroad. In this paper, the statistical characteristics of partial 
discharge in C5F10O/N2 gas mixtures under extremely inhomogeneous electric field 
conditions are studied, and the characteristics of their statistical characteristics are 
analyzed. It is found that the addition of oxygen changes the partial discharge decom-
position characteristics of the C5F10O/N2 gas mixture, degrades the partial discharge 
characteristics of the C5F10O/N2 gas mixture, making the more severe the electron 
dissociation, and increases the electric field distortion near the needle tip, thereby 
promoting the discharge on both sides of the sinusoidal voltage peak (around 270°). 

Keywords New environmental protection insulating gas · C5F10O/N2 mixed gas ·
Partial discharge · Discharge statistical characteristics 

1 Introduction 

In the field of high voltage, the excellent insulation characteristics of SF6 gas make 
it always occupy a leading position in the electrical field and power industry. Nearly 
80% of the usage of SF6 gas is used in the electrical field and power industry every
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year [1]. However, SF6 also has the disadvantages of long atmospheric life and 
greatly aggravating the greenhouse effect [2]. The Kyoto Protocol and the Paris 
climate agreement all list SF6 as a gas that needs to be limited [3]. In addition, the 
decomposition of SF6 by discharge will produce toxic low fluoride substances that 
seriously threaten human health, such as SF4 and S2F10. Therefore, it is particularly 
important to find new environmentally friendly insulating gases that can replace SF6 
in order to reduce the emission of SF6 for the sustainable development of power 
industry and environment. 

In recent years, C5F10O, as a potential alternative gas to SF6, has attracted exten-
sive attention of researchers. It has excellent dielectric properties and environmental 
protection characteristics [4]. C5F10O has high degree of freedom and strong energy 
absorption capacity [5]. The high fluorine content in the molecule also makes its insu-
lation performance extremely excellent, which is more than twice that of SF6 under 
the same conditions. C5F10O has stable chemical properties, the global warming 
potential (GWP) is about 1, and the atmospheric life is about 15 days. It is not 
destructive to the ozone layer. Compared with SF6, the negative impact on the natural 
environment is greatly reduced. However, due to the high liquefaction temperature 
of C5F10O, the liquefaction temperature at one atmospheric pressure is about 26.5 
°C [6], so it can not be used alone. It needs to be mixed with buffer gas with low 
liquefaction temperature to avoid liquefaction, and the selection and proportion of 
mixed background gas is a major topic. Mantilla J D, gariboldin studied the power 
frequency breakdown voltage of C5F10O mixed with N2 and CO2, and found that N2 

and CO2 as background gases have good effects [7, 8]. Therefore, this paper selects 
N2, which is more abundant and common in nature, as the background gas of the 
mixed gas for experimental research. 

As a new type of environment-friendly insulating gas, there is less research on 
the performance of C5F10O at home and abroad, and less research on the appropriate 
proportion of C5F10O in the mixed gas [9]. Therefore, this paper uses the needle 
plate electrode simulation equipment to operate in a slightly uneven electric field 
environment, carries out the partial discharge experiment of C5F10O/N2 mixed gas by 
using the power frequency partial discharge experimental platform, and changes the 
proportion of C5F10O in the mixed gas, Collect and measure the gas decomposition 
components after partial discharge to analyze their decomposition characteristics, 
so as to provide experimental basis for the environmental protection substitution 
of C5F10O and N2 mixed gas, and provide theoretical basis for the substitution of 
environmental protection insulating gas in high-voltage electrical equipment [10, 11] 
(Table 1).
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Table 1 Comparison of the basic properties of C5F10O with SF6, N2 and CO2 

Chemical formula Dielectric strength relative to SF6 Boiling point (°C) GWP/100-years 

SF6 1 −64 23,500 

C5F10O 2 24 1 

N2 0.32−0.37 −79 1 

CO2 0.34−0.43 −196 – 

2 Methodology 

2.1 Test Platform 

The equivalent circuit diagram of the partial discharge testing platform in this article 
is shown in Fig. 1. The AC Pressure regulator has a range of 0−380 V, which is used 
to control the output voltage of the test transformer; The protective resistor R has a 
resistance value of 10kΩ, which plays a role in avoiding overcurrent and protecting 
the circuit [12]. The circuit model of high voltage power frequency experimental 
platform is shown in Fig. 1. 

The experimental gas chamber is made of stainless steel and can withstand the 
pressure of 0−0.6 MPa [13]. In the partial discharge experiment, the needle plate 
electrode is used to simulate a slightly uneven electric field. The needle electrode is 
made of tungsten copper and the plate electrode is made of brass.

Fig. 1 Circuit of the AC partial discharge testing platform 



460 L. Li et al.

3 Results 

3.1 C5F10O/N2 Gas Mixture PD Statistical Characteristics 

In order to explore the characteristic law of the statistical characteristic quantity of 
partial discharge of C5F10O/N2 gas mixture, this section uses software MATLAB to 
create a map reflecting the discharge quantity and discharge times. The following 
figure shows the PRPD map of partial discharge of C5F10O/N2 gas mixture for 48 h 
under oxygen-free conditions. The left and right sides are respectively C5F10O/N2 

mixed gas, Q-ϕ (Discharge Phase) Graph and n-ϕ (Discharge times phase) atlas. 

3.2 Discharge Quantity Phase Diagram and Discharge 
Frequency Phase Diagram 

According to Fig. 2, the discharge times phase patterns at 12 h, 24 h, 36 h, and 
48 h all conform to the Gaussian distribution characteristics. PD mostly occurs in 
the negative half cycle of power frequency, and the discharge amount and discharge 
times of the negative half cycle PD pulse at different times are much greater than 
the positive half cycle, indicating that the C5F10O/N2 gas mixture has a polarity 
effect. The polarity effect is related to the space charge formed around the needle 
tip during the discharge process, that is, the ionization near the negative potential 
needle tip generates a large number of positive ions to form a space charge layer, 
and the direction of the space electric field is the same as that of the applied electric 
field, resulting in an increase in the intensity of the electric field near the needle tip, 
which is more prone to self- sustaining discharge and the generation of PD. Similarly, 
the positive polarity space charge near the electrode of the positive potential probe 
will weaken the field strength near the tip and inhibit the occurrence of PD. The 
peak value of the discharge frequency basically occurs at the phase of 270°, which 
is near the peak value of the sinusoidal voltage. Within 48 h, the discharge capacity 
basically maintained at around 50pC/pulse, while the discharge frequency showed 
a trend of increasing first and then decreasing, from 10 times in 12 h to 25 times in 
24 h, then to 15 times in 36 h, and finally less than 10 times in 48 h. This is due to 
the fact that the experimental voltage remained at 24.5 kV, and the discharge amount 
remained basically unchanged without significant changes in the electrode plate and 
background gas. However, due to the continuous progress of partial discharge, the 
discharge frequency first increased with time, after a long time of partial discharge, 
the needle tip of the needle plate electrode will be ablated, and the needle tip will 
become increasingly bald after a long time of partial discharge, resulting in a decrease 
in the number of discharges.

The following figure shows the statistical characteristic map of 48 h PD with 
an oxygen concentration of 8% (O2 concentration of 24 kPa) and other conditions 
unchanged.
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Fig. 2 PRPD spectrum of C5F10O/N2 at 0.3 MPa
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From Fig. 3, it can be seen that, unlike in the absence of oxygen, after adding 
8% O2, the discharge is more concentrated in the positive half cycle, that is, PD 
mostly occurs in the positive half cycle of the power frequency. And the PRPD 
pattern has different characteristics from that in the absence of oxygen. The discharge 
frequency phase diagram has changed from one peak to two main peaks, and the 
discharge frequency at the phase of 270° (at the peak of sinusoidal voltage) has 
greatly decreased. As shown in the figure, the maximum discharge frequency can 
reach 50 times at 230°, and the discharge quantity at the phase of 270° (at the peak 
of sinusoidal voltage) in the discharge frequency phase diagram is smaller than the 
discharge quantity on both sides.

The reason for this may be that the addition of oxygen changes the partial discharge 
decomposition characteristics of the C5F10O/N2 gas mixture and degrades the PD 
characteristics of the C5F10O/N2 gas mixture. From the perspective of gas discharge, 
due to the negative potential of the needle electrode, gas discharge causes electrons 
to dissociate, and the gas molecules collide with the free electrons emitted from 
the cathode to ionize. The ionized free electrons can continue to collide with the 
gas molecules to cause secondary electron avalanches, forming streamer channels. 
After the development of the streamer, there is a large and uniformly distributed 
space charge layer near the tip of the needle. The existence of the space charge layer 
weakens the front electric field near the tip, with a phase of 270° (at the peak of the 
sinusoidal voltage) having the strongest shielding effect on the tip, and with very 
small electric field distortion. However, due to the degradation of PD characteristics 
of C5F10O/N2 gas mixtures by oxygen, the more serious the electron dissociation is, 
the greater the electric field distortion near the tip of the needle increases, thereby 
promoting discharge on both sides of the sinusoidal voltage peak (around 270°). 

4 Conclusion 

To sum up, using a power frequency high-voltage gas insulation test platform, the 
PD characteristics of C5F10O under two different background gases, N2 and CO2, 
were systematically investigated, and the PD statistical characteristics of C5F10O 
under two different background gases were analyzed theoretically. The following 
conclusions were obtained: 

The addition of oxygen changes the partial discharge decomposition characteris-
tics of the  C5F10O/N2 gas mixture, and degrades the PD characteristics of the C5F10O/ 
N2 gas mixture. The more severe the electron dissociation, the greater the distortion 
of the electric field near the needle tip, thereby promoting the discharge on both sides 
of the sinusoidal voltage peak (around 270°).
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Fig. 3 PRPD spectrum of C5F10O/N2/O2 at 0.3 MPa
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Abstract Composite insulators are widely used in power transmission lines due to 
the excellent electrical properties. However, the aging effect of composite insulators 
can be observed after a long-term operation under the influence of various factors. In 
this paper, the aging characteristics of composite insulators operating for 10 years in 
different environments of Maanshan are studied. The surface physical and chemical 
properties of composite insulators are evaluated by the water contact angle, surface 
roughness, surface morphology, infrared spectrum and X-ray photoelectron spec-
troscopy, while the electrical properties are characterized by the flashover voltage, 
dielectric characteristics, and trap characteristics. The difference of composite insu-
lator properties under different environment are compared. The results showed that 
the water contact angle and surface roughness of the aged insulators increased, 
and the chemical compositions are changed, resulting in the electrical performance 
degradation. However, the aging states of composite insulators in different environ-
ment are different. The performances of insulators operating near a steel plant with 
serious industrial pollution degrade obviously, while the performances of insulators 
operating near a closed mine pit after ecological restoration are still relatively good. 
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1 Introduction 

Composite insulators are widely used in power transmission lines. The excellent elec-
trical properties and surface hydrophobicity make the composite insulators perform 
well in the withstanding strength of pollution and wet flashover [1, 2]. However, 
the anti-aging ability of composite insulators is weak compared with the ceramic or 
glass insulators. Under the influence of various factors, the electrical performances 
of composite insulators degrade after a long-term operation, which may further result 
in the insulation failure. 

To prevent accidents caused by aging of composite insulators, researchers have 
done a lot of work about the aging characteristics [3, 4], insulation monitoring [5, 
6] and performance improvement [7, 8] of composite insulators. Research shows 
that the operating environment has significant influences on the aging of composite 
insulators. For example, in the high humidity environment along the southeastern of 
China or the high-altitude mountains, the surface hydrophobicity gradually loses with 
the aging time increase [9, 10]. The electrical performance degradation of composite 
insulators during the aging process is relevant to environmental characteristics. It is 
necessary to model the aging characteristics of composite insulators based on the 
local environment. 

In this paper, the composite insulators operating under several typical environ-
ments in Maanshan are sampled. The surface physical–chemical and electrical char-
acteristics are measured. The results can provide reference for the replacement and 
maintenance of composite insulators in Maanshan. 

2 Experimental Materials and Methods 

2.1 Materials 

The samples are obtained from the real composite insulators of the same type and 
voltage level, which have been operating for 10 years in three typical environments. 
The first group marked as M1 is located near the Hudongnan Road, Maanshan, which 
is a main road leading to the outskirts of the city with a high traffic volume. The second 
group marked as M2 comes from Aoshan Mine, which is a large open-pit mining 
site closed in 2017 because of resource depletion. The Aoshan mine has undergone 
ecological restoration and has been developed into a park. The third group marked as 
M3 is originated from the industrial factory area of Maanshan Iron and Steel Co., Ltd 
(Masteel) with serious pollution. In addition, the control group from new composite 
insulators is marked as M0.
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2.2 Methods 

The surface physical and chemical characteristics of composite insulator samples are 
evaluated by the static water contact angles (WCAs, Chengde Dingsheng, JY82A), 
surface roughness (Mar Surface 300C), scanning electron microscope (SEM, Tescan, 
MAIA3 LMH), Fourier transform infrared spectroscopy (FTIR, Bruker Vetex 70) 
and X-ray photoelectron spectrometer (XPS, Thermo Fisher ESCALAB Xi+). The 
samples are cleaned in the ultrasonic cleaner in the SEM and XPS measurements 
because of the instrument requirements. 

The electrical characteristics of composite insulator samples are evaluated by the 
flashover voltage, dielectric characteristics and trap characteristics. The flashover 
voltages are tested using crimp-type plate electrodes with a gap distance of 5 mm 
under 50 Hz AC high voltage. The dielectric characteristics are measured by a dielec-
tric response analyzer (Omicron, DI-RANA). The trap characteristics are obtained 
by the method of isothermal surface potential decay [11]. All the measurements are 
repeated for 3 times and the averages or typical results are displayed. 

3 Results 

3.1 Physical and Chemical Characteristics 

Water contact angle. The WCAs of composite insulator samples from different 
groups are shown in Fig. 1a. Three samples are selected from each group, and the 
WCA in five random regions are measured. The WCAs of virgin samples are ranged 
from 110 to 120°, while the WCAs of all the aged samples are ranged from 140 to 
150°. The WCAs of the aged samples increase instead of surface hydrophobicity 
loss, which is different from the results of those in the high humidity environment 
[9, 10]. It is indicated that the operating environment has significant influences on 
the aging characteristics of composite insulators.

Surface roughness. The arithmetic mean roughness (Ra) of the composite insu-
lator samples from different groups are shown in Fig. 1b. Compared with the virgin 
samples, the Ra of all the aged samples increase obviously, especially the M2 and 
M3 groups. Besides, the errors of M2 and M3 groups are greater. It may result from 
the factors which make the roughness increase are unstable. 

Surface morphology. The SEM images of the composite insulator samples from 
different groups are shown in Fig. 2. The surface of the virgin samples is relatively 
smooth with several flaws. Overall, the samples from M1 group are in good condi-
tions, but some cracks can be observed on the surface. The situation of M2 and 
M3 groups are worsened. Because of the macromolecule degradation and pollutant 
deposition, the surface pulverization occurs with cracks and holes.
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Fig. 1 The a WCA and b surface roughness of the samples from different groups

Fig. 2 The SEM images of the samples from different groups 

Surface chemical composition. The surface chemical composition of the composite 
insulator samples from different groups are evaluated by the FTIR and XPS, which 
are shown in Fig. 3a, b. The functional groups, Si-(CH3)2, Si-O-Si, Si-CH3, C-H and 
O-H are observed in the FTIR spectrum. The contents of all the functional groups 
in the aged samples significantly decrease, which means the molecular chains of 
silicone rubber are severely broken. 

Fig. 3 The a FTIR and b XPS spectrum of the samples from different groups
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Table 1 The surface chemical compositions of the samples from different groups 

Groups Chemical composition (Atom%) 

C 1 s O 1 s Si 2 s Si 2p 

M0 42.44 19.11 19.27 19.38 

M1 42.71 20.34 18.41 18.54 

M2 32.56 29.59 18.90 18.95 

M3 36.80 25.80 18.30 19.00 

The O 1 s, C 1 s, Si 2 s and Si 2p peaks are observed in the XPS spectrum. The 
content (atomic rate) of each element is listed in Table 1. The silicon content of 
the aged samples is slightly lower than that of the virgin samples, which means the 
fracture and loss of silicone rubber molecules. Considering the ultrasonic cleaning 
before XPS measurement, the silicon content of the outermost pollutant layer is even 
lower. The carbon and oxygen contents of samples from M1 group are similar to 
those of virgin samples. However, in the M2 and M3 groups, the carbon content 
decreases while the oxygen content increases. 

3.2 Electrical Characteristics 

Flashover voltage. The flashover voltages of samples from different groups are 
tested and shown in Table 2. Three samples are selected from each group, and the 
test for each sample is repeated for three times. The average values are taken into 
account. The flashover voltages of aged samples are slightly lower than those of the 
virgin samples from the results. The flashover voltage errors of M2 and M3 groups 
are obviously higher. It is considered that the aging of M2 and M3 groups on the 
surface is nonuniform, which is similar to that of surface roughness. Moreover, the 
greater error indicates the greater dispersion of flashover voltage, which is probable 
due to the insulation weakness on the surface. 

Dielectric characteristics. The relative dielectric constant (εr) and dielectric loss 
tangent (tan δ) of the samples from different groups are shown in Fig. 4a, b. The εr 
and tan δ of the aged samples are higher than those of the virgin samples, especially 
in low frequency. Among the aged samples, the samples from M3 group have the 
highest εr and tan δ, followed by M1 group. Notably, the εr and tan δ of the samples

Table 2 The AC flashover voltage of the samples from different groups 

Groups M0 M1 M2 M3 

Flashover voltage (kV) 11.18 ± 0.25 10.88 ± 0.21 10.90 ± 0.35 10.73 ± 0.58 
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Fig. 4 The a relative dielectric constant and b dielectric loss tangent of the samples from different 
groups 

from M2 group is only slightly higher than those of the M0 group. It means the 
electrical performance of the samples from M2 group is still relatively good. 

Trap characteristics. The surface trap characteristics of samples from different 
groups are shown in Fig. 5. The trap densities of the samples from M2 group are slight 
lower than those of virgin samples, which are on the order of 1021 eV−1 m−3. The  
maximum trap densities of the samples from M1 and M3 group obviously decrease, 
about 50–60% of those of the virgin samples. The higher trap density is responsible 
for the quicker dissipation rate of surface charge, further reducing the flashover 
caused by the electric field distortion from surface charge. Therefore, the samples 
from M2 group show good performance. Among all the samples, the difference in 
energy levels corresponding to the maximum trap density is not significant. 

Fig. 5 The surface trap 
characteristics of the samples 
from different groups
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4 Discussion 

In this paper, the samples are taken from the real composite insulators of the same 
type and voltage level, which is aged for 10 years. Therefore, the difference in 
insulation performance of the samples mainly results from the different operating 
environments. The main pollutants of M1 group are nitrogen oxides and particulate 
matters from the passing vehicles. The pollution is relatively light but long-lasting 
and stable. The samples from M2 group are heavily contaminated with dusts and 
particulate matters. Due to the open space and topographical difference around the 
mine pit, the insulators also need to withstand wind erosion and stress. However, 
the harsh environment only accounts for about half of the operating time. After the 
ecological restoration, the mine pit is developed into a park with green plants and 
oxygen-rich environment, which can be inferred from the oxygen content of the 
XPS spectrum. The environment of M3 group near the Masteel plant is the worst, 
which contains large amounts of dusts, particulate matters, nitrogen oxides, sulfide, 
fluoride, smoke and so on. The amounts of pollutants depend on the output of steel. 

From the results of the aging characteristics, the samples from M3 group have the 
worst overall performances, especially the surface morphology, flashover voltage and 
dielectric characteristics. It is considered that the polluted environment affects the 
aging characteristics, reducing the electrical performances. The overall performances 
of the samples from M1 group also degrades obviously compared with those of virgin 
samples but better than those of M3 group. It means that long-term mild pollution 
also has important influences on the performances. Among the aged samples, the 
samples from M2 group present relatively good performances like dielectric and trap 
characteristics. Though the samples from M2 group are in the harsh environments 
for nearly half of the operating time, they are operating in a good environment for 
the other half time. Therefore, a good environment can extend the lives of composite 
insulators. 

Different operating environments have different influences on the performances 
of composite insulators. In Maanshan, the WCAs of the samples from aged insulator 
increase compared with those of virgin samples, which is different from the results in 
coastal areas. The reason may be that the multiple pollutants deposit on the surface of 
insulators and form the new hydrophobic structures. Considering the environmental 
characteristics, once the WCAs of the insulators obviously deviates from the normal 
value (not just the decrease in WCAs), attention should be paid for the insulation 
status.
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5 Conclusion 

In this paper, the composite insulators operating for 10 years in three typical environ-
ments of Maanshan are sampled. The surface physical and chemical properties, and 
the electrical characteristics of the samples are measured and analyzed. The main 
conclusions are as follows: 

(1) The performances of composite insulators decrease with increasing operating 
time, and the environment has significant influence on the aging characteristics. 

(2) A good environment can delay the aging process of composite insulators, while 
a polluted environment can accelerate the performance degradation. 

(3) Different environments have different influences on the performances of 
composite insulators. In Maanshan, the WCAs of insulators increase over time. 
It is proposed to pay timely attention to the insulation status once the WCAs 
deviates from the normal value. 
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Abstract Insulating oil condition monitoring is one of the important ways of 
ensuring stable operation of power system, however, the existing detection methods 
can’t achieve real-time online detection. In this paper, a tubular oil solid triboelec-
tric nanogenerator is designed and a self-powered real-time online sensing system 
for insulating oil condition is constructed. The output performance characterization 
platform was built, which can realize the accurate perception of pA level tiny current 
and meet the measurement accuracy of the output signal of oil-solid contact electrifi-
cation. We tested the influence of oil flow rate on output performance, and found that 
the output current is approximately proportional to the flow rate in the range of 100– 
500 ml/min. Finally, the sensitivity of the sensor system is verified by the micro-water 
response test results, and the detection accuracy can reach 10 ppm. Relevant research 
results are of great significance for the construction of micro-water sensing system 
in insulating oil and the improvement of intelligent operation and maintenance level 
of transformer. 

Keywords Contact electrification · Oil condition · Triboelectric nanogenerator

X. Tan · F. Zhou 
Power Science Research Institute of Yunnan Power Grid Co., Ltd, Kunming 650214, China 

Z. Na 
Qujing Power Supply Bureau of Yunnan Power Grid Co., Ltd, Qujing 655099, China 

R. Zhuo · D. Wang 
Electric Power Research Institute, China Southern Power Grid, Guangzhou 510623, China 

H. Wu (B) · S. Xiao · Y. Li 
School of Electrical Engineering and Automation, Wuhan University, Wuhan 430072, China 
e-mail: wuhaoying@whu.edu.cn 

© Beijing Paike Culture Commu. Co., Ltd. 2024 
X. Dong and L. Cai (eds.), The Proceedings of 2023 4th International Symposium on 
Insulation and Discharge Computation for Power Equipment (IDCOMPU2023), Lecture 
Notes in Electrical Engineering 1100, https://doi.org/10.1007/978-981-99-7393-4_45 

473

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7393-4_45&domain=pdf
mailto:wuhaoying@whu.edu.cn
https://doi.org/10.1007/978-981-99-7393-4_45


474 X. Tan et al.

1 Introduction 

With the development of intelligent and informatization construction of power grid, 
the state perception of transmission and distribution equipment represented by oil-
immersed transformer has higher requirements. As the “blood” of oil-immersed 
transformer, the condition of insulating oil has always been an important source of 
information. Analyzing the content of impurities such as trace water is one of the 
main methods to monitor the life cycle of oil, and it is also an important means 
to monitor the internal potential faults of equipment. At present, the main detection 
methods of trace water include Coulomb method, gas chromatography, etc. [1, 2], but 
they have shortcomings such as complex detection system, complicated operation, 
and inability to achieve on-site real-time detection, which limits the use scenario and 
cannot ensure the timeliness of detection. 

Contact electrification is a phenomenon that describes the charge transfer that 
occurs when two interfaces come into contact, which occurs at the solid–solid 
interface as well as at the liquid–solid interface [3–5]. Triboelectric nanogenerators 
based on liquid–solid contact electrogenicity can convert dispersed and multi-source 
mechanical energy into electrical energy in the environment. At the same time, the 
response characteristics of the output signal are jointly determined by the liquid and 
solid interface, so the output signal can also be used as the sensing signal, realizing 
the self-powered sensing without external power supply of physical and chemical 
quantity of insulating oil [6–9]. When the insulating oil contains a trace amount of 
water, the output signal will change compared with the pure insulating oil because 
the water molecules change the charge distribution at the oil-solid contact interface 
and the formation process of electric double layer [10, 11]. Based on the oil-solid 
contact electrification, the kinetic energy of oil flow in the process of forced oil 
circulation of insulating oil under actual working conditions was collected, and the 
self-powered insulating oil condition sensing system was constructed, which could 
realize the real-time online detection of trace water in insulating oil. 

In this paper, we designed a tubular oil-solid triboelectric nanogenerator and 
build an insulating oil condition testing system as self-powered sensor for trace 
water detection in transformer oil. In this paper, we designed a tubular oil-solid 
triboelectric nanogenerator, and built a performance characterization platform to 
realize self-powered oil state sensing. Firstly, we designed a tubular triboelectric 
nanogenerator and its performance characterization platform, which can simulate 
the transformer oil channel and measure the oil-solid contact signal. Secondly, the 
influence of oil flow rate on the output characteristics was studied, and the influence 
of the inner working conditions of the real transformer on the output characteristics 
was simulated. Finally, we tested the response characteristics of the sensing system 
to the moisture content in the insulating oil, which verified the high sensitivity of the 
developed sensing system.
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Fig. 1 Oil contact Angle of the FEP film a treated, b untreaded 

2 Results and Discussion 

2.1 Material 

The friction layer materials of triboelectric nanogenerator are mainly polymer 
films, which have strong electronegativity and are often hydrophobic. However, 
for insulating oil with low surface tension, these materials are lipophilic. When 
the oil flow flows through, there will be oil stains remaining, which will affect or 
even shield the output signal. Therefore, in this paper, by spraying 1H,1H,2H,2H-
Perfluorodecyltriethoxysilane on the surface of FEP film to reduce its surface energy, 
we can avoid the production of oil stains and improve the output performance. The 
contact Angle between 25# transformer oil and film before and after treatment is 
shown in Fig. 1. After spraying, the oil contact Angle of the film is increased from 
69.5° to 108.4°. 

2.2 Tubular Triboelectric Nanogenerator 

The tubular triboelectric nanogenerator designed in this paper was shown in Fig. 2a. 
The tubular triboelectric nanogenerator consist of three layers: the inner layer was 
FEP film with strong electronegativity, which was used for charge transfer; The 
middle layer was a layer of gold-plated electrodes that conduct triboelectric charges 
to the measuring system through electrostatic induction, and the outermost layer was 
a layer of nylon tubes that act as supports and anchors.

In this paper, a 10 cm long nylon tube with an inner diameter of 6 mm and an outer 
diameter of 8 mm was used to simulate the transformer oil passage, and gilded FEP
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Fig. 2 The tubular triboelectric nanogenerator a structure, b photograph of the measuring platform

film was pasted inside to make a tubular triboelectric nanogenerator. The thickness 
of the FEP film is 0.1 mm and the length is 2 cm. The gold electrode is made by 
using magnetron sputtering on the back of the FEP film for 100 s, and the thickness 
is about 0.05 mm. 

Figure 2b shows the measuring platform of the triboelectric nanogenerator. The 
platform consists of a peristaltic pump, a tubular triboelectric nanogenerator, and 
a nylon tube. The peristaltic pump adopts three coaxial stepper motor, adjustable 
speed range is 0–610 ml·min−1, flow error is less than 1%. The peristaltic pump 
is connected to the triboelectric nanogenerator through a silicone tube with weak 
electronegativity. The measuring device is a high resistance meter (Keithley 6517B). 
Its working principle is as follows: oil flow is driven through the current meter by 
an adjustable peristaltic pump to control and record the oil flow velocity; The oil 
flow enters the nylon tube through the tubing. Then the oil flow contacts the tubular 
triboelectric nanogenerator and generates charge transfer. The electrical signal output 
is measured by the high resistance meter. The output signal of the high resistance 
meter is imported into the oscilloscope, and the output result is displayed by the 
computer; After the oil flow through the pipeline, through the earth electrode to 
neutralize the charge of the oil flow, back to the peristaltic pump, start a new cycle 
process. 

The charge transfer principle of triboelectric nanogenerator is described in Fig. 3. 
Figure 3a, b shows the initial triboelectrical charge transfer process from the initial 
oil-free stage to the triboelectrical interface charge saturation state. In this process, 
the initial small amount of oil flow will contact and charge the uncharged FEP film, 
resulting in the FEP film the negative charged, while the oil flow near the film has 
the same amount of positive charge adsorbed near the film. Subsequently, when the
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Fig. 3 The working principle of the tubular triboelectric nanogenerator 

initial oil flow flows out and the subsequent uncharged oil flow continues to flow in, 
the negatively charged film will attract the charge in the oil to form electric double 
layer (Fig. 3d). Due to the electrostatic induction effect, the electrons on the gold 
electrode flow from the earth to the electrode region until they reach a new equilibrium 
state (Fig. 3e). Then, as the oil in this part flows out of the pipeline, the electrons 
generated by electrostatic induction effect on the gold electrode flow back to the 
earth, the negative charge on the gold electrode gradually decreases Fig. 3f), and 
finally returns to the initial state (Fig. 3c), and restarts a new oil flow cycle process. 

2.3 Output Characteristic 

In this paper, the effects of flow rate on output characteristics are tested. Figure 4a 
shows that the output current of the tubular triboelectric nanogenerator is almost 
proportional to the flow rate in the flow range from 100 to 500 ml/min. The flow rate 
of oil flow is reflected in the charge transfer process described in Fig. 3as the cycle 
period. The larger the flow rate, the shorter the cycle required by the cycle process, 
and the higher the output charge within the same time. Therefore, the external output 
current is approximately proportional to the flow rate. 

2.4 Trace Water Detection 

The short-circuit current response of the tubular oil-solid triboelectric nanogenerator 
containing 10–100 µL.L−1 trace water at a flow rate of 100 mL.min−1 is showed 
in Fig. 4b, the output response of insulating oil containing only 10 ppm of trace 
water is about 35% higher than that of pure insulating oil, indicating that the system
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Fig. 4 The short-circuit current response of the tubular triboelectric nanogenerator a insulating oil 
containing 10–100 µL.L−1 trace water 

has excellent sensitivity to sensing trace water in insulating oil. When the water 
content increases gradually, the output current signal also increases gradually, and 
the two have strong positive correlation. This conclusion lays a theoretical founda-
tion for further research on moisture content in insulating oil and sensing system, and 
provides guidance for constructing inversion relationship between response param-
eters and moisture content, so as to realize the monitoring of moisture content in 
insulating oil (Fig. 4). 

3 Conclusion 

In this work, an oil-solid triboelectric nanogenerator with tubular structure was 
developed based on oil-solid contact electrification, and a self-powered sensor was 
constructed, which could be used to monitor the condition of insulating oil and 
realize the high sensitivity detection of trace water. We designed a tubular triboelec-
tric nanogenerator and built a performance characterization test platform to reveal 
the influence of different flow rates on the output characteristics, and measured the 
output response characteristics corresponding to the change of trace water content 
in insulating oil. The developed sensor has successfully realized the real-time online 
monitoring of water content in insulating oil, and can serve the needs of the new 
power system for the panoramic information perception and intelligent operation 
and maintenance of transmission and distribution equipment. 
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Research on Fast Calculation Method 
of Lightning Distribution in Mountainous 
Area Based on Conformal Mapping 

Nengxing Guo , Ruifang Li, Qian Lei, Jiayu Zhao, Chengzhi Li, 
Yujing Liang, and Xiaobin Cao 

Abstract The study of lightning distribution is crucial for implementing differ-
entiated lightning protection measures, with lightning channel simulation serving 
as the foundation for such research. Particularly in mountainous areas, lightning 
protection presents unique challenges due to complex terrain. However, current 
numerical calculation methods for simulating lightning channels in mountainous 
regions suffer from lengthy computation times that fail to meet the requirements of 
lightning distribution research. Additionally, existing lightning channel models are 
overly simplified, necessitating the exploration of faster and more accurate simula-
tion methods. To address these limitations, this paper proposes a rapid calculation 
approach utilizing conformal mapping to project the mountainous electric field onto 
flat terrain, resulting in accelerated computation speeds. The accuracy of the electric 
field calculation is verified using COMSOL. Furthermore, a Cooray distribution-
based lightning channel model is employed to represent the spatial characteristics 
of mountainous regions. Combining fractal theory, the study simulates lightning 
channels within mountainous terrains and efficiently calculates the lightning distri-
bution in typical mountainous topographies. The results demonstrate a significant 
reduction in lightning strike time to 10 s when employing the Cooray distribution-
based lightning channel model, which exhibits paths and distribution closer to actual 
observations compared to uniformly distributed lightning channels. The findings of 
this study provide valuable insights for future differentiated lightning protection in 
mountainous areas. 

Keywords Cooray lightning channel · Conformal mapping · Rapid calculation ·
Typical mountain
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1 Introduction 

Research on lightning protection, particularly in mountainous areas, is crucial due to 
the complex terrain and the need for effective strategies [1]. Lightning distribution 
studies rely on simulating lightning channels and calculating electric fields [2–5]. 
Previous studies by Yao et al. and Tao et al. considered terrain impact but had over-
simplified lightning channel models and time-consuming field calculations [6]. To 
address this, faster and more accurate methods are needed. Analytical and numer-
ical methods are used to calculate electric fields, with conformal mapping theory 
transforming complex boundaries [7]. Cooray et al. developed a dynamic simulation 
model considering space charge influence on lightning initiation and propagation 
[8]. This study aims to use a coordinate transformation method based on conformal 
mapping to accelerate the calculation of lightning distribution in mountainous terrain, 
specifically focusing on the Cooray charge distribution channel. 

2 Conformal Mapping Function 

2.1 Mapping Function for Typical Mountainous Terrain 

In mountainous regions, when dividing the area into a two-dimensional plane from 
a vertical cross-section, the boundary curve of the mountains is composed of basic 
mountain shape functions (such as valleys, ridges, etc.). When calculating the electric 
field in actual mountainous areas, the boundary curve is first extracted, and then a 
suitable conformal mapping function is selected to map the undulating mountain 
curve to a straight line. At the same time, the mountainous region is mapped to 
the space above the straight line, and the problem of electromagnetic field with a 
complex boundary is transformed into a problem with a simple boundary. The key 
to this simplification lies in the mapping function. In this analysis, the conformal 
mapping function for basic mountain shapes is examined, where the basic mountain 
shapes include valleys and ridges, both of which exhibit a symmetric pattern [9]. 

For valleys and ridges, we choose the following conformal mapping formulas [4]:

{
w = √

z2 + d2 valleys 
w = √

z2 − d2 ridges  
(1) 

In the equation, w = u + iv and z = x + iy. Here, u and v represent the horizontal 
and vertical coordinates in the w-plane, while x and y represent the horizontal and 
vertical coordinates in the z-plane. d is a conformal mapping parameter used to 
control the size of the mountain shape. 

The analytical expression for the shape of the ridge in the z-plane can be obtained 
as follows:
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y = ν ·
/
1 + d2 

ν2 + x2 
(2) 

The variable ν in Eq. (2) represents an equipotential surface in the w-plane. When 
ν = c is a constant, it corresponds to a horizontal equipotential surface parallel to the 
u-axis in the w-plane. This equipotential surface is mapped onto the z-plane through 
the conformal mapping function, representing the boundary of the mountain. In this 
case, the undulating mountain shape curve is transformed into a flat straight boundary, 
and Eq. (2) is accordingly rewritten as: 

y = c ·
/
1 + d2 

c2 + x2 
(3) 

According to Eq. (3), the conformal mapping parameters c and d jointly determine 
the shape of the terrain mountain simulation model. When x approaches infinity and y 
equals c, Eq. (3) has an asymptote line y = c, which can be considered as the horizon. 
When x = 0, we can obtain y = √

c2 + d2, establishing a relationship between the 
mountain height and the conformal mapping parameters. 

H =
/
c2 + d2 − c (4) 

The shape of the ridge determined by Eq. (4) is illustrated in Fig. 1. 
The height H of the mountain can be obtained through actual measurements. The 

choice of ground elevation values will affect the calculation results of the slope. To 
avoid this influence, this paper adopts the ratio of half the mountain height to half 
the width of the mountain waist for calculation, as shown in Fig. 2.

As shown in Fig. 2, when y = H 2 +c, Eq.  (2) can be solved to obtain the half-width 
L: 

L = 2 ·
/

4c2d2 

H 2 + 4Hc  
− c2 (5)

Fig. 1 Ridge shape diagram (mountain height) 
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Fig. 2 Ridge shape diagram (mountain slope)

By combining Eqs. (3), (4), and (5), we can solve the following system of 
equations:

{
d = √

H 2 + 2cH  
16c3 + 12c2 H − 4cL2 − L2 H = 0 

(6) 

According to the above formulas, if the parameters c and d of the mountain 
mapping function are known, we can use Eq. (6) to solve for the actual mountain 
height H and half-width L, thus determining the actual shape of the mountain. In 
this way, we can use the conformal mapping function to solve the corresponding 
electrostatic field problems. 

Let’s consider a point charge Q located at coordinates (x0, y0) above the ridge. 
In the transformed space after conformal mapping, where the mountain boundary 
becomes a horizontal line, the charge remains the same, but the coordinates transform 
to (u0, ν0), and any point in space transforms to (u, v). 

2.2 Accuracy Verification 

Introduce a static electric charge in the z-plane space and calculate the potential 
values of points in the mountainous space using the mapping function. 

Considering an actual basic mountain ridge with a height of 316 m and a half-
width of 153 m, we can solve for the parameters of the mapping function, d = 300 and 
c = 100, using Eq. (6). Taking a point charge of 1C located at coordinates (0, 1000), 
we calculate the spatial electric field using the ridge conformal mapping function in 
MATLAB. Additionally, using the finite element simulation software COMSOL with 
the same parameters, we simulate the aforementioned three-dimensional mountain 
model. The simulated results of the potential in the xz-plane due to the point charge 
are shown in Fig. 3.

To validate the accuracy of the algorithm results, we selected several points along 
the z-axis in Fig. 3, using the same parameters as those used in the conformal mapping
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Fig. 3 Electric field results

Table 1 Comparison of potential simulation results of three-dimensional mountain model 

Z-axis Simulation result (V) Conformal mapping result (V) Relative error (%) 

600 1.579 × 107 1.36 × 107 0.138 

700 2.4042 × 107 2.15 × 107 0.105 

800 3.9516 × 107 3.63 × 107 0.081 

900 8.4962 × 107 7.97 × 107 0.062 

and finite element simulation. We compared their potential values with the results 
obtained from the conformal mapping algorithm. The specific data are presented in 
Table 1. 

By observing Table 1, we can see that the numerical results obtained from 
conformal mapping are very close to the results of the finite element simulation 
for the three-dimensional rotating model. The contour plots of the two methods 
exhibit a striking similarity, and the relative errors in potential values at each point 
are relatively small. This result confirms the accuracy of the algorithm. 

3 Cooray Distribution 

3.1 Simulation of the Lightning Channel 

When the leader tip is located at different heights, the charge distribution along the 
leader channel varies. As the leader propagates downward, the channel charge density 
is highest at the leader head. As the leader head moves downward, the charge density 
in the channel gradually decreases and eventually approaches the value corresponding 
to a fully developed leader channel. Figure 4 illustrates the charge distribution along 
the leader channel when the tip is located at different heights above the ground.
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Fig. 4 Charge distribution 
along the lightning channel 
at different heights of the 
leader head above the 
ground: (1) 10 m, (2) 100 m, 
(3) 500 m, (4) 1000 m, (5) 
1500 m, (6) 2000 m, (7) 
2500 m, and (8) 3000 m 
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In this paper, we set the height of the thundercloud to be 4000 m and the ground 
range to be 1000 m. The two-dimensional plane is divided into multiple grids, and the 
simulation range is 4000 × 1000. To establish and validate the fractal development 
model of lightning leaders, we need to determine the parameters for each step of the 
downward leader development, including the step size, the amplitude of the lightning 
current, the starting position of the lightning leader, and the threshold criteria for 
transitions. By utilizing the aforementioned formulas, the lightning channel path for 
a mountain with a height of 316 m and a half-width of 153 m was simulated, as 
depicted in Fig. 5. 

Fig. 5 Simulation results of lightning leader channel
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3.2 Dispersity of Lightning Channels and Distribution 
of Lightning Strikes 

The comparison between the uniform distribution and the Cooray distribution is 
shown as follows: 

The lightning channel simulated with a uniform distribution exhibits the following 
characteristics: 

(1) Uniform charge distribution: 

In the lightning channel, the charge is evenly distributed, meaning that each point in 
the channel carries the same amount of charge. 

(2) Decreasing contribution of the leader head to the development direction: 

In the early stages of lightning development, the leader head contributes significantly 
to the charge, but as the lightning progresses, the uniform charge distribution in the 
entire channel causes the contribution of the leader head’s charge to decrease. The 
proportion of charge from the leader head gradually decreases, while the proportion 
of charge from the developed channel increases. Therefore, the contribution of the 
leader head to the electric field in the next step of development becomes much 
smaller compared to the already developed channel. As a result, the lightning channel 
simulated with a uniform distribution exhibits a more concentrated morphology and 
lower dispersion. 

The range and variance of the abscissa for both distributions were calculated. The 
range of the abscissa for the uniform distribution is 44, with a variance of 113.9373. 
The range of the abscissa for the Cooray distribution is 123, with a variance of 
1067.7205. 

In the early stages of lightning development, the Cooray distribution creates 
high charge density regions in the lightning leader’s head. These regions attract 
surrounding charges, leading to charge accumulation effects, making the electric 
field generated by the leader’s head a decisive factor for the subsequent development. 
This results in the spatial discontinuity and dispersion of the lightning channel path. 
Simulating the lightning channel using the Cooray distribution accurately reflects 
the distribution of charges in real lightning channels, and its morphology is more 
dispersed compared to a uniform distribution. 

Under the same conditions except for the charge distribution, namely uniform 
distribution and Cooray distribution, 100 simulations of the lightning channel were 
conducted. The simulated paths are shown in Fig. 6. The distribution and timing of 
lightning strikes were recorded and compared with the results obtained from finite 
element simulations, as presented in Table 2.

The lightning channel was modeled with a uniform distribution, and electric field 
simulation was conducted using both conformal mapping and finite element methods. 
The finite element method took 540 s to simulate the entire path of a uniform distri-
bution lightning channel. Conversely, the conformal mapping approach considerably 
reduced the computational time for a single lightning simulation compared to the
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Fig. 6 Lightning leader simulation with two channel charge distributions 

Table 2 Lightning distribution and time comparison 

Uniform distribution Uniform distribution in 
finite element method 

Cooray distribution 

Time (s) 3 540 10 

Horizontal variance 
of paths 

113 – 1067 

Range of lightning 
strikes (m) 

–100 to 100 – –280 to 380

finite element method. Employing conformal mapping for calculating the electric 
field in lightning distribution significantly speeds up computations in mountainous 
regions. 

4 Conclusion 

In this study, we applied the conformal mapping function to map the electric field of a 
typical mountainous terrain onto a flat terrain in a two-dimensional plane. The accu-
racy of the electric field calculation was validated using the finite element method. 
By combining the Cooray lightning channel charge distribution with the conformal 
mapping function, we derived the charge distribution pattern of the Cooray light-
ning channel in mountainous areas. Incorporating fractal theory and the variation 
of step length in lightning leader development, we simulated the development of 
lightning leader channels in mountainous terrain. The simulation results showed that 
the time to lightning strike was reduced to 10 s when using the Cooray distribution 
lightning channel model. Compared to the uniform distribution, the Cooray distri-
bution lightning simulation exhibited a more dispersed pattern, consistent with the 
observed development of lightning in practice. The lightning channel simulation
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model presented in this study provides an effective approach for the calculation of 
spatial electric fields and the simulation of lightning channels in mountainous areas. 

Acknowledgements This work was funded by National Natural Science Foundation of China 
(52177161). 
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Research on Step Size Distribution 
in Lightning Path Simulation 

Qian Lei, Ruifang Li, Nengxing Guo, Ziyue Guo, Chengzhi Li, Lejia Liu, 
and Xiaobin Cao 

Abstract Lightning path simulation is of great significance for lightning protection 
design and lightning warning of transmission lines or buildings. Lightning step size 
is one of the most important parameters in lightning path simulation research. The 
research of this paper has important theoretical significance. In this paper, the light-
ning video shot by a high-speed camera is divided into frames, and the lightening 
and shading changes of each frame are observed to obtain the statistical distribution 
rule of step size. On the basis of statistical analysis, the lightning step size is further 
studied theoretically. Firstly, the lightning strike path is divided into several segments, 
and the corresponding relationship between the step change of each segment and the 
number of boxes is obtained based on the box dimension method, so as to determine 
the step size of each segment, and obtain the corresponding theoretical distribution 
law of step size. On this basis, the statistical distribution law of the step size is used to 
modify it. The research of this paper lays a foundation for the simulation of lightning 
strike path. 

Keywords Lightning path · Lightning step size · Statistical distribution law ·
Theory distribution law · Box dimension method 

1 Introduction 

Research on lightning path simulation is of great significance to lightning protec-
tion technology, and lightning leader is an important physical process in lightning 
research [1]. The research on lightning is mainly applied to the lightning protection 
and lightning protection of transmission lines. The strike distance [2] proposed by the 
traditional electric geometric model (EGM) is widely used in the lightning protection 
design of transmission lines. However, in real line operation, the electric geometric
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model cannot explain some lightning protection. Due to their obvious fractal char-
acteristics, the lightning leader will soon introduce the knowledge of fractal theory 
to conduct an analysis and research on them, such as Niemeyer et al. Dielectric 
Breakdown Model DBM (Dielectric Breakdown Model) was introduced to study 
the characteristics of insulation discharge [3]. Professor He Jinliang et al. applied 
the lightning fractal model to the lightning strike analysis of power transmission 
lines [4]. Later, more and more people applied the fractal theory to the simulation of 
lightning channel. 

As one of the important parameters in the fractal model of lightning, the observa-
tion of the actual step size of lightning has been started since the 1930s. The size of 
each step of the positive ascending leader measured by the Empire State Building in 
literature [5] is 6.2–23 m. Our country in the 1990s is measured in the experiment of 
thunderstorm or thunder guide each stage is size 12–24 m [6]. However, the average 
step size of two lightning bolts measured in the artificial mine induction experiment 
in 2006 was 7.16 and 8.59 m [7]. Although the actual step size has been measured 
and studied a lot, in the research and simulation of the lightning leader fractal model, 
there is a lack of setting the leader step size of the simulation and the actual leader 
step size, that is, the step size of the model does not have the characteristics of real 
lightning. 

On the basis of existing studies, this paper analyzes the high frame rate lightning 
video based on background difference method and box dimension method, further 
divides the variation interval of the lightning leader size, and calculates the actual 
leader step size rule. Then, the lightning image extracted from the video is processed 
by the box dimension method to obtain the maximum simulation step size conforming 
to the real fractal dimension of lightning. Finally, the step size setting conforming 
to the change rule of the real lightning leader step size and suitable for simulation is 
obtained by contrast correction with the statistical leader step size. It provides more 
accurate lightning path simulation for lightning protection design. 

2 Law of Statistical Distribution 

2.1 Picture Processing 

Background difference method is used to extract the lightning path from the lightning 
strike video shot. The flow chart is as follows (Fig. 1).

Figure 2 shows the image before processing and the lightning leader path diagram 
after processing.
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Fig. 1 Background 
difference flow chart

Set the starting frame number, 
gray threshold 

Select the clearest range of 
lightning image 

Gray mean algorithm to build 
background 

Save the pixels whose test 
frame and background gray 
interpolation is greater than 

the threshold. 

Output test frame minus 
background effect 

Fig. 2 Lightning original and processed path picture 

2.2 Rule of Step Size 

By playing the lightning video shot by a high-speed camera one frame at a time, it 
can be seen that the alternating size of each step of the lightning leader is the same. 
When the lightning leader developed to the middle part, each step size gradually 
became longer, but the development time of each step size did not change.
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3 Law of Theoretical Distribution 

3.1 Box Dimension Method 

Box dimension method is a method for quantifying fractal structures. Its principle 
is to measure self-similar structures contained in a specific space on a certain scale. 
The box dimension method is very suitable to analyze the fractal characteristics 
of lightning because of its strong self-similarity. In the actual fractal development 
model, the fractal dimension is determined by the following formula: 

N (ε) ∼ ε−D (1) 

Since each division of the new box, the side size ε becomes before the half, 
so ε constantly decrescent, eventually converge to zero. When ε tending to zero, 
ln k/ ln ε = 0. And D is a definite positive number, so the final expression of fractal 
dimension D is: 

D = lim 
ε→0 

− ln N (ε) 
ln ε 

(2) 

For a fractal graphics, the fractal dimension D when certain, so take different box 
ε size and N(ε), respectively take its log ln(ε) and ln N(ε), made by the horizontal 
ordinate scatter plot. Which is in the linear area point corresponding box ε size can 
be used, at the same time with a straight line using the least square method for fitting, 
fitting for the slope of the straight line its opposite is the fractal dimension [8]. 

Through the frame processing and observation of the lightning video shot by high-
speed camera, it is preliminarily concluded that the lightning step grows longer and 
longer from top to bottom, and can be preliminarily divided into three segments. The 
lightning image was divided into three segments, as shown in Fig. 3a–c, and the box 
dimension method was used for processing and analysis respectively. In the analysis 
of the lightning path image extracted by the box dimension method, the maximum 
box side size conforming to the linear part of the fractal dimension curve is taken as 
the theoretical step size of lightning. 

Fig. 3 Segmented map of lightning path
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3.2 Step Size Analysis 

Figure 3a was processed by box dimension method in MATLAB, and fractal dimen-
sion fitting diagram and box side size and corresponding box number diagram were 
obtained respectively, as shown in Figs. 4 and 5. 

The point belonging to the maximum linear interval of the fitted fractal dimension 
curve is found in Fig. 4, and the corresponding point is found in Fig. 5, whose 
horizontal coordinate is the size of the box side and the development step of the

Fig. 4 Fractal dimension fitting diagram of first segment 

Fig. 5 Box side size and corresponding box number of first segment 
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Table 1 Comparison of step 
size of three-stage distribution Segment Step size 

First 0.0136719 

Middle 0.0292969 

Tail 0.0371094 

Table 2 Comparison of step 
size of four-stage distribution Segment Step size 

First 0.013 

Second 0.022 

Third 0.034 

Fourth 0.021 

lightning leader path in this segment. The same method was used to obtain the 
development step size of Fig. 3b, c. And the step size of each segment is shown in 
Table 1. 

As shown in Fig. 5, the side size of the box increases by 1 pixel from left to 
right. When the side size is small, the scatter point roughly maintains in the linear 
area, but when it increases to a certain size, it will produce violent shaking, which is 
obviously not in the linear area. Moreover, since the step size of the adjacent scatter 
point only differs by the side size of one pixel, the boundary of the linear interval is 
relaxed for the artificial definition. In this paper, the side size corresponding to the 
point with obvious changes is taken as the leading step size of this lightning path. 
Therefore, after analyzing the latter two segments by the same method, the step size 
of the three segments of this lightning path is 0.0136719, 0.0292969 and 0.0371094, 
respectively. The theoretical distribution of lightning lead step size is obtained by 
the box dimension method. It also shows that the step size is increasing during the 
process from the initial to the breakdown. 

Divide Fig. 2b into four paragraphs. Then use the same method for processing 
and analysis. The step size of each segment is obtained as shown in Table 2. The  
general pattern is also longer from top to bottom, but the step size of the last segment 
decreases because of the presence of the end of the preceding lightning branch in the 
image of the last segment. 

4 Lightning Lead Path Simulation 

Through MATLAB programming, the lightning strike path model with variable step 
size was established. According to the theoretical step size law, the step size of 
the beginning, middle and tail of the leader was set respectively according to the 
increasing size and their proportion. The following is a simulation of the lightning 
strike path (Fig. 6).
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Fig. 6 Lightning strike path 
simulation diagram 

Due to the shortest step size, it is difficult for single step size to show the direc-
tion of lightning leader development, that is, there are few abrupt directional turns 
in the front segment. In the middle and back, as the steps get longer and longer, 
the difference in direction between the two steps becomes more pronounced, and 
more bending occurs. This phenomenon is consistent with the characteristics of real 
lightning. 

5 Conclusions 

Based on background differentiation method, this paper extracts the lightning strike 
path from the lightning video and obtains a clear lightning strike path. Through 
the analysis of the lightning path graph by the box dimension method, the law of 
lightning leader development is obtained. The law is that the step length from the 
leader head to the breakdown is longer and longer. The lightning path simulation is 
carried out according to the step size law obtained in this paper, and the simulated 
lightning path obtained accords with the real lightning characteristics. 
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Analysis and Optimization of Influencing 
Factors of DC Sheath Induced Voltage 
of AC/DC Trench Submarine Cable 
Based on Electrostatic Complementary 
Model 

Jingying Cao, Jie Chen, Xiao Tan, Kairui Li, Lixiang Wang, Chenjin Xu, 
and Wei Wang 

Abstract Excessive voltage induced on the cable sheath in the AC/DC trench laying 
submarine cable system may cause sheath breakdown, resulting in paralysis of the 
submarine cable system and even endangering the safety of personnel. To grasp 
the law of DC submarine cable induced voltage change effectively, an electrostatic 
induction complementary model on the basis of the extensive electromagnetic induc-
tion model is proposed in the paper, which explores the influencing factors of DC 
cable sheath sensing voltage and the change map of induced voltage under abnormal 
working conditions. Taking the 110 kV submarine cable system in a coastal city as 
an example, the accuracy of the calculation method is verified in the finite element 
analysis simulation software. 

Keywords DC submarine cable · AC/DC trench laying · Electromagnetic 
induction · Electrostatic induction · Analysis of abnormal operating conditions 

1 Introduction 

Submarine cables are an important connection equipment between offshore wind 
farms and onshore power grids. To improve the efficiency of power transmission and 
transmission resources, the laying method of AC and DC trenches is usually adopted. 
However, the co-trenching method of AC and DC submarine cable will cause induced
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voltage on the metal sheath of the DC submarine cable in the alternating magnetic 
field, which will have a certain impact on the equipment, and even produce an over-
voltage of tens of kilo-volts in severe cases [1, 2], breaking through the DC cable 
sheath, thereby paralyzing the submarine cable system. Hence, to effectively protect 
the safety of equipment and improve transmission efficiency, the relevant calculation 
methods of induced voltage need to be explored. 

At present, the researches on the induced voltage of submarine cable sheath at 
domestic and foreign mainly focus on calculation methods [3–9], abnormal working 
conditions [10, 11] and influencing factors [12]. However, the main object of these 
studies is the AC part of the submarine cable system, and the researches on DC 
submarine cables mainly focus on the current carrying capacity [13, 14] and abnormal 
working condition analysis [15, 16]. Regarding the model simulation issue, the appli-
cation of the EMTP/ATP for overhead cables are modeled and simulated [17], and 
the PSCAD is employed to simulate the transient voltage of 500 kV XLPE submarine 
cable [18, 19]. However, the problems of induced voltage is not inferred in the above 
mentioned researches. 

To sum up, there are still loopholes in the calculation method, influencing factors, 
and protective measures for the protective layer of DC submarine cables. Aiming 
at the protection problem of submarine cable system, this paper first establishes a 
comprehensive model of extensive electromagnetic induction and electrostatic induc-
tion complementarity for calculating the induced voltage of DC submarine cable 
sheath. Then, the main influencing factors of the induced voltage amplitude are 
analyzed, the relevant simulation models are established, the influence of different 
laying methods on the induced voltage is studied, and the optimization method of 
the induced voltage amplitude is proposed. Finally, the simulation analysis of the 
abnormal working state is carried out, and the response method of abnormal change 
of induced voltage under abnormal normal working conditions is proposed. 

2 Modeling and Analysis of DC Sheath Induced Voltage 

The induced voltage on the DC cable sheath is usually composed of two parts, one 
is the induced voltage generated by electromagnetic induction by the conductor in 
the alternating magnetic field, and the other is the induced voltage generated by the 
DC cable itself due to electrostatic induction. 

2.1 Extensive Model of Electromagnetic Induction 

The calculation of the magnetic flux between DC submarine cable D and three-phase 
AC cable A, B, C can be expressed as:
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B = 
μ0 I 

2π x 
(1) 

ϕDi =
{

Bd S  = 
Dis{

r 

μ0 
• 
I 

2π x 
dx  = 

Dis{

r 

2π × 10−7 

• 
Ii 
x 
dx  

= 2 × 10−7 • 
I 
i 
ln 

Dis 

r 
(2) 

where B is the magnetic induction intensity, in T; μ0 is the vacuum permeability, and 

its value is 4π × 10–7 H/m; 
• 
Ii is the i-phase core current, ϕDi refers to the magnetic 

flux between the DC submarine cable and the i-th phase core current, in Wb/m; Dis 
is the distance between the i-th phase core and the DC cable, and r is the geometric 
mean radius of the DC cable. 

According to the mutual inductance calculation M = ψ/I , the equation for 
calculating the mutual inductance M between the i-th phase AC cable and the DC 
cable is as follows: 

MSi D = 2 × 10−7

(
ln 

1 

Si

)
(3) 

where SA, SB, SC indicates the distance between the three phases of The distance 
between the DC submarine cable and the three-phase AC submarine cable. 

The inductance calculation can be listed as: 

LSD  = MSAD  

• 
IA +MSB  D  

• 
IB +MSC D 

• 
IC (4) 

The induced voltage per unit length on the DC cable sheath can be expressed as: 

• 
USD  = −  j ωLSD (5) 

If the AC submarine cable has a three-phase current balance, bringing Eqs. (3) 
and (4) into Eq. (5), which can be simplified as 

• 
USD  = j · T (ln 1 

SA 
+ ln 

1 

SB 
∠ − 120◦ + ln 

1 

SC 
∠120◦) 

= 
1 

2 
· j · T · IA · [ln( SB SC 

S2 A 
) + √

3 j ln 
SB 
SC 

] 
(6)

||||
• 

USD

|||| = 
1 

2 
· T · IA ·

/
ln2 ( 

SB SC 
S2 A 

) + 3 ln2 ( 
SB 
SC 

) (7) 

where T = −2 × 10−7ω.
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The electromagnetic component of the induced voltage of the DC cable sheath is 
expressed by Eq. (7), in V/m. It can be seen from Eq. (7) that for AC three-phase 
balance systems, the electromagnetic component value of the induced voltage on the 
DC cable sheath is determined by the current amplitude and the AC and DC cable 
spacing. 

2.2 Electrostatic Induction Complementary Model 

Due to the presence of electrostatic induction on DC cables, there are mutual currents 
between the DC cable core and the sheath and between them and seawater, and the 
DC voltage on the core also generates induced voltage on the sheath. Figure 1 shows 
the equivalent circuit diagram of a DC submarine cable. 

In Fig. 1, R, D and M represent the core, shielding layer and armor layer respec-
tively; iR, iD, iM represent the current at the head of the three-conductor layer, respec-
tively; uR, uD, uM represent the first voltage between the core, shield, armor layer 
and seawater; u1, u2 and u3 indicate the voltage difference between the wire core 
and the shielding layer, the shielding layer and the armor layer, and the armored 
layer and the seawater, respectively; YRD, YDM , and YME represent the mutual capac-
itance between the corresponding conductors, respectively; Δu and Δi indicates the 
amount of voltage and current change between the head and the extremity of the 
cable, respectively. The submarine cable system can be seen as three circuits, circuit 
1 consists of a wire core and a shield, circuit 2 consists of a shield and an armor layer, 
and circuit 3 consists of an armor layer and seawater, and each has a loop current. 

According to the transmission line equation: 

⎧⎪⎨ 

⎪⎩ 

d 

dx  
U + Z I  = 0 

d 

dx  
I + YU  = 0 

(8) 

where Z is a unit-length impedance matrix and Y is a unit-length admittance matrix 
and Z = R + j ωL , Y = G + jωC .

Fig. 1 Circuit diagram of DC submarine cable equivalent 
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The loop voltage drop frequency domain equation for the axial direction of the 
coastal cable can be obtained as follows: 

− 
d 

dx  

⎡ 

⎣ 
U1 

U2 

U3 

⎤ 

⎦ = 

⎡ 

⎣ 
Z11 Z12 0 
Z21 Z22 Z23 

0 Z32 Z33 

⎤ 

⎦ 

⎡ 

⎣ 
I1 
I2 
I3 

⎤ 

⎦ (9) 

where Z11, Z22 and Z33 represent the self-impedance per unit length of the three 
circuits respectively. The loop self-impedance consists of the intrasurface impedance 
of the two conductors and the impedance of the time-varying magnetic flux of the 
insulating medium between the two conductors. Z12, Z21, Z23 and Z32 indicate the 
transfer impedance of the shielding layer and the armor layer respectively. Z12 = 
Z21, Z23 = Z32. 

In order to study the actual voltage of each conductor layer, using the seawater 
layer as a reference point, Eq. (7) can be rewritten as follows: 
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The various impedances mentioned above can be roughly divided into four cate-
gories: the impedance Ztf expressed by time-varying magnetic flux in the insulating 
medium between concentric cylindrical electrodes; tubular conductor internal and 
external surface impedance Zis and Zos; transfer impedance Zm between the inner 
and outer surfaces of the tubular conductor; seawater internal impedance Zw. They  
can be solved by the following equation: 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 
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2π 
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2πr D
[I0(mrc)K1(mqc) + K0(mrc) + I1(mqc)] 
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ρ 

2π qr D 
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μw 

2π 
[− ln(γ mqw/2) + 

1 

2 
− 4 

mh 

3 
] 

D = I1(mrc)K1(mqc) − I1(mqc)K1(mrc) 

(11)
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where μw is the magnetic permeability of seawater, the value of the relative perme-
ability of seawater equals 1, and the value of μw is 4π × 10–7 H/m; r and q repre-
sent the inner diameter and outer diameter of the corresponding insulation layer 
respectively, rc and qc represent the inner diameter and outer diameter of the corre-
sponding conductor respectively, and qw represent the outer diameter of the insula-
tion layer between the armor layer and the seawater; ρ indicates the resistivity of 
the corresponding conductor, ρw represents the resistivity of seawater, usually the 
value is 4.54–4.81Ω/m; m represents the magnetic permeability of the corresponding 
conductor, m = 

√
j ωμ/ρ, μ is the permeability in the medium; I, K0, I1, K1 is the 

first and second type of Bézier’s coefficient of the zero order and the first order; γ is 
Euler’s constant, the value is 0.577216; h is the buried depth of the cable. 

By converting an expression containing a Bessel function in Eq. (11) to an expres-
sion containing a hyperbolic function and expanding it into the complex frequency 
domain, the following simplified equation is obtained: 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 
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(12) 

where the elements are given by Eq. (13):
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

kt f  = 
μ0 

2π 
ln 

r 

q 

kis  = |r − q|
/

μ 
ρ 

= kos = km 

k
,,
is  =

√
μρ 

2πq|r − q| = 
q 

r 
k

,,
os 

ais  = − ρ 
2πq(r + q) 

= 
q 

r 
aos 

k
,,
m =

ρ 
π(r + q)|r − q| 

k
,,
w = 

γ qw 

2 

/
μw 

ρw 

k
,,
w = −μw 

2π 
= −2 × k ,,,,

w 

k
,,,,,,
w = −2μwh 

3 

/
μw 

ρw 

(13) 

Converting Eq. (8) into the complex frequency domain yields the complex 
frequency domain form of the transmission line equation:

{ d 
dx  Uph(s) + Z ph(s)Iph(s) = 0 
d 
dx  I ph(s) + Yph(s)Uph(s) = 0 

(14) 

where Uph(s) =
[
UR(s) UD(s) UM (s)

]T 
, and the Uph(s) represents the complex 

frequency domain form of the voltage to ground of the cable guide core, shielding 

layer and armor layer, Iph(s) =
[
IR(s) ID(s) IM (s)

]T 
and the Iph(s) represents the 

complex frequency domain form of the current passing through the cable guide core, 
shielding layer, and armor layer. 

Bringing Eq. (12) into Eq. (14) yields the complex frequency domain form of the 
impedance matrix. After combining the same order terms in the impedance matrix, 
the following impedance matrix expression is obtained: 

Zph(s) = Z0 
ph + Z0.5 

ph · s0.5 + Z1 
ph · s + Z1.5 

ph · s1.5 
+ Z1.05 

ph · s1.05 + Z0.95 
ph · s0.95 + Zm1 

ph (s) + Zm2 
ph (s) (15) 

where Zn 
ph represents a matrix of coefficients of order n of s. 

For admittance matrices, the same applies to the complex frequency domain form 
of the admittance matrix: 

Yph(s) = Y ph · s
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= 
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⎣ 
CRD −CRD 0 

−CRD  CRD  + CDM −CDM 

0 −CDM CDM + CMW 

⎤ 

⎦ · s (16) 

where CRD, CDM and CMW indicates the mutual capacitance between the wire core 
and the shield, the shield and the armor, and the armor layer and seawater, and C can 
be represented by: 

C = 
2πεin  

ln rin  qin  

(17) 

where εin indicates the dielectric constant of this insulating layer, rin indicates the 
outer diameter of the insulation, qin indicates the inner diameter of the insulation. 

The electrical parameters are brought into Eq. (14), and the differential equation 
is solved to obtain the induced voltage value UM generated on the sheath of the DC 
submarine cable due to electrostatic induction. 

In summary, the rms value of the electromagnetic component USD of the induced 
voltage of the DC submarine cable is obtained by formula (7), and the electro-
static complementary component UM of the induced voltage can be obtained through 
formula (12–17). By superimposing the rms value of the electromagnetic compo-
nent and the calculated value of the electrostatic complementary component, the 
calculation formula of the induced voltage of the DC cable sheath is: 

U = USD  + UM (18) 

It can be seen from Eq. (7) that the influencing factors of the electromagnetic 
component of the induced voltage mainly include the frequency and amplitude of the 
current on the AC submarine cable and the distance between the AC and DC subma-
rine cables; the influencing factors of the electrostatic complementary component are 
mainly the physical characteristics of the DC submarine cable itself, including the 
resistivity, magnetic permeability, dielectric constant and inner and outer diameter of 
the material. In practical application scenarios, considering the national standards, 
economic benefits and other factors, the selection of DC submarine cable can not 
be greatly optimized. Therefore, the optimization of induced voltage should mainly 
focuses on the distance between AC and DC submarine cables and the arrangement 
of AC submarine cables. 

3 Optimization of Induced Voltage Influencing Factors 

The laying method of AC/DC trench submarine cable is shown in Fig. 2, where l 
represents the distance between AC and DC submarine cable and the central axis.
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Fig. 2 Laying of AC and 
DC trench submarine cables 

l 

l 

DC submarine cable 

AC submarine cable 

In order to explore the influencing factors of the induced voltage of the sheath 
of DC submarine cable, and determine the optimal laying spacing and arrangement 
mode, the submarine tunnel section laid with 110 kV AC/DC co-trench was selected 
as the research object, the current carrying capacity of the submarine cable was 400 
A, the length was set to the length of 100 km, the structural parameters were shown 
in Table 1, and the three-phase arrangement order of AC submarine cable was shown 
in Fig. 4b, d. 

The simulation model in the finite element analysis software is illustrated as Fig. 3 
shown, and the field-path coupling co-simulation circuit is built. 

Table 1 Structural parameters of submarine cables 

Cladding Material Outside diameter 
(mm) 

Relative 
permittivity 

Resistivity 
(ohm*m) 

Core conductors Copper 18 1.0 1.68e-8 

Insulation XLPE 38 2.3 – 

Metal cladding Aluminum alloy 53 1.0 2.63e-8 

Corrosion 
protection layer 

XLPE 59 2.3 – 

Armor layer Stainless steel 
wire 

71 1.0 9.09e-7 

DC submarine cable 

DC submarine cable 

Phase CPhase A 

Phase B

-320 kV +320 kV 

Fig. 3 Finite element simulation model of submarine cable system
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Fig. 4 AC cable arrangement 

In actual engineering, AC submarine cables usually have two arrangements, as 
shown in Fig. 4. 

3.1 The First Arrangement of AC Submarine Cables 

When the three-phase AC submarine cable is arranged in the first way, the magnetic 
field distribution of the submarine cable is shown in Fig. 5. By changing the distance 
l between the submarine cable and the central axis can obtain the change of induced 
voltage amplitude on the DC cable sheath shown in Fig. 6. 

When l is 2.5 m, the induced voltage amplitude is 53.05 V, and when l is 3 m, the 
induced voltage amplitude is 43.38 V, so when the AC and DC submarine cables are 
3 m or more apart, the induced voltage threat is small.
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Fig. 5 The magnetic field distribution of the first arrangement
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Fig. 6 The changes in the 
induced voltage in the first 
arrangement
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3.2 The Second Arrangement of AC Submarine Cables 

When the three-phase AC submarine cable is arranged in the second arrangement, 
the magnetic field distribution of the submarine cable is shown in Fig. 7. Figure 8 
shows the change of the amplitude of the induced voltage on the DC cable sheath 
when l is changed. 

When l is 5 m, the induced voltage amplitude is 53.8 V. When the value of l 
reaches 6 m, the induced voltage amplitude is 48.97 V. Therefore, when the AC and 
DC submarine cables are 6 m or more apart, the induced voltage threat is small. 

As the distance increases, the amplitude of the induced voltage decreases more 
and more slowly, because the size of the induced voltage depends on the intensity of 
electromagnetic induction, and as the distance increases, the electromagnetic effect 
becomes weaker, and its fluctuations become smaller. Therefore, as the distance 
increases, the induced voltage value decreases, and when the distance gets smaller,
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Fig. 7 The magnetic field distribution of the second arrangement
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Fig. 8 The changes in the 
induced voltage in the 
second arrangement
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the induced voltage changes rapidly, and when the distance is far, the induced voltage 
changes slowly. 

And because the center of the three-phase submarine cable is symmetrically 
arranged, the electromagnetic field generated by it has a better cancellation effect 
than the “one” shape, so when the three-phase submarine cable is arranged in the 
shape of the product, the induced voltage of the DC cable sheath is smaller and the 
change rate is faster. 

4 Analysis of Abnormal Operating Conditions 

In actual engineering, there may be power failure or harmonic interference in the 
system, which may distort the induced voltage, produce an over-voltage with a large 
amplitude, and have a destructive effect on the armor layer. The following is an 
analysis of two scenarios. 

4.1 Power Outage Failure 

Power failure fault mainly refers to the failure caused by the occurrence of a power 
outage in one or more phases of a three-phase AC submarine cable, resulting in a 
three-phase unbalanced current. Common causes of power outages include lightning, 
external damage, etc. Figure 9 shows the induced voltage value on the DC cable sheath 
under normal conditions.

Figure 10 shows the change of induced voltage on the sheath of the DC submarine 
cable in the event of a single-phase power outage fault, and the amplitude of the 
induced voltage will rise sharply when a single-phase power outage fault occurs, 
reaching a peak of 2.98 kV, far exceeding the safety threshold, which threatens the 
human body and equipment.
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Fig. 9 Under normal 
circumstances, the induced 
voltage value on the DC 
cable sheath
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Fig. 10 The value of the 
induced voltage in the event 
of a single-phase power 
failure 
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Figure 11 shows the comparison chart of single-phase power outage fault and two-
phase power outage fault, and when a single-phase power outage fault occurs and a 
two-phase power outage fault occurs, the amplitude of the induced voltage on the DC 
submarine cable sheath is similar and far exceeds the safety threshold. Moreover, the 
phase difference between the induced voltage amplitude diagram of the A-phase fault 
and the amplitude diagram of the A&B two-phase fault and the amplitude diagram 
of the A&C two-phase fault is 1/6 cycle, and the phase relationship of the positive 
sequence three-phase circuit is satisfied.

4.2 Harmonic Analysis 

In the AC/DC trench laying submarine cable system, the AC submarine cable is in 
a three-phase equilibrium system, and due to the symmetry relationship, the second 
harmonic has been eliminated, and usually only odd harmonics exist. In this section 
of the analysis, an example is an example of a submarine cable system with a second 
arrangement of AC cables and 6 m from the central axis.
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Fig. 11 Comparison chart 
of the effects of single-phase 
faults and two-phase faults
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Firstly, considering the situation that the fundamental wave, third harmonic, fifth 
harmonic, seventh harmonic and ninth harmonic exist separately, the change of 
induced voltage value on the DC cable sheath under the separate action of different 
harmonics is shown in Fig. 12. 

Figure 12 is a double-coordinate axis diagram of the amplitude of the induced 
voltage of the DC cable sheath under the sole action of odd harmonics, in which the 
third and ninth harmonics use the right coordinate axis, and the amplitude is in kilo-
volts, and the remaining harmonics use the left coordinate axis in volts. The induced 
voltage has the same amplitude under the action of fundamental, fifth harmonic 
and seventh harmonic, and the amplitude of the induced voltage is the same under 
the action of the third harmonic and the ninth harmonic, and the induced voltage 
frequency period generated by the five harmonics has a proportional relationship. 

When the system is under the action of the third harmonic or the ninth harmonic, 
the induced voltage amplitude is thousands of times that of several other harmonics. 
When there is a third harmonic in the line, the phase angle of the three-phase power
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Fig. 12 Odd harmonics exist alone 
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Fig. 13 The change in induced voltage at the third harmonic is not included 

supply system becomes 0°, −360°, 360°, and there is no imaginary part for vector 
cancellation, which will cause the generation of power superposition and cause 
abnormal over-current. The principle is similar under the action of the ninth harmonic, 
and the absence of real parts in the system also leads to the generation of superpo-
sition states. Therefore, the harmonic vector angle should be adjusted by installing 
filters and other measures to reduce the damage caused by the third harmonic. 

Figure 13 shows a cycle of induced voltage waveform change in a submarine cable 
system without the third harmonic. As can be seen from Fig. 13, the induced voltage 
waveform will be distorted, and the amplitude will increase significantly, but it will 
still be within the controllable range. This is because the waveform of the induced 
voltage is superimposed by several harmonics, because there is no particularly large 
voltage, so the waveform changes are more obvious, usually using a filter or adding 
a grounding point to leak a larger voltage. 

5 Conclusion 

In this paper, the calculation method of induced voltage on the DC cable sheath 
is given, the influence of the induced voltage amplitude on the DC cable sheath 
is studied, and the abnormal working conditions are analyzed, and the following 
conclusions are obtained: 

(1) The induced voltage is generated by the joint action of electromagnetic induc-
tion and electrostatic induction, and the induced voltage amplitude of the DC 
cable sheath can be calculated more accurately through the calculation model 
proposed in this paper.
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(2) In the case of the same length and spacing of the submarine cables, the AC 
cables arranged in the first arrangement generate less induced voltage on the 
DC cable sheath than the second arrangement. 

(3) For a 110 kV AC/DC trench laying submarine cable system with a length of 
100 km, using the first arrangement method for AC submarine cables with 
an interval of more than 3 m can keep the induced voltage on the protective 
layer of DC submarine cables within the safety threshold. If using the second 
arrangement method for AC submarine cables, the interval must be more than 
6 m.  

(4) When power failure or harmonic interference occurs, the submarine cable 
system will generate an induced voltage of up to thousands of volts due to 
asymmetric current, which will break through the cable sheath and cause serious 
harm, and it is necessary to install filters to deal with harmonic interference, or 
add grounding points to leak large voltages. 
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Research on Typical Defects Electrical 
Performance of 1100 kV GIS Basin 
Insulator 
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Abstract In order to investigate the electric field distribution characteristics of 
1100 kV UHV GIS basin insulator under defect condition, a typical defect model 
of basin insulator is established in this paper. The internal bubble defect and surface 
metal particle attachment defect of 1100 kV basin-type insulator were simulated. In 
the case that the basin-type insulator is attached with metal particle along the surface, 
the larger the radius of the metal particle is, the more serious the surface electric field 
distortion at the nearest point is. Meanwhile, the electric field distortion reaches the 
maximum in the condition of metal particle attachment from the middle to the end 
of the basin-type insulator. When the 1100 kV basin insulator has an internal bubble 
defect, except for the position near the central conductor, the core field strength of 
the bubble in most areas is 4.55 × 106 V/m, which is 1.7 times of the position without 
bubble defect. The larger the bubble radius inside the basin insulator, the more promi-
nent the influence on the local field strength, and the field strength extreme value is 
distributed at the boundary between the bubble and the basin insulator material. 
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1 Introduction 

As an important part of GIS gas combination electrical apparatus, basin insulator 
plays important roles such as mechanical support and electrical insulation [1]. At 
present, most basin insulators used in UHV construction use 126 kV, 252 kV, 550 kV 
and other voltage levels, and the research on 1100 kV basin insulators is not enough 
[2–4]. 

Due to the non-standard preparation process and operation, bubble defects may 
occur in the curing process of epoxy materials. At the same time, during the installa-
tion process of equipment, collision and wear between components may be caused 
due to the inaccurate connection of equipment, resulting in metal particles attached 
to the surface of the insulator [5]. 

At present, there are relatively few researches on 1100 kV basin insulators in 
China. In reference [6], the stress distribution in the solidification process of 1100 kV 
basin insulators is simulated. In reference [7], the influence of bubble defects on the 
stress distribution of a 1100 kV basin insulator was analyzed by establishing a three-
dimensional model. In reference [8], fine iron wire was used to simulate surface 
defects of 1100 kV basin-type insulators and induce flashover, laying a foundation 
for accurate 10 ns fault location. Most of the studies on basin insulators stay at 
the voltage level below 1100 kV, and the studies on 1100 kV basin insulators are 
mainly focused on stress distribution and structure optimization, while the studies 
on the electric field distribution of typical defects of 1100 kV insulators are slightly 
insufficient [9–12]. However, there is a relative shortage of basin insulators for ultra-
high voltage in foreign countries, and most of the voltage levels are lower than 550 kV 
[13–15]. 

In order to research the influence of typical defects of 1100 kV GIS basin insulators 
on the electric field distribution along the surface and inside the insulator, this paper 
modeled the internal bubble defects and the adhesion defects of metal particles along 
the surface of the basin insulators, and used the finite element analysis software to 
simulate the overall electric field distribution of the above defect models. 

2 Modeling and Preprocessing of 1100 kV Basin Insulator 

In the process of modeling, in addition to the high-precision restoration of the basin 
insulator, detailed modeling is also carried out on the surrounding parts, such as 
shielding cover, center conductor, GIS housing, contacts, contacts, etc. The modeling 
in this paper refers to the 1100 kV GIS basin insulator production model and the actual 
size parameters in UHV Nanyang Station, and carries out high-precision restoration 
of the model [16, 17]. GIS basin insulator and its surrounding parts are shown in 
Fig. 1.

The specific material properties are shown in Table 1.
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Fig. 1 1100 kV GIS basin insulator model

Table 1 GIS model material parameters 

Material Relative dielectric constant Conductivity (S/m) 

Aluminium alloy 5A02 1 2.00 × 107 

Aluminium alloy 6A02 1 2.63 × 107 

Red copper 1 5.6 × 107 

SF6 gas 1.006 0 

Epoxy resin 5.2 0 

2.1 Defect Modeling of 1100 kV Basin Insulator 

Figure 2 shows the defect model of the 1100 kV basin insulator, the bubble defect 
model on the left, and the metal particle attachment defect model on the right. The 
blue position is the specific location of the defect. 

Fig. 2 Schematic diagram of bubble defects inside a basin insulator
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2.2 Calculation Principle of 1100 kV Basin Insulator Electric 
Field 

The calculation of the electric field of the basin insulator is to satisfy the Laplace 
equation in solving region D under the boundary conditions of the first and second 
kinds. The mathematical expression is as follows: 

⎧ 
⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎩ 

D : −ε∇2 ϕ = −ε

(
∂2ϕ 
∂x2 

+ 
∂2ϕ 
∂y2 

+ 
∂2ϕ 
∂z2

)

= 0 

ϕ1 = ϕ2 

ε1 
∂ϕ1 

∂n 
= ε2 

∂ϕ2 

∂n 

(1) 

D is the calculation area of electric field; ε1, ε2 on behalf of the interface between 
two different dielectric constants of materials. Applying potential ϕ for boundary 
conditions; n stands for normal vector perpendicular to the boundary. ϕ1 and ϕ2 

represents the potential at the interface between two different materials. Calculate 
the electric field distribution of GIS basin insulator and its surrounding parts can be 
regarded as solving the following mathematical problems. 

⎧ 
⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎩ 

D1 − D2 = 0 
E = ∇ϕ 
V1 = V 
V0 = 0 
∇ ·  E = ρ/(ε0εr ) 

(2) 

ρ represents free charge density; E is electric field intensity; ε0 and εr represent 
the relative dielectric constant of media and vacuum; D1 and D2 are the electrical 
displacement components perpendicular to the dielectric interface on both sides of 
the interface. V 1 and V 0 represent central conductor potential and shell potential, 
respectively. 

3 Electric Field Simulation of 1100 kV Basin Insulator 

3.1 Simulation of Defect-Free Electric Field of Basin 
Insulator 

In order to compare the electric field distribution of the basin insulator under the 
condition of defect, the electric field distribution of the basin insulator without defect 
is simulated (Fig. 3).
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Fig. 3. 1100 kV basin insulator without defect Electric field profile 

The overall electrical performance of the basin insulator without defects is rela-
tively stable. The maximum field strength of the whole model is 5.075 × 106 V/m, 
and the field strength of most areas on the whole insulator is even lower than 3.35 
× 106 V/m, and the average field strength is around 2.67 × 106 V/m, far lower than 
the breakdown field strength. 

3.2 Bubble Defect Simulation of Basin Insulator 

Figure 2 shows where the solid red arrow points, a bubble with a diameter of D = 
1 mm is set at the blue dot closest to the conductor rod and simulated. The electric 
field distribution diagram shown in Fig. 4 is obtained. 

By comparing Figs. 3 with 4, it is found that except for the slightly different 
electric field distribution at the bubble position, the electric field distribution at the 
other positions is basically the same, and the highest field intensity values of the two 
are basically the same, the difference is only 0.0001 × 106 V/m, and the bubble area 
is amplified. The field strength in the bubble area is significantly higher than that of 
the surrounding basin insulator. The simulation software shows that the surrounding 
electric field strength is about 2.000 × 106 V/m, the field strength in the center of

Fig. 4 D = 1 mm bubble defect 1100 kV basin insulator Electric field profile 
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the bubble is 3.623 × 106 V/m, the maximum field strength in the bubble is 4.014 
× 106 V/m, and the minimum field strength is 3.181 × 106 V/m. 

The overall electric field distribution diagram of the bubble defect diameter of 
2 mm, 3 mm and 4 mm and the electric field distribution diagram of the bubble 
defect are shown in Figs. 5, 6, and 7. 

D = 1 mm bubble center field strength size is 3.623 × 106 V/m, D = 2 mm  
bubble center field strength size is 3.602 × 106 V/m, D = 3 mm bubble center field 
strength size is 3.613 × 106 V/m, D = 4 mm bubble center field strength size is 3.601 
× 106 V/m. It can be seen that the bubble size has little effect on the electric field 
intensity. 

Create bubble defects of different sizes in the position indicated in Fig. 2 (Red 
dotted arrow). As shown in Fig. 8, when the bubble diameter is 1 mm, the position 
where the overall electric field strength of the basin insulator reaches the maximum 
is that of the bubble, and the maximum is 5.671 × 106 V/m, which is obviously

Fig. 5 Bubble defect D = 1100 kV basin at 2 mm, electric field distribution diagram of insulator 

Fig. 6 Bubble defect D = 1100 kV basin at 3 mm electric field distribution diagram of insulator 

Fig. 7 Bubble defect D = 1100 kV basin at 4mm electric field distribution diagram of insulator 
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Fig. 8 Bubble defect D = 1 mm to 4 mm 1100 kV basin insulator electric field distribution 

higher than that of the surrounding. The central field strength of the bubble with a 
diameter of 1 mm can reach 4.656 × 106 V/m. The bubble with a diameter of 2 mm 
can reach 4.655 × 106 V/m. The bubble with a diameter of 3 mm can reach 4.655 
× 106 V/m. The bubble with a diameter of 4 mm can reach 4.668 × 106 V/m. The 
electric field distribution of the basin insulator is the same as that of the bubble with 
a diameter of 1 mm, and the highest field intensity of the basin insulator exists at the 
position of the bubble. 

As can be seen from Fig. 8, with the increase of bubble diameter, the maximum 
field strength of the basin insulator also increases, but the field strength at the center 
of the bubble basically does not change much. Compared with (12,040), the change 
of bubble diameter at this position has a significant influence on the maximum field 
strength on the basin insulator. The more significant change is the bubble center 
field strength. Compared with the original position (12,040), the bubble center field 
strength at this position (17,350) increases from 3.600 × 106 V/m to around 4.655 × 
106 V/m, increasing by 29.3%. The remaining positions in Fig. 2 were simulated and 
verified, and the data in Fig. 9 was obtained. It is concluded that when the 1100 kV 
basin insulator has internal bubble defects, the center field strength of the bubble 
in most areas except the position near the central conductor is about 4.55 × 106 V/ 
m, which is 1.7 times of the position without bubble defects. The larger the bubble 
radius inside the basin insulator, the more prominent the influence on the local field 
strength, and the maximum field strength is distributed at the boundary between the 
bubble and the epoxy resin material.

3.3 Surface Particle Defect Simulation of Basin Insulator 

The metal particles were selected to be placed on the convex surface of the basin 
insulator. A line segment is generated on the convex edge where the basin insulator 
contacts the metal particles on the flat surface, and the electric field distribution on 
the line segment is calculated (Table 2).
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Fig. 9 Electric field intensity diagram under different bubble defects

Table 2 Maximum field intensity around particles with radius of 0.2 mm to 0.5 mm 

Radius (mm) Particle 1 (V/ 
m) 

Particle 2 (V/ 
m) 

Particle 3 (V/ 
m) 

Particle 4 (V/ 
m) 

Particle 5 (V/ 
m) 

0.2 0.124 × 106 2.81 × 106 5.00 × 106 8.90 × 106 5.98 × 106 

0.3 0.135 × 106 2.64 × 106 6.01 × 106 9.68 × 106 5.49 × 106 

0.4 0.145 × 106 3.20 × 106 7.01 × 106 14.72 × 106 7.08 × 106 

0.5 0.171 × 106 4.18 × 106 9.23 × 106 20.25 × 106 8.85 × 106 

4 Conclusion 

In this paper, a high precision reduction model is carried out for the 1100 kV GIS 
basin insulator and its surrounding parts, and the defects of metal particle attach-
ment on the surface of the basin insulator and bubbles inside the insulator are estab-
lished. The electric field simulation is carried out under the condition that the central 
conductor rod potential is 1100 kV and the shell potential is 0 V. Finally, the following 
conclusions are drawn: 

(1) When metal particles are attached along the surface of the basin insulator, the 
larger the metal particles are, the more serious the surface electric field distortion 
will be.
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(2) At the same time, the attachment of metal particles between the middle end and 
the end of the basin insulator has the most serious influence on the electric field 
distortion, so the attachment of metal particles in this area should be avoided in 
the process of design and installation. 

(3) In the case of bubble defects, the basin insulator is removed from the position 
slightly closer to the center. In the case of bubble defects in most other areas, 
the field strength of the bubble center is around 4.55 × 106 V/m, which is 1.7 
times of the position without bubble defects. 

(4) The larger the bubble defect is, the higher the maximum field strength of the 
basin insulator is, and the highest point is distributed on the boundary surface 
between the insulator and the bubble. 

References 

1. Wang C (2022) Miniaturization design of 550kV GIS basin insulator (I)—geometric shape 
optimization. Trans China Electrotech Soc 37(07):1847–1855 (in Chinese) 

2. Xu  PF, Tian JT,  Sun MD,  Zhang L, Dong  BY, Hou  YF, Chen S, Wang N, Lu YH,  Dan K, Chen  
CH (2021) 252 kV three-phase box basin insulator stress test and analysis. High Volt Elect 
Apparat 57(10):120–126 (in Chinese) 

3. Wang ZB, Shao YY (2019) Dielectric loss measurement method and application of 126 kV 
GIS basin insulator. High Volt Elect Apparat 55(10):76–80 (in Chinese) 

4. Wu XX, Leng YK, Pang WL, Wu SP, Hui, LLH (2022) Research on electric field deterioration 
characteristics and fault probability prediction of GIS bus latent fault. Power Grid Techn, 1–12 
(in Chinese) 

5. Wang BX, Tian MX, Feng TN, Ma JQ (2022) Influence of typical defects of GIS basin insulator 
on its electric field distribution. High Volt Elect Apparat 58(11):197–204 (in Chinese) 

6. Chen CX, Li YF, Hao LC, Yuan DP (2022) Simulation study on stress distribution of insulator 
curing process in 1100 kV GIS. Proceedings of the CSEE 42(13):4992–5001 (in Chinese) 

7. Li YF, Zhou J, Wu K (2020) Finite element stress analysis of 1100 kV GIS basin insulator 
under bubble defect. Journal of Insulation Materials 53(07):57–61 (in Chinese) 

8. Ding DW, Liu WD, Zhang ZW, He L, Yuan MH, Zhang C (2020) Experimental study on 
time-frequency characteristics of flashover voltage of 1100 kV GIL insulator based on UWB 
voltage measurement. High Volt Elect Apparat 56(02):1–6 (in Chinese) 

9. Jia YF, Liu W, Li ZB (2019) Comprehensive optimization of electrical and mechanical proper-
ties of 1100 kV basin-type insulator based on finite element simulation and genetic algorithm. 
High Volt Techn 45(12):3844–3853 (in Chinese) 

10. Li BB, Yu T, Ke YG, Luo S, Li JL, Zhen C, Zhao HY (2019) Technical characteristics and risk 
control measures of 1100 kV basin insulator. China Elect Eng 7:102–2019 (in Chinese) 

11. Liu S, Jiang P, Peng CG, Shao XJ (2016) Breakdown fault analysis of a 1100 kV GIS basin 
insulator. Zhejiang Elect Pow 35(10):36–39 (in Chinese) 

12. Chen Y, Cui BY, Wang NH, Wu Y, Cao DX, Cheng P (2016) Structure design of center insert 
of basin insulator for 1100 kV gas insulated switchgear. High Volt Techn 42(2):564–570 (in 
Chinese) 

13. Akbari E, Mirzaie M, Asadpoor MB, Rahimnejad A (2013) Effects of disc insulator type and 
corona ring on electric field and voltage distribution over 230 kV insulator string by numerical 
method. Iranian J Elect Elect Eng 9(1) 

14. Nagaraju A, Reddy NRS, Kiranmayi R (2022) Dielectric withstand capability of functionally 
graded material disc insulator in single phase - gas insulated busduct. Mat Today 66(4)



526 X. Zhan et al.

15. Energy Weekly News (2020) Technology—high voltage research; study results from Wuhan 
University provide new insights into high voltage research (Dynamics of surface charge and 
electric field distributions on basin-type insulator in GIS/GIL due to voltage polarity reversal) 

16. Tao L, Pei DL, Huang KX, Yu KW, Wang Z, Hou TT (2022) Application of 1000 kV GIL 
equipment in UHV Nanyang station expansion project. China Elect Eng 294(6):36–43 (in 
Chinese) 

17. Luo GH, Zhao SN, Luo XC, Dong CQ, Huang YL (2018) Abnormal analysis of 1000 kV UHV 
Nanyang station ultrasonic partial discharge detection. Elect Appl 37(18):70–152 (in Chinese)



Research on the Thermal Expansion 
and Contraction Characteristics of UHV 
AC GIL Expansion Joint 

Pengyang Li, Peipei Meng, Xixiu Wu, Hui Hou, Rongtai Wang, 
and Yiming Zhang 

Abstract As an integral part of the GIL system, GIL expansion joints are closely 
related to the safe and reliable operation of GIL equipment. The current density 
and electromagnetic loss distribution of GIL expansion joints under rated operating 
conditions are calculated, and the eddy current field-temperature field-force field 
multi-physical field coupling model is used as an excitation to analyze the tempera-
ture rise and thermotropic expansion of expansion joints under environmental condi-
tions. The results show that the temperature distribution and axial expansion of the 
expansion joint under rated conditions are axisymmetric, with a maximum tempera-
ture rise of 35.6 °C and a maximum axial expansion of 0.078 mm. conductor heating 
and solar radiation are the main causes of the expansion joint temperature rise, and 
the axial thermal strain of the expansion joint is approximately linearly related to 
the load current and ambient temperature. Increased solar radiation will lead to an 
increase in temperature difference between the top and bottom of the corrugated 
tubes and an increase in thermal expansion. 

Keywords UHV AC GIL · Expansion joint · Electromagnetic loss · Temperature 
distribution · Thermal expansion and contraction
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1 Introduction 

As an important part of GIL, the main functions of GIL expansion joint are as follows 
[1, 2]: (1) Length adjustment during installation or assembly; (2) Compensate for 
thermal expansion and contraction of GIL equipment caused by ambient temperature, 
thermal effects, etc.; (3) Compensate for equipment displacement from foundation 
settlement, earthquakes and other factors. Outdoor type GIL will be affected by 
changes in environmental conditions and its own through-flow heating, resulting in 
thermal stress on its different units, and then produce expansion and displacement 
deformation, and when the deformation accumulates to a certain extent, there will 
be sliding bracket gasket off, holding bolt cracking and other failures. 

At present, domestic and foreign scholars’ research on the thermal expansion and 
contraction of GIL expansion joints mainly focuses on loss calculation and temper-
ature distribution, and most of them are field tests, and there are fewer theoretical 
studies on the thermal expansion and contraction of GIL. In the article [3], the loss 
analysis and structural improvement of UHV AC GIL expansion joint are carried out. 
The current density distribution and volume loss density of the expansion joint are 
calculated. In the literature [4], the temperature distribution of UHV GIL expansion 
joint was measured and analyzed. Through the type test found that the temperature 
of the extra-high voltage GIL expansion joint is significantly higher than other unit 
locations. The article [5] used finite elements to calculate the thermal expansion and 
contraction of GIL pipes, and analyzed the expansion and contraction as affected by 
load current. However, the effects of solar radiation and wind speed under ambient 
conditions were not considered. 

In summary, the numerical analysis of thermal expansion and contraction charac-
teristics of GIL expansion joints is carried out to obtain the thermal expansion and 
contraction characteristics and study the influence law of different factors, which 
helps to provide a basis for improving the performance of GIL against thermal stress 
and formulating reasonable measures for unit expansion, deflection and thermal 
expansion compensation. 

2 GIL Expansion Joint Thermal Expansion 
and Contraction Calculation Model 

2.1 Expansion Joint Calculation Model 

Figure 1 shows the model of the retest rod-type GIL expansion joint, which includes 
the main components such as conductor, dunnage, and ignores the small components 
(Table 1).
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Fig. 1 GIL expansion joint 
calculation model 

Table 1 Simulation model 
size parameters Design project Design value 

Conductor length (mm) 1800 

Conductor radius (mm) 80 

Corrugated tube length (mm) 1400 

Inner diameter of corrugated tubes (mm) 270 

Wave number 10 + 10 
Single layer wave thickness (mm) 5 

Flange thickness (mm) 40 

Flange radius (mm) 360 

Number of support plates 16 

Number of pull rods 8 

Rod radius (mm) 20 

Length of pull rod (mm) 2000 

2.2 Multi-physics Coupling Model 

From the Fig. 2, it can be seen that the heat sources of GIL expansion joints 
thermogenic expansion are mainly load current, ambient temperature, solar radiation.
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Fig. 2 Multi-physics coupling relationship 

2.2.1 Mathematical Model of Electromagnetic Heat 

The multi-physical field coupling model of eddy current field-temperature field-
force field needs to be established to calculate the loss generated on the expansion 
joint conductor and corrugated tube and other components [6–9]. When the power– 
frequency AC current flows through the conductor, quasi-static electromagnetic field 
can be used to approximate it, and its governing equation is as follows [3, 8]: 

∇ ×  H = J (1) 

∇ ×  E = −  
∂ B 
∂t 

(2) 

∇ ·  B = 0 (3)  

where, H is magnetic field intensity, A/m; J is current density, A/m2; E is the 
electric field intensity, V/m; B is the magnetic induction intensity, T. 

By introducing vector magnetic potential A, the current density equation can be 
obtained: 

J = J s + J e = J s − jωσ A (4) 

where, J is current density, A/m2; J s Is source current density; J e is eddy current 
density; ω is the angular frequency corresponding to the power frequency, rad/s; σ 
is the conductivity, S/m. 

The equation of conductivity changing with temperature is as follows [6]: 

σ(T ) = σ20/[1 + α20(T − 293.75)] (5)
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where, σ20 is the resistivity of the material at 20 °C, S/m; α20 is the resistance 
temperature coefficient of the material at 20 °C; T is the thermodynamic temperature, 
K。 

For the loss power calculation equation: 

Ps = 
1 

σ

∫
|J |2 dS (6) 

where, σ is electrical conductivity, S/m; J is the total current density, A/m2. 

2.2.2 Mathematical Model of Thermal Expansion 

In the force field, the thermal expansion displacement per unit length of the GIL 
expansion joint is affected by temperature [7]: 

εTh  = αp�T = αp(T − T0) (7) 

where, αp is the expansion coefficient; T0 is the ambient temperature, °C. 
According to Newton’s law, the equation of solid motion is as follows: 

∂σi j  

∂ x j 
+ fi = ρ 

∂2ui 
∂t2 

+ μ 
∂ui 
∂t2 

(8) 

where, σi j  is the stress tensor; ρ is material density; fi is an external force; ui is 
displacement; μ is the damping coefficient. 

The global strain tensor equation is as follows:

{
εi j  = 1 2 ( 

∂ui 
∂ xi + ∂u j 

∂ xi ) 
εi j  = εE 

i j  + εTh  i j  

(9) 

where, εi j  is the strain tensor; εE 
i j  is the elastic strain component; εT h  i j  is the component 

of thermal strain. 

3 Distribution of Thermal Expansion and Cold Shrinkage 
Under Rated Conditions 

The boundary conditions under simulated rated conditions are shown in Table 2:
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Table 2 Rated operating 
conditions Parameter Parameter value 

Voltage class (kV) (alternating current) 1000 

Running current (A) 6300 

Ambient temperature (°C) 20 

Insulation gas pressure (MPa) 0.4 

intensity of solar radiation (W/m2) 100 

3.1 Electromagnetic Loss Calculation Results 

The current density distribution at the cross section of the GIL expansion joint 
conductor is shown in Fig. 3.It can be seen from the figure that the current density 
distribution of the conductor conforms to the skin effect principle, and the maximum 
current density is near the outer surface of the conductor. 

According to the simulation calculation results, the bulk density losses of 
conductor, corrugated tube, flange and tie rod are 123.33 W, 44.5 W and 32.56 W 
respectively (Fig. 4).

Fig. 3 Current density distribution 

Fig. 4 Distribution of volume density loss at each part of GIL expansion joint 
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Fig. 5 Distribution of temperature at each part of GIL expansion joint 

3.2 Temperature Distribution Calculation Results 

Without considering the wind speed, the electromagnetic loss is added to the tempera-
ture field model as an excitation to simulate the temperature field distribution charac-
teristics of the GIL expansion joint under environmental conditions. The calculation 
results are shown in Fig. 5. 

The conductor temperature is the highest, with a maximum temperature of 79.9 °C 
and a maximum temperature difference of no more than 0.2 °C. The highest temper-
ature of corrugated tube is 56.7 °C, and the maximum temperature difference is 
34.6 °C. Tie rod temperature distribution is slightly higher in the middle, the highest 
temperature is 47.8 °C, and the overall temperature difference does not exceed 13.5 
°C. 

3.3 Stress Distribution Calculation Results 

Figure 6 shows the stress distribution characteristics of GIL expansion joint. 
The corrugated tube stress is smaller than the conductor stress, with a maximum 

value of 101 MPa. The stress distribution of corrugated tube is approximately inverted 
“V” shape, and the thermal stress difference between upper and lower corrugated

Fig. 6 Stress distribution of GIL expansion joint 
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Fig. 7 Displacement distribution of GIL expansion joint 

tube is large, because of the uneven distribution of temperature field above and below 
the shell. 

3.4 Expansion Displacement Calculation Results 

Under rated conditions, the displacement of the GIL expansion joint is shown in 
Fig. 7. The overall displacement distribution is approximately axisymmetric, and 
the maximum displacement occurs above the corrugated tube, which is 0.21 mm. 
Maximum axial thermal expansion is 0.086mm. 

4 Analysis of Influencing Factors on Thermal Expansion 
and Cold Shrinkage of Corrugated Tube 

4.1 Load Current 

The main source of heat inside GIL is the conductor’s electromagnetic heat loss. 
Figure 8a shows how the temperature of conductors, corrugated tube and other 
components changes with load current under the condition that the ambient temper-
ature is 20 °C, pipeline pressure is 0.7MPa, and there is no wind or light. Figure 8b 
shows the relationship between thermal expansion of expansion joints and load 
current under this condition.
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Fig. 8 Curves of temperature and thermal expansion with load current
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Fig. 9 Curve of thermal expansion and cold contraction with temperature 

4.2 Ambient Temperature 

The ambient temperature is an external factor affecting the temperature of the GIL 
expansion joint. The ambient temperature directly affects the thermal expansion 
and cooling shrinkage of the expansion joint corrugated tube. Figure 9 shows the 
variation curve of the maximum axial thermal expansion and cooling shrinkage of 
GIL expansion joint corrugated tube with ambient temperature under the conditions 
of conductor current of 6300 A, pipeline pressure of 0.7MPa, no wind and no light. 

4.3 Radiation Intensity 

In addition to the influence of ambient temperature, solar radiation is also one of the 
main causes of GIL temperature change, and the difference of solar radiation orien-
tation will have a great impact on the temperature difference of GIL expansion joint. 
Figure 10 shows the relationship between the maximum axial thermal expansion of 
corrugated tube and solar radiation under the conditions of ambient temperature of 
20 °C, conductor current of 6300 A, pipeline pressure of 0.7 MPa and no wind.
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Fig. 10 The relationship between thermal expansion and solar radiation 

5 Conclusion 

(1) Under the rated condition, the maximum temperature of the conductor is 79.9 
°C, and the maximum temperature of the corrugated tube is 56.7 °C. Due to 
the influence of solar radiation and thermal convection of SF6/N2 mixed gas, 
the temperature difference between the upper and lower parts of the corrugated 
tube is large, and the maximum temperature difference is 34.6 °C. The rod is 
affected by heat conduction, and the maximum temperature is 47.8 °C. 

(2) The stress of conductor and bellows is symmetrically distributed at both ends 
of the shaft. The conductor stress is greater than the shell thermal stress, and the 
maximum conductor stress is 225 MPa. The stress distribution of the bellows is 
uneven, and the maximum value is 101 MPa. 

(3) The overall displacement distribution of the GIL expansion joint is approxi-
mately axisymmetric, and the maximum displacement appears above the corru-
gated tube, which is 0.21 mm. At this time, the maximum axial thermal expan-
sion of the corrugated tube appears above the corrugated tube, which is 0.086 
mm. 

(4) Affected by the ambient temperature, when the room temperature is less than 
−10 °C, the lower the temperature, the larger the cold shrinkage; When the 
room temperature is higher than −5 °C, the higher the temperature, the greater 
the thermal expansion. The maximum thermal expansion of the bellows of GIL 
expansion joint has a linear relationship with radiation intensity, and increases 
uniformly with the increase of radiation intensity.
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Improve the Toughness of Epoxy Resin 
Insulating Materials by Compounding 
Acid Anhydride Curing Agent 

Yanning Zhao , Yushun Zhao , Zimin Luo , Xueping Li, 
and Shengtao Hu 

Abstract Epoxy resin is one excellent insulating material and is widely used in 
the manufacture of electrical insulation structures, but its toughness is poor. There-
fore, toughening has been the first problem to be solved for the development of new 
epoxy insulating materials. In this paper, the method of compounding acid anhydride 
curing agent is used to improve the toughness of epoxy resin insulation materials. By 
compounding methylhexahydrophthalic anhydride (Me-HHPA) with a new special 
anhydride curing agent, the impact strength, cracking resistance and electrical break-
down strength of epoxy resin curing products are tested. The results show that this 
new anhydride curing agent can not only improve the mechanical properties and 
cracking resistance of epoxy resin composites, but also does not affect the electrical 
insulation properties of epoxy resin composites. Further, the paper also illustrates 
the mechanism of the effect of this new anhydride curing agent on the toughness of 
epoxy resin cured products, hoping that the study will provide a reference for the 
toughening of epoxy insulating materials. 

Keywords New special anhydride · Epoxy resin toughness · Anti-cracking 
ability · Electrical insulation material 

1 Introduction 

Epoxy resin is an epoxy oligomer that reacts with a curing agent to produce a three-
dimensional network of thermosetting plastic, which has excellent bonding, heat 
resistance, chemical resistance and electrical properties and has been widely used in 
electronic information, defense construction and other fields, becoming the fourth 
major material after metal, wood and cement [1]. The liquid epoxy resin can be cured 
at room temperature or by heating. Despite the many advantages of epoxy resin, it has
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problems such as poor temperature resistance, brittleness after curing, easy brittle 
fracture and poor toughness [2–4]. As their applications continue to expand, there 
are more stringent requirements for their performance. If the toughness of epoxy 
resin can be improved, it will broaden the application scope of epoxy resin. 

There are many studies on the toughening of epoxy resins, which are mainly 
divided into physical and chemical methods. Chemical methods introduce flex-
ible molecular chains into the main chain by adding reactive substances and thus 
achieve toughening. The physical method is to modify the epoxy resin by inter-
mixing, alloying and filling, and thus achieve the purpose of toughening [5]. In 
this paper, we are improving the toughness of epoxy resin insulating materials by 
compounding with acid anhydride curing agents. Methylhexahydrophthalic anhy-
dride (Me-HHPA), prepared by hydrogenation of methyltetrahydrophthalic anhy-
dride, has a low melting point, is a colorless and transparent liquid at room temper-
ature, and has a long service life [6]. The Me-HHPA/epoxy resin curing system has 
the advantages of excellent weatherability and leakage trace resistance, and has been 
widely used [7, 8]. However, the mechanical properties of the complexes obtained 
after their reaction with epoxy resins are poor, specifically in terms of resistance to 
mechanical impact. In addition, the cracking resistance of the compound is poor, 
and cracking is prone to occur when the ambient temperature is too high or too low, 
which has a serious impact on the insulation properties of the compound. Therefore, 
the type and content of the anhydride curing agent need to be improved to improve 
the toughness of the epoxy resin insulation material. 

In response to the above problems, the laboratory made a new special anhy-
dride, which has a high melting point, light yellow wax at room temperature, good 
miscibility with epoxy resin, long trial period of resin curing system, and yellow– 
brown color of the complex formed by reaction with epoxy resin. Its curing temper-
ature is high and the cured product has good thermal stability. Its mixed with other 
curing agents, curing epoxy resin system toughness, small shrinkage deformation, 
high impact strength, high heat resistance index, can withstand severe hot and cold 
temperature shock. Suitable for large and medium-sized power transformers, mutual 
inductors, motor components and all kinds of electrical equipment casting insulation. 
In order to investigate the influence of this anhydride curing agent on the toughness 
of epoxy resin compound, the epoxy resin compound with different proportions of 
anhydride compounding curing agent was prepared experimentally. The relation-
ship between different proportions of anhydride compounding curing agents and the 
toughness of epoxy resin complexes was measured, and the method can substantially 
improve the toughness of epoxy resin complexes, thus solving the problem of weak 
impact resistance and weak ability to withstand hot and cold shocks of the cured 
epoxy resin system.
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Fig. 1 Molecular structure 
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2 Experimental Materials and Test Methods 

2.1 Experimental Materials 

Epoxy resin, model DER331 epoxy value of 0.535 mol/100 g, industrial grade, 
purchased from Dongguan Hongcheng Plastic Material Company; methyl hexahy-
drophthalic anhydride (Me-HHPA), molecular weight 168.19, purchased from 
Shanghai Maclean Biochemical Technology Co, The molecular structure is shown 
in Fig. 1a; A new laboratory-made special anhydride with the molecular structure 
shown in Fig. 1b; N,N-dimethylbenzylamine (BDMA), molecular weight 135.21, 
was purchased from Shanghai Aladdin Biochemical Technology Co. 

2.2 Epoxy Resin Compound Preparation Process 

Put 100 g of epoxy resin DER331 and different compounding ratio of anhydride 
curing agent in the reaction kettle at 80 °C with heating and stirring to dissolve the 
new special anhydride solid and mix with epoxy resin evenly, and the formulation of 
each group of anhydride curing agent is shown in Table 1. Adjust the rotational speed 
to 300–400 rpm, evacuate to maintain the vacuum degree of 0.1 Mpa to remove the 
dissolved gas in the system, stir for 1 h at 80 °C, then add the accelerator BDMA and 
evacuate for 10 min to get a homogeneous casting material, pour into the preheated 
mold at 80 °C, vacuum degas for 10–20 min, use the curing process 80 °C/4 h + 120 
°C/12 h. Natural cooling to room temperature, demold and take out the sample parts. 

Table 1 Mass ratio of anhydride curing agent in each group 

Programmes 1 2 3 4 

DRE331 100 100 100 100 

Me-HHPA/New special anhydride 90:10 80:20 70:30 60:40 

BDMA 0.6 0.6 0.6 0.6
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3 Performance Characterization 

3.1 Anti-cracking Index 

The cracking resistance of the epoxy resin samples was tested according to the team 
standard applied by the laboratory. The test apparatus is an elevating alternating 
temperature chamber with a cooling rate of 0.1–0.3 °C/min. The cracking temperature 
of the epoxy resin sample is obtained and the cracking resistance index of the sample 
can be calculated by the following Eq. (1). 

τ80 =
∑ 25 − Tn 

N 
(1) 

Tn is the temperature (°C) of a sample at the time of cracking, and N is the number 
of samples. 

3.2 Impact Strength 

According to the test standard of national standard GB/T 2571-1995 “resin casting 
body impact test method”, the impact strength of the sample was tested by compound 
impact tester. The test was carried out with a pendulum of 4J energy size, the 
pendulum angle was 150°, each specimen was tested 4 times, and the measurement 
results were averaged. 

3.3 Electrical Breakdown Strength 

According to the test standard of national standard GB/T1408.1-2016 “Test method 
for electrical strength of insulating materials”, the breakdown strength of the sample 
under the action of long-time electric field was measured at 100V/s step-up rate. The 
measurement ambient temperature is 25 °C,the test specimen is a 100mm diameter 
and 1mm thickness circular piece, the test voltage frequency is 50 Hz, 5 break-
down data are obtained, the test results are averaged and the breakdown strength is 
calculated using the Weibull distribution. The breakdown strength of each formula-
tion with a breakdown probability of 63.2% was taken to investigate the effect of 
different anhydride curing agent formulation systems on the breakdown strength of 
epoxy resin complexes.
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Fig. 2 Anti-cracking index 
of epoxy resin composite 
with different ratio of 
anhydride 

4 Results and Discussion 

4.1 Anti-cracking Index of Different Acid Anhydride Curing 
Agent Formulation Systems 

From Fig. 2, it can be seen that the addition of different proportions of new special 
anhydride has a certain influence on the anti-cracking index of epoxy resin compound. 
When the content of the new special anhydride in the compounding curing agent is 
10%, the anti-cracking coefficient of the epoxy resin compound is only 60; when 
the content of the new special anhydride in the compounding curing agent is 40%, 
the anti-cracking coefficient of the epoxy resin compound is increased to 75.5. It 
can be inferred that this anhydride can be added to the epoxy resin as a toughening 
curing agent, which can well improve the anti-cracking ability of the epoxy resin 
compound. 

4.2 Impact Strength of Different Anhydride Curing Agent 
Formulation Systems 

From Fig. 3, it can be seen that the impact strength of epoxy resin compound is 
influenced by adding different proportion of new special anhydride. When the content 
of the new special anhydride in the compounding curing agent was 10%, the impact 
strength of the epoxy resin compound was only 17.65 kJ/m3 ; while when the content 
of the new special anhydride in the compounding curing agent was 40%, the impact 
strength of the epoxy resin compound was 26.66 kJ/m3 . It can be inferred that this
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Fig. 3 Impact strength of 
epoxy resin composite with 
different ratio of anhydride 

anhydride can improve the impact strength of the epoxy resin compound when it is 
added to the epoxy resin as a toughening curing agent. 

4.3 Electrical Breakdown Strength of Different Anhydride 
Curing Agent Formulation Systems 

From Fig. 4, it can be seen that the addition of different proportions of the new special 
anhydride has little effect on the breakdown strength of the epoxy resin complexes. 
When the content of the new special anhydride in the compounding curing agent 
was increased from 10 to 40%, the breakdown strength of the epoxy resin compound 
was maintained at 36.95–38.66 kV/mm. It can be inferred that the addition of this 
anhydride to the epoxy resin as a toughening curing agent does not have much effect 
on the breakdown strength of the epoxy resin compound.

It can be seen that this new laboratory-made special anhydride as a high molec-
ular weight aliphatic anhydride curing agent can improve the toughness of epoxy 
resin complexes. It mainly shows that it can improve the mechanical properties and 
cracking resistance of insulation materials. The reaction principle between the new 
special anhydride and bisphenol A epoxy resin is as follows. 

The hydroxyl group in the BPA epoxy resin reacts with the acid anhydride, and the 
hydroxyl end of the epoxy resin reacts to produce an ester group, and the anhydride 
reacts to produce a carboxyl group. The reaction formula is as follows:
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Fig. 4 Electrical breakdown 
strength of epoxy resin 
composites with different 
ratios of anhydride

The carboxyl group generated in the first step reacts with the epoxy group in the 
epoxy resin to generate an ester group and a hydroxyl group at the same time, and 
the reaction formula is as follows. The generated hydroxyl group can react with the 
anhydride, and the reaction is repeated to form a polymeric network structure. 

The molecular structure of the new special anhydride is a chain structure, and 
the molecular chains are connected by several flexible groups, which are rotatable 
and can improve the flexibility of the epoxy resin compound [9, 10]. In addition, 
the main chain does not contain benzene ring groups and other groups that play a 
role in the rigidity of the material [11, 12]. These characteristics of the molecular 
structure make this new special anhydride can be used as a toughening anhydride 
curing agent to improve the mechanical properties and cracking resistance of epoxy 
resin complexes by compounding with other anhydride curing agents.
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5 Conclusion 

For the problem of low toughness of epoxy resin anhydride after curing, this paper 
compounded two curing agents, Me-HHPA and a new special anhydride made in 
the laboratory. The impact strength, cracking resistance coefficient and electrical 
breakdown strength of the epoxy resin complexes with different compounding ratios 
were tested to investigate the effect of the new special anhydride on the toughness 
of epoxy resin insulation materials, and the conclusions are as follows: 

The compounding of Me-HHPA with two curing agents of new special anhydride 
can improve the impact strength and cracking resistance of epoxy resin composites, 
and the impact strength and cracking resistance coefficient of the composites will 
gradually increase with the increase of the ratio of new special anhydride. 

The new special anhydride is added to the epoxy resin as a toughening curing 
agent. While improving the toughness of the epoxy resin composite, it does not 
affect the electrical insulation performance of the composite, and the breakdown 
field strength of the composite can be maintained above 36 kV/mm. 

The molecular structure of this new special anhydride consists of a single main 
chain with no side chains. And the main chain is mainly composed of rotatable 
flexible groups without rigid groups such as benzene rings. These molecular structure 
characteristics make it possible to improve the toughness of epoxy resin complexes 
to some extent as an anhydride curing agent. 
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Fault Localization Method 
for Ring-Shaped DC Microgrids Based 
on Line Model and Euclidean Distance 

Li Xinglong, Feng Bo, Yang Yi, Zhong Jiayong, and Zhao Hongwei 

Abstract The rapid and precise localization in DC microgrids is a key technology 
that needs to be addressed urgently due to their characteristics such as fast-rising 
current and high amplitude during fault conditions. This paper establishes a math-
ematical model of the ring-shaped DC microgrid circuit and proposes a novel fault 
localization method by combining Euclidean distance with an optimization algo-
rithm. Firstly, line models for the normal and ground fault states of the ring DC 
microgrid are established based on electrical quantities of the microgrid. Secondly, 
the correlation coefficient of the fault current is calculated using the Euclidean 
distance measure. Finally, a short-circuit fault localization scheme is established 
by integrating the Euclidean distance measurement with the genetic algorithm. The 
simulation results demonstrate that this method can accurately detect the fault loca-
tion and transition resistance, and is applicable for locating low-resistance and high-
resistance short-circuits. The method has low communication requirements, certain 
anti-interference ability, and satisfies the reliability requirements of protection for 
DC microgrids. 
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1 Introduction 

In recent years, the depletion of fossil fuels and the increasing demand for electricity 
have led to a rising need for high reliability and quality of electrical energy in power 
grids. Research has shown that the ring-shaped DC microgrid, which is a common 
type of structure, has higher efficiency compared to ordinary radial DC microgrid, 
especially when the distribution lines are short [1]. When distributed power sources 
or DC bus experience faults, the entire ring system can still maintain normal operating 
status by rapidly isolating the fault area. Therefore, the ring-shaped DC microgrid 
is often used in densely populated areas such as comprehensive buildings, factories, 
and data centers, and also has practical value in distribution systems for ships and 
spacecraft [1, 2]. Figure 1 shows the schematic of the ring-shaped DC microgrid 
structure. 

If a short circuit fault arises in a DC transmission line, the fault current attains 
its maximum value in just a few milliseconds due to the combination of high busbar 
capacitance and low line impedance. Fast fault isolation and precise fault local-
ization are critical for ensuring the normal operation of microgrids and preventing 
further damage to system equipment [3, 4]. Currently, scholars are mainly conducting 
research on fault location methods for short circuits in DC microgrids from the 
following three categories: 

The first category is the active fault localization method. It is based on injecting 
signals into the faulty line through auxiliary equipment and analyzing signal charac-
teristics to achieve fault localization. Reference [2] proposes a power probe unit that 
detects and locates faults by forming an RLC second-order circuit between the faulty 
circuit and equipment. Although this method can locate faults in circular microgrid 
circuits, it requires additional equipment to be added to the circuit, thereby increasing 
investment costs. To address the fault protection issue in maritime DC microgrids,
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Fig. 1 Structure of ring DC microgrid 
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a novel power probe unit is proposed in [5], which injects DC signals into cables 
using an external circuit. This method is effective for detecting low-resistance short-
circuit faults without requiring a communication link, but the additional equipment 
can result in significant cost increases. In [6], a capacitive grounding device was 
designed to determine the fault location by analyzing the response of the grounding 
capacitance. However, this technique is associated with significant errors. A novel 
fault location module composed of inductors and thyristors was designed in [7]. 
Despite this approach can calculate the fault resistance and location by analyzing the 
fault response, it still requires a relatively high investment cost. 

The second category is the passive fault localization method. Passive fault local-
ization method relies on the acquisition and analysis of electrical measurement values 
from the system itself. The traveling wave method is a typical passive fault local-
ization method, which has been widely applied to fault protection in flexible DC 
transmission systems. In references [8, 9], authors proposed a traveling wave scheme 
for fault diagnosis in DC systems. This scheme locates faults by detecting the trav-
eling wave time, but it requires multiple terminal devices and is not suitable for short 
line fault protection. Moreover, most scholars choose to utilize current or voltage 
signals in analyzing and calculating fault protection. Reference [10] proposed a 
method for fault detection and location, using a current derivative measurement 
of voltage changes with a limiting reactor. However, this method is incompatible 
with high-resistance grounding faults. Sliding discrete Fourier transform technology 
was utilized to achieve fault location in [11], which fundamentally relies on deter-
mining the fault position through line resistance and thus has certain limitations. 
In [12], a proposed parameter estimation method that relies on sampling the peak 
fault current is utilized to compute the fault location and other relevant parameters. 
This method requires a high sampling rate to ensure positioning accuracy. Refer-
ence [13] employed the Least Squares Method to calculate fault line parameters for 
the purpose of identifying faulty sections and implementing protection. Reference 
[14] presented using current oscillation frequency during faults for fault identifica-
tion in DC microgrids. However, neither of these methods precisely locate faults. 
The literature [15] introduced a method for identifying low-resistance faults using 
a series-connected current-limiting inductor device and high-resistance faults using 
relay ground current. The fault location was achieved through iterative methods. 
However, this method requires additional current-limiting devices which may have 
an impact on the operation of the power grid. 

As the field of artificial intelligence continues to progress, the third category 
of methods such as neural networks and image processing techniques have been 
applied in the field of electrical engineering. A scheme proposed in [1] combines 
multi-criteria systems with neural networks to achieve fault localization, resulting in 
an improved fault protection speed compared to the traditional differential protection 
method. However, it has yet to be validated for cases of high-resistance grounding. 
Reference [16] introduced an intelligent fault detection method for microgrids that 
employs wavelet transform and deep neural networks. In this method, the selection 
of the wavelet family directly affects the accuracy of fault detection and localization. 
Moreover, the mathematical morphology method has been employed for extracting
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features of current signals to detect faults [17]. It can be applied to detect high-
resistance short-circuit faults, but fault localization has not been carried out. 

To tackle the issues aforementioned, this paper presents a fault localization method 
based on the Euclidean distance correlation coefficient. It is applicable for high-
resistance fault situations. Furthermore, this paper involves the development of a 
mathematical model for a ring-shaped DC microgrid circuit. The proposed method 
utilizes local current measurements and avoids the need for additional signal injec-
tion, making it suitable for all types of feeder terminations. Finally, the proposed 
fault localization method is validated through simulation. 

2 Ring DC Microgrid Modeling 

Assuming a certain ring-shaped DC microgrid has n nodes (directly connected to the 
rectifier) and b transmission lines (DC lines connecting the nodes). The node voltage 
matrix Un for the system can be expressed as: 

Un = [un1 un2 un3 · · · ·  unn]T n (1) 

The output current matrix of the converters Ic can be represented as: 

Ic = [ic1 ic2 ic3 · · · ·  icn]T n (2) 

The line current matrix I0 can be given by: 

I0 = [i12 i23 i34 · · · · ii j  · · · ·]T b (3) 

Taking the four-port ring DC microgrid shown in Fig. 2 as an example, analyze the 
mathematical relationships among various electrical quantities in the DC system. 
The system has four nodes directly connected to converters, and there are four DC 
transmission lines in the loop. When the DC system is functioning normally, the 
voltage matrix of the system Un nodes can be expressed as follows: 

Un = [un1 un2 un3 un4]T (4)

The output current matrix of the converters Ic can be represented as: 

Ic = [ic1 ic2 ic3 ic4]T (5) 

Assuming that the clockwise direction of the loop is the positive reference direction 
for current, the current matrix of the line I0 can be given by:
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I0 = [i12 i23 i34 i41]T (6) 

In existing research, there are mainly two types of models for the converter output 
current in response to short-circuit faults in DC microgrids. One type ignores input 
current of the converter [18], while the other type treats the converter as a constant 
current source [19]. Therefore, distributed power sources and converters can be 
considered as constant current source inputs. 

When the system is operating normally, taking line 1–2 between node 1 and node 
2 as an example, the circuit equation can be written according to Kirchhoff’s voltage 
law: 

l12 · di12 
dt  

= (un1 − un2) − r12 · i12 (7) 

In which l12 and r12 represent the line inductance and resistance of line 1, respectively. 
Expanding to each transmission line, the equation for the variation of currents can 

be represented in matrix form as: 

L0 · d I0 
dt  

= AT 
0 · Un − R0 · I0 (8) 

L0 is a diagonal matrix with dimensions of b × b representing the inductance of 
the DC transmission line. R0 is also a diagonal matrix with dimensions of b × b 
representing the resistance of the transmission line. A0 is a nodal branch admittance
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matrix with dimensions of n × b, where the elements of A0 are defined as follows: 

anb = 

⎧ 
⎨ 

⎩ 

1 
−1 
0 

(9) 

When a node is associated with a branch, if the direction of the branch is away from 
the node, then anb = 1, while if the direction of the branch points towards the node, 
anb = −1. When the node is not related to any branch, anb = 0. 

Similarly, the node voltage change matrix equation can be derived based on 
Kirchhoff’s current law: 

C0 · dUn 

dt  
= Ic − A0 · I0 (10) 

In this equation, C0 is the diagonal matrix representing the capacitance of the busbars 
with a dimension of n × n. 

In Fig. 2, if there is a short circuit fault on line 4–1, the original four-port network 
will be equivalent to adding a faulty node between nodes 1 and 4. Both the number 
of nodes and branches in the network will increase by one. At this point, the voltage 
matrix of the system nodes, the current matrix of the lines, and the output current 
matrix of converters are as follows: 

Un = [un1 un2 un3 un4 un f  ]T (11) 

I0 = [i12 i23 i34 i4 f i f 1]T (12) 

Ic = [ic1 ic2 ic3 ic4 i f ]T (13) 

In the Eq. (13), 

i f = i f 1 − i4 f (14) 

un f  = r f ·
(−i f

) = E · r f · I0 (15) 

E is the coefficient vector, E = [0001 − 1], and r f represents the short-circuit 
transition impedance. 

In the event of a short circuit fault, the original DC line can be considered as being 
divided into two separate lines at the fault location. At this stage, the inductance and 
resistance matrices in the Eq. (8) are adjusted as follows:
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L = 

⎡ 

⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎣ 

l12 
l23 

l34 
l4 f 

l f 1 

⎤ 

⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎦ 

, R = 

⎡ 

⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎣ 

r12 
r23 

r34 
r4 f 

r f 1 

⎤ 

⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎦ 

(16) 

In the Eq. (10), the capacitance matrix is adjusted as: 

C = 

⎡ 

⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎣ 

c1 
c2 

c3 
c4 

0 

⎤ 

⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎦ 

(17) 

Differential equations for voltage and current are combined as shown below: 

⎧ 
⎪⎨ 

⎪⎩ 

L · d I0 
dt  

= AT 
0 · Un − R · I0 

C · dUn 

dt  
= Ic − A0 · I0 

(18) 

Equation (18) provides a rapid approach to calculate the fault current in a DC 
microgrid when a short-circuit fault occurs. 

3 Fault Localization Scheme 

3.1 Calculation of Euclidean Distance 

The Euclidean distance is one of the important analysis methods used in discriminant 
analysis. It is commonly used to describe the true distance between two points in a 
multi-dimensional space. The purpose of using this method is to analyze the distance 
between two samples, thereby characterizing the similarity between two samples. 
The smaller distance, the more related samples are, while the larger distance, the less 
related samples are [20]. 

Two groups of sample sequences X , Y are defined as follows: 

X = (x1, x2, · · ·, xn) (19) 

Y = (y1, y2, · · ·, yn) (20)
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The Euclidean distance between two sets of sequences can be defined as: 

dE (X, Y ) =
[

n∑

i=1 

(xi − yi )2
]1/2 

(21) 

Due to significant differences in the distribution of components across dimensions, it 
is necessary to standardize each component to eliminate the influence of units. This 
paper standardizes each component based on its respective mean value. The formula 
is as follows: 

dE
( ∗ 
X , 

∗ 
Y

)
=

[
n∑

i=1

( ∗ 
xi − ∗ 

yi
)2

]1/2 

(22) 

Within the equation: 
∗ 
xi = xi /x , x is the average value of the sample sequence X ;

∗ 
yi = yi /y, y is the average value of the sample sequence Y . 

If the Euclidean distance between samples consistently approaches zero 
throughout the entire space, it can be determined that the selected samples have 
a high degree of similarity and correlation. This also indicates that the sample curves 
follow a similar trend of change. This article utilizes the Euclidean distance to repre-
sent the similarity and amplitude differences in fault current. Practically, there are 
differences observed between the Euclidean distance of the sampled current and the 
calculated current. To better represent the current correlation, this article uses the 
formula (23) to convert the Euclidean distance into a correlation coefficient. 

r = 1 

1 +
[

n∑

i=1

( ∗ 
xi − ∗ 

yi
)2

]1/2 (23) 

When analyzing electrical currents, Euclidean space can be considered as a two-
dimensional space composed of time and current. Therefore, the sampled current 
sample sequence can be represented as Isam and the calculated current sample 
sequence can be represented as Ical . The expressions are respectively: 

Isam = ((isam1, tsam1), (isam2, tsam2), · · ·, (isamk, tsamk )) (24) 

Ical = ((ical1, tcal1), (ical2, tcal2), · · ·, (icalk, tcalk )) (25) 

The electrical current correlation coefficient based on the Euclidean distance can be 
expressed as:



Fault Localization Method for Ring-Shaped DC Microgrids Based … 557

ri = 1 

1 + [
( ∗ 
isam − 

∗ 
ical

)2 

+
( ∗ 
tsam − 

∗ 
tcal

)2 
]1/2 

(26) 

When the time dimension is fixed, the current sequences contain k samples. In 
this case, the electrical current correlation coefficient can be simplified to: 

ri = 1 

1 +
∣
∣
∣
∣

∗ 
isam − 

∗ 
ical

∣
∣
∣
∣

(27) 

3.2 Fault Localization Method 

DC microgrid lines typically have intelligent electronic devices (IEDs) installed at 
both ends of the line to monitor and protect the system [2]. When a short circuit fault 
occurs, the system monitors and retrieves information on current and voltage through 
IED devices. In this part, a fault localization approach is proposed by calculating 
the Euclidean distance between sampled current and transient calculated current, 
combined with genetic algorithm analysis. 

The fault localization process is illustrated in Fig. 3. The specific implementation 
steps of the method are as follows:

1. Obtain circuit current: Sample current is obtained through intelligent electronic 
devices, current sensors, etc. 

2. Fault scheme initialization: A large number of combinations of fault resistance 
and fault location schemes are obtained through randomly generated methods. 

3. Calculation of Fault Current: Once the fault schemes are generated, transient 
fault currents are calculated using the established system mathematical model. 

4. Calculation of Euclidean distance and correlation coefficient: The correlation 
between currents is analyzed by calculating the Euclidean distance between 
transient current and sampled current. 

5. Determine if it meets the threshold: After the occurrence of the fault, the closer 
the Euclidean distance between the sampled current and the transient calculated 
current, the more accurate the fault scheme. Therefore, a threshold of k1 is set for 
judgment, and when the calculated correlation coefficient is greater than k1, the  
fault scheme is determined. Through extensive simulation validation k1 = 0.99. 

6. Genetic algorithm scheme update: When the generated fault scheme does 
not meet the Euclidean distance correlation coefficient threshold requirement, 
genetic algorithm is used for scheme optimization to find the optimal scheme.



558 L. Xinglong et al.

Fig. 3 Fault localization 
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3.3 Data Window Selection and Current Correction 

When analyzing currents, the Euclidean space can be considered as a two-
dimensional space consisting of time and current. The sampled current and the 
transient calculated current respectively form two sets of sample sequences. The 
sample size is determined by the sampling frequency and calculation window. A 
higher sampling frequency results in more samples and a larger calculation window 
also leads to more samples. To accurately evaluate the Euclidean distance between 
the sampled current and the calculated current, the selection of the data window is 
of great importance. 

In this paper, the sliding window method is adopted to slide a fixed-length actual 
current sampling window on the time axis to ensure alignment between the actual 
current sampling point and the calculated current point. Due to the discrete nature 
of sampled current and the influence of noise, it is difficult to accurately determine 
the time of fault occurrence. However, after the fault occurs and the current rises to 
its maximum value and then stabilizes, the sampling window will slide and sample
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the maximum value of the current. Therefore, the maximum current value can be 
selected as the reference time for correcting the window current, as shown in Fig. 4. 

According to the analysis of simulation data, a data window of T = 1 × 10−4 s 
is selected in this paper. 

When current correction is needed, there are two possible relationships between 
the actual sampled current and the calculated current: 

• When the maximum value of the sampled current Is_max  is less than or equal to the 
maximum value of the calculated current Ic_max, the calculated current should be 
shifted until the maximum value of the sampled current aligns with the calculated 
current. 

• When the maximum value of the sampled current Is_max  is greater than or equal 
to the maximum value of the calculated current Ic_max,the calculated current 
should be shifted until the maximum value of the sampled current aligns with 
the maximum value of the calculated current on the time axis.
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4 Simulation Verification 

To provide preliminary validation for the proposed fault location scheme, this paper 
constructed a four-port ring DC microgrid based on the Matlab/Simulink simulation 
platform, simulating a low-voltage 400 V DC microgrid system. The simulation 
architecture model and system parameters are provided in the Appendix. 

The simulation was set up with a short-circuit fault occurring at t = 1s and 
an initial ground transition resistance of R f = 1Ω. According to the bus voltage 
waveform shown in Fig. 6, upon the occurrence of a short-circuit fault, the bus voltage 
quickly drops and then gradually stabilizes after a brief high-frequency oscillation 
(Fig. 5). 

Figure 7 respectively simulate changes in the line current for line 1–2 when a 
ground fault takes place on line 1–4. As the fault position d increases, the oscilla-
tion frequency of the line current I21 gradually increases while the current rise rate 
decreases. When the fault position is fixed, the transition resistance directly influ-
ences the amplitude of the line current. Based on these characteristics of current
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fault location with different transition resistances 
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Fig. 7 Simulation structure of the four-port ring DC microgrid 

changes, the proposed fault localization algorithm can precisely locate faults and 
determine the size of transition resistance. 

To validate the accuracy of the fault localization approach, this paper defines the 
errors in fault location and transition resistance as follows: 

Errorp = 
|Le − La| 

LT 
× 100%, Errorr = 

|Re − Ra| 
RT 

× 100% (28) 

Here, Le and La represent the detected and actual fault locations, respectively, while 
LT is the total length of the fault line. Re and Ra represent the detected and actual 
fault resistances, respectively, and RT is the reference fault resistance, which was set 
to 10Ω. 

Tables 1 and 2 provide the error analysis of fault locations and fault resistances 
under different conditions. 

Table 1 Error analysis for different fault locations with same transition resistances 

Fault 
location 
(%) 

Fault location error Fault resistance error 

Maximum 
error (%) 

Minimum 
error (%) 

Average 
error (%) 

Maximum 
error (%) 

Minimum 
error (%) 

Average 
error (%) 

5 3.37 0.23 1.45 5.68 0.02 3.44 

10 3.06 0.17 1.28 5.35 0.01 3.19 

20 2.79 0.17 0.73 4.77 0.01 2.54 

50 1.67 0.06 0.09 3.92 0.00 1.95 

70 2.13 0.19 0.48 4.18 0.01 2.01 

80 2.88 0.2 1.22 4.75 0.01 2.97 

95 3.53 0.2 1.57 5.21 0.01 3.58
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Table 2 Error analysis for different transition resistances with same fault locations 

Fault 
resistance 
(Ω) 

Fault location error Fault resistance error 

Maximum 
error (%) 

Minimum 
error (%) 

Average 
error (%) 

Maximum 
error (%) 

Minimum 
error (%) 

Average 
error (%) 

0.1 0.16 0.00 0.07 0.19 0.00 0.08 

0.5 0.42 0.00 0.12 0.23 0.01 0.10 

1 1.27 0.01 0.59 0.46 0.04 0.27 

2 2.77 0.09 0.96 1.83 0.08 0.85 

5 3.19 0.14 1.75 3.01 0.10 1.56 

10 3.74 0.09 2.68 5.42 0.25 2.77 

After a short-circuit fault occurs, the transient current in the fault localization 
algorithm does not exactly match the simulated current. The highest accuracy of 
fault localization is achieved when the fault position is in the middle of the line. The 
accuracy of fault localization gradually decreases as the fault position approaches 
the ends of the line. As the transition resistance of the fault increases, the difficulty 
of fault localization increases and the accuracy of fault localization decreases. When 
the transition resistance is at its maximum value of R f = 10Ω, the fault detection 
error also reaches its maximum. The average error in the fault location is 2.68%, and 
the average error in the fault resistance is 2.77%. It can be seen that the proposed 
method can precisely locate faults and determine the transition resistance. 

5 Conclusion 

To address the issue of the imprecise fault location in ring DC microgrids when a 
short circuit fault exists, this article proposes a fault localization scheme based on the 
Euclidean distance correlation coefficient for grounded short-circuit faults in ring DC 
microgrids. A system model is established and theoretical analysis and simulation 
verification are conducted. The following conclusions are obtained: 

• By establishing a model of the ring microgrid in a fault state, the transient current 
resulting from the fault can be computed quickly and accurately. 

• The proposed approach can accurately detect the fault location and transition 
resistance. It is applicable to both low-resistance and high-resistance short-circuit 
situations, satisfying the reliability requirements of DC microgrids. 
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Table 3 Simulated circuit 
parameters Transmission line parameters 

Unit resistance Ru 0.121 mΩ/km 

Unit inductance Lu 9.7 µh/km 

Length of each line l 2 km  

Fault location d 1 km  

Transition resistance R f 1Ω
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uate Education High-quality Development Project of Chongqing University of Technology 
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Appendix 

See Fig. 7 and Table 3. 
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Mechanical Structure Design 
and Strength Analysis of 750 kV High 
Voltage Test Platform 

Ming Lei, Xinghui Jiang, and Yonggang Zhao 

Abstract In this paper, a vehicle-mounted test platform with a weight of 6500 kg 
is designed to meet the requirements of 750 kV high-voltage test. In this paper, a 
three-dimensional model is designed, and a mechanical model is established to carry 
out theoretical mechanical analysis of the strength of hydraulic support and base 
support, and conduct mechanical simulation using finite element analysis software 
to obtain the maximum deformation value and equivalent stress of the test platform. 
The simulation results show that it can meet the use requirements. At present, the 
equipment has been successfully applied to the field test of 750 kV high voltage 
withstand voltage test. 

Keywords Structure design · Theoretical mechanical analysis · Mechanical 
strength check · Finite element simulation 

1 Introduction 

High voltage insulation is used in many sectors of the national economy, with the 
largest number of applications in the electric power industry [1]. In order to test the 
insulation level of electrical equipment and prevent the operation safety accidents 
of power grid equipment, especially transformers, cables and other major power 
transmission and transformation facilities, AC voltage test on these equipment is 
the most effective and direct method to identify the insulation strength of power 
equipment, is an important content of preventive test [2, 3]. In addition, because 
the voltage of the AC voltage test is generally higher than the operating voltage, so 
after the test, the equipment has a larger safety margin, so the AC voltage test is an 
important means to ensure the safe operation of the power equipment [4–6].
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Fig. 1 AC voltage resistance test platform (horizontal). 1. Rain cover, 2. Voltage balancing ring of 
reactor, 3. Hoop, 4. Reactor, 5. Extended hydraulic support leg, 6. Hydraulic cylinder 

The original AC voltage test equipment shows in Fig. 1, it is generally large and 
heavy, especially the core component: reactor, the weight is generally several tons, 
the field test relies on crane assembly, but also after complex wiring can be conducted 
before the experiment. Low efficiency, high labor intensity, easy to connect the wrong 
line. 

The total length of the AC pressure test platform is 9500 mm, the width is 2200 mm, 
and the transport height is 2600 mm, so the strength of the bottom beam of the whole 
platform and the structural strength of the bracket are particularly important [7–9]. 
Because the force of the platform and bracket changes at any time, the dynamic 
force situation is complex. The structure of 1750 kV voltage test platform is shown 
in Fig. 2.

2 Theoretical Mechanics Analysis 

2.1 Overall Theoretical Check of Horizontal Platform (Static 
State Without Wind) 

The total weight of the equipment on the platform is about 6500 kg, considering the 
weight of the platform is 3000 kg, the total gravity is 95,000 N, and the area under 
pressure of the 6 supporting legs is: 

A = 6 × 
π 
4 

× (
D2 − d2

) = 1.5π × (
0.082 − 0.062

) = 0.013188 m2 

The bearing pressure of the supporting legs is:
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Fig. 2 Schematic diagram of the structure of the pressure resistant platform. 1. Reactor (built-in 
voltage divider), 2. Bottom frame platform, 3. Reactor bottom frame, 4. Extended hydraulic support 
leg, 5. Flip bracket, 6. Hydraulic cylinder, 7. Pressure balancing ring, 8. Cushion block, 9. Rain 
cover, 10. Pump station, 11. Frequency conversion source, 12. Winding coil

σ = 
G 

A 
= 95000 

0.013188 
= 7.2 MPa  

The full gravity of the model is applied to the hydraulic support leg, only the 
compressive stress exists, and the shear stress is not calculated. 

Conclusion: Six hydraulic support legs can withstand the gravity of the entire 
platform. 

2.2 Check the Flip Mechanism of Horizontal Reactor 

Using theoretical mechanics knowledge analysis, the force analysis of the bracket is 
shown in Fig. 3.

Establish the x–y coordinate system as shown in the figure, and analyze the rotating 
shaft as follows: 

Given G1 = 650 N, G2 = 40,000 N, G3 = 7500 N. 
From the statics equilibrium equation:

∑
M = 0; 906Fn = 5300G1 + 2788G2 + 2141G3;

Fn = 
G1 × 5300 + G2 × 2788 + G3 × 2141 

906
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Fig. 3 Schematic diagram 
of force analysis of bracket

= 
650 ∗ 5300 + 40000 × 2788 + 7500 × 2141 

906 
= 144.6 kN;

G1 + G2 + G3 − FY − FN sin θ = 0; 
Fn cos θ + Fx  = 0; 

Calculated: Fn = 144.6 KN, take 145 kN; FY = 13,350 N, FX = 141,000 N. 
Then the force on the rotating shaft space F = 141,631 N. Thrust F = 72.5 kN 

for a single hydraulic cylinder. 
Known hydraulic cylinder diameter D1 =100 mm, piston rod diameter d= 80 mm, 

piston rod stroke 2000 mm, body length 2460 mm. Then push up the equipment 
required pressure: 

P = 
F 

S 
= 

72.5 

π0.052 
= 

72.5 

0.00785 
= 9.2 MPa  

The piston rod working condition is stable, can be approximated that only by axial 
thrust and tension, the maximum stress of the piston rod 

σ = 
F × 10−6 

π 
4 d

2 = 
72, 500 × 10−6 

π 
4 0.008

2
= 144 MPa 

Known piston rod material is 45#, yield strength σs = 355 MPa piston rod meet the 
strength requirements. Where, Fn represents the total thrust of the hydraulic cylinder; 
P represents pressure of hydraulic cylinder; F represents single hydraulic cylinder 
thrust; S represents area of hydraulic push rod; G1 represents quality of pressure 
balancing ring; G2 represents reactor quality; G3 represents Bracket quality;
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Fig. 4 Simplified model of 
force at the rotating shaft 

2.3 Check the Strength of the Rotating Shaft 

Given that diameter D = 60 mm, length L = 240 mm and F = 141,631 N, F1 and F2 
is for support force, a simplified model is established, as shown in Fig. 4. 

F1 = F2 = 141,631/4 = 35,407.75 N. 
q = F/L = 141,631/0.24 = 590,129.2 N/m = 590.1292 kN/m. 
For a simply supported beam under uniform load, the maximum bending moment 

is generated at the midpoint section of the beam Mmax = ql2 × 0.24/8 = 590.132/8 
= 4.25 kN m; 

Its maximum normal stress occurs on the upper and lower edges of the beam 
midpoint section, the maximum stress of a solid shaft beam 

σmax = 
Mmax 

W1 
= 

4.25 × 103 
π D3 

32 

= 
4.25 × 103 

π × 0.063/32 
= 200 MPa 

It is known that the rotating shaft material is 45# with yield strength σs = 355 MPa, 
and the shaft strength meets the requirements. 

3 Platform Simulation 

1. Finite element analysis 

For the long heavy-duty platform, the overall strength and shape variables are the 
main assessment objects. In order to ensure the safety of the design, the finite element 
analysis of the main model is carried out in this paper [10–12], and the results are 
compared with the actual operating conditions. The results show that the simulation 
results are consistent with the actual maximum deformation.
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Fig. 5 Simplified model of platform 

In this paper, Cero is used to establish a three-dimensional model [13–18], 
considering the complexity of the platform and the computing of the computer, 
the simplified model of the platform is shown in Fig. 5. 

Material parameters: The base frame is made of 70 Mn, thickness is 7 mm, height 
is 250 mm, width is 100 mm, yield strength is 450 MPa, tensile strength is 785 MPa, 
and the boom of the crane is generally made of this material. The front cover shell is 
made of 60 × 40 × 2.5 square tubes. Considering the complexity of the force on the 
whole platform, we choose the condition with the maximum force on the platform 
for analysis, that is, the condition when the platform is lifted off the ground by the 
legs. Next, we define the constraints. According to the actual working conditions, 
the contact surface between the three hydraulic leg sleeves and the extension leg is 
defined as binding. According to the actual contact point between the equipment on 
the platform and the platform, the downward positive pressure is defined as 50,000 
N and 15,000 N, respectively, shown in Fig. 6. 

Final analysis results: The overall maximum deformation of the platform is 
0.93 mm, and the maximum stress is 32.236 MPa, which is far less than the yield 
strength of the material itself, as shown in Fig. 7.

Fig. 6 Add boundary conditions 
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(a) Total deformation 

(b) Equivalent stress 

Fig.7 Analysis results 

Through the simulation results, it can be judged that the overall design strength 
of the platform is sufficient and the overall deformation is small. 

4 Conclusion 

In this paper, PRO/E is used to establish a three-dimensional model, and then theo-
retical mechanics and material mechanics are used to analyze and check the force of 
the key components of the platform. Finally, ANSYS is used to analyze the overall 
stiffness of the platform. Through the above steps, the strength of the main functional 
parts of the platform, including the platform, the hydraulic cylinder of the support 
leg and the turning hydraulic cylinder meet the requirements, the thrust of the turning 
hydraulic cylinder is enough to meet the force required to push up the equipment, 
and the deformation of the platform under full load meets the design requirements.
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The wind resistance can meet the requirements of the field situation, and the test can 
be carried out safely on the site. 
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Abstract Text quality directly affects the merits of the text mining effect. On the 
basis of summarizing the quality problems existing in the defective text of power 
equipment, we propose a defect text quality improvement method. First, through 
the analysis of a large number of actual defect text, the problems of missing equip-
ment layering and irregular description of defective content in defective texts are 
concluded. Then, to address the problem of missing equipment layering, we trans-
form the problem of missing description of defect of power equipment into the 
problem of missing text structures. And the conversion of defect text to structures 
is realized through the UIE (Universal Information Extraction) framework. Finally, 
to address the problem of nonstandard defect description, we establish a library of 
standard statement for device defect description. We use similarity calculation to 
find the standard sentence with the most similar semantic and correct it, so as to 
achieve higher quality for poor quality text. Results show that the corrected text has 
a large improvement in accuracy on the defect level classification task. We provide 
an effective method for improving the quality of defect text. 

Keywords Power equipment defect record · Text quality improvement · UIE ·
Similarity calculation
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1 Introduction 

With the deepening of the construction of smart grid, various aspects of the power 
system have generated massive amounts of multi-source heterogeneous data, with 
unstructured data represented by text, audio, and images growing fastest. The text 
describing the defect of power equipment has attracted the attention of technical and 
management personnel because it contains information most closely related to the 
safety of equipment and power grid. However, due to the huge amount of data, it is a 
difficult task to manually analyze these texts and obtain defect pattern and equipment 
quality information from them. Therefore, using natural language processing (NLP) 
technology to automatically mine defect text has become a research hotspot [1]. 

The quality of text directly affects the mining results [2, 3]. Actual power equip-
ment defect text is influenced by the professional quality and recording habits of the 
recorder, and there are often non-standard issues such as incomplete descriptions 
and ambiguities. These records with quality issues can lead to certain deviations in 
the mining results. In order to improve the effect of power equipment defect text 
mining from the source, and further promote the wider research and application of 
defect text in the field of power grids. This paper summarizes the problems that may 
occur in actual defect text, and proposes a method for improving the quality of power 
equipment defect text based on information extraction technology. 

2 Power Equipment Defect Record 

In this section, we briefly introduce the format of power equipment defect text, and 
analyze the quality issues that may occur with actual defect text. 

2.1 The Format of Power Equipment Defect Text 

During the daily operation and maintenance of power equipment, staff have recorded 
a large number of equipment defect records, which are referred to as defect text. The 
defect text shall consist of four parts: equipment layering, defect description, defect 
level, and classification basis. Equipment layer is based on the equipment classifica-
tion standards of the State Grid Corporation of China, and is divided into four levels 
according to structure, function, characteristics, etc.: equipment type, components, 
component type, and location. Defect description is a standard description of defect 
characteristics, reflecting the specific locations and phenomena where defects occur. 
Defect classification refers to the classification of defect into emergency, major, and 
general defect based on the degree of impact on grid operation.
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2.2 Common Problems with Power Equipment Defect Text 

The actual defect text is influenced by the subjectivity of the recorder, whose integrity 
and accuracy cannot be guaranteed, and the level of detail varies greatly. The existing 
problems are summarized as follows: 

(1) In the hierarchical part of the equipment, the recorder abbreviates a certain level 
of content according to personal habits or mistakenly writes it for some reason, 
resulting in ambiguous or even incorrect indication of the defect record. For 
example, “the main transformer on-load switch is leaking oil,” and there are gas 
relays and pressure relief valves at the positions where the actual transformer on-
load switch may leak oil. Therefore, there is a problem of ambiguous reference 
in this defect record. 

(2) In the classification basis section, there is a problem of only describing defects 
without providing specific classification basis, and the classification of defect 
levels is ambiguous. If the indication of the transformer temperature measuring 
device is incorrect, and the difference between the actual temperature and the 
transformer temperature is not given, it is impossible to determine whether the 
transformer defect level is a general defect or a major defect, and it is impossible 
to determine whether to immediately shut down the transformer. 

3 Quality Improvement Method for Power Equipment 
Defect Record 

Aiming at the problems existing in actual defective text, this paper proposes a quality 
improvement method based on information extraction technology. Through informa-
tion extraction technology, structured information is automatically extracted from 
unstructured or semi structured defect text. Firstly, entity extraction technology is 
used to extract each device layer from the defect text, determine which device layer 
the defect text lacks a specific description, and complete the missing description. 
Secondly, in the case of nonstandard defect descriptions, a standard statement library 
for device defect descriptions is established, and similarity calculations are used to 
find the standard statements with the most similar semantics, which can be corrected 
to achieve higher quality for poor quality text. The framework of quality improvement 
method based on information extraction technology is shown in Fig. 1.

3.1 Universal Information Extraction (UIE) 

This paper transforms the problem of missing description of power equipment 
defect text into the problem of missing text structure, and implements the trans-
formation from defect text to structure through the UIE framework. UIE (Universal
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Fig. 1 The framework of 
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Information Extraction) is a unified framework for universal information extraction 
proposed by Yaojie Lu et al. in ACL-2022 [4]. This framework implements unified 
modeling of tasks such as entity extraction, relationship extraction, event extraction, 
and emotional analysis, and enables good migration and generalization capabilities 
between different tasks. Formally, using the predefined structural pattern guide s and 
text sequence x as inputs, the UIE model generates a structure SE  L(y) that contains 
the required structural information in the text x indicated by the pattern s: 

y = U I  E(s ⊕ x) (1) 

Among x = {x1, . . . ,  xn} is a text sequence, s = {s1, . . . ,  sn} is a structural 
pattern guide, and y = {y1, ..., yn} is an SEL sequence that can be easily converted 
into extracted information records. In order to locate the information that needs to 
be extracted, the structural pattern guide contains two types of token segments: (1) 
SpotName: the target discovery name in a specific information extraction task, such 
as “component” and “part” in a power equipment defect text entity extraction task; 
(2) Special symbols ([spot], [text]) will be added before each SpotName and input 
text sequence. The overall framework of UIE is shown in Fig. 2, and its input form 
is: 

s ⊕ x = [[spot], ..., [spot], ..., [text], x1, x2, ..., xn] (2)
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UIE<spot> equipment type … <spot> component 
…<text> 

Main transformer on-load switch oil seepage 

Main transformer on-load switch oil seepage 

((equipment type: main transformer) 
... 

(component: on-load switch)) 

s x  

x 

Input Output 

y 

Fig. 2 The overall framework of UIE 

Table 1 An example of rejection mechanism 

x Main transformer on-load switch oil seepage 

s ⊕ x <spot> equipment type …<spot > component …<spot> person… <text> 
Main transformer on-load switch oil seepage 

y ((equipment type: main transformer) (component: on-load switch) (person: [Null])) 

Training a UIE requires a large scale of datasets, which cannot be met in the 
electrical field. Therefore, we adopt a “pretraining-fine tuning” mode [5]. Given a 
pretrained UIE, we can quickly adapt it to the task of extracting text entities from 
power equipment defect through model fine tuning. Given a tagged power equipment 
defect text corpus Dtask  = {(s, x, y)}, we use teacher forced cross entropy loss to 
fine-tune the UIE: 

L FT  =
∑

(s,x,y)∈DTask  

− log p(y|x, s; θe, θd ) (3) 

In order to reduce the exposure bias of the autoregressive model in encoding and 
decoding, we adopted a rejection mechanism [6]. Specifically, given an example 
(s, x, y), we first encode s ⊕ x normally, and then randomly insert several negative 
examples into s with probability p. For example, in Table 1, person is the negative 
point in the mode prompt, that is, there is no person entity in the “Main transformer 
on load switch oil page”. Therefore, we randomly inject noise during model learning. 
In this way, the model can reject misleading generation. 

After inputting the actual defect text into the UIE, we can locate the missing 
part of the device layer, and then calculate the device layer missing description by 
averaging the cosine included angle with the known device layer word vector. 

3.2 Similarity Calculation of Defect Text 

For cases where the defect description is not standard, we establish a standard library 
for equipment defect, and use similarity calculation to find the standard sentence with
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the most similar semantic, and correct it. So that poor quality text can achieve higher 
quality. 

At present, the common text similarity calculation models include the vector space 
model (VSM), the knowledge network meaning tree model and the string match 
model. The latter two models perform well when equipped with complete training 
corpus. However, due to the professional text language of power grid equipment 
defects, it is difficult to directly transplant the models trained on the corpus of other 
fields. Therefore, based on the idea that SIFRank [7] uses cosine distance to calculate 
the similarity between words and sentences, this paper uses cosine similarity to 
represent the similarity between the actual defective text and the standard defective 
text. Input the defect text into the fine-tuned pre-training model ERNIE [8], and the 
vector representation vc of each character in the text can be obtained. The vector of 
the sentence can be expressed as: 

vs = 
1 

|s|
∑

c∈s 

a 

a + fc 
vc = 

1 

|s|
∑

c∈s 
W (c)·vc (4) 

fc is the probability of a character appearing in a large corpus, and a ∈ [10−3, 10−4] 
is the hyperparameter that makes the function smooth. 

The similarity between the standard defect text vsd and the actual defect text vs 
can be calculated by cosine distance [9]: 

Sim(vsd , vs) = cos(vsd , vs) = 
−→vsd · −→vs 

||−→vsd || · ||−→vs || (5) 

Sim(vsd , vs) is between 0 and 1, and the closer it is to 1, the more the actual defect 
text is related to the standard defect text. When the value of Sim(vsd , vs) is greater 
than 0.7, we find the most similar standard defect text as a correction. 

4 Experiment 

In order to verify the proposed method for quality improvement of defective text 
based on information extraction technology, this paper conducts experimental anal-
ysis on a power equipment inspection and maintenance case recorded by a power 
grid company. 

4.1 Datasets 

The text of power equipment defect used in this paper is the equipment inspection and 
maintenance records recorded by a power grid company for about 20 years. Due to the
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Table 2 The data situation of defect texts for different types of devices 

Device type Number of defect texts Additional description Standardization 
correction 

Main transformer 1620 1025 322 

SF6 circuit breaker 472 237 143 

Switch cabinet 540 303 21 

Drivepipe 723 399 68 

long-time span, multiple iterations of the power grid system and the recording habits 
of the recorder, the original samples need to be pre-processed: The original defect 
text of power equipment contains data in the form of pictures and tables, which are 
converted into text data in the form of OCR (optical character recognition) technology 
and manual review. According to the defect classification standard of State Grid 
Corporation, the defect text shall include three parts: equipment stratification, defect 
description and defect grade. Among them, device layer and defect description are 
the data subjects that need to be mined. The text quality improvement in this paper 
is mainly aimed at this part. 

After preprocessing, a total of 3355 samples were obtained. Table 2 lists the total 
number of defect texts for different types of devices, the number of text for defect 
description completion and the number of text for standardization correction. As can 
be seen from the table, almost all devices have the defect description missing, but the 
text proportion of standardized correction varies greatly among different devices. 

4.2 Example Analysis 

This paper evaluates the proposed text quality improvement method through the task 
of defect text classification, and compares the proposed method with the following 
methods: 

a. Baseline scheme: original training strategy without quality improvement of 
training set 

b. Mask the Correct Tokens [10]: Randomly perturb a part of the correct tokens into 
a special token to predict the correct tokens from the special tokens. We trained 
the model with standard statements and then corrected the actual defect text 

c. Data enhancement [11, 12]: randomly delete or exchange characters for standard 
statements, and then use these damaged texts to train the classification model to 
improve the robustness of the model. 

For schemes (2) and (3), we set the probability of replacing characters to 15% 
and the window size of character exchange to 10. Based on the implementation of 
LSTM, the classifier needs to specify random seeds manually. The randomness is 
large, resulting in large fluctuations in the classification results. Therefore, for all
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Fig. 3 Performance of 
equipment defect text 
classification task corrected 
by different methods 

experiments, we average the results from five different random seeds. The accuracy 
is used as the evaluation index in this paper. The comparative test results are shown 
in Fig. 3. It can be seen that compared with other methods, the effect of defect text 
quality improvement method proposed in this paper is 20–40% higher in the task of 
defect classification. 

5 Conclusion 

Taking power equipment defect text as the research object, this paper proposes a text 
quality improvement method based on information extraction technology. The main 
contributions are as follows: 

a. Based on the study of the format and content of the actual defect text, the 
possible problems of the actual defect text are analyzed: the missing of equipment 
stratification and the inaccurate description of the defect content. 

b. To solve the problem of missing layers of equipment, the missing description 
of defective text of power equipment is transformed into the missing text struc-
ture, and the conversion from defective text to structure is realized through UIE 
framework. After the actual defect text is input into UIE, the missing part of the 
device layer can be located, and then the device layer missing description can be 
obtained by means of the average cosine angle of the known device layer word 
vector. 

c. In view of the nonstandard description of defects, we establish the standard state-
ment library of equipment defect description. Through similarity calculation, we 
find out the most semantically similar standard statements and make correc-
tions, so that the poor quality text can obtain higher quality. The example shows
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that the accuracy of the modified text is greatly improved in the task of defect 
classification. 
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Statistical Analysis of Electrothermal 
Damage Characteristics of Nanoelectrode 
Under High Electric Fields 

Xinyu Gao, Fei Feng, Guofei Teng, Jun Zhao, Bing Xiao, 
and Yonghong Cheng 

Abstract The insulation of devices under high electric field is the key to affect the 
performance and life of devices and equipment. This paper studies the electrothermal 
damage effect of metal electrodes at the nanoscale. The numerical simulation method 
based on electrodynamic coupling molecular dynamics and particle simulation is 
used to simulate the initial process of electrothermal damage of nanoelectrode during 
vacuum pre-breakdown under the interaction of multiple fields. Based on the corre-
lation and quantitative relationship analysis of 15 multivariate variables of micro-
scopic crystal structure parameters and macroscopic physical properties of different 
electrode materials, the nonlinear quantitative prediction model of electrothermal 
damage characteristics of nanoelectrode was obtained, which was in line with the 
actual physical significance and the goodness of calibration fit was 99.6%. The results 
can be used to reveal the universal physical mechanism of electrode damage during 
pre-breakdown. 

Keywords High electric fields · Electrothermal damage · Vacuum breakdown ·
Statistical analysis 

1 Introduction 

With the rapid progress and development of science and technology, the exploration 
of the micro world based on micro and nano technology has become the frontier of 
basic science and equipment manufacturing. Micro-nano processing technology and 
micro-nano electronic devices have been widely used in the core fields of science 
and technology equipment of national defense, aerospace and civil products, such as
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chips, large-scale integrated circuits, high-end guidance systems and so on, and are 
rapidly expanding [1]. 

The dielectric system composed of dielectric materials determines the structure, 
performance and life of electrical equipment and electronic devices such as inte-
grated circuit chips, micro and nano electronic devices, switching power supplies, 
high-power power electronic devices, vacuum electronic devices and field emission 
devices. A series of classical dielectric theories have been established for a long time 
to guide the design, development and application of dielectric systems. However, as 
the characteristic size of the device decreases, the integration of the integrated circuit 
and the density of the transistor also increase exponentially according to Moore’s 
Law. As the design, production and application of electrical equipment and elec-
tronic devices are challenging the limits of micro-scale application of materials and 
the limits of withstand electric field, the application occasions of dielectric materials 
are becoming more and more complex, the application scale is getting smaller and 
smaller, and the strength of withstand electric field is getting higher and higher [2–4]. 
The classical dielectric theory and macro breakdown theory are no longer applicable 
at the nano scale. 

Therefore, it has become the international academic frontier of electrical engi-
neering to explore the related physical mechanism and mechanism of how the 
synergistic action of multiple physical fields in vacuum nanoscale leads to the pre-
breakdown and breakdown of dielectric system, and how the electrode is damaged 
after breakdown. The research on the breakdown characteristics and electrothermal 
damage effect of nanoelectrode under strong electric field can further enrich and 
improve the existing vacuum breakdown theory, and lay a theoretical foundation for 
the design, production and application of new generation electrical equipment and 
future microelectronic devices. 

2 Simulation Model 

The deformation of nano-metal electrode under strong electric field is usually irreg-
ular and random [5–7]. In order to more accurately simulate and analyze the defor-
mation and thermal damage law of nanoelectrode under strong electric field, and 
ensure the high robustness of the crystal structure change inside the material, only 
the extensibility and high precision brought by the unstructured flexible mesh of 
finite element can overcome the dynamic evolution of nanoelectrode under strong 
electric field and high temperature. 

In view of the limitations of existing experiments and simulation studies, common 
metal electrode materials with different crystal structures were selected as electrode 
materials for simulation experiments: Face-centered cubic structure metal (FCC): 
copper (Cu), gold (Au), aluminum (Al); Body centered cubic structure metal: molyb-
denum (Mo), tungsten (W), vanadium (V); Close-packed cubic structure metal: tita-
nium (Ti), zirconium (Zr), zinc (Zn). The pre-breakdown process and breakdown 
critical electric fields of metal nanocrystals (R0 = 1 nm,  H0 = 100 nm) with different
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Fig. 1 Schematic diagram of the finite element grid generation 

structure and physical properties of electrode materials were statistically analyzed, 
and then the intrinsic law and physical mechanism of the influence of electrode mate-
rials with different crystal structures and physical properties on the electrothermal 
damage characteristics of nanocrystals under strong electric field were obtained. 

The finite element mesh used in this study is solved based on the open-source 
C++ library Deal. II. All the calculated information will be integrated into the 
FEMOCS [8, 9] model and interact with the molecular dynamics software PARCAS 
and LAMMPS. Finally, the purpose of automatically evolving and generating 
dynamic mesh with the position of atoms and electrode deformation can be real-
ized. Figure 1 shows the schematic diagram of the generation of nano-finite element 
mesh, which mainly includes extracting surface atoms of nano-electrode, gener-
ating vacuum regional mesh, designing electrode coarsed-mesh model, and FEM 
smoothing processing. The molecular dynamics model of nano-metal electrode used 
in this paper is based on the nanonedle electrode prepared in the laboratory and the 
simulation system [8–10] established by Djurabekova et al. Nano-metal electrodes 
are constructed by stacking metal atoms with specific crystal orientation. 

In the molecular dynamics calculation in this paper, the initial temperature of all 
atoms at the initial time is set to 300 K, and the time of the entire molecular dynamics 
simulation calculation is 1–2 ns, and the time step of the simulation calculationΔt = 
4.05fs. Potential functions for molecular dynamics simulation of different materials 
mainly include embedded atom potential, Finnis–Sinclair (FS) many-body potential, 
modified embedded atom method, etc. These potential functions have been success-
fully verified in molecular dynamics calculations in the fields of multi-physical metal 
melting, phase transformation, and thermal evaporation [8, 10]. 

In order to accurately calculate the emission current density, space charge density, 
Joule heat and heat deposition process caused by Nottingham effect during the break-
down of nanoelectrode under strong electric field, the calculation model for electron 
emission used in this paper is based on GETELEC (General Tool for Electron Emis-
sion Calculations) [11]. It includes the electron emission transition model under 
strong electric field and high temperature (above the melting point of metal) as well
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as the Nottingham thermal calculation model, and takes into account the influence 
of space charge (SC) effect on electron emission. For specific calculation methods, 
see literature [12, 13]. 

The simulation results can be obtained from the empirical formula of external 
applied electric field E0 and nanoelectrode atomic evaporation delay te in literature 
[12]: 

te = τ cot
(

π 
Emax − Ec 

(E0 − Ec)

)
+ th, (1) 

The applied critical field Ec of vacuum breakdown of nanoelectrode was obtained 
by fitting. In addition, the average atomic evaporation rate of the nanoelectrode 
can be obtained by extracting the slope of the atomic evaporation number of the 
nanoelectrode near Ec over time for calculation [12, 13]. 

3 Correlation Analysis of Multiple Characteristic Variables 
of Electrothermal Damage Characteristic 

The electrothermal damage characteristics during the breakdown of nanoelectrode 
under strong electric field are closely related to the physical properties of the mate-
rial structure. In order to comprehensively and systematically reflect the relationship 
between the multiple variables of physical properties of electrode materials and 
their electrothermal damage characteristics, 15 different parameters describing the 
microscopic crystal structure and macroscopic physical properties of electrode mate-
rials were selected as independent variables. These include: crystal structure types 
(CS, FCC: 1, HCP: 2, BCC: 3), lattice constant (a), crystal surface atomic density 
(ρ face), crystal surface spacing (dhkl), atomic coordination number (Z), liquid average 
atomic coordination number (Zl), material melting point (Tm), boiling point (Tb), 
latent heat of evaporation (he), electrical resistivity (ρ), thermal conductivity (κ), 
work function (Φ). Due to the material resistivity and thermal conductivity with the 
absolute temperature change so select the following different characteristics for anal-
ysis: normal temperature resistivity (ρnt), liquid resistivity (ρ l), close to the boiling 
point of ultra-high temperature resistivity (ρut), temperature thermal conductivity 
(κnt), liquid thermal conductivity (κ l). The characteristic dependent variables of 
electrothermal damage characteristics of nanoelectrode under strong electric field 
mainly include the applied critical electric field (Ec), average atomic evaporation 
delay (th) and average atomic evaporation rate (revap) of vacuum breakdown of nano-
electrode. The calculated values of different variables are shown in appendix of Ref. 
[14]. 

Due to the strong correlation between many parameters of practical significance, 
such as crystal structure parameters of materials, melting boiling point and latent heat 
of evaporation, resistivity and thermal conductivity at different temperatures. Since
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the data and information between variables are repeated, direct analysis through 15 
parameter variables will not only complicate the model, but also bring large errors due 
to various collinearity between variables. Therefore, this section mainly analyzes the 
correlation between 15 multivariate independent variables and dependent variables 
that affect the electrothermal damage characteristics of the nanoelectrode through 
SPSS software. By exploring the correlation between various variables, the indepen-
dent variables are classified and the number of analysis variables is reduced, so as 
to achieve data reduction and error reduction, so as to more accurately judge and 
obtain the relationship between the multiple variables of the physical properties of 
the electrode material structure and the electrothermal damage characteristics. 

Firstly, Pearson correlation coefficient (r) in statistics is calculated to measure the 
degree of correlation between variables. Pearson correlation coefficient between two 
variables can be obtained by the quotient of covariance cov and standard deviation 
σ between them: 

r = cov(X, Y ) 
σX σY 

= E(XY  ) − E(X)E(Y ) √
E(X2) − E2(X )

√
E(Y 2) − E2(Y ) 

= 

n∑
i=1 

(Xi − X)(Yi − Y ) 
/

n∑
i=1 

(Xi − X )2(Yi − Y )2 
, (2) 

where E is the expectation of each variable. The Pearson correlation coefficient and 
its significance among the calculated parameters are shown in Figs. 2 and 3.

It can be seen from the figure that Ec is highly correlated with Tm, Tb, he, Z, Zl, and 
CS, and the correlation is significant. There was moderate correlation between Ec and 
ρ l, ρut, dhkl, Ec showed low correlation with a and κnt but no significant correlation, 
and basically no correlation with ρface, Φ, ρnt and κ l. In addition, it can be seen 
from the correlation between the variables that there is a high degree of collinearity 
between them, so it is also necessary to reduce the collinear independent variables. 
Secondly, there may be nonlinear relationship between a、ρface、Φ、κ l and Ec, 
so it is necessary to analyze their principal components and regression models. In 
addition, ρnt and κnt can be reduced because of their low correlation with Ec, th and 
revap. 

4 Nonlinear Relationship of Multivariate Variables Based 
on Factor Analysis 

Based on the basic idea of minimizing information loss, Charles Spearman proposed 
factor analysis method in 1904. Through the correlation analysis between vari-
ables, the original variables were classified. The variables with high correlation were
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Fig. 2 Pearson correlation coefficient r between multiple variables (Left) 

Fig. 3 Significance of Pearson correlation p between multivariate variables (Right)
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divided into a group, and then the common factor was used to replace the group of 
variables. The common factor obtained through factor analysis has clear explanatory 
property, and the number of variables is far less than the number of original variables, 
and there is no linear relationship between each factor variable. By introducing the 
common factor into the regression model, the loss of data information can be greatly 
reduced under the condition of satisfying the relation of each variable. 

For the original variable X (x1, x2, …,  xp) with P indices and the m-dimensional 
common factor F (F1, F2, …,  Fm), the factor model is: 

X1 = a11 F1 + a12 F2 +  · · ·  +  a1m Fm + ε1 
X2 = a21 F1 + a22 F2 +  · · ·  +  a2m Fm + ε2 
... 
X p = ap1 F1 + ap2 F2 +  · · ·  +  apm Fm + εp, 

(3) 

where, A = (aij) is the factor load matrix; aij is factor load; ε is a special factor, 
representing influencing factors other than common factors. By rotating the factor 
axis, the load of each variable on the factor can be increased, which is more conducive 
to the parameter interpretation of each common factor. The finally obtained common 
factor can be expressed as the linear form of all independent variables: 

Fi = bi1 X1 + bi2 X2+ · · ·  +  bin  Xn (i = 1,2, . . . ,  m). (4)  

In the case of material boiling point as the principal variable of the regression 
model, 10 structural physical property variables CS, a, ρface, dhkl, Z, Zl, Φ, ρ l, ρut, 
κ l with low correlation with Tb were brought into SPSS software for factor analysis. 
Since the variance of the first five principal components accounted for 98.83% of the 
variance of all principal components, the number of common factors to be extracted 
was 5. Finally, the load matrix obtained after factor rotation is shown in Table 1. 

Table 1 The factor load matrix after rotation 

Factor 1 2 3 4 5 

ρut 0.962 / −0.174 −0.136 −0.140 

ρl 0.922 / −0.286 −0.171 −0.159 

dhkl / 0.943 −0.131 0.241 −0.174 

Z −0.261 0.762 0.211 0.535 / 

ρface −0.581 −0.589 0.418 0.238 0.240 

a −0.254 / 0.911 0.209 0.204 

κ l −0.594 −0.198 0.682 / 0.371 

Zl −0.139 0.255 0.118 0.932 −0.128 

CS 0.450 −0.430 −0.532 −0.546 −0.135

Φ −0.259 −0.166 0.281 −0.110 0.901
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As can be seen from the table, common factors extracted through factor analysis 
and factor rotation can well explain the respective variables. F1 can be defined as the 
resistivity load of the material, F2 can be defined as the crystal structure load of the 
material, F3 can be defined as the thermal conductivity load of the material, F4 can 
be defined as the liquid structure load of the material and F5 is the work function load 
of the material. According to the factor score function coefficient matrix obtained 
statistically, the expression of each common factor can be obtained: 

F1 = 0.599ρut + 0.509ρl − 0.041dhkl − 0.122ρface + 0.006Z 
+ 0.280a − 0.080κl + 0.153Zl − 0.040CS + 0.193Φ

F2 = −0.045ρut − 0.064ρl + 0.544dhkl − 0.462ρface + 0.333Z 
+ 0.060a + 0.061κl − 0.320Zl − 0.153CS + 0.101Φ

F3 = 0.299ρut + 0.155ρl − 0.002dhkl − 0.066ρface + 0.022Z 
0.913a + 0.441κl − 0.293Zl − 0.237CS − 0.375Φ

F4 = 0.144ρut + 0.152ρl − 0.204dhkl + 0.383ρface + 0.117Z 
− 0.195a − 0.314κl + 0.978Zl − 0.147CS + 0.198Φ

F5 = 0.129ρut + 0.147ρl + 0.036dhkl − 0.020ρface + 0.136Z 
− 0.314a − 0.095κl + 0.166Zl − 0.029CS + 1.297Φ, (5) 

The common factors F1 ~ F5 and Tb obtained from factor analysis were taken 
as independent variables, and the critical electric field (Ec) of the nanoelectrode 
was taken as dependent variable into SPSS software for linear stepwise regression 
analysis. When independent variables Tb, F3 and F2 were introduced, the calibration 
goodness of fit R2adj and partial F statistics reached the highest, and the standard 
error of the model reached the lowest, in which R2 

adj reached 96.9%. Therefore, 
linear quantitative relationship of common factors based on factor analysis can be 
obtained: 

Ec = Êc + e0 = −0.021 + 0.118Tb − 0.053F3 − 0.027F2 + e0, (6) 

where, e0 is the residual error under this model. Using Φ and ρ l as independent 
variables and e0 as dependent variables for nonlinear regression, the goodness of 
fit of the regression model obtained through nonlinear regression analysis by SPSS 
software reaches 92.3%. Finally, the regression equation obtained is as follows: 

ê = 0.036 − 0.198ρ3 
l + 0.513ρ2 

l + 0.002Φ2 − 0.086ρlΦ, (7) 

By combining formula (6) and formula (7), the final nonlinear quantitative rela-
tionship can be obtained. The goodness of fit R2 and the corrected goodness of fit 
R2 

adj were calculated to be 99.8% and 99.6%, respectively.
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5 Conclusions 

This paper mainly studies the influence of physical properties of electrode material 
structure on its atomic evaporation characteristics. Nine common metal electrode 
materials with different crystal structures are selected to construct nanoelectrodes 
for ED-MD-PIC simulation. Based on the correlation and quantitative relationship 
between 15 independent variables and the dependent variables of electrothermal 
damage characteristics, a quantitative prediction model was established for the rela-
tionship between the characteristic parameters of electrothermal damage charac-
teristics and the microscopic crystal structure and macroscopic physical properties 
of electrode. Finally, the regression model which accords with the actual physical 
meaning and the goodness of fit of correction reaches 99.6% is obtained. Among 
them, the boiling point of nano-electrode materials has the most significant influence 
on the critical electric field applied outside the vacuum breakdown. The microscopic 
crystal structure of the materials has a certain correlation with the macroscopic phys-
ical properties, which ultimately affects the electric heating damage characteristics 
under the strong electric field. 
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Research on Online Monitoring 
of Submarine Cable Insulation Based 
on Two-Terminal Current Method 

Huang Tao, Lei Zhicheng, Huang Xuancheng, and Zhou Xuwei 

Abstract With the construction of submarine cable projects in full swing, the issue 
of monitoring the status of submarine cables is a popular research topic today. The 
insulation of submarine cables is a critical structure in submarine cables, so the 
online monitoring technology of submarine cable insulation is very important. This 
paper designs and builds an online monitoring system for submarine cable insulation 
based on the two-terminal current method, and calculates the dielectric loss factor of 
submarine cable insulation by simultaneously measuring the current and voltage data 
at both ends of the cable. The results show that the monitoring system can stabilize 
the monitoring data under different working conditions, and the data error is only 6% 
under the influence of 90 ns time synchronization error, which can reflect the overall 
state of the cable insulation well, but cannot reflect the local insulation deterioration 
of the cable, and only the serious local defects cause a large change in the results. 

Keywords Two-terminal current method · Submarine cables · Insulation · Online 
monitoring 

1 Introduction 

The insulation between the cable core and the metal sheath is a very critical part of the 
cable, and its main function is electrical isolation. The insulation of the cable is mostly 
made of high resistance materials such as polyethylene, PVC, cross-linked polyethy-
lene, etc. Currently, cross-linked polyethylene material has become the mainstream of 
cable insulation [1], which can withstand the operating voltage of high-voltage cables 
during normal operation and can also withstand partial discharges under certain
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circumstances. The cable insulation needs to have the advantages of high voltage 
resistance level, long-term structural stability and high temperature resistance [2– 
4], which is of very major significance for the long-term stable operation of the 
cable. Therefore, the real-time online monitoring of cable insulation is particularly 
important [5–7]. 

So far for the submarine cable insulation online monitoring technology in the 
continuous development, Europe, America, Japan and other countries have accumu-
lated a lot of experience. At present, the most conventional in industrial production 
and power systems or regular power outages offline testing, in the operation of the 
cable for preventive testing will lead to power supply interruptions, and the test 
voltage is usually higher than the normal operation of the voltage, which may lead to 
the original insulation of good cable after several preventive tests to develop defects. 
Because the online monitoring technology of cable insulation is a popular topic of 
current research [8–10], the real-time mastering of the cable insulation status can 
predict the fault and take measures in advance to ensure the safe operation of the 
cable. 

In this paper, the two-terminal current method is used to monitor the insulation of 
submarine cables online, and the current and voltage at both ends of the submarine 
cable are monitored to calculate the insulation status of the submarine cable. Firstly, 
the theoretical analysis of the monitoring method is carried out, then the modeling 
of the submarine cable and the monitoring system is introduced, and finally the 
influencing factors of the monitoring system and the monitoring effect are analyzed. 

2 Introduction of Two-Terminal Current Method Online 
Monitoring 

The basic idea is that the current and voltage at both ends of the cable are monitored 
at the same time, and the current and voltage data at both ends are monitored and 
then the tanδ of the cable insulation is obtained through certain calculations, and the 
tanδ of the cable monitored in real time can reflect the real-time insulation status of 
the cable. The following is a detailed description of this method. 

2.1 Insulation Leakage Current Measurement 

Submarine cable due to the laying in the sea, can not use the conventional land cable 
cross interconnection, body transposition and other ways to limit the sheath induction 
current, submarine cable sheath often take the two ends of the grounding method. 
The insulation layer of the submarine cable bears the high voltage between the core 
and the sheath, and the leakage current flows from the core through the insulation 
layer to the metal sheath and then into the ground. By measuring the grounding
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Fig. 1 Leakage current 
measurement principle 
diagram 

current of the sheath to directly measure the leakage current is not practical, because 
the grounding current of the sheath is not only leakage current, there is also the 
existence of induction loop current due to electromagnetic induction. There is also a 
way to measure the leakage current is by measuring the core current at the first and 
last ends of the cable, the difference between the core currents at the two ends of the 
cable is because the core will flow along the line all the way through the insulation 
layer leakage current, so simply monitor the first end of the current obtained minus 
the end current, you can get the entire line of the cable through the insulation layer 
leakage current, that is (Fig. 1): 

İ = İ1 − İ2 (1) 

2.2 Selection of the Reference Voltage 

With the development of offshore wind power to the far shore, the length of the 
current submarine cable often reaches tens of kilometers, so the problem of voltage 
drop at the first and last ends of the submarine cable, due to the dielectric loss factor 
is very small, the selection of the reference voltage has a huge impact on the accuracy 
of the results, the following analysis of the selection of the reference voltage (Fig. 2). 

Fig. 2 Single-phase cable AC steady-state circuit diagram
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The theoretical derivation of the AC steady-state circuit for single-phase cables, 
due to the length of the derivation process is not written in the article, the derivation 
leads to the following conclusions: 

İ1 − İ2(
U̇1 + U̇2

)
/2 

= −4 sinh2 (γ l) 
Zc sinh(2γ l) 

(2) 

Observing Eq. 2, the ratio of the difference between the two end currents and half 
of the sum of the two end voltages is only related to the parameters of the cable itself 
and the length of the cable, and is not affected by changes in the cable operating 
current due to load variations. 

Based on the above analysis, the sum of the voltages at both ends of the cable is 
chosen as the reference voltage for good monitoring of the dielectric loss factor of 
the insulation. 

2.3 Calculation of Insulating Layer tanδ 

From the above analysis, it is clear that in order to calculate the insulation tanδ, the  
current as well as the voltage data at both ends need to be measured. 

The phase difference between the leakage current and the reference voltage is 

I∠ϕ 
U∠θ 

= İ1 − İ2(
U̇1 + U̇2

)
/2 

(3) 

From this, the dielectric loss factor of the insulation layer can be calculated as: 

tan δ = tan[90 − (ϕ − θ)] (4) 

3 Submarine Cable Modeling and Online Monitoring 
System Modeling 

3.1 Submarine Cable Modeling 

This paper is a study of the dielectric loss factor of the submarine cable insulation, so 
only the core as well as the insulation is modeled equivalently, and the metal sheath 
is considered to be directly grounded. A 220 kV submarine cable is modeled and the 
results of the calculated circuit parameters are shown in Table 1.

A T-shaped equivalent circuit for a 1 km submarine cable is established according 
to the parameters in Table 1, as shown in Fig. 3.
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Table 1 1 km equivalent circuit model parameters 

Core equivalent 
resistance 

Core equivalent 
inductance 

Insulation resistance insulation capacitance 

16.4 mΩ 0.107 mH 71.6 MΩ 197 nF

Fig. 3. 1 km equivalent 
circuit model 

Different submarine cable lengths can be combined by connecting multiple 1 km 
equivalent circuit models in series. For the relationship between submarine cable 
length and monitoring effect, a 10 km submarine cable model is also established. 

3.2 Online Monitoring System Modeling 

As shown in Fig. 4, the overall model of the online monitoring system is presented, 
starting with the submarine cable system and the measurement module. The 220 kV 
AC power supply model is used, and the packaged submarine cable circuit model 
is connected to the circuit in series, followed by a load resistor, and the current in 
the circuit is changed by changing the size of the load resistor to simulate different 
conditions in the submarine cable system. The current and voltage measurement 
modules are added to the first and last ends of the submarine cable circuit model, 
and the current at the first and last ends, and the voltage at the first and last ends, are 
measured. 

Fig. 4 Overall model of online monitoring system
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Since the measured waveforms are the current and voltage at both ends, and the 
amplitude and phase of the current and voltage are required for calculation, the 
Fourier module is needed to extract the amplitude and phase of the measured current 
and voltage waveforms and then provide them to the calculation module. 

The first calculations to be performed are the phase subtraction of the current at 
both ends and the vector addition of the voltage at both ends. Further calculations 
are then performed on these two results, which are encapsulated in the calculation 
module, and finally the results of tanδ are displayed directly. 

The monitoring system model built in this paper integrates the submarine cable 
system, measurement module, and calculation module, and can directly display the 
final results of tanδ. 

4 Online Monitoring System Impact Factor Analysis 

Calculated by the theoretical formula for tanδ: 

tan δ = 1 

ωCR  
(5) 

The calculation result is 2.256 × 10–4 after bringing in the submarine cable 
parameters in this paper. 

4.1 Influence of Reference Voltage Selection 

In the first section of this paper, the selection of the reference voltage is explained, 
and half of the sum of the two terminal voltages is used as the reference voltage in 
the calculation. In order to verify the effect of this reference voltage selection, the 
first terminal voltage is also used as the reference voltage for simulation, and the 
load resistance is set to 200 Ω and the current of the control system is at 550 A. The 
simulation results are shown in Table 2 for the 1 km submarine cable model and the 
10 km submarine cable model, respectively. 

It can be seen that when the reference voltage is selected as the sum of the voltages 
at both ends, the simulation results for the submarine cable length of 1 km and 10 km

Table 2 Influence of reference voltage selection 

Length of submarine cable 
(km) 

Tanδ (sum of voltage at both 
ends) × 10–4 

Tanδ (voltage at first end) × 
10–4 

1 2.27 3.96 

10 2.256 21 
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Table 3 The effect of different loads on the monitoring effect 

Load (Ω) System 
current 

Tanδ (1 km 
circuit mode) 

Error with 
theoretical value 
(%) 

Tanδ (10 km 
circuit mode) 

Error with 
theoretical value 
(%) 

200 1100 2.27 0.62 2.087 7.5 

400 550 2.27 0.62 2.256 0 

1000 220 2.27 0.62 2.357 5.27 

2000 110 2.285 1.06 2.39 5.94 

200,000 11 2.28 1.28 2.4 6.38 

are very close to the theoretical values, while when the reference voltage is selected 
as the first end voltage, the simulation results are much different from the theoretical 
values, and the gap of the 10 km model is larger compared to the error of the 1kkm 
model. Therefore, the sum of the two end voltages used in this paper as the reference 
voltage is more effective for monitoring. 

4.2 Effect of Different Loads 

Submarine cable system due to the load changes greatly, especially the offshore 
delivery system, submarine cable core current can change from a few amps to nearly 
a thousand amps, the current and voltage at both ends of the cable in real-time 
changes, in order to explore the impact of different loads on this monitoring system, 
in the model to change the load resistance and thus change the current in the system, 
for different loads in the case of simulation, simulation results are shown in Table 3. 

As can be seen, when the load changes lead to changes in the system current, the 
tanδ value obtained from the simulation will vary within a certain range. When the 
1 km circuit model is used, the simulated value varies very little and can be kept 
within 1% error from the theoretical value; when the 10 km circuit model is used, the 
simulated value varies more than the 1 km circuit model, but both are within 10%, 
which is an acceptable range. 

It can be seen that the model of online monitoring system built in this paper is 
less affected by different load effects and can monitor credible results under different 
working conditions. 

4.3 Effect of Time Synchronization Error 

In the simulation model, the synchronous measurement of current and voltage at both 
ends can be easily achieved, but in the actual engineering, the time synchronization 
device will have a certain time error leading to the inconsistency of the measurement
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Fig. 5 Time delay module 

Table 4 The effect of time error on the monitoring effect 

Time delay (ns) Tanδ (1 km circuit 
mode) 

Error with 
theoretical value 
(%) 

Tanδ (10 km 
circuit mode) 

Error with 
theoretical value 
(%) 

15 2.245 1.1 2.23 1.2 

30 2.22 2.2 2.21 2.0 

45 2.197 3.2 2.187 3.1 

60 2.17 4.4 2.16 4.3 

75 2.15 5.3 2.14 5.1 

90 2.12 6.6 2.12 6.1 

200 1.95 14.1 1.95 13.4 

500 1.486 34.5 1.493 33.8 

time at both ends, and the time error is related by the performance of the time 
synchronization device. In order to investigate the impact of measurement time error 
on the monitoring effect at both ends, a time delay (Transport Delay) module is 
installed before the current and voltage measurement module at the end, as in Fig. 5, 
which can artificially set a measurement time delay between the end and the first end 
to model the time error of the time synchronization device in practice. 

The simulation results are shown in Table 4 when different time delays are set in 
the time delay module. The error between the simulation results and the theoretical 
value is also larger when the time delay is getting larger, and the error between the 
two circuit models at the same time delay is very close, and the error can reach 6% 
when the time delay is 90 ns. 

5 Effect of Characterization of Cable Insulation 
Deterioration or Defects in Monitoring Systems 

This paper builds the model of online monitoring system of submarine cable insula-
tion based on two-end current method to monitor the state of insulation in submarine 
cable. 

The state of the cable insulation is judged by real-time monitoring of the cable 
insulation tanδ value. The following equates the cable insulation deterioration or
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defects by changing the parameters of cable insulation resistance as well as insulation 
capacitance. 

In the 1 km circuit model to change its insulation resistance to insulation capac-
itance to simulate the cable insulation degradation or defects, the simulation results 
are shown in Table 5, the results show that the value is very sensitive to changes 
in insulation parameters, set the light degradation has changed 60%, set the serious 
degradation and the occurrence of defects in the results of the change can be more 
than several times. 

Only 1 km of insulation deterioration or defects were set in 10 km of cable to 
simulate the situation where only some of the insulation deterioration or defects 
occurred in the submarine cable. The results are shown in Table 6, the partial cable 
degradation in the whole section of the cable reflects less, set in 1 km in the light 
degradation reflected in 10 km of the cable only 6% change, but serious degradation 
as well as the occurrence of defects in the change can still be clearly monitored. 

From the results in Tables 5 and 6, it can be seen that the online monitoring system 
of submarine cable insulation based on the two-end current method adopted in this 
paper can reflect the overall state of the cable insulation well, but cannot reflect the 
local insulation deterioration of the cable, and only the local occurrence of serious 
defects will cause a large change in tanδ.

Table 5 1 km cable insulation deterioration or defect setting 

Insulation condition Insulation resistance 
(MΩ) 

Insulation 
capacitance (nF) 

Tanδ Normal changes to 
insulation (%) 

Normal insulation 71.5 197 2.27 0 

Mild deterioration 40 220 3.63 60 

Severe deterioration 10 250 12.7 460 

Defect occurs 1 300 106 4600 

Table 6 10 km insulation deterioration or defective setting in 10 km cable 

Insulation condition Insulation 
resistance (MΩ) 

Insulation 
capacitance (nF) 

Tanδ Normal changes to 
insulation (%) 

Normal insulation 71.5 197 2.256 0 

Mild deterioration 40 220 2.391 6 

Severe deterioration 10 250 3.51 55 

Defect occurs 1 300 17.2 662 
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6 Conclusion 

In this paper, by building a model of submarine cable insulation online monitoring 
system based on two-terminal current method, the monitoring effect of two-terminal 
current method for monitoring cable insulation tanδ and various influencing factors 
are studied, and the conclusions are as follows: 

(1) The online monitoring system of submarine cable insulation based on two-
terminal current method is less affected by the system load and can be monitored 
stably under different working conditions. 

(2) There is time error in the measurement of both ends in the actual project, and 
the error of monitoring can reach 6% when the time error reaches 90 ns. 

(3) This online monitoring system can reflect the overall state of the cable insulation 
well, but cannot reflect the local insulation deterioration of the cable, and only 
serious local defects cause a large change in tanδ. 
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Multi-physical Field Simulation 
of Permanent Arc Grounding Fault 
in 110 kV High Voltage Cable 

Yisong Wang, Chaoqun Shi, and Yang Xu 

Abstract In 110 kV cable systems, most faults are arc grounding faults. Due to the 
solid grounding of neutral point, short circuit currents can reach tens of thousands of 
amperes. Arcs of high short circuit currents can cause extremely high energy release 
into the surrounding environment. This is quite likely to result in a large number of 
accidents. In the majority of existing studies, the black box model is used to describe 
the behavior of the permanent arc grounding fault in cable. However, it cannot solve 
for internal characteristics. In order to solve the ablve problem, the magneto hydro 
dynamic (MHD) model was used to study permanent arc grounding faults of high 
voltage cables. The model was also modified to account for the structure inside the 
cable. The simulation results show that the maximum temperature inside the arc 
column can reach 2.2 × 104 K at a short circuit current of 1 kA RMS. When the 
current is respectively positive and negative peak, the arc voltage can reach 167 V and 
−155 V. The arc average power is 131 kW. This research paper provides a theoretical 
basis for the characterization of permanent arc grounding faults and the formulation 
of relay protection strategies. 

Keywords Arc discharge · Grounding fault · AC arc · MHD model · Neutral 
point solid grounding system 

1 Introduction 

Over a long time of running, the insulation layer of high voltage power cables 
develops defects, which manifest as small air gaps. Due to the different resistivi-
ties of air and cross-linked polyethylene, the electric potential distribution at their 
interface is uneven, which leads to a distortion of the electric field [1, 2]. This results 
in a larger temperature rise at the defect location [3]. Under the combined action of
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the electric and thermal fields, the insulation layer of the cable deteriorates rapidly. 
When the electric field strength becomes greater than the insulation breakdown value 
at this point, it leads to a breakdown of the defect location, and a strong arc discharge 
occurs. The above phenomenon is considered as a permanent arc grounding fault. In 
this case, the cable will get continuously corroded by the high temperature arc, and it 
is very likely to cause fire or explosion [4]. This has a significant negative impact on 
people’s life and production. Therefore, research on permanent arc grounding faults 
of high voltage cables is of great significance for safety in energy transmission. 

At present, the cable breakdown and discharge at the defective part are generally 
modeled as a black box. The arc column is equivalent to nonlinear resistor. A differ-
ential equation is used to describe the conductivity, and the resistance is obtained by 
solving the equation. The external characteristics of the arc, such as voltage, current, 
and impedance, are obtained by iterating according to a specific time step. This type 
of mathematical model is called the black box model, which can be further clas-
sified into the Cassie model, the Mayr model, the improved models based on the 
two previous models, and other models [5–7]. With advancement in computer tech-
nology, the MHD model has been developed to solve the problem that the black box 
model cannot calculate the physical field inside the arc column. The MHD model 
comprehensively considers the influence of the electromagnetic, thermal, and flow 
fields of the arc. The physical fields inside the arc column can be calculated by the 
finite element method, and the features of the arc under different physical fields can 
be obtained. The MHD model can simulate the arc discharge relatively completely. 

However, solving the complex MHD model requires a large number of calcu-
lations. A piece of wire with an air gap [8, 9] or a simple arc generator [10, 11] 
is generally used to simulate the physical structure of the arc ignition. A real high 
voltage cable is rarely used for simulation because of its complex structure. There-
fore, research on the breakdown and discharge of the real cable is usually carried 
out through experiments. Air column defects are created in the insulation layer, and 
a metal wire is used to short-circuit for arc ignition [12]. The fault parameters of 
the grounding arc are obtained. But these experiments still fail to obtain the internal 
characteristics of the arc. So far, the multi-physical field simulation of a power cable 
permanent arc grounding fault has remained a difficult problem to solve. 

A multi-physical field simulation of a 110 kV high voltage cable permanent arc 
grounding fault in the real cable structure was not done in previous research. A 
simulation model of a real cable was built based on the MHD model. The internal 
arcing process of a 110 kV high voltage cable was simulated. Then the characteristics 
of energy release were analyzed. The energy of the arc is mostly in the form of heat, so 
it can reflect the impact of cable arc grounding fault on the surrounding environment 
to a certain extent. Finally, we summarized the multi-physical field characteristics of 
the permanent arc grounding fault. The changes in electric field and thermal fields 
with time were stated.
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2 Simulation Methodology 

2.1 110 kV High Voltage Cable Geometry and Materials 

The typical cross-section of a 110 kV high voltage cable is shown in Fig. 1. The  
main structures are the conductor, insulation, metal sheath, outer sheath, and other 
thinner layers. When a permanent arc grounding fault occurs, the air column defect 
rapidly develops into a penetrating channel between the conductor and the metal 
sheath. Under the combined action of the thermal and electric fields, the air inside 
the channel breaks down and a strong arc discharge is generated. 

The geometric dimension and materials of the cable are shown in Table 1. Consid-
ering that the semiconductive tape, conductor screen and insulation screen of the 
cable are thin, they are combined into the insulation layer for simplified modeling. 
In addition, the corrugated aluminum sheath is assumed to fit the surface of the insu-
lating. Since the arc is always generated between the corrugated aluminum sheath 
and the conductor, the above simplification does not affect the length of the arc and 
has little effect on the result. The simplification is done only to reduce the difficulty 
in meshing and calculations.

As shown in Fig. 2, the defect was a 2 mm diameter air column through the 
insulation layer. It simulated the damage to the cable during manufacturing, laying 
or long-term running. The mesh was denser in the defect area in order to obtain 
higher precision calculation results. The boundary of the air column defect was also 
refined. This helped strengthen the convergence of the calculation. Then the material 
properties of each structure were set.

Fig. 1. 110 kV high voltage cable typical cross-section 
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Table 1 Geometric 
dimension and materials of 
110 kV cable 

Structure Material Diameter (mm) 

Conductor Copper 30.0 

Semiconductive tape Nylon fiber 30.6 

Conductor screen Polyolefin 33.0 

Insulation XLPE 66.0 

Insulation screen Polyolefin 68.0 

Metal sheath Aluminum 79.0 

Outer sheath PVC 87.0

Fig. 2 Cable defect setup and meshing 

2.2 Multi-physical Field Modeling 

The arc can be described using the MHD model. The relationship between physical 
fields is shown in Fig. 3. The initial state determines the initial electromagnetic param-
eters. Over time, the electromagnetic parameters begin to change under the action 
of the AC power supply. Electromagnetic force and Joule heat change with that and 
both result in flow velocity and temperature, which eventually act on electromagnetic 
parameters again.

In the simulation model, the electric field needs to satisfy the current continuity 
equation, which is expressed as follows: 

∇ ·  J+∂ρ 
∂t 

= 0 (1)  

where J is the current density vector, ρ is the electric charge density, and t is time.
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Fig. 3 Coupling of 
multi-physical fields

The magnetic field follows Ampere’s law, and its governing equation is as follows: 

∇ ×  H = J (2) 

where H is the magnetic field intensity vector. 
When analyzing heat transfer, the following temperature field equation can be 

used: 

ρCp 
∂T 

∂t 
+ ρCpu · ∇T + ∇  ·  q = Q (3) 

where ρ is the air density, Cp is the heat capacity of air, T is the thermodynamic 
temperature, u is the velocity vector of the air, and q is the heat flux vector of the air. 

Heat flux is derived from Fourier’s law: 

q = −k∇T (4) 

where k is the thermal conductivity of the material. 

3 Results and Discussion 

3.1 Arc Current and Voltage Characteristics 

Arc voltage and current curves are shown in Fig. 4. At 1 kA RMS short circuit current, 
the voltage shows an obvious distortion. The slope of the voltage curve increases 
rapidly near the zero current crossing point at 0, 10 and 20 ms. Approximately 
between 2 and 8 ms and 12 and 18 ms, the shape of the curve is more like a sine 
wave. This distortion is caused by the low temperature of the arc near the zero current 
crossing and the higher temperatures at other times. The conductivity of the arc is
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a. Arc current b. Arc voltage 

Fig. 4 Arc current and voltage curves for one cycle 

higher when the temperature is high, so it can be assumed that the arc behaves as a 
conductor, and the voltage distortion should be small. On the contrary, the voltage 
distortion is relatively large. The peak value of the arc voltage reaches 167 V at 5 
ms. This means that the resistance is approximately 0.12 �. 

3.2 Electric Field Distribution 

The electric potential distribution of the cable cross-section is shown in Fig. 5. It  
distorts at the insulation-air column interface. This is due to the difference in electrical 
conductivity between the two materials. At high temperatures, the conductivity of 
the arc is higher and results in a more distorted distribution of potential. In the 
positive and negative half cycles of the current, the electric potential distribution 
characteristics of the cable cross-section are reversed. The electric potential value of 
the conductor reaches 167 V and −155 V respectively at the positive and negative 
peaks of the current.

3.3 Thermal Field Distribution 

Temperature distribution is shown in Fig. 6. The temperature shows a trend of first 
rising and then falling during half cycle. The high temperature areas are near the 
copper conductor and the corrugated aluminum sheath. The maximum value is 
approximately 2.2×104 K at 5 ms and 2.1×104 K at 15 ms. The overall temperature 
of the arc column is about 1.5 × 104 K at 5 ms and 1.6 × 104 K at 15 ms. Because 
of heat accumulation, the temperature of arc column during negative half cycle is
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 V 

a. 3 ms b. 5 ms c. 9 ms 

 V 

d. 13 ms e. 15 ms f. 19 ms 

Fig. 5 Electric potential distribution

higher than that in positive half cycle. This also explains why the amplitude of the 
arc voltage curve during negative half cycle is smaller than the positive half cycle.

3.4 Energy Release Characteristic 

The energy release characteristic of the arc is shown in Fig. 7. In one cycle, the arc 
power curve has two peaks of approximately 238 kW at 5 ms and 219 kW at15 ms. 
Through integration, the total energy released by the arc in one cycle is calculated 
to be 2.62 kJ. The average power of the arc in one cycle is 131 kW.
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Fig. 6 Temperature distribution

Fig. 7 Arc power curve for 
one cycle
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4 Conclusions 

In this paper, the method of multi-physical field simulation method is used to simulate 
the characteristics of a permanent arc grounding fault of a 110 kV cable during one 
cycle. The results show that the 110 kV cable can produce an temperature of up to 
2.2 × 104 K at 1 kA RMS fault current. This means that the cable has a very high risk 
of combustion. Electric field distortion occurs at the insulation-air column interface. 
The arc voltage reaches a maximum value of 167 V. This characterization will be 
helpful to better analyze the arc discharge conditions of high voltage cable grounding 
faults and provide a basis for the formulation of relay protection strategies. 
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Review of Operation and Control 
of the New Energy Storage Isolated 
Network Systems 

Xianqiang He, Weixing Zhao, Fei Cao, QinFeng Ma, Mingshun Liu, Hai Qin, 
Qingxin Pu, and Yudong Sun 

Abstract With the rapid development of distributed power generation technology 
and microgrid technology, research on the operation and control of new energy 
storage isolated network systems has received widespread attention. Compared with 
grid-connected operation, isolated operation can improve the acceptance and appli-
cation of new energy, increase the flexibility of power grid operation, and solve 
the problem of difficulty in long-distance transmission in remote areas, which is 
an important application form and development trend of future new energy. This 
article reviews the latest progress in the operation and control of new energy storage 
isolated network systems. The key technologies for the operation and control are 
analyzed, general methods for the operation and control strategy of are given, and 
future technology development trends are predicted and discussed. 

Keywords New energy isolated network systems · Stability control · Optimal 
allocation · Energy management · Relay protection 

1 Introduction 

With the continuous development of the economy, the scale of the power system 
is constantly expanding, and the demand for energy is increasing. Since traditional 
fossil fuels such as oil and coal are non-renewable resources and are gradually being 
depleted [1], countries around the world are planning to adjust and upgrade their 
energy structures. New energy power generation has become a hot topic of research
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[2, 3]. As the capacity of new energy power generation connected to the grid continues 
to increase, its drawbacks such as volatility and randomness have brought varying 
degrees of impact on the operation and control. Therefore, it is necessary to allocate 
certain energy storage systems to smoothen the fluctuations in these new energy 
sources. The application of energy storage technology can suppress power fluctu-
ations, stabilize output, predict power values, achieve scheduling of new energy 
power generation, and also achieve spatial–temporal transfer of electrical energy, 
with fast response speed and feasibility of large-scale application. Compared with 
grid-connected operation, the islanding operation of new energy storage systems has 
the characteristics of flexible operation, efficient capacity, and high reliability, and 
is an important form of application for future energy transformation [4, 5]. 

In recent years, with the rapid development of distributed power generation 
technology and microgrid technology, further research and application have been 
promoted for the operation of new energy storage isolated network systems, and the 
technology has also been widely valued. Conducting research on the operation and 
control of new energy storage isolated systems has the following benefits: improving 
the acceptance and application of new energy, improving the flexibility of power 
system operation; solving the problem of the difficulty in long-distance transmission 
of electricity in remote areas, and so on [6]. Therefore, the research on the opera-
tion and control of new energy storage isolated network systems is of significance 
for future energy reform and upgrading. This paper reviews the latest developments 
in research on the operation and control of new energy storage isolated systems. 
And it also analyzes the key technologies for the operation and control, predicts 
and prospects the development trend, providing references for in-depth research and 
practical application of new energy storage isolated systems. 

2 Research on Operation and Control Strategy 

2.1 Voltage and Frequency Stability Control 

Renewable energy sources in modern power system exhibit fluctuations due to natural 
randomness, which directly affects the balance of electricity supply and demand 
and can endanger the voltage and frequency stability of the power system. This is 
particularly evident in new energy storage isolated network systems. Thus, to ensure 
the safe and stable operation and the quality of power supply, it is essential to stabilize 
the voltage and frequency within the new energy storage isolated systems. 

Several control methods can stabilize the voltage and frequency in new energy 
storage isolated network systems. These include master–slave control, peer-to-peer 
control, and hierarchical control, and so on. 

Master–slave control is a common method for small isolated grid systems that 
divides the power sources into master and slave categories. The master power 
provides reliable frequency and voltage support to the grid using V/f control. The
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other power sources are slave power sources that use P/Q control [7]. A significant 
advantage of master–slave control is its capability to track changes in distributed 
power output and load during islanding operation. However, it requires the master 
power source to have sufficient adjustment capacity and quick response adjustment 
energy. A method proposed in [8] can reduce the performance requirements of the 
master power source for master–slave control by coordinating with energy storage 
devices, expanding the application scenarios of master–slave control. 

Peer-to-peer control is another mature control method where all power sources 
operate under droop control mode, simulating the frequency characteristics of a 
generator and realizing the coordinated power allocation of each unit. This mode 
has “plug and play” features for distributed power sources, but it can lead to loop 
currents affecting the safe operation of the system. Additionally, the control algorithm 
based on droop control mode in isolated network system is complex, and reactive 
power cannot be accurately allocated due to the existence of line impedance. Peer-
to-peer control sacrifices power quality and is not typically used in actual isolated 
grid operations due to its drawbacks. 

Hierarchical control is a commonly used method that standardizes the operation 
and function of the power grid during isolated system operation [9]. The hierarchical 
control divides the control structure into three levels: first-level control, second-level 
control, and third-level control. The first-level control is consistent with the peer-to-
peer control method and adopts droop control, including voltage loops, current loops, 
and droop control loops [10]. To solve these problems, second-level control restores 
frequency and voltage to their rated values, as proposed in [11], and improves voltage 
quality, compensates for unbalanced voltages, and weakens harmonics. Third-level 
control considers macroeconomic dispatch, power flow control, and energy manage-
ment issues. The various levels of hierarchical control operate on different time scales, 
belonging to a multi-time-scale control method. Therefore, the control of each node 
under hierarchical control is asynchronous and exhibits delay. 

2.2 Optimal Allocation of Energy Storage Capacity 

It is difficult to effectively connect to the grid because new energy sources are affected 
by the limitations of local consumption capacity and different standards of design, 
acceptance, price and operation and maintenance. The development of energy storage 
is a guarantee for the effective grid connection and large-scale application of new 
energy sources, so it is very important to optimize the configuration of the capacity 
new energy storage. 

The energy flow of the multi-energy system of wind power, photovoltaic power, 
hydro power, thermal power and energy storage is shown in Fig. 1. And  the arrows  
represent the direction of energy flow. For the different characteristics of each energy 
storage system, a suitable strategy is used to optimize the capacity configuration by 
controlling the start/stop of the DC/DC converter of each energy storage device [12].
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Fig. 1 The energy flow of the multi-energy system 

In order to solve the complex nonlinear problem of coordinating the dispatch of 
multiple energy sources in the optimal allocation of energy storage capacity, [13] 
proposes a hybrid energy storage capacity optimization allocation strategy based 
on variable fractional modal decomposition for the optical storage co-generation 
system. It uses the Euclidean distance method to distinguish the modes, the sliding 
average method to extract the continuous component signals, and establishes the 
capacity optimization model of hybrid energy storage system with the minimum 
annual average allocation cost of the storage system as the objective function and 
solves it with the improved booster algorithm, which has better economy. Refer-
ence [14] has established a single-objective nonlinear programming model based 
on genetic algorithm with load shortage rate and other indicators as constraints and 
energy storage device life-cycle cost minimization as the objective function, while 
its combination of battery and supercapacitor energy storage characteristics enables 
the optimized system to save economic cost to a large extent. 

In order to make the optimization objectives more diversified, Xiao [15] estab-
lishes a joint system hierarchical dispatching model with minimum thermal unit oper-
ation cost and minimum energy abandonment as the lower-level optimization objec-
tives, and maximum revenue from energy storage system operation and minimum 
net load fluctuation as the upper-level optimization objectives, based on the deep 
peaking performance of thermal units. The method, after several iterations, makes 
full use of the peak-shaving and valley-filling performance of energy storage devices 
and can give full play to the advantages of each energy source and traditional thermal 
power for complementary purposes. Reference [16] considers the electric and thermal 
storage response characteristics and establishes a multivariate hybrid energy storage 
two-layer capacity optimization model with the minimum equal annual value cost as 
the objective function. It also considers the coupling and internal dependence between
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multiple energy sources to achieve the optimization of energy storage power alloca-
tion and capacity configuration. In order to consider the capacity allocation of hybrid 
energy storage system with battery and supercapacitor under multi-objective plan-
ning. Reference [17] has proposed a multi-objective capacity optimization allocation 
model for hybrid energy storage system. It also applies an improved particle swarm 
algorithm to design the capacity and power of the battery and supercapacitor, which 
avoids the problems of premature convergence and poor global search capability 
that traditional particle optimization algorithms tend to produce, and the improved 
algorithm has strong fast convergence and reliability. 

2.3 Energy Management 

Large-scale isolated grids typically integrate multiple energy sources such as wind, 
solar, water, fossil fuels, and electricity, making them nonlinear and complex 
systems with coupled thermodynamic, chemical, and electrodynamic behaviors. The 
stochastic variability of renewable energy generation and the time-series coupling 
characteristics of energy storage operation control pose significant challenges for 
energy management and optimal operation of isolated grids. 

Currently, energy management in new energy storage isolated network systems 
is mainly divided into two modes: centralized dispatch and decentralized control. In 
the centralized dispatch mode, as shown in Fig. 2. It consists of a central energy 
management, monitoring, and regional power grid dispatch system. The central 
energy management layer, based on market price information, isolated network 
system load forecast results, and distributed power generation output forecasts, uses 
certain energy optimization algorithms to develop isolated network energy opti-
mization plans. The monitoring layer uses SCADA and PMU hybrid measurement 
technology combined with energy management system data from interconnected 
power grids to synchronously detect the status of grids, ensuring the stability of 
energy exchange between the isolated system and the interconnected power grid 
[18]. The system uses the CIM model to process the isolated grid data and combines 
the historical sectional management module and finally obtain the integrated data. 
The monitoring layer passes the processed data to the central energy management 
layer and receives energy optimization plans from the management layer, and then 
transmits control information to the regional power grid dispatch system layer. The 
regional power grid dispatch system layer includes wind, solar, water, fossil fuels, 
and electricity. Renewable energy sources such as wind and solar are greatly affected 
by weather factors, requiring power prediction combined with weather forecasts, 
and energy storage systems also require equipment information for prediction [19]. 
Through this centralized dispatch mode, isolated grid energy can be well managed. 
In the decentralized control mode, energy management optimization is completed 
by decentralized power generation device controllers. The controller of the power 
generation unit works in concert with other devices in the isolated system on the 
basis of ensuring the efficiency of the use of its own equipment. Compared to the
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decentralized control mode, the centralized dispatch mode is easier to implement 
and widely used. 

Energy management optimization algorithms in new energy storage isolated 
system can be divided into three main categories: heuristic energy management 
algorithms, model predictive control (MPC) algorithms, and reinforcement learning 
algorithms. Heuristic energy management algorithms can provide optimal feasible 
solutions within a certain time and space range [20]. Reference [21] proposed a 
energy management technology based on a composite particle swarm optimization 
algorithm, which predicts changes in load demand, and establishes a multi-objective 
optimization mathematical model, minimizing operational costs and environmental 
management costs. However, such algorithms have long computation times and are 
prone to getting stuck in local optima, making them unsuitable for complex systems. 
MPC algorithms solve the open-loop problem in a limited time domain by model 
prediction, rolling optimization, and feedback correction. Reference [22] used a  
value-based algorithm and proposed an improved competitive deep Q network algo-
rithm, which uses a multi-parameter action exploration mechanism and an optimized 
neural network structure to learn environmental information from energy manage-
ment. Such algorithms can cope with constantly changing isolated grid environments, 
have better stability and economics, but depend on training data and have long training 
times, still having room for development.
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2.4 Relay Protection 

The relay protection of new energy isolated network systems refers to a key tech-
nology that ensures the reliable and stable operation of the system by enabling relay 
protection devices to quickly identify and locate faults and implement fault removal 
when faults occur. 

Currently, the relay protection methods in new energy isolated network systems 
mainly include traditional protection [23]. Traditional protection includes overcur-
rent protection, differential protection, and distance protection, which mainly focus 
on how to extract fault features and highlight traditional protection improvements 
to adapt to new energy isolated network systems. In contrast, the core of the adap-
tive protection method is that the protection strategy can be automatically adjusted 
to suit the appropriate protection settings when the power grid operating mode 
changes. These protection methods require extremely high transmission require-
ments for communication networks, extremely rapid fault detection, and are difficult 
to apply in new energy isolated network systems operation. Right now, researchers 
both domestically and internationally have used intelligent algorithms to construct 
protection strategies [24, 25]. The advantage of intelligent algorithms lies in their 
strong control robustness, making protection strategies flexible to adapt to changes 
in the structure and status of microgrids. In the future, it should combine intelligent 
algorithms with traditional protection and configure protection for various compo-
nents such as PC points, microgrid buses, feeder lines, distributed power sources, and 
loads, while also addressing the coordination problems between different protection 
methods. 

3 Conclusion 

This article summarizes the research progress in the operation and control technology 
of the new energy isolated network systems. Firstly, it introduces three methods of 
voltage and frequency stability control and elaborates on the method of configuring 
different energy storage capacities for different purposes. Secondly, it describes the 
modes of energy management and describes three optimization algorithms based on 
power generation and load forecasting data, with the constraint of safe operation and 
the goal of economic operation. Lastly, it explains traditional protection methods and 
protection methods combining artificial intelligence algorithms. 

Future prospects: 

(1) Single energy storage systems have limitations, as they cannot simultaneously 
meet the requirements of high energy density, high efficiency, high cycle count, 
and low cost. Therefore, the future research focus will be on studying new types 
of energy storage systems that meet the requirements by achieving optimal 
energy storage capacity configuration.
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(2) Energy management will face more complex control structures in the future. The 
future research focus will be on achieving coordinated control of all modules 
of the new energy isolated grid systems, designing multi-objective optimiza-
tion algorithms, and updating reliable and compatible communication network 
technologies to build rational energy management systems. 

(3) Future relay protection will have higher self-diagnosis, fault judgment, and self-
repair capabilities, enabling real-time monitoring and analysis based on changes 
in system operation and environmental parameters. 
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Design and Implementation of Passive 
Chip Temperature Measurement System 
for Primary Equipment 

Kai Zhu, Fanglei Liu, Yaqing Li, Zhen Zheng, Zhaoyu Qin, 
and Zhaofan Wang 

Abstract In order to reduce the equipment damage and potential safety failure 
caused by abnormal temperature rise at critical locations of substation primary equip-
ment, temperature monitoring is the most effective and cost-effective method, a new 
design scheme of passive temperature measurement system based on wireless radio 
frequency identification technology is proposed. The system is composed of passive 
temperature sensor, UHF-RFID identification transmission system (Include high-
gain directional circularly polarized antenna and fixed data transmission terminal), 
and status evaluation software package, and it can implement temperature moni-
toring, thermal fault identification, and early warning for the entire substation. This 
paper has given a detailed system implementation, and verified the feasibility of the 
design scheme according to the specific test situation. 

Keywords Primary equipment · Passive temperature sensor · UHF-RFID ·
Wireless transmission 

1 Introduction 

The reliability of primary equipment is very important. Defects (such as poor contact 
performance) or faults will cause abnormal temperature rise of the equipment. If not 
diagnosed and eliminated in time, the abnormal temperature rise will soon lead 
to long-term high-temperature operation, seriously damage the insulation, greatly 
shorten the normal operation life of the equipment, and gradually evolve and deteri-
orate to form accidents or damage equipment, this will finally affect the normal work 
of the entire power system. In order to ensure the normal operation of primary equip-
ment and the safety of the power system, grasp the heating law and temperature rise

K. Zhu (B) · F. Liu · Y. Li · Z. Zheng 
State Grid Shanghai Qingpu Electric Power Supply Company, Shanghai 201700, China 
e-mail: 13585760018@163.com 

Z. Qin · Z. Wang 
Hubei University of Technology, Wuhan 430068, China 

© Beijing Paike Culture Commu. Co., Ltd. 2024 
X. Dong and L. Cai (eds.), The Proceedings of 2023 4th International Symposium on 
Insulation and Discharge Computation for Power Equipment (IDCOMPU2023), Lecture 
Notes in Electrical Engineering 1100, https://doi.org/10.1007/978-981-99-7393-4_59 

623

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7393-4_59&domain=pdf
mailto:13585760018@163.com
https://doi.org/10.1007/978-981-99-7393-4_59


624 K. Zhu et al.

of primary equipment, analyze various equipment defects and fault situations, and 
effectively diagnose equipment faults. Therefore, timely and accurate measurement 
of the temperature at each key point of the equipment is of great significance. 

At present, the temperature monitoring methods for the high-voltage end of 
primary equipment mainly include temperature indicating wax method, infrared 
temperature measurement method, and optical fiber temperature measurement 
method [1–4]. When using wax flakes for temperature measurement, operation and 
maintenance personnel need to regularly visually inspect all temperature indicating 
wax flakes at the tested positions, record and handle the color and melting of the wax 
flakes in a timely manner. However, human negligence may result in failure hazards 
not being recorded. The infrared temperature measurement method is currently the 
most widely used, but it is susceptible to external factors such as sunlight, surface 
material of the tested part, and testing distance, resulting in temperature measure-
ment errors. The fiber optic temperature measurement method has high tempera-
ture measurement accuracy, but the system itself and installation deployment costs 
are high, which is not conducive to large-scale promotion and use. Moreover, the 
surface of the fiber optic is easily contaminated, affecting the external insulation of 
the equipment [5]. 

Due to certain technical limitations of the above methods, they cannot meet the 
current requirements for temperature live detection of key points in the entire substa-
tion [6]. Therefore, this paper develops a new passive wireless temperature measure-
ment system for key points of substation primary equipment based on radio frequency 
identification technology. This system can automatically record and analyze the 
temperature of key points of the entire station equipment, without the need for power 
supply or maintenance. Contact temperature measurement is not affected by external 
factors such as sunlight, and can meet the temperature measurement requirements of 
key points of the entire substation equipment. 

2 Design Scheme 

The passive temperature measurement system for key points of primary equipment 
(hereinafter referred to as “passive temperature measurement system”) adopts the 
passive temperature measurement method based on RFID, including passive temper-
ature sensor, high-gain directional circularly polarized antenna, fixed data trans-
mission terminal and background management and analysis system, which can be 
conveniently installed to the high-voltage conductor or key parts of the equipment to 
collect the temperature of key points of the equipment. By analyzing and collecting 
the state information such as the temperature of the substation equipment with iden-
tification information, early warning can be given, according to the relevant mainte-
nance procedures, the normal, abnormal and serious state of the equipment is judged, 
and the maintenance cycle and maintenance strategy suggestions are put forward to 
greatly reduce the potential safety hazards, effectively improve the work efficiency
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and maintenance quality, and reduce the maintenance cost, which is applicable to all 
substations below 220 kV. 

2.1 Passive Temperature Sensor 

The temperature sensor adopts RFID tag embedded with surface acoustic wave 
temperature sensor, which is mainly divided into four modules: RF analog front 
end, digital controller, memory and temperature sensor. Its structure is shown in 
Fig. 1 [7, 8]. 

According to the detection principle, saw temperature sensor can be divided into 
two types: delay type and vibration type. The resonant sensor is used here because its

Fig. 1 RFID temperature measurement tag internal structure 
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quality factor is much higher than that of the delay type device, and the loss is very 
small, which is more suitable for long-distance passive wireless remote sensing. The 
distributed passive wireless array sensor can be formed by using multiple passive 
surface acoustic wave sensors. As long as the interdigital transducers of each surface 
acoustic wave device in the array sensor have different frequency selection charac-
teristics or different coding (decoding) functions, each sensor element in the array 
can be excited by the frequency or coding of the transmitted signal, so as to achieve 
the purpose of identifying (addressing) each sensor element in the array, Meet the 
design needs. 

RFID tag adopts a passive intelligent UHF electronic tag chip, which is used in an 
application environment with a reading and writing distance of up to 10 m. It has the 
function of anti-collision algorithm. Within the reading range of the reader antenna, 
it can read and identify more than 100 electronic tags per second. The temperature 
chip is designed with 11bits low-power ADC, with a temperature range of −40 °C 
to 120 °C and a temperature accuracy of 0.5 °C. It supports EPC global class 1 Gen 
2 standard protocol (v1.2.0) and ISO 18000-6c ultra high frequency radio frequency 
identification (UHF-RFID) international standard. The communication frequency is 
between 860 and 960 MHz. The unique digital architecture is used inside, which can 
further optimize the structure of the user area. Its internal highly integrated hardware 
circuit design can well solve the interference of short-range field strength on the chip. 
At the same time, it uses internationally mature technology to further reduce its power 
consumption, meet customers’ requirements for fast reading and writing of product 
data, data erasure and security protection of special passwords specified in the user 
area, and ensure the stability of product labels to meet the design requirements. 

2.2 Design of High-Gain Terminal 

The fixed terminal is a RF transceiver and signal processing system based on the 
principle of radar. The circuits used mainly include pulse type, pulse compression 
type and FM continuous wave type. At present, pulse radar system with amplitude 
decoding is generally used, and its principal block diagram is shown in Fig. 2. The  
system shown is universal. It can be applied to the reading and writing of saw tags in 
various frequency bands below 1000 MHz as long as the local oscillator frequency 
and a few related components are changed.

The fixed terminal adopts two anti-conflict protocols, free mode and stop mode. 
In free mode, the sensor sends its own data through different time intervals. The fixed 
terminal first attempts to read the data of the sensor, but since the sensor also starts 
to send during the reading process, the fixed terminal finds data conflict through 
data verification (Manchester decoding and CRC verification), and discards the data. 
Then the fixed terminal continues to send signals to try to read the data of the sensor, 
and no data conflict is found through data verification, so the data of the sensor can 
be read out smoothly. In the stop mode, after the fixed terminal successfully reads 
the data of the electronic tag, it sends a stop command, and the successfully read



Design and Implementation of Passive Chip Temperature Measurement … 627

Fig. 2 Schematic diagram of general decoding fixed terminals

sensor stops transmitting its own data and enters the "static" state, so that the tag data 
can be read more quickly. The schematic diagram of the fixed terminal is as follows 
(Fig. 3). 

Fig. 3 Schematic diagram of the fixed terminals
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The fixed terminal is composed of wireless communication module, LCD module, 
keyboard input module, wireless communication module, etc. The wireless commu-
nication module is used to communicate with the background analysis management 
system located in the workstation. The management system sends the authoriza-
tion information to the fixed terminal through the communication interface. The 
person in charge of the work will associate the patrol inspection personnel with the 
fixed terminal information and complete the authorization of the patrol inspection 
personnel by means of wireless communication. In addition to completing the autho-
rization, the wireless communication module can also send temperature measurement 
data to the background analysis software, and receive equipment warning information 
and maintenance suggestions. 

2.3 RFID Identification Transmission System 

The complete RFID identification transmission system should be an application 
system combining passive sensors and fixed terminals. The monitoring model is 
shown in Fig. 4. 

Fig. 4 Software structure diagram of data management
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RFID identification transmission system is a set of interface specification system 
for power equipment identification and data exchange based on extended RFID tags, 
and applies the rapid identification, information acquisition and positioning tech-
nology of RFID and GPS. The system uses two kinds of electronic tag readers and 
writers: one is the electronic tag reader and writer that maintains the device code, 
which is used to read the code when maintaining the electronic tag and provide the 
unique correspondence between the code and the actual position of the device; One 
is an electronic tag reader built into a fixed terminal, which is used to read the code 
installed on the device. After reading the code of the field device, it is compared to 
determine whether the tested device is authorized. At the same time, key information 
such as test time, tester, key point temperature, etc. are recorded to facilitate tracking 
management after patrol inspection. The working flow chart of RFID system is as 
follows (Fig. 5).

The RFID identification and transmission system adopts efficient and low-power 
communication transmission technology and its acquisition and transmission tech-
nology in the strong electromagnetic interference operation environment of the 
substation. It has the functions of self-identification, environmental perception, self-
diagnosis and self-repair, and the power dedicated chip and fixed terminal with 
the Internet of things interactive interface. It realizes the intelligent acquisition, 
transmission and processing of information, and meets the design requirements. 

2.4 Temperature Measurement System and State Evaluation 
Software Package 

The passive temperature measurement system adopts the method of hierarchical 
design, which is divided into basic platform, service support, public service, service 
management and security management. It forms a business development and opera-
tion support environment for temperature testing technology at key points of substa-
tion primary equipment based on a unified technical architecture, provides basic 
services and common service functions for various systems, realizes information 
resource sharing and business collaboration, and combines the historical temperature 
data of monitoring points, Carry out real-time analysis, and for the monitoring points 
with gradually increasing temperature changes, early warning can be given before 
the temperature reaches the upper limit, so as to eliminate the fault in the bud. At 
the same time, based on the RFID technology of the Internet of things, the temper-
ature measurement data of the primary equipment in the substation are analyzed, 
and the preventive test data, patrol inspection and live detection data are combined 
to conduct a comprehensive analysis. Combined with the existing experience, the 
equipment status is evaluated, and the maintenance suggestions are given.
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Fig. 5 Flow diagram of 
RFID identification system

3 Test Results of Passive Temperature Measurement 
System 

In order to verify the effectiveness of the system, the project team completed the 
background software development of the passive temperature testing system for key 
points of primary equipment in the substation, and conducted joint online testing of 
chips, terminals, and fixed readers. The test chip sensors and read/write terminal are 
shown in Fig. 6, and the test installation site is shown in Fig. 7.
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Fig. 6 Chip sensors and read/write terminal 

Fig. 7 Test and installation 
site of the system 

After the experimental test of the passive temperature measurement system, we 
found that there was a certain error between the measured temperature and the actual 
temperature. The reasons for the measurement error of the temperature measure-
ment system were analyzed as follows: first, the error of the temperature probe. The 
better the thermal conductivity of the temperature probe, the faster the response to 
temperature changes, and the smaller the hysteresis degree; The second is the quan-
tization error of AD conversion circuit. The higher the AD digit is, the smaller the 
quantization error is; In addition, there are external interference heat sources on the 
site, including the human body, the heating body around the sensor, and the flowing 
air, which will affect the measurement. In addition, the surface condition of the key 
points of the measurement will also bring some measurement deviation. Table 1 
shows the measurement results of the temperature rise test of the system.
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Table 1 Test results 

Test time (min) Standard temperature (°C) Measured temperature (°C) 

0 0.0 0.0 

1 10.0 9.7 

2 20.1 19.8 

3 28.0 28.5 

4 34.2 35.1 

5 38.3 38.7 

6 42.0 42.1 

7 45.3 44.8 

8 48.3 48.0 

9 50.7 51.1 

10 52.2 52.5 

11 53.4 53.2 

From the test data, the maximum error between the data measured by the passive 
temperature measurement system and the actual temperature is less than 1 °C, which 
has good temperature measurement effect and meets the design requirements (Fig. 8). 

Fig. 8 The experiment results sheet
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4 Conclusion 

Compared with other temperature measurement methods, the passive temperature 
measurement system has the advantages of wireless, convenient installation of 
temperature measurement components, almost any key point can be used, accurate 
and timely information, and good alarm system. The system can realize the on-line 
monitoring of the temperature of key parts in the power system. By analyzing and 
collecting the state information such as the temperature of the substation equip-
ment with identification information, it can realize the early warning. According 
to the relevant maintenance procedures, it can realize the evaluation of the normal, 
abnormal and serious state of the equipment, assist the operators to find the equip-
ment abnormalities in time, put forward the maintenance cycle and maintenance 
strategy suggestions, and change the maintenance mode of the power system, The 
reliability of power supply system can be improved to a certain extent by enabling 
operators to grasp the operation of equipment in time. 

The system meets the actual on-site operation requirements of the provincial 
power company, can greatly improve the management level of related professional 
work, save a lot of manpower and material resources, effectively improve work 
efficiency and maintenance quality, reduce maintenance costs, and has good social 
and economic benefits. 
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A Multiphysics Computational Method 
for Thermal Field of Transformer 
Winding Using Finite Element Method 

Xingxiong Yang, Yanpu Zhao, and Shucan Cheng 

Abstract Since the age of the insulation is strongly dependent on the thermal field of 
transformers, accurate computation of temperature distribution, the hot-spot temper-
ature and reducing the temperature rise are crucial concerns when designing power 
transformers. With the development of advanced numerical solution techniques, the 
complicated multiphysical fields including fluid and thermal fields inside power 
transformers are widely simulated. In this work, the numerical formulations for 
all the physical fields and the iterative schemes are summarized for computing the 
thermal rise of transformers. And both oil-directed and oil-natural thermal dissipa-
tion modes are simulated using in-house developed code. A parameterized mesh of 
the transformer is built by calling open source mesh generators for the fast design of 
transformers, where inlet position parameters are also optimized for illustration of 
the convenience by utilizing the in-house code. Numerical examples are presented 
to showcase the results of the in-house developed scripts based on open source 
software packages. The contribution of this work lies in that it provides a conve-
nient geometric modeling and numerical computation framework for the analysis 
of complicated multiphysical fields within the same coding framework, instead of 
having to switch among different packages when using commercial finite element 
software. The developed in-house scripts can be used also for convenient optimal 
design of shape parameters of real-world transformer applications. 

Keywords Finite element method · Fluid-thermal coupling · Multiphysics 
computation · Power transformer
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1 Introduction 

An excessive temperature rise in power transformers can hasten insulation aging and 
reduce its reliability, thus threatens the safety operation of power system. Accurate 
and fast multiphysics computation that include thermal field can help find the optimal 
solution to reduce temperature rise, then guide the optimal design of transformer. 
The temperature rise of transformer is the resultant from multiphysics coupling such 
as magnetic field, thermal field, and fluid field. Accurate calculation of loss that 
acted as heat source is crucial for predicting temperature rise. To this end, Wang 
used Fourier algorithm to calculate the transformer core loss and stray loss under 
saturated conditions in [1], and studied the effect of the core material’s permeability 
on the distribution of leakage magnetic field. In order to meet the fast and simple 
requirements of practical engineering application, Olivares-Galván et al. [2] used two  
temperature method and two frequency method to estimate the percentage of eddy 
current loss in iron core loss, and conducted experimental verification. In order to 
calculate transformer loss with higher accuracy, the three-dimensional (3D) effect of 
structural components is taken into account, and the 3D finite element (FE) method 
is used to calculate the eddy current losses of the steel and tank [3, 4]. The two-
dimensional (2D) FE method is used to calculate the ohmic losses and eddy current 
losses of converter transformer windings containing higher harmonic currents in [5], 
the accuracy and efficiency of time domain and frequency domain FE numerical 
methods were compared. 

For fast evaluation of the thermal field, the thermal network method can be used to 
calculate the temperature rise of the transformer, but the parameters of the model need 
profound tuning and the versatility is a big bottleneck. In [6], the thermal distribution 
of dry-type transformer windings is studied, the convective thermal resistance of the 
thermal network model is modified based on the FE fluid-field simulation results, 
then the axial temperature distribution and the hot-spot temperature of the winding 
under typical overload conditions are analyzed. A detail-layered thermal path method 
of the water-cooled winding is proposed in [7], taking into account the copper loss 
varying with temperature. The conductive thermal resistance of the double wing fin 
tube cooling unit is calculated, and the accuracy of the model is verified by 2D FE 
simulation. 

The most accurate and versatile method for finding the thermal distribution is 
to couple the thermal field with fluid field. Computational Fluid Dynamics (CFD) 
method has been commonly used to implement fluid-thermal simulations for oil 
immersed transformer [8–10]. Recently the least square finite element method 
(LSFEM) and upwind finite element method (UFEM) are proposed in [11] to  
study the fluid-thermal coupled model of oil-immersed transformers, where indirect 
coupling iterative algorithm is adopted by calculating the fluid’s velocity, tempera-
ture, and considers the effect of temperature on material properties and winding loss 
density accordingly.
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In summary, existing methods for studying multiphysical fields of transformer 
include finite element/finite volume simulation, thermal network method and exper-
imental method. Commercial multiphysics simulation software is widely used for 
numerical simulation, such as ANSYS, COMSOL Multiphysics, Altair etc. While 
commercial software provides ease of use and versatility, the openness of its black-
box interface is extremely limited for testing numerical algorithms, which also limits 
users to only at the interface and command line interaction level. Besides, when opti-
mizing equipment structure parameters and embedding new solvers or algorithms, 
which is also difficult to do with commercial software packages. To meet the needs 
of wide engineering design applications, this work provides a convenient and fast 
geometric modeling method and numerical computation framework for thermal rise 
of transformer windings, it is also really powerful for structure optimization of power 
equipment. 

2 Calculation of Transformer Winding Losses 

The heat source in transformers is mainly resulted from eddy current losses, ohmic 
losses, and circulating current losses of windings. The calculation method of direct-
current (DC) resistance loss is relatively simple and mature, and the calculation of 
eddy current loss and circulating current loss is mainly conducted here. Eddy current 
losses can be calculated using analytical methods, finite element methods, empirical 
formulas methods [12]: 

PB = 
N∑

i=1 

(Pri  + Pzi ) = 
N∑

i=1

(
1 

12ρ 
(ωaBri  )

2 πRi Si + 
1 

12ρ 
(ωbBzi )

2 πRi Si

)
(1) 

where Pri  , Pzi are the transverse and longitudinal eddy current losses (W); Bri  , Bzi 

are the transverse and longitudinal magnetic flux densities (T) within the ith element; 
ρ is resistivity (Ω · m);a, b is the geometric parameter (m); Ri is the distance from 
the center of gravity of the ith element to the center line of the iron core (m); Si is 
the area of the ith element (m2). 

PB = PBm Wn1L p/(ml) = 
ω2ba3l B2 

m Wn1L p 
72ρr 

(2) 

where a, b is the geometric parameter of the conductor (m); Bm is the peak magnetic 
leakage density (T); L p is the average turn length of winding; W is the total number 
of turns, and n1 is the number of parallel conductors per turn; ρr is the temperature 
dependent resistivity (Ω · m). 

Using Eq. (2), the winding eddy current loss coefficient commonly used in 
engineering can be extracted:
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ka = 
PB 

I 2 N R 
× 100% = 

ω2ba3l B2 
m Wn1L p/72ρr 

δ2b2a2ρr Wn1L P 
× 100% (3) 

where δ is the current density of the winding (A/mm2). 
Considering the operating conditions: ρ75 ◦C = 2.135 × 10−8 Ω · m, f = 50 Hz, 

the above Eq. (3) can be simplified as follows: 

ka = k
(a 

δ 
Bm

)2 × 100% (4) 

where k is related to ρr , according to experience, ρ75 ◦C, k = 2.99ρ85 ◦C, k = 2.99. 
Eddy current loss is not uniformly distributed in the winding wires, which is 

affected by the distribution of the leakage magnetic field. It is difficult to accu-
rately calculate, thus the eddy current loss of the winding can be calculated by first 
calculating the ohmic loss Pdc:

{
Pec = ka Pdc  
Pdc  =

{

V 
σ |J |2 dV (5) 

where σ is conductivity(S/m); J is current density(A/m2). 
Multiple strands are usually connected in parallel for large capacity transformer 

windings. Due to the different positions of multiple parallel wires in the leakage 
magnetic field, the induced leakage potential is also different. The difference in the 
leakage potential of each wire will generate a circulating current within the parallel 
conductors, resulting in a circulating current loss [13]. 

Pc = R 
N∑

k=1 

I 2 k = R 
N∑

k=1

(
Ek − Ek.av 

Z

)2 

(6) 

where R is equivalent resistance of the winding (Ω); Ek is the total induced elec-
tric potential caused by leakage flux (V), including self-induced leakage potential 
and mutual induced leakage potential, which is related to wire parameters and the 
approach of winding transposition; Eav.k is the total average induced leakage potential 
(V). 

3 Heat Transfer Process 

The flowing fluid transfers the heat generated by the windings to the radiator through 
vertical and horizontal oil channels, and then diffuses the heat to the external environ-
ment through the radiator. Generally, there are two ways to dissipate heat in power 
transformers: natural convection and forced convection. For the natural convection
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mode, the fluid is driven by forces caused by gravity and difference in density distri-
bution. While for the forced convection mode, the oil fluid is driven by a pump. 
Overall, there are oil-forced air-forced (OFAF), oil-forced water-forced (OFWF) 
modes etc. 

In order to accurately simulate the temperature distribution inside the transformer, 
it is necessary to consider the interaction of coupled fluid-thermal fields, where the 
thermal field will change the density and the oil viscosity and the fluid velocity will 
influence the thermal distribution. The thermal transfer process can be divided into 
thermal conduction, thermal convection, and thermal radiation [14]. 

Thermal conduction: The heat generated by solid components such as wires, iron 
cores, and oil tanks is transferred from the center to the surface through thermal 
conduction, which is defined by the following: 

q = −λ∇T (7) 

where q is the heat flux density (W/m2 ); λ is the thermal conductivity (W/(m · 
K)).Thermal convection: convective heat transfer occurs between the surface of solid 
and the oil, which is the main heat dissipation way. The calculation formula can be 
obtained by using Newton’s cooling formula: 

q = h∇T (8) 

where h is the convective heat transfer coefficient (W/(m2 · K)). 
Thermal radiation: the heating component such as cores and clamps radiate energy 

to the surrounding oil through electromagnetic waves. This heat transfer way is called 
Thermal radiation. In practical calculations, the correction formula of Eq. 9 is often 
used: 

q = σ(T 4 1 − T 4 2 ) 
(1/ε1) + ((1 − ε2)/ε2)(R1/R2) 

(9) 

where ε is heat emissivity (W/(m2 · K)); σ = 5.67 × 10−8(W/(m2 · K4 )) is a 
natural constant representing the blackbody radiation coefficient; R is the radius of 
the radiation surface (m). 

Thermal radiation is a common form of heat transfer between high-temperature 
and low-temperature objects, but its magnitude is usually negligible compared to 
thermal conduction and thermal convection. Therefore, the control equation for the 
temperature field of oil-immersed power transformers mainly includes two parts: 
the solid region and the fluid region. At steady-state, the temperature field in the 
solid region is dictated by the thermal conduction equation, as shown in Eq. (10). 
However, the temperature field in the fluid region is related to the fluid velocity. For 
incompressible Newtonian fluids, the continuity equation and momentum conserva-
tion equation are generally used to solve the fluid velocity using Eq. (11), and then 
the energy conservation equation shown in Eq. (12) is used to solve the temperature
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distribution in the fluid region. After solving the fluid and solid temperature fields, 
the velocity and temperature can be calculated by iterative solution [15]. 

−∇ · (λ∇T ) = ST (10)

{∇ ·  ρU = 0 
∇ ·  (ρU × U) = −∇ p + μ(∇2U) + ρg 

(11) 

∇ ·  (ρcpUT ) = ∇  ·  (λ∇T ) (12) 

where ρ is density (kg/m3); cp is convective heat transfer coefficient (J/(kg•K)); ST 
is the heat source term (W/m3); U = [u, v] is the fluid velocity vector (m/s); μ is the 
viscosity coefficient (kg/(m•s)); p is the fluid pressure (Pa); g is the acceleration of 
gravity (m/s2). 

In particular, the right hand side terms of Eq. (11) are respectively pressure, viscous 
force, and buoyancy, where the buoyancy term is essential in natural convection 
mode. While the fluid is driven by a pump in forced circulation mode, with a unit 
flow that is much larger than in natural convection mode, thus the buoyancy term in 
forced circulation mode is usually ignored. Note that the heat conduction equation in 
solid domain (11) and the convection–diffusion equation in the fluid domain (12) are 
coupled at the solid–fluid interface, where the conjugate heat transfer condition [15] 
and the no-slipping boundary conditions are applied there. For the inlet, the velocity 
is specified and at the outlet the pressure is set to be 0. 

4 Numerical Example 

Based on in-house developed finite element software, the fluid-thermal coupling heat 
transfer process of the oil-immersed transformer winding segment shown in Fig. 1 
was analyzed. The temperature field distribution for different oil inlet locations was 
simulated. The boundary condition of velocity at the transformer inlet is set to u = 
0, v = 0.05 m/s, and T = 320 K. The outlet boundary condition is set as p = 0, and 
the material parameters are shown in Table 1 [11].

As shown in Fig. 2. Due to the buoyancy direction is downward between two 
washers, while the oil flow direction is upward, there is a difference of 2 °C between 
the highest temperature. The opposite direction leads to a further slowdown in the 
oil velocity, thus increases the highest temperature.

When the oil inlet continues to move to the left shown in Fig. 3, the temperature rise 
continues to increase, reaching a highest temperature of 125.34 °C. When moving 
to the far left, most of the oil directly flows toward the outlet, cause a significant 
change in the highest temperature rise. And when the oil almost flows through the 
left oil channel as shown in Fig. 3d, it also carries a large amount of heat away from
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Conduction 
Convection 

Radiation 

Fig. 1 Heat transfer process of oil-immersed transformer 

Table 1 Physical parameters of materials 

Materials Physical parameters Function fitting 

Transformer oil Viscosity/Pa · s 0.0846 − 4 × 10−4T + 5 × 10−7T 2 

Specific heat capacity/J · (kg · K)−1 807.163 + 3.58T 
Heat conductivity/W · (m · K)−1 0.1509 − 7.101 × 10−5T 

Density/kg · m−3 1098.72 − 0.712T 
Winding Specific heat capacity/J · (kg · K)−1 381 

Heat conductivity/W · (m · K)−1 401 

Density/kg · m−3 8933 

Insulation paper Specific heat capacity/J · (kg · K)−1 381 

Heat conductivity/W · (m · K)−1 0.19 

Density/kg · m−3 930

the left winding disc, thus the temperature on the left side of the winding disc also 
decreases significantly.
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Insulation cylinder 

Inlet 

Outlet 

Winding 

Washer 

Insulation 
paper 

Oil channel 

BA 

Fig. 2 Left: the winding segment and computational mesh; Middle: temperature field distribution 
considering buoyancy; Right: temperature field distribution without considering buoyancy

Fig. 3 Temperature field distribution at different oil inlet locations considering buoyancy (no 
washer). a–d the position of the oil outlet remains unchanged, and the oil inlet gradually moves to 
the left, with distance of 0, 0.3, 0.5, 1(AB) from the initial right position, respectively
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5 Conclusion 

The multiphysics simulation of coupled fluid-thermal fields in transformer is studied 
based on in-house developed scripts based on open source software, which provides 
a convenient method for optimal design of transformers . The proposed method 
provides a convenient geometric modeling approach and numerical calculation 
framework. Numerical results based on the developed monolithic code show-
case good flexibility and high accuracy for calculating thermal field of trans-
formers. Furthermore, various numerical algorithms can be embedded in this simu-
lation framework to optimize the structure and material parameters of power 
transformers. 
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Field Ionization Degree Influence 
on Discharge Streamer of Natural Ester 
Based on Ionization Energy Calculation 
Under Changing Electric Field 

Jingwen Zhang, Junyi Zhang, Wenyu Ye, Hanting Zhang, Hongwei Li, 
and Jian Hao 

Abstract During the development of streamer discharge in transformer oil, field 
ionization is considered to be the main ionization mechanism that causes liquid 
dielectric streamer breakdown. With the change of the distortion degree of the space 
charge to the electric field (EF), the field ionization factor (ionization energy, IE) 
will also change, further affecting the generation and development of streamers. 
Therefore, in this paper, the change rule of IE of natural ester with EF is obtained 
by the DFT (density functional theory) calculation considered solvent effect; Based 
on hydrodynamic drift–diffusion approximation model, the discharge streamer for 
natural ester is simulated with field ionization as the source term, and the EF strength 
and positive ions density in the streamer process are analyzed. DFT results showed 
that the IE of triglycerides decreased significantly with the increase of EF. Compared 
with the fixed IE, the development speeds are higher and stop lengths are longer for 
streamers considering the changing IE in different field strength. 

Keywords Streamer discharge · Field ionization · Electric field · Natural ester 

1 Introduction 

The insulation system of a transformer is crucial for ensuring the safe operation of 
the power grid. For over 100 years, mineral oil has been commonly used as a liquid 
insulation in oil-immersed transformers due to its stable performance. However, 
mineral oil is known to cause severe environmental pollution and is considered a
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nonrenewable energy source with a low rate of bio-degradation. In recent times, 
there has been a growing preference for using environmentally friendly natural ester 
(NE) as an ideal substitute for mineral oil. NE offers several advantages, including 
high biodegradability, ignition point, high flash point, and the ability to delay the 
aging of oil-paper insulation [1]. 

During operation, transformers are exposed to lightning impulses. While the 
lightning breakdown voltages of NE are comparable to mineral oil at small oil gap 
distances, they are significantly lower than mineral oil when subjected to negative 
polarity and long oil gaps [2, 3]. Consequently, the lightning impulse data obtained 
from mineral oil cannot be directly applied to NE [4]. Therefore, it is important to 
explore the streamer discharge of natural ester oil under the influence of lightning 
impulse voltages to gain a deeper understanding of the discharge mechanism in NE. 

Simulation method for discharge streamer is very important for understanding 
the physical process of discharge. Based on the research results of the discharge 
characteristics and process of insulating oil, scholars have established a mathematical 
and physical model to describe the discharge mechanism of insulating oil. Smalø H. 
S et al. built the micro-model of ionization energy (IE) of hydrocarbon liquid by 
using density functional theory (DFT) method, and it was obtained that the change 
of IE under different electric fields (EF) affected the discharge characteristics of 
liquid [5]. J. G. Hwang et al. used electro-hydrodynamics equations to study the 
streamer discharge process of liquid medium, which shows that the charge transfer 
process can well describe the development process of streamer in the process of space 
charge generation and dissipation [6]. Therefore, the above simulation is based on 
the hydrocarbon liquid which has a large difference between the structure of and 
NE. For NE, the IE is far less than that of hydrocarbon mineral oil [7]. However, 
the dependence of IE change on EF strength has not been considered in the charge 
simulation for NE. 

Therefore, according to the typical molecular structure of NE, field-dependent 
model of IE of NE was studied by using DFT calculation. Then the finite element 
method (FEM) based on electrodynamics is used for streamer simulation by using 
two different ionization models, field-dependent model and fixed IE value. 

2 Methods 

2.1 DFT Calculation 

The main component of natural fat is triglyceride, which contains three fatty acid 
branches. Common commercial natural fats usually contain more unsaturated fatty 
acids. For example, the content of linoleic acid in soybean-based FR3 natural ester 
reaches 48.1%, while saturated fatty acid only accounts for about 10% [8]. Therefore, 
trilinolein is selected as the representative component of NE, and the IE of trilinolein 
under different EF intensities is calculated. The IE of triglycerides is calculated as
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formula (1): 

I E  = EA+ − EA (1) 

where E A+ is the energy of cation A+; E A is the energy of molecule A in isolated 
state. The quantum chemical calculation software, which is based on density func-
tional theory (DFT), was employed to perform a series of optimizations. Initially, 
the software was used to optimize the molecular structure in the absence of any 
external fields (EF). Subsequently, various EFs were applied to the system to carry 
out additional structure optimizations [9]. In this paper, the quantum chemistry soft-
ware Gaussian 16 was selected for molecular configuration optimization using the 
M062X exchange correlation functional and the +6-311G (d, p) basis set [9, 10]. In 
addition, the solvation effect of molecules is considered in the calculation of energy, 
and the relative dielectric constant of natural fat is used to simulate the interaction 
of liquid environment with molecules. 

2.2 FEM Simulation 

This paper utilizes the FEM to develop streamers and employs the COMSOL Soft-
ware for simulation purposes. In this paper, three current continuity equations are 
used to describe the generation, movement and disappearance of electric charge 
during natural fat discharge, and Poisson’s equation is used to describe the distortion 
of space charge on EF. The current continuity equation is (2)–(4), the Poisson’s is 
shown in (5). 
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where ρp, ρe and ρn represent the charge densities of the electrons, positive and 

negative ions. GE(
|
|
|.E

|
|
|) is ionization source term, the production term of electrons 

and positive ions as described in the Eq. (6). 
Field ionization refers to the direct ionization of molecules occurring when 

subjected to a high electric field. It is widely recognized as the primary mechanism 
of ionization in liquids. Therefore, only the ionization source term caused by field
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ionization was considered in this paper. Other parameters are listed in the Table 1. 
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where E is the local EF, EIO is the liquid-phase IE, other parameters are fixed values 
listed in Table I. In order to explore the field dependent characteristics of IE during 
the development of NE streamers, EIO is defined in two ways in this paper, one is 
to use the IE without EF as the fixed IE value, and the other is according to the IE 
field-dependent model calculated by DFT as the IE changing with the field strength. 

Positive lightning impulse voltage is applied to the needle-plate electrode. The 
electrode gap is set to 10 mm, and the radius of curvature of the needle electrode was 
40 μm. The positive lightning impulse is given as Eq. (7): 

Vi = KV0

(

e− t 
τ1 − e− t 

τ2

)

(7) 

where V 0 is set to +120 kV, K is the compensation factor, τ 1 and τ 2 are the time of 
wave tail and wave head. The plate electrode is set to have a potential equal to ground 
potential. The boundary conditions for the charge transport continuity equations at 
the electrodes are set to “outflow” for the charge species, while the insulating wall 
boundaries are assigned with no flux.

Table 1 Table of simulation parameters [7] 

Symbols Definition Value 

εr Relative permittivity of oil 3.14 

ε0 Vacuum dielectric constant 8.854 × 10–12 F·m−1 

μp, μn Mobility of the positive and negative ions 10–9 m2·V−1·s−1 

μe Mobility of the electrons 10–4 m2·V−1·s−1 

Rpn Ion-ion recombination rates 1.64 × 10−17 m3·s−1 

Rpe Ion–electron recombination rates 1.64 × 10−17 m3·s−1 

τa Electron attachment time 50 ns 

ρoil Density of NE 920 kg·m−3 

q Electron charge 1.6 × 10–19 C 
ni Number density of ionizable species 1 × 1025 m−3 

a Molecular separation distance 3 × 10–10 m 

m* Effective electron mass 9.11 × 10–32 kg 
h Planck’s constant 6.626 × 10–34 m2·kg·s−1 
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Fig. 1 EIO under the EF 

3 Result Analysis 

3.1 IE Calculation 

Unsaturated triglycerides in esters have low IE, which is close to 7.8 eV without 
EF. However, the EF strength (EF) can reach more than 108 under the non-uniform 
EF. And the IE of molecules under the action of EF will change compared with 
those without EF [9]. Therefore, the IE of triglyceride under different EF intensities 
is calculated. The IE of triglyceride under the action of changing EF is shown in 
Fig. 1. It can be seen that with the increase of EF, the IE of triglyceride decreases, is 
noteworthy in the development of is noteworthy in the development of non-uniform 
EF streamer under non-uniform EFs. Under the non-uniform EF, the NE molecules 
at different positions experience different EFs, which means that the NE molecules at 
the same time have different ionization abilities during the development of streamer. 
Therefore, the field strength dependence of NE molecules must be considered in the 
simulation process of streamer. In this paper, the IE (EIO) and EF intensity (EF) are  
fitted and the formula (8) is obtained. 

EIO = 7.78 − 0.3584 × √
EF (8) 

wherein, the unit of EIO for triglyceride is eV, and the EF unit is MV/cm. Formula 
(8) is substituted into the field ionization source term in the finite element simulation 
as the IE parameter of the molecule. 

3.2 Streamer Morphology 

It can be seen from the Fig. 2 that the right streamer develops rapidly. At 50 ns, 
the right streamer head leaves the needle tip quickly; During the period from 150 to
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Fig. 2 Streamer electric field comparison with different IE models with different IE models 

200 ns, the right streamer developed a relatively obvious branch near the tip of the 
needle. While for the streamer with fixed IE, the streamer is located at the needle 
electrode at 50 ns and develops slowly. At 150 ns, there is a weak branch at the 
electrode that begins to develop, but the branch develops slower than the streamer 
using the field-dependent ionization model. 

3.3 Streamer Electric Field 

Figure 3 shows the EF distribution along the electrode axis at different times. In 
the streamer development model of the two models, there is a peak value of the EF 
intensity at each time, which corresponds to the position of the streamer head. The 
EF decreases rapidly after the head position, which corresponds to the EF in the oil 
outside the streamer.

As shown in Fig. 3a, the field strength of the streamer head using a fixed value as 
the IE increases first and then decreases, while the EF of the streamer head in Fig. 3b
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Fig. 3 Streamer electric field along the electrode axis with a fixed IE, b field-dependent IE model

decreases gradually. This is due to the distortion of the original EF caused by the space 
EF generated by the positive ions generated by ionization. Because the mobility of 
electrons is far greater than positive ions, a large number of positive ions remain near 
the anode and enhance the original EF, which promote the ionization [11]. Therefore, 
for the streamer with fixed ionization value, the streamer head continuously gathers 
a large number of positive ions, and the space charge distortion EF strengthens the 
head EF until the charge accumulation decreases. 

The situation is different from IE of the field-dependent model. At 50 ns, compared 
with the streamer that has not left the anode in Fig. 3a, the head of the streamer in 
Fig. 3b has been a distance from the anode. The head of the streamer has gathered 
more positive ions and the distortion effect caused by positive ions reduces the EF 
within the distance from the electrode to the streamer head. After 150 ns, the decrease 
of the applied field strength of the anode leads to the decrease of the molecular 
ionization ability near the ionization region, so the EF distortion ability of positive 
ions gathered in the streamer head decreases. 

3.4 Positive Ions Density Analysis 

In this paper, the field-dependent IE model shown in formula (8) and the fixed IE are 
used to define the field ionization source term for streamer simulation. Because the 
lower molecular IE means that under the same EF, it is easier with field ionization 
model to ionize to produce electrons and positive ions than with fixed IE. 

As shown in Fig. 4, the head of the streamer has relatively strong ionization, 
therefore the density of electrons and positive ions produced by ionization in the 
ionization zone, especially in the head of the streamer, while the density of ions 
outside the ionization zone is 0. At 50 ns, the ionization ability of (a) with fixed IE is 
far less than that of (b) with field-dependent IE model, so the positive ion density is
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Fig. 4 Positive ions density along the electrode with a fixed IE, b field-dependent IE model 

less than (b). Combined with the analysis of EF and shape, streamer tip field strength 
in Fig. 4b begins to decrease and the streamer branches at 150 ns reduce the positive 
ions aggregation of the streamer. Therefore, the positive ion density decreases after 
150 ns. 

4 Conclusions 

The IE of natural ester with changing EF is obtained by calculating the DFT calcu-
lation and the simulation of streamer development is performed by finite element 
method in this paper. The following conclusions are obtained: 

The dependence of the IE of NE on the EF strength cannot be ignored. With the 
enhancement of the EF, the IE continues to decrease. Compared with the case without 
considering the influence of EF on IE, considering the field intensity dependence of 
IE makes the streamer develop faster and the branch develop faster. The head of 
NE streamers is more prone to branching when considering changing IE. As the 
branching progresses, the strength of the head electric field gradually decreases, 
along with a gradual reduction in the density of positive ions at the head. 
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for the Ground Wire Optical Cable 
of ±800 kV Ultra-High Voltage Direct 
Current Transmission Line 
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Abstract In recent years, icing on the ground wire of ultra-high voltage transmis-
sion lines has become a major problem threatening the safe and stable operation of 
transmission lines. In order to effectively solve the problem of ground wire icing on 
ultra-high voltage transmission lines, this paper proposes a ground wire ice-melting 
system for ±800 kV ultra-high voltage DC transmission lines during live opera-
tion. Firstly, a twelve-pulse valve group and rectifier transformer are selected as the 
ice-melting device based on technical and economic considerations, and then the 
ground wire is insulated and transformed to form a ice-melting circuit with single-
point grounding. The parameters such as ice-melting current, ice-melting capacity, 
and ice-melting time are calculated and verified. Secondly, the temperature rise test 
under ice-melting current is conducted in the laboratory environment to determine 
the temperature characteristics and safety of the cable, and finally the parameters of 
the ice-melting device are determined. The ice-melting system is constructed in a 
selected section of about 14.45 km on a certain ±800 kV transmission line, and on-
site verification of live ice-melting is conducted under rainy, snowy and icy weather. 
According to the measurement results of the on-site cable temperature monitoring 
device, the ice-melting system successfully achieved continuous and adjustable ice-
melting current and accurate control of cable temperature rise, which is consistent 
with the calculated results and achieved the expected goals. The results of this paper 
can provide reference for the live ice-melting of ground wire/cable of ultra-high 
voltage DC transmission lines.
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Keywords Ultra-high voltage direct current transmission lines · Energized 
grounding ice melting for ground wires · Optical cable · Temperature control ·
Current control 

1 Introduction 

Since the beginning of the last century, icing on overhead transmission lines has been 
one of the main threats to the safe operation of power grids [1, 2]. In recent years, 
with the global climate change and the increase in extreme weather disasters, the 
harm of icing on transmission lines has become increasingly severe [3]. 

Due to their higher altitude, higher wind speed at corresponding positions, and 
no current passing during normal operation, the ground wires (including optical 
cables, hereinafter referred to as “ground wires”) of transmission lines are more 
prone to icing than the conductors. Traditionally, the design value of icing thickness 
for ground wires is increased by 5 mm compared to that for conductors. However, in 
recent years, a series of ground wire failures caused by icing on UHV transmission 
lines have occurred continuously, indicating that the above method is not sufficient 
to solve the problem of icing on ground wires of UHV transmission lines. For ground 
wire de-icing, scholars at home and abroad have conducted related research. Bagi [4] 
studied the de-icing process of overhead ground wires through finite element thermal 
analysis and laboratory verification. Jiang et al. [5] determined that the de-icing time 
is closely related to the de-icing current, environmental temperature, wind speed, ice 
thickness, and type of OPGW, through simulation calculation and artificial climate 
chamber experiments. 

Due to the irreversible damage caused by excessive temperature rise to the fiber 
optic core, it is necessary to strictly control the temperature rise of the fiber optic 
cable during ice melting. Additionally, fiber optic cables play an important role in 
lightning protection and communication, and interruption of fiber optic cables can 
have a significant negative impact on transmission lines, requiring higher reliability 
[6–8]. Therefore, it is more difficult to control the temperature rise of fiber optic 
cables during live ice melting of ultra-high voltage direct current ground wires, and 
there have been no successful experiences with live ice melting of ultra-high voltage 
direct current ground wires in China and abroad. 

This paper conducts a study on the live ice melting system for ultra-high voltage 
direct current transmission lines based on the actual situation of a ±800 kV ultra-high 
voltage transmission line in Shaanxi. The study covers ice melting scheme selection, 
ice melting circuit layout, ice melting current, voltage, capacity selection, and fiber 
optic cable temperature control. Based on the research results, the ice melting system 
construction was carried out on the ±800 kV ultra-high voltage transmission line, 
and ice melting field testing and verification were conducted under icy weather 
conditions.
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2 The Choice of Ice Melting Scheme 

In terms of the main body of the DC ice melting device, a large amount of research 
has been conducted by scholars both domestically and abroad [9, 10]. Based on the 
previous experiences, this article selects the ice melting scheme. For the ice melting 
with live ground wire, the safety of the optical cable must be strictly controlled 
during the process, so it is necessary to control the temperature rise of the optical 
cable. According to the current research progress on DC ice melting devices, there 
are mainly four types of DC ice melting devices that can be maturely applied to 
power grid ice melting, which are as follows: 

(1): 12-pulse valve group + rectifier transformer connection scheme; (2): 6-pulse 
valve group + rectifier transformer connection scheme; (3): Non-control rectifier 
transformer connection scheme; (4): Full-control rectification scheme. 

Scheme (1) has good technical stability, little impact on the station system, mature 
and extensive engineering application experience, and lower total investment; 

Scheme (2) cannot achieve continuous and adjustable ice melting current, and has 
a high harmonic content; 

Scheme (3) has a lower cost, but the ice melting voltage and current cannot be 
continuously adjusted, and it has poor adaptability to ground wire ice melting, which 
is not conducive to accurately controlling the heating problem of the optical cable 
while melting the ice; 

Scheme (4) has a high cost and insufficient technological maturity. 
Based on the above analysis, this article will adopt scheme (1) (12-pulse+ rectifier 

transformer) as the DC ice melting device scheme for this project, as shown in Fig. 1. 

Fig. 1 Schematic diagram of ice-melting device
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Fig. 2 schematic diagram of ice-melting circuit 

3 Ice-Melting Circuit 

In order to achieve ground wire icing under live conditions for ultra-high voltage 
transmission lines, the ground wire needs to be insulated. By installing gap-type 
insulators on the ±800 kV transmission line, the ground wire/optical cable and tower 
are insulated within the section. By leading the ground wire/optical cable down to 
tower 2495, a icing loop is formed and connected to the DC icing device, realizing 
DC icing of the ground wire/optical cable within the section. Optical-electricity 
separation junction boxes are used at towers 2484 and 2509 to achieve metal isolation 
from the ground wire/optical cable and towers outside the icing section, and to ensure 
normal transmission of optical fiber signals, as shown in Fig. 2. 

To ensure equipment safety and personal safety during icing, the induced voltage 
of the icing loop after insulation transformation was calculated, and the insulation 
coordination and protection of the icing device were set according to the calculation 
results. The icing loop was determined to be wired in a single-point grounded manner 
at the negative pole. 

4 Calculation of Ice Melting Power and Parameters 

A certain ±800 kV transmission line (Shaansi segment), with a length of 14.446 
km between towers #2484 and #2509, has a JLB20A-150-19 ground wire and an 
OPGW-24B1 (ULL)-155 optical cable. According to the temperature conversion 
formula:
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R20 = Rt /(1 + α(t − 20)) (1) 

Based on the temperature conversion formula, the DC resistance of the JLB20A-
150-19 ground wire is calculated to be 0.539 Ω/km and the DC resistance of the 
OPGW-24B1(ULL)-155 cable is calculated to be 0.518Ω/km at 0 °C, with a temper-
ature coefficient α of 0.0036. Therefore, the capacity of the de-icing device should 
meet the de-icing requirements of the loop formed by the 14.446 km ground wire 
and OPGW connected end-to-end. 

4.1 Minimum Ice-Melting Current 

The actual de-icing current of the conductor should be selected between the minimum 
and maximum de-icing currents based on the de-icing time. If the de-icing current 
is less than the minimum de-icing current, de-icing will be ineffective, and if the de-
icing current is greater than the maximum de-icing current, permanent deformation 
of the conductor may occur, resulting in increased sag or damage to the mechanical 
strength of the conductor. 

To avoid permanent deformation of the conductor due to overheating, the 
maximum de-icing current is calculated based on the short-term allowable heating 
conditions and long-term allowable heating conditions [11]. The recommended 
environmental temperature for the calculation of the short-term allowable heating 
conditions is −5 °C, and the simultaneous wind speed is 5 m/s. 

According to [12], the minimum de-icing current of the ground wire is: 

Imin =
/(

Δt 

RT 0 + RT 1

)
/R0 (2) 

RT 0 = lg(D/d) 
273λb 

(3) 

For glazed frost: 

RT 1 = 1 

0.09D + 0.22 + 0.73(V D)2/3 
(4) 

For hoarfrost: 

RT 1 = 1 

0.04D + 0.84(V D)3/4 
(5) 

where: 
Imin—minimum ice melting current (A);
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Δt—temperature difference between ground wire temperature and ambient 
temperature (°C). When the ambient temperature for ice accretion is −5 °C and 
the temperature for the ground wire not to freeze is 2 °C, Δt is 7 °C;  

RT 0—equivalent ice layer thermal resistance (°C·cm/W); 
RT 1—convective and radiative equivalent thermal resistance (°C·cm/W); 
D—outer diameter of the wire or ground wire after ice accretion (cm); 
d—outer diameter of the wire or ground wire (cm); 
λb—ice accretion thermal conductivity [W/(°C·cm)], 0.0227 for glazed frost and 

0.0012 for hoarfrost; 
V—wind speed during ice melting (m/s), generally taken as 3–5 m/s. 
Considering the inconsistency between the actual application of de-icing and the 

fault conditions on site, Table 1 provides the minimum de-icing currents for different 
environmental temperatures, wind speeds, and ground wire ice cover thicknesses, 
which can be used for selecting different operating conditions of the transmission 
line.

Based on Table 1, it can be observed that the required minimum ice-melting 
current increases with decreasing environmental temperature, increasing wind speed, 
and decreasing ice thickness. According to on-site measurements, in the event of a 
ground wire fault in a ±800 kV transmission line, the ice covering is of the mixed type, 
between fog and glaze, and the ice thermal conductivity, convective and radiative 
equivalent thermal resistance are interpolated linearly. At the same time, it is assumed 
that the line environment temperature is −5 °C (temperature range of −3 to  −6 °C  
during the fault), wind speed is 5 m/s (wind speed range of 3.4–5.4 m/s during the 
fault), and ice thickness is 21.5 mm (measured range of about 20–23 mm during the 
fault). Based on these values, the minimum ice-melting current is calculated to be 
approximately 215.10 A. 

If the most severe ice type, glaze, is considered for calculation, with an environ-
mental temperature of −5 °C and a wind speed of 5 m/s, and assuming ice melting 
is initiated when the ice thickness exceeds 5 mm, the minimum ice-melting current 
required is 244.96 A. 

4.2 Maximum Ice-Melting Current 

According to [12], the maximum ice-melting current for non-full-covered-ice line 
is: 

Imax =
√ 

(WR + WF − WS)/Rm (6) 

WR = π D1 E1S1
[
(tm + 273)4 − (t + 273)4] (7) 

WF = 0.57πλ  f (tm − t)R0.485 
e (8)
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Table 1 Calculation result of minimum ice-melting current 

Environment temperature: 
°C 

Wind speed: m/s Ice thickness: mm Minimum ice-melting 
current: A 

−5 5 20 216.16 

−5 15 219.71 

−5 10 222.90 

−5 5 224.22 

−10 20 283.01 

−10 15 287.67 

−10 10 291.84 

−10 5 293.57 

−15 20 336.85 

−15 15 342.39 

−15 10 347.36 

−15 5 349.42 

−5 10 20 234.45 

−5 15 242.37 

−5 10 252.11 

−5 5 263.85 

−10 20 306.97 

−10 15 317.34 

−10 10 330.09 

−10 5 345.46 

−15 20 365.36 

−15 15 377.71 

−15 10 392.89 

−15 5 411.18 

−5 15 20 243.39 

−5 15 253.88 

−5 10 267.84 

−5 5 287.38 

−10 20 318.67 

−10 15 332.40 

−10 10 350.68 

−10 5 376.27 

−15 20 379.30 

−15 15 395.64 

−15 10 417.40 

−15 5 447.85
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WS = αS JS D1 (9) 

λ f = 2.42 × 10−2 + 3.5(t + tm) × 10−5 (10) 

Re = V D1 

1.32 × 10−5 + 4.8(t + tm) × 10−8 
(11) 

where: 
Imax—Maximum de-icing current (A). 
WR—Radiative heat dissipation power of the conductor or ground wire (W/m). 
WF—Convective heat dissipation power of the conductor or ground wire (W/m). 
WS—Solar radiation absorption power of the conductor or ground wire (W/m). 
Rm—Resistance of the conductor or ground wire at allowable temperature (Ω/ 

m). 
E1—Surface radiative heat dissipation coefficient of the conductor or ground wire, 

typically taken as 0.9 
S1—Stefan-Boltzmann constant, equal to 5.67 × 10−8 (W/m2). 
D1—Outer diameter of the conductor or ground wire (m). 
tm—Allowable temperature of the conductor or ground wire (°C). 
t—Ambient temperature (°C). 
λ f —Surface air heat transfer coefficient of the conductor or ground wire (W/(m· 

°C)). 
αS—Surface absorption coefficient of the conductor or ground wire, typically 

taken as 0.9 
JS—Sunlight intensity on the conductor or ground wire, usually taken as 900 W/ 

m2. 
According to the above formula, the maximum de-icing current under different 

operating conditions can be obtained as shown in Table 2. 

Table 2 Calculation result of maximum ice-melting current 

Environment temperature: °C Wind speed: m/s Maximum ice-melting current: A 

−5 5 611.84 

−5 10 718.67 

−5 15 790.36 

−10 5 629.90 

−10 10 739.82 

−10 15 813.59 

−15 5 647.43 

−15 10 760.37 

−15 15 836.18
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From Table 2, it can be seen that the lower the environmental temperature, the 
higher the wind speed, and the thinner the ice cover, the larger the allowable maximum 
de-icing current. Considering the on-site environmental temperature of −5 °C (when 
the actual temperature ranges from −3 °C to  −6 °C during a fault) and wind speed 
of 5 m/s (corresponding to level 3 wind), the allowable maximum de-icing current 
is 611.84 A. 

4.3 Ice-Melting Time 

The ice-melting current should be selected to avoid too short or too long ice-melting 
time. If the ice-melting time is too short, it may cause the wire to jump off the ice 
abruptly. Excessive and unbalanced tension may damage the tower. If the ice-melting 
time is too long, it will result in a long power outage. Therefore, the ice-melting 
current should be reasonably selected in combination with the ice-melting time. 

According to [12], the ice-melting time of the wire can be calculated by the 
following formula: 

TR =
[
10g0db + 0.045g0 D

2Δt 

RT 0 + RT 1

(
RT 1 + 0.22RT 0 

ln(D/d)

)]
/

(
I 2 R R0 − Δt 

RT 0 + RT 1

)
(12) 

where: 
TR is the ice-melting time (h); g0 is the specific gravity of ice (g/cm3), which is 

0.9 for glazed frost and 0.3 for rime frost; b is the thickness of the ice (cm). 
For the ±800 kV transmission line, the relationship between ice-melting time and 

ice-melting current under 20 mm ice thickness is shown in Table 3. 
When selecting the ice-melting current, one should avoid a too short or too long 

ice-melting speed. The ice-melting time of the ground wire is considered to be no

Table 3 Calculation result of ice-melting time 

Ice-melting current: A Environment temperature: °C Wind speed: m/s Ice-melting time: h 

216.16 −5 5 >10,000 

295.76 −5 5 1 

358.09 −5 5 0.5 

353.313 −10 5 1 

411.78 −10 5 0.5 

313.17 −5 10 1 

375.75 −5 10 0.5 

370.59 −10 10 1 

424.79 −10 10 0.5 
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more than 1 h. When the environmental temperature is−-5 °C and the wind speed 
is 5 m/s, and the mixed-type ice-covering is measured on site for the ±800 kV 
transmission line, the ice-melting current required for 1 h of ice-melting is about 296 
A. 

Considering the most severe glaze-type ice-covering, the ice-melting current 
required for 1 h of ice-melting under 20 mm ice-covering thickness is about 353 
A; if ice-melting is initiated from a 5 mm ice-covering thickness, the ice-melting 
current required for 1 h of ice-melting is about 261 A. 

4.4 Ice-Melting Voltage and Capacity 

Ice-melting voltage and capacity are calculated by the following formulas: 

UR = IR RL (13) 

P = UR IR (14) 

where: 
UR—ice-melting voltage (kV). 
IR—ice-melting current (A). 
RL—resistance per unit length of the ground wire/optical cable in the ice-melting 

circuit (Ω/km). 
L—length of the ice-melting circuit (km). 
P—ice-melting power (kW). 
The ice-melting voltage should be greater than the voltage drop generated by the 

ice-melting current in the ice-melting circuit. 
Based on the parameters of the ground wire, considering the ±800 kV trans-

mission line (Shaanxi section) #2484–#2509 with a length of 14.446 km and the 
ground wire model JLB20A-150-19 with a DC resistance of 0.5807 Ω/km, and the 
OPGW-24B1(ULL)-155 optical cable model with a DC resistance of 0.5580 Ω/km, 
the circuit DC resistance is calculated to be 16.45 Ω. Considering an output of no 
more than the maximum ice-melting current of 611 A, the ice-melting voltage is 
10.05 kV and the required capacity for ice-melting is 6.14 MW. 

5 Laboratory Validation of Temperature Control 
for Optical Cable Ice-Melting 

The working temperature range of optical cable is −40 °C to +60 °C. In order to 
ensure the safe and stable operation of the communication system, a temperature 
monitoring device was added during the insulation improvement, which can realize
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real-time monitoring of the operating temperature of the optical cable. In addition, 
a planned unmanned aerial vehicle (UAV) infrared temperature measurement patrol 
route was set up in the ice-melting section to ensure that the operating temperature 
of the optical cable during ice-melting does not exceed 40 °C. 

To verify the feasibility of DC ice-melting, initial experiments were carried out 
on ±800 kV transmission lines with an initial OPGW ice thickness of 10 mm. As 
shown in Fig.  3, when a DC current of 250 A was applied, the OPGW temperature 
increased significantly. The internal fiber temperature gradually became higher than 
the surface temperature of the OPGW, and the maximum temperature difference was 
about 13 °C when the ice was basically melted after 20 min of current flow, as shown 
in Fig. 3. 

Through the OPGW current–temperature characteristic test on the ±800 kV line, 
the test results show that there is a significant temperature rise on the surface and 
inside of the OPGW under the recommended ice melting current. As the surface 
temperature of the OPGW reaches about 20 °C, the ice cover gradually melts, and 
the highest temperature of the internal optical fiber is about 35 °C, which is far lower 
than the OPGW’s allowable operating temperature limit (65 °C). The test results 
show that the OPGW can be melted using the DC ice melting method. 

According to the above line parameters and the rated parameters of the ice melting 
device, the maximum parameters required for the grounding wire/optical cable ice 
melting operation of the ±800 kV transmission line are calculated in Table 4.

The ice melting current is calculated based on an environmental temperature of − 
5 °C and a wind speed of 5 m/s, with a margin for error. As this plan uses a 12-pulse 
rectifier, the harmonic current is mainly the 11th and 13th, with a relatively small

Fig. 3 Temperature rise characteristic of OPGW under ice-covered condition 
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Table 4 Parameters for ground wires/optical cables ice melting operation of ±800 kV transmission 
lines 

Voltage 
level 

Line style Length 
(km) 

Ice-melting 
current: A 

DC output 
voltage: kV 

DC ice-melting 
capacity: MW 

±800 kV JLB20A-150-19 14.446 611 10.05 6.14 

OPGW-24B1(ULL)-155 14.446

proportion of harmonic current, and the ice melting process is short, resulting in a 
minimal impact on the power quality of the grid, thus no filter equipment is required. 

6 Field Validation of Ice-Melting 

Based on the research results mentioned earlier, we developed a live-line grounding 
ice melting device for UHVDC transmission lines and installed temperature sensors 
on the optical cable to ensure safe operation during ice melting. During rainy, snowy, 
and icy weather, we conducted on-site verification of the ice melting device during 
normal operation of the UHVDC transmission line. 

The first ice melting operation was initiated at 12:35, and the DC ice melting 
current rose to 252 A at 12:40 and stopped after 30 min. The second ice melting 
operation was initiated at 16:36, and the DC ice melting current rose to 260 A and 
stopped after 75 min. The temperature test results of the optical cable during this 
period are  shown in Fig.  4.

Based on the field verification, the ice melting system can achieve the melting 
of overhead ground wires and optical cables without affecting the normal operation 
of the UHVDC transmission line, and the characteristics of ice melting current and 
temperature rise are consistent with the analysis in the previous sections. 

Moreover, this system synchronously measures the temperature rise status of each 
point in the ice melting circuit through multiple installed optical fiber temperature 
sensors and feeds back to the control end. The precise control of ice melting temper-
ature is realized through the continuous adjustable output current at the control end, 
ensuring that the temperature of the optical fiber does not exceed the safety value 
during the entire ice melting process and ensuring the safe operation of the UHV trans-
mission line. The temperature monitoring situation during one ice melting process 
is shown in Fig. 5.
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Fig. 4 On-site verification temperature for the optical cable

Fig. 5 Multi-point synchronized monitoring of optical fiber temperature
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7 Conclusion 

This paper presents a solution for on-line de-icing of both overhead ground wires and 
optical cables on a ±800 kV transmission line in Shaanxi Province, China. The solu-
tion is based on a comprehensive approach that includes the de-icing system design, 
de-icing loop layout, verification of de-icing current, voltage and capacity calcula-
tions, as well as laboratory testing of de-icing temperature. Building on previous 
research, we developed and field-tested a de-icing system for live operation of over-
head ground wires and optical cables on a high voltage DC transmission line, and 
conducted on-site verification and real-time temperature monitoring in rainy, snowy, 
and icy weather conditions. The field test results demonstrate that the system can 
de-ice the ground wires and optical cables during live operation of the transmission 
line, and that the output current can be continuously adjusted to ensure that the cable 
temperature remains within a safe range. The experimental results are consistent 
with the theoretical calculations and simulations. Our research provides a feasible 
approach and successful case study for on-line de-icing of both ground wires and 
optical cables on high-voltage DC transmission lines, which can serve as a reference 
for future work in this area. 
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Analysis of Reactive Oxygen/Nitrogen 
Species in Cold Atmospheric Plasma 
Activated Water 

Fan Bai and Yumin Xia 

Abstract Cold atmospheric plasma (CAP) is generated by excitation of plasma 
sources with different structures at atmospheric pressure. It has good tolerance to 
tissues and cells, has shown great benefit and potential in promoting wound healing, 
resisting bacterial and fungal infections, inducing cell proliferation or apoptosis, and 
inducing stem cell differentiation. At the micro level, CAP is a non-bound system 
comprising various free radicals, charged particles, ultraviolet radiation, and excited 
particles, which is characterized by high safety and strong ionic activity. Free radicals 
such as reactive oxygen species and reactive nitrogen are the main effector molecules 
of CAP. In this study, CAP was used to treat deionized water to obtain plasma 
activated water. The concentrations of several key active oxygen and nitrogen ions in 
activated water were measured, as well as the variation of ion concentration with the 
treatment time of the device. The research results can provide valuable references 
for the research and application of plasma medicine in vivo and in vitro. 

Keywords Cold atmospheric plasma · Reactive oxygen species · Reactive 
nitrogen species 

1 Introduction 

Plasma is produced by the disintegration of polyatomic gas molecules or by the 
removal of electrons from the shell of a monatomic gas. It contains molecules, 
atoms, positive and negative particles, electrons, and ultraviolet light. It is the fourth 
form of matter different from solids, liquids and gases [1]. Plasma medicine is an 
emerging biomedical technique and an innovative field combining plasma physics
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and medicine [2]. It has made landmark progress in wound healing, cancer treatment, 
and skin disease treatment since the 1990s [3–7]. At present, the plasma widely used 
in medical treatment is called cold atmospheric plasma (CAP) that is under atmo-
spheric pressure, with a normal atmospheric temperature and can be tolerated by 
human tissues [8]. 

Studies have shown that the reactive oxygen species (ROS), reactive nitrogen 
species (RNS) and their derivatives, including ozone (O3), atomic oxygen (O), super-
oxide (O2-), singlet (1O2), hydrogen peroxide (H2O2), hydroxyl radicals (•OH), nitric 
oxide (NO), nitrogen dioxide (NO2), nitrate radical (NO3), and peroxynitrite anion 
(ONOO-) produced by CAP are the main effector molecules for its therapeutic effects 
[9]. Appropriate levels of free radicals and non-free radicals play an important role 
in the regulation of biological functions of mammalian cells such as intracellular 
homeostasis, signal transduction, immunity and metabolism [10]. 1O2 is a highly 
reactive molecule that can regulate the process of cell apoptosis and produce cytotoxic 
molecules. It inactivates certain membrane-associated catalase molecules on some 
tumor cells. Thus, continuously producing H2O2 and peroxynitrite [11]. •OH, due to 
its extremely strong oxidizing activity that can destroy cell proteins and membranes, 
promote lipid peroxidation, and ultimately lead to cell death. H2O2 is a long-lived 
oxidation–reduction substance and a second messenger of signal pathways that can 
maintain microbial activity and directly cause microbial death. As a member of 
the RNS, NO is responsible for mediating intracellular signal transduction [12]. 
However, CAP induced intracellular NO overload can cause apoptosis of A375 and 
A875 melanoma cells [13] and cytotoxicity test shows that a mixture of H2O2 and 
NO2- triggered more cell death than H2O2 alone, adding NO3- to the  H2O2/NO2-
mixture did not change the percentage of live cell activity, which indicated that 
NO3—has no effect on cell death [14]. 

Therefore, in this article, we use a CAP device designed and manufactured by 
the “Plasma Biomedical Research Center of Xi’an Jiaotong University” to generate 
gaseous and liquid phase active particles. By detecting the content and changes 
of several key long-lived particles and short-lived particles, we hope to provide a 
reference basis for medical experiments of plasma in vivo and in vitro. 

2 Materials and Methods 

2.1 CAP and CAP-Activated Deionized Water 

The CAP device used in this study consists of a high-voltage power supply, an 
oscilloscope, a high-voltage probe, a helium gas cylinder, a flow controller, and a 
quartz tube; Set the average voltage of the CAP to 8 kV and the average excitation 
frequency to 9 kHz. Use a high-voltage probe and a digital storage oscilloscope to 
monitor the physical parameters of the CAP. Use helium gas with a concentration of 
99.999% as the working gas and a flow rate of 5 slm.
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CAP 

Oscilloscope 

HV probe 

Power source 

Gas supply 

Flow controller 

Fig. 1 CAP and CAP-activated deionized water 

Start the CAP device in the UV sterilized biosafety cabinet. Place a 6 cm diameter 
culture dish containing 5 mL of deionized water under the CAP generator, with the 
probe located approximately 10–15 mm away from the liquid level. After treating 
deionized water with CAP jet for 5 min, collect the deionized water and store it in a 
centrifuge tube for later use. The schematic diagram of the cold atmospheric plasma 
device is shown in Fig. 1. 

2.2 •OH, and ONOO- Assays 

This study uses an ESR instrument to detect the concentration of short-lived particles 
in CAP activated water. This is a quantitative method for detecting unpaired electrons, 
which is based on the spin characteristics of electrons. Electron will spin along its own 
central axis. In the presence of an external magnetic field, the electron spin energy 
level will split. At this time, adding a specific electromagnetic wave in the direction 
perpendicular to the magnetic field, the electromagnetic wave energy is absorbed by 
the electrons of the low spin energy level and transits to high energy to produce elec-
tron paramagnetic resonance phenomenon. The absorbed electromagnetic wave will 
be expressed in the form of spectral lines. Different free radicals will form different 
patterns of spectral lines, thus achieving the detection of different free radicals. 
ESR detection requires that the tested object must be stable, and the active particles 
we need to measure are all unstable. These active particles have a short lifespan 
and cannot be detected by ESR. The emergence of spin trapping agents has solved
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this problem. Spin trapping agents can combine with short-lived active particles 
to form relatively stable complexes for detection using ESR. DMPO(5,5-dimethyl-
1-pyrroline-N-oxide) captures hydroxyl radical and generates stable DMPO•-OH. 
TEMPONE-H (1-hydroxy-2,2,6,6-Tetra methyl-4-oxo-piperidine) is used to capture 
superoxide to generate stable TEMPONE•. 

Use TEMPO as a standard to establish a standard curve, use CAP device to 
treat deionized water, add an appropriate amount of TEMPONE-H and DMPO to 
the deionized water, and immediately detect it with an ESR instrument. Generally, 
the instrument displays that the TEMPONE-H curve will have three characteristic 
peaks, with a ratio of 1:1:1, while DMPO displays four peaks of 1:2:2:1. Finally, use 
SpinFit software to fit and double integrate the curve; The obtained value is positively 
correlated with the concentration of short-lived particles in the sample. 

2.3 H2O2 and NO Assays 

After CAP treatment of deionized water, the concentration of H2O2 was measured 
using a commercial H2O2 assay kit (Beyotime Biotechnology, Shanghai, China). The 
violet color of the product in the solution was measured at 560 nm. The concentration 
of NO was inferred from nitrite and nitrate measured at 540 nm absorbance using a 
commercial Griess detection kit (Beyotime Biotechnology). 

3 Results 

3.1 Short-Lived Particles of Reactive Oxygen/Nitrogen 
Species in CAP Activated Water 

As shown in Fig. 2 5 min after the CAP device processes deionized water, three 
characteristic peaks appear on the ESR curve of ONOO-, with a peak ratio of 1:1:1, 
indicating an increase in the content of ONOO- in the activated water treated by 
the CAP device. Compared to the concentration gradient of the standard curve, the 
content of ONOO- is about 53 µmol.

As shown in Fig. 3, after 5 min of treatment of deionized water by the CAP device, 
there is no significant characteristic change in the ESR curve of •OH, indicating that 
the content of •OH in the activated water treated by the CAP device is not detected.
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Fig. 2 ESR curve of 
ONOO– in CAP-activated 
deionized water

Fig. 3 ESR curve of •OH in 
CAP-activated deionized 
water 

3.2 Long-Lived Particles of Reactive Oxygen/Nitrogen 
Species in CAP Activated Water 

The concentration of H2O2 in activated water was detected to be approximately 
58 µmol immediately after CAP treatment for deionization, and remained at a high 
level within 1 h. After 1 h, the concentration gradually decreased over time, dropping 
to approximately 38 µmol after 12 h. However, after 48 h, the concentration instead 
increased to approximately 50 µmol. The results are shown in Fig. 4.
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Fig. 4 Concentration 
changes of H2O2 in 
CAP-activated deionized 
water 
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Fig. 5 Concentration 
changes of NO in  
CAP-activated deionized 
water 
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The concentration of NO in activated water was detected to be approximately 
70µmol immediately after CAP treatment for deionization. Within 1 h, the concen-
tration rapidly drops to half of the original concentration, about 33µmol. Subse-
quently, the concentration gradually decreased over time, reaching approximately 
21 µmol after 48 h. The results are shown in Fig. 5. 

4 Conclusion 

Immediately after CAP treatment of deionized water for 5 min, the concentration of 
ONOO-was up to 53 µmol, while •OH was not detected. Among long-lived particles, 
the concentration of H2O2 can still maintain a high level within 1 h, decreasing by 
30% within 12 h, while increasing in a reverse trend within 48 h. As a long-lived 
particle, the concentration of NO decreases rapidly, decreasing by about 50% within 
1 h and dropping to 30% of the original concentration within 48 h.
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Study on Transient Electric Field 
Distribution of 40.5 kV Switchgear 
Vacuum Circuit Breaker Cut-Off Reactor 

Wang Huaqing , Huang Daochun, Shuang Mingjing, Bi Jiyu, Li Huipeng, 
and Qiu Yiqun 

Abstract The high frequency electromagnetic wave generated by the interruption 
of the circuit breaker of the high voltage switchgear may interfere with the perfor-
mance of the intelligent sensor and even cause damage, endangering the safe and 
reliable operation of the switchgear. Taking KYN61-40.5 high voltage switchgear as 
an example, the 3D finite element simulation model of high voltage switchgear was 
established and its accuracy was verified through the test. Taking cutting off reactor 
overvoltage in 35 kV system as the example, the distribution of high frequency elec-
tric field in typical system of high voltage switchgear is studied. The simulation 
results show that the maximum internal electric field intensity can reach 2.46 kV/ 
mm during the interruption process. The maximum electric field intensity is located 
at the top of the breaker truck, the top of the breaker room partition, and near the 
partition of the bus room and cable room. The research results can provide a refer-
ence for the installation of intelligent sensors in switchgear and its electromagnetic 
compatibility designs. 

Keywords High voltage switchgear · Electromagnetic compatibility · High 
frequency electromagnetic field · Finite element simulation · Vacuum circuit 
breaker 

1 Introduction 

High voltage switchgear is one of the important distribution equipment in the power 
system, playing a crucial role in power transmission and distribution [1]. With the 
continuous construction of new power systems, the level of intelligence and digi-
tization of grid equipment is also constantly improving. Intelligent sensors such as 
partial discharge sensors and wireless temperature sensors have been initially applied 
in high voltage switchgear [2–4]. However, in operating scenarios such as intelligent
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distribution networks and offshore wind farms, due to the random fluctuations in 
new energy output and user loads, the power grid is frequently subjected to electro-
magnetic transient shocks. To protect critical equipment, the circuit breakers of high-
voltage switchgear need to frequently operate. When a vacuum circuit breaker in the 
high-voltage switchgear is opened, the high-frequency currents and voltages gener-
ated during the restrike arc and current interruption process will radiate electromag-
netic waves outward through the busbar. The high-frequency electromagnetic field 
generated by the opening of the circuit breaker in the switchgear will interfere with 
the operation of the intelligent sensors in the switchgear, affecting their performance 
or even causing damage [5]. Therefore, it is necessary to study the distribution of the 
high-frequency electromagnetic field generated by the circuit breaker in the high-
voltage switchgear under typical operating conditions, to select suitable positions for 
installing intelligent sensors in the switchgear, or to take corresponding protective 
measures for the intelligent sensors to reduce the electromagnetic interference. 

Currently, both domestic and foreign research has been carried out on the measure-
ment and calculation of the transient electromagnetic field inside the high-voltage 
switchgear and the operation of the circuit breaker. The analysis mainly focuses on 
the distribution of the electric field on the surface of the insulating material inside 
the high-voltage switchgear. Reference [6] established a three-dimensional transient 
electric field finite element simulation model of the switchgear cable chamber and 
obtained the characteristics of the electric field distribution and concentration area 
of the switchgear cable chamber under the nominal voltage of 10 kV. Reference [7] 
established a simulation model of local discharge in the switchgear and analyzed the 
pulse characteristics of internal discharge and external interference. Reference [8] 
measured the high-frequency arc discharge faults inside the switchgear using D-Dot 
sensors and extracted the dominant frequency of 10 MHz through Fourier analysis. 
Reference [9] established a three-dimensional model of a 12 kV switchgear and 
simulated the transient electromagnetic field during its operation, concluding that 
the electric field is mainly concentrated at the top of the surge arrester and the center 
of the through-wall bushing in the cable chamber. Existing research results show that 
there is a complex distribution of strong electromagnetic fields inside the switchgear, 
but the main research objects are the recognition of partial discharge signals inside 
the switchgear and the impact on insulating materials, and there is little research on 
the impact of high-frequency electromagnetic fields on internal smart sensors. 

This paper addresses the issue of electromagnetic interference caused by 
high-frequency electromagnetic fields generated by the operation of high-voltage 
switchgear circuit breakers on intelligent sensors. A three-dimensional finite element 
simulation model of the KYN61-40.5 type switchgear was established, and a 
measured electromagnetic disturbance waveform was imported for simulation. The 
accuracy of the simulation model was verified by comparing it with experimental 
results. Then, the high-frequency electric field inside the switchgear under the over-
voltage condition of the circuit breaker operating in the capacitive current mode was 
solved, and installation location suggestions for intelligent sensors were proposed.
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2 Transient Electric Field Measurement Test of Vacuum 
Circuit Breaker Interruption 

In this paper, the circuit of the vacuum circuit breaker interruption test is established, 
as shown in Fig. 1a. In Fig. 1a, C is the equivalent capacitance of the current source, 
L is the inductance of the current source, R is the total resistance of the loop, VCB is 
the vacuum circuit breaker, the model is ZN85-40.5, the rated voltage is 40.5 kV, the 
rated current is 1250A, the rated short-circuit breaking current is 31.5kA, and S1 is 
the auxiliary closing switch. Tektronix DPO4054 digital oscilloscope was used for 
measurement, with a bandwidth of 500 MHz and a sampling rate of 5G/s. The electric 
field was measured by the EM5030 near-field probe of ZhiYong Electronics. Only the 
electric field in the vertical direction of the probe was measured during measurement. 
The measuring devices are powered by isolation transformers and placed in galva-
nized cast iron shielding boxes. The experiment was a single-phase circuit breaker 
interruption test for phase B, and the typical circuit breaker interference electric field 
obtained from the measurement is shown in Fig. 1d.

 (a) Simplified circuit diagram (b) Physical arrangement 

 (c) Electric field probe arrangement (d) Typical high-frequency electric field waveform 

Fig. 1 Schematic diagram of high frequency electric field measurement test for vacuum breaker 
interruption
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Fourier transform was used to analyze the electromagnetic disturbance waveform. 
The maximum voltage at both ends of the circuit breaker was 649.84 V, and the 
maximum disturbance current induced by the Roche coil was 780 A. The dominant 
frequency of disturbance voltage is mainly distributed in the vicinity of 310 kHz, 
and the frequency of disturbance current on the Roche coil is 4.5 MHz, and some 
frequency components of 310 kHz and 8 MHz or above are included. The dominant 
frequency of the disturbance electric field is about 310 kHz, which is consistent with 
the frequency of the disturbance voltage at both ends of the circuit breaker. However, 
the dominant frequency will change near the cabinet and many 3.6 MHz or 11.6 
MHz components will appear. 

3 3D Finite Element Simulation Model of High Voltage 
Switchgear 

3.1 High Voltage Switchgear Model and Simulation 
Parameter Setting 

Because there are many internal components in the high voltage switch cabinet, the 
simulation model needs to be simplified [10]. The overall structure of the switch 
cabinet, the structure of the internal compartment, whose model size has a great 
influence on the distribution of electromagnetic field are precisely modeled. Other 
components are omitted or modeled using simple geometric. 

Based on the above model establishment and simplification principles, the 3D 
simulation model of high voltage switchgear is shown in Fig. 2, and its material 
parameters are set in Table 1.

The excitation port is set between the movable and static contacts of the vacuum 
circuit breaker, and its size is consistent with the maximum opening distance of 
the vacuum circuit breaker, which is 22 mm. The surface of the metal conductor 
is assumed to have a finite conducting boundary, with its conductivity and relative 
permeability parameters consistent with the material parameters. An ideal matching 
layer is used as a model to absorb the boundary conditions (Perfectly Matched Layer, 
PML). The measured voltage and current waveforms of the circuit breaker on the 
primary side are used as the excitation waveform of the dipole antenna, and the 
high-frequency electric field inside the switchgear is calculated accordingly. 

3.2 Comparison of Simulation Results and Test Results 

The simulation and test results are shown in Table 2. As can be seen from Table 2, the  
maximum error between simulation results and test results is 7.15%, which proves the 
effectiveness of this method for simulation of high-frequency electric field intensity.
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Fig. 2 High voltage 
switchgear 3D model 

Table 1 High frequency electromagnetic field simulation material parameters of high voltage 
switchgear 

Structural material Relative dielectric constant Relative permeability Conductivity 

Air 1.00 1.00 0 

Bus 1 0.999991 5.8 × 107 S/m 

Cabinet body 1 1 1.1 × 106 S/m

Table 2 Comparison of high frequency electromagnetic field simulation and test results of high 
voltage switchgear 

Electric field 
measurement position 

Test result (V/m) Simulation result (V/m) Relative error (%) 

Circuit breaker room 
observation window 

640 685.58 7.15 

Lower part of bus  
compartment 

224 230.47 2.88 

Top of transformer 1170 1224.19 4.6 

4 High Frequency Electric Field Distribution in Switchgear 
Under Typical Breaking Conditions 

In this paper, cutting off the overvoltage of the reactor in a 35 kV system is taken as 
an example to analyze the distribution law of high-frequency electric field inside the 
high-voltage switchgear [11]. The system diagram is shown in Fig. 3. In Fig.  3, U is 
the system voltage source, and the effective value of the voltage is set to 20.21 kV
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at 35 kV voltage level. Ls is the equivalent inductance of the power supply, Cs is 
the equivalent ground capacitance of the line from the power outlet to the circuit 
breaker, Cable is the connecting cable, VCB is the vacuum circuit breaker, and L 
is the equivalent inductance of the 35 kV shunt reactor. C is the equivalent ground 
capacitance of the reactor including the connecting cable. The arc time of the circuit 
breaker is set as 5 ms, and the whole simulation time is 25 ms. 

The vacuum circuit breaker model is Helmer model, the reactor inductance value is 
360 mH, the connecting cable length is 70 m. The simulated three-phase overvoltage 
waveform of circuit breaker is shown in Fig. 4. Fourier transform is used to analyze 
the transient voltage of the circuit breaker. The dominant frequency of the three-phase 
voltage is 8.7 kHz and contains a small amount of 223.15 kHz component.

Therefore, the circuit breaker transient voltage and current waveform within 10ms-
25ms can be imported into the simulation model to obtain the transient electric field 
distribution inside the switchgear at this time. The electric field distribution at the 
moment when the three-phase voltage amplitude is the highest is analyzed, and the 
simulation results are shown in Fig. 5.

Fig. 3 Simulation model of vacuum circuit breaker cut off the 35 kV shunt reactor 

 (a) Voltage waveform (b) Current waveform 

Fig. 4 High voltage circuit breaker three-phase interruption voltage and current waveform 
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 (a) Electric field distribution at 10.2ms (b) Electric field distribution at 16.5ms 

(c) Electric field distribution at 19.9ms 

Fig. 5 High-frequency electric field distribution in switchgear at typical time 

The simulation results show that when the voltage of phase A reaches its peak 
value of 96.74 kV, the maximum electric field strength inside the switchgear can 
reach 2.31 kV/mm, mainly concentrated on the surface of the partition in the circuit 
breaker room and the top of the circuit breaker trolley near the A-phase position. 
Due to the distance from the busbar and relatively closed space, the electric field 
strength inside the instrument room is relatively small, and the field strength range at 
the position of the transformer is between 0.11 and 0.36 kV/mm. When the voltage 
of phase B reaches its peak value of 74.02 kV, as the voltage of phase A decreases 
and phase C is not yet interrupted, the maximum electric field strength inside the 
switchgear decreases to 1.92 kV/mm, and the location of the concentrated electric 
field moves closer to the B-phase busbar, and the field strength at other positions also 
decreases. When the voltage of phase C reaches its peak value of 85.8 kV, due to 
the high-frequency oscillating voltage between phase A and phase B, the maximum 
electric field strength inside the switchgear increases to 2.46 kV/mm, and a large area 
of high-field-strength region is generated on the left sealing plate of the switchgear.
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Based on the above simulation results, the high-frequency and high-amplitude 
overvoltage generated by the vacuum circuit breaker during opening will produce a 
strong transient electric field inside the high-voltage switchgear. The local maximum 
field strength has approached the breakdown electric field strength of air, which is 
3 kV/mm, posing a serious threat to the safety of smart sensors. The distribution of 
the electric field is closely related to the position, shape, and voltage of the busbar. 
When installing and wiring intelligent sensors, they should be kept as far away from 
the busbar as possible and appropriate shielding measures should be taken. 

5 Conclusion 

This paper establishes a high-frequency electric field simulation model for a typical 
40.5 kV high-voltage switchgear and verifies its accuracy through experiments. Using 
the overvoltage caused by the vacuum circuit breaker cut off a reactor as an example, 
the distribution of high-frequency electric fields inside the high-voltage switchgear is 
studied. The simulation results show that when no breakdown occurs, the maximum 
internal electric field strength of the KYN61-40.5 switchgear during vacuum circuit 
breaker switching of a reactor can reach 2.46 kV/mm. The location of the electric 
field concentration area during the circuit breaker switching process varies with the 
position of the busbar and the voltage amplitude. The location of the maximum 
electric field strength is at the top of the circuit breaker carriage, the top of the circuit 
breaker chamber partition, and near the partition between the busbar chamber and 
the cable chamber. Therefore, the placement of intelligent sensors should avoid the 
above locations as much as possible. 
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Calculation of the Sensing Performance 
of SnO2 Doped with Au Atom on C4F7N 

Luoyu Li, Jie Yang, Lifeng Zhu, Sipeng Li, Chao Ma, Yang Zhao, 
Yifan Zhang, and Song Xiao 

Abstract C4F7N, as a possible environmentally friendly insulating gas used to 
replace SF6, has gained much attention due to its low greenhouse effect and good 
insulating properties. However, considering its incompatibility with sealing mate-
rials of power equipment and biotoxicity, it is necessary to detect its leakage in real 
time to ensure the stable operation of equipment and personal safety of the workers. 
The existing SnO2 sensor for C4F7N detection has the limitation of high operating 
temperature, and the doping of metal monomers is expected to improve the adsorption 
energy and reduce the operating temperature. Therefore, in this paper, the adsorption 
characteristics of C4F7N by SnO2 doped with Au atom, including adsorption energy, 
charge transfer and density of states function, were obtained by calculation based 
on the First-principle. The results show that the doping of Au atoms as catalysts 
can substantially improve the adsorption energy, providing a theoretical basis for its 
ability to improve the sensing performance of SnO2 on C4F7N. 

Keywords First-principle · Leak detection · Sensing performance · SnO2 ·
Au-doped

L. Li · L. Zhu · C. Ma · Y. Zhao 
State Grid Zhejiang Lishui Power Supply Company, Liandu District, Lishui 323000, China 

J. Yang · S. Li 
Lishui Zhengyang Electric Power Design Institute Co., Ltd, Lishui 323050, China 

Y. Zhang (B) · S. Xiao 
School of Electrical Engineering and Automation, Wuhan University, Wuhan 430072, China 
e-mail: 3237798324@qq.com 

S. Xiao 
e-mail: xiaosong@whu.edu.cn 

© Beijing Paike Culture Commu. Co., Ltd. 2024 
X. Dong and L. Cai (eds.), The Proceedings of 2023 4th International Symposium on 
Insulation and Discharge Computation for Power Equipment (IDCOMPU2023), Lecture 
Notes in Electrical Engineering 1100, https://doi.org/10.1007/978-981-99-7393-4_65 

689

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7393-4_65&domain=pdf
mailto:3237798324@qq.com
mailto:xiaosong@whu.edu.cn
https://doi.org/10.1007/978-981-99-7393-4_65


690 L. Li et al.

1 Introduction 

SF6 is widely used as insulation medium in power systems, but due to its strong 
greenhouse effect, people began to look for environmentally friendly insulation 
gases. C4F7N deserves wide attention due to its good insulation characteristics and 
low greenhouse effect [1]. Considering the incompatibility between C4F7N and the 
sealing material in power systems such as Ethylene Propylene Diene Monomer, and 
the long maintenance cycle of power system devices such as GIS, it means that 
C4F7N leakage may occur [2]. 

At the same time, C4F7N is biotoxic and is classified as a Class IV acute toxicity 
hazard with an occupational exposure limit of 65 ppm [3]. In summary, C4F7N 
leakage will affect the stable operation of electrical equipment and the health of 
workers, and we need to develop a reliable and highly sensitive gas detection sensor. 

Metal oxide semiconductors (MOS), such as SnO2, ZnO, CuO, and WO3, have  
been widely used in gas sensors due to their low cost, ease of integration, and high 
stability [4]. However, the use of a single metal semiconductor as a sensing mate-
rial has limitations and is often accompanied by high operating temperatures while 
meeting the response height [5]. The solution to this problem is mainly to perform 
doping, such as metal monomers and different metal oxides to form heterojunctions, 
thus reducing the increase in response height and lowering the operating temperature 
[6]. According to the study by Tang Ju’s team at Wuhan university, when using pure 
SnO2 as a sensing material to detect C4F7N, the response height can reach 60% for 
50 ppm at 275 °C [7]. While by doping MXene, the working temperature can be 
reduced to room temperature, but the response is drastically reduced to 8.8% [8], 
and due to the presence of functional groups on the surface of MXene, it is not 
stable enough in air, which will limit its application as sensing material [9]. Yanlei 
Cui’s study showed that by doping Au atoms into SnO2, the response to ethanol was 
increased by a factor of three and the operating temperature could be reduced [10]. 

Therefore, this paper provides a theoretical basis for the detection of C4F7N 
using SnO2 doped with Au atom as a sensitive material by simulating the adsorption 
properties, including adsorption energy, charge transfer amount, density of states 
function and differential charge density, based on the First-principle, providing a 
theoretical basis for its ability to improve the sensing performance of SnO2 on C4F7N. 

2 Calculation Parameter Settings 

The calculations in this paper are performed using the Dmol3 module in Materials 
Studio. All models choose the generalized gradient approximation (GGA) and the 
Perdew-Berke-Ernzerhof (PBE) generalized function to deal with the exchange inter-
actions between electrons, introduce dispersion-corrected density generalized theory 
(DFT-D) to correct the van der Waals forces, and use the p-polarized double numeric 
basis with polarization (DNP) as the basis group function for the linear combination
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of atomic orbitals. In addition, a vacuum layer of 20 Å is added to avoid interactions 
between neighboring units. The energy convergence accuracy is 1.0 × 10–5 Ha, and 
the maximum force and maximum displacement are set to 0.002 Ha/Å and 0.005 Å. 
The orbital cutoff radius is set to 4.5 Å. A 6 × 6 × 1 Monkhorst–Pack k-point mesh 
is used for geometry optimization and a 2 × 2 × 1 Monkhorst–Pack grid is used to 
calculate the density of states (DOS). 

For the doping of Au atom on SnO2, the binding energy is defined as 

Eblinding = EAu - SnO2 − EAu − ESnO2 (1) 

in which EAu-SnO2 is the total energy of Au-doped SnO2; EAu and ESnO2 is the energy 
of isolated Au atom and SnO2, respectively. 

The (110) surface of SnO2 was chosen for the calculation, and a 3 × 2 supercell 
was established [7], the optimized geometric model is shown in Fig. 1a. Figure 1b 
shows the C4F7N molecular model, and for the energy change in the adsorption 
process of the gas occurring on the Au-doped SnO2 surface, the adsorption energy, 
is calculated using the following equation, 

Ead = EAu - SnO2 + gas  − EAu - SnO2 − Egas (2) 

in which EAu-SnO2 + gas is the energy of Au-SnO2 after gas adsorption; EAu-SnO2 is the 
energy of Au-doped SnO2 and Egas is the energy of the gas molecule. 

The calculation of the charge transfer between the gas molecule and the crystal 
surface is performed using the Mulliken method, which is given by the following 
equation,

ΔQ = Q1 − Q2 (3)

Fig. 1 The model of a SnO2, b C4F7N, c Au-doped SnO2 
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in which the value of ΔQ is obtained by subtracting the charge of the gas molecule 
before and after adsorption. If the result is positive, it indicates that the gas molecules 
transport electrons to the crystal surface during the adsorption process, and vice versa, 
it indicates that the gas molecules get electrons from the crystal surface during the 
adsorption process. 

3 Results 

3.1 Au-Doped SnO2 Surface Structure Analysis 

Previous studies have shown that the doping of gold atoms in SnO2 is concentrated 
in the mass ratio of 0.5–2%, for example, according to Bingxi Feng’s study, the 
response to TEA can be improved nearly five times when doping gold atoms with 
a mass ratio of 1% [11]. Therefore, we established a doping model of a single gold 
atom on the surface of SnO2, as shown in Fig. 1c. The binding energy after doping 
with Au atom was calculated to be −1.84 eV, and the negative value indicates that it 
can form a stable binding structure. 

To further investigate the interaction between Au atoms and SnO2 surface, we 
plotted DOS and partial density of states (PDOS) diagrams as shown in Fig. 2. The  
DOS diagram shows that the overall energy density of states moves like a lower 
energy direction after Au doping, but the peak value basically does not change, 
which indicates that the crystal structure of SnO2 does not change after doping. The 
PDOS diagram shows that between −5 and 0 eV, the 6 s orbitals of Au atoms and the 
5p orbitals of Sn atoms and the 2p orbitals of O atoms are overlapped to some extent, 
which indicates that the Au atom and the external orbitals of SnO2 are hybridized. 
In summary, the two form a stable doping structure. 

Fig. 2 The a DOS, b PDOS diagram of Au-SnO2
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Fig. 3 Three models for the adsorption of C4F7N on Au-SnO2 surface 

3.2 Analysis of the Adsorption Structure of C4F7N 
on the Surface of Au-Doped SnO2 

For the surface adsorption of C4F7N on SnO2 doped with Au atom, three adsorption 
models were developed using C4F7N gas in different planes close to the SnO2 crystal 
surface as shown in Fig. 3, while the adsorption energy and charge transfer amount 
are shown in Fig. 4a. By comparing the magnitude of the adsorption energy, it can be 
seen that the adsorption energy is the largest with the C-N group close to the crystal 
surface, at −1.71 eV, and the charge transfer amount is 0.18 e. This indicates that 
compared to the C-F group, the Au-doped SnO2 is more sensitive to the C-N group, 
which is the most stable adsorption structure and belongs to chemisorption.

Compared with pure SnO2, the adsorption energy increased from −1.01 eV [7] to  
1.71 eV after doping with Au atom, which is attributed to the catalytic effect brought 
by Au atom. Observing the adsorption model, it can be seen that the adsorption of 
C4F7N did not destroy the substrate structure of SnO2, but the distance between 
the gold atom and the SnO2 surface changed, compared to the distance between the 
Au atom and the crystal surface before the adsorption became larger, which also 
indicates the mediating effect of the Au atom, which changed the interaction process 
between C4F7N and the SnO2 crystal surface. To further explore the adsorption of 
C4F7N on the surface of doped gold atom, we plotted DOS and PDOS diagrams, as 
shown in Fig.  4a, b. It can be seen from the DOS diagram that the overall energy 
density of states shifts to the left after the adsorption of C4F7N, and the energy peak 
at the Fermi energy level changes due to the loss of electrons by C4F7N. Further 
analysis of the PDOS diagram shows that the 2p orbital of the N atom and the 6s 
orbital of the Au atom and only one crossover exists between −2.5 eV and −5 eV,  
but there are multiple crossovers with the 5p orbital of the Sn atom and the 2p orbital 
of the O atom between −10 and 2 eV. These phenomena suggest that the doped Au 
atom act as catalysts, increasing the interaction between C4F7N and SnO2 surfaces, 
which leads to an increase in adsorption energy. 

Figure 4d shows the differential charge density diagram, red and blue indicate the 
loss and gain of electrons, respectively, and it can be seen that during the adsorption 
process, C4F7N molecules transport electrons to SnO2. The occurrence of adsorption
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Fig. 4 a The adsorption data, b DOS, c PDOS diagram of Au-SnO2 with C4F7N adsorbed, d the 
differential charge density diagram

changes the internal electron distribution of C4F7N molecules, and the interaction 
force between the two is strong and belongs to chemisorption. 

4 Conclusions 

In this paper, the adsorption properties of SnO2 doped with Au atom on the environ-
mentally friendly insulating gas C4F7N were calculated based on the First-principle, 
and the conclusions obtained by analyzing its adsorption energy, charge transfer 
process and density of states diagram are as follows. 

(1) The doping model of Au on the surface of SnO2 was established, and the binding 
energy was calculated to be −1.84eV, which can form a stable doping structure. 

(2) For the adsorption of C4F7N on the crystal surface, three possible adsorption 
structures were constructed, and the most stable adsorption structure was found 
by comparing the magnitude of the adsorption energy.
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(3) The adsorption energy of Au-doped SnO2 on C4F7N is  −1.71eV, which is a 
chemisorption with a charge transfer of 0.18e, and the gas molecules transport 
electrons to the crystal surface during the adsorption process. 

(4) The doping of Au atom enhances the interaction between SnO2 and C4F7N 
molecules, which has the potential to be used as a sensitive material to prepare 
sensors for real-time monitoring of C4F7N leakage. 
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A Coordinated Control Method 
for Active Power Feedforward of Dual 
PWM Converter 

Dapeng Cao and Jie Li 

Abstract The dual PWM converter control strategy is mainly divided into direct 
control and power coordination control. This paper introduces the dual PWM variable 
frequency speed regulation scheme of active power feedforward control, and adds 
the compensation amount corresponding to the active power of the inverter to the 
given value of the active current on the rectifier side, then when the operating state of 
the asynchronous motor changes, it will not directly change the size of the capacitor 
voltage on the DC side, but directly change the size of the active current on the 
rectifier side, thereby reducing the fluctuation of the DC bus voltage, improving the 
dynamic response performance of the system, and making it possible to reduce the 
size of the DC bus capacitance. Finally, Matlab/Simulink simulation of the control 
scheme is carried out to verify its correct feasibility. 

Keywords Dual PWM converter · Active power feedforward · Coordinated 
control 

1 Introduction 

The traditional general-purpose inverter generally adopts AC-DC-AC structure, and 
the three-phase input voltage is first obtained by the uncontrollable rectification 
of the diode, and then stabilized by the filtering of the capacitor on the DC bus 
side, and finally passed through the inverter output voltage frequency variable alter-
nating current. This type of inverter has a wide range of efficiency, accuracy and 
speed regulation, and is widely used in the industrial field, but there are also many 
shortcomings. 

First, the use of diode uncontrolled rectification, current harmonic content, the 
power grid caused great pollution, and the elimination of grid harmonics has become 
a major topic in the field of power electronics technology, many countries in the
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world, international organizations have specified regulations or standards to limit 
harmonics. Second, because the energy transmission of the diode rectifier bridge is 
irreversible, the regenerative electric energy generated when the motor is in the state 
of regenerative power generation cannot be fed back to the power grid, resulting in 
a waste of energy, and the reason why the frequency conversion speed regulation 
system has received widespread attention is based on its significant energy-saving 
effect. Third, the DC bus voltage fluctuation range obtained after rectification of the 
uncontrollable diode requires a large electrolytic capacitor for filtering and energy 
storage, and such a capacitor itself has the disadvantages of high price, large size 
and short life, so it has a great impact on the cost, miniaturization and reliability of 
the entire system. The dual PWM converter takes these shortcomings of the tradi-
tional general frequency converter as the starting point, adopts PWM controllable 
rectification technology, and takes the power factor adjustment on the power grid, 
energy can flow in both directions, and the DC bus voltage stability as the control 
goal, and will be widely used in new energy technology, wind power generation and 
solar power generation grid-connected occasions. 

The architecture diagram of the dual PWM converter system is shown in Fig. 1. 
At present, the control strategy of dual PWM converter is mainly divided into two 

categories, namely direct control and power coordination control. Direct control is 
the traditional DC bus voltage feedback control, when the system input and output 
power imbalance causes the DC bus voltage fluctuation, through the feedback signal 
of the bus voltage to adjust the input power of the PWM rectifier. Since the response 
of the DC bus voltage lags behind the change of load power, when the load changes, 
the DC bus voltage will fluctuate greatly [1–4], and increasing the size of the bus 
capacitor can solve the fluctuation problem, but simply by increasing the capacitance 
capacity to stabilize the DC bus voltage has serious drawbacks [5, 6]. 

Power coordination control includes direct power control [7–9] and power feed-
forward control. The direct power control strategy, similar to direct torque control
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Fig. 1 Structure diagram of a dual PWM converter 
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(DTC) in variable frequency speed regulation technology, is to compare the differ-
ence between instantaneous active power, instantaneous reactive power and a given 
value in real time, and then generate a PWM modulation signal by looking for 
a pre-formulated switching state table. This control strategy based on hysteresis 
control structure eliminates the rotational coordinate transformation unit and the PI 
regulator of the current inner loop in traditional vector control, simplifies the algo-
rithm, and improves the dynamic response performance of the system. However, 
this hysteresis-based control method inevitably introduces the problem of unstable 
switching frequency. 

In order to solve the above problems, this chapter introduces the dual PWM 
frequency conversion speed regulation scheme of active power feedforward control, 
adding the compensation amount corresponding to the active power of the inverter 
to the given value of the active current on the rectifier side, then when the operating 
state of the asynchronous motor changes, it will not directly change the size of the 
capacitor voltage on the DC side, but directly change the size of the active current on 
the rectifier side, thereby reducing the fluctuation of the DC bus voltage, improving 
the dynamic response performance of the system, and making it possible to reduce the 
size of the DC bus capacitance. Finally, Matlab/Simulink simulation of the control 
scheme is carried out to verify its correct feasibility. 

2 Active Power Feedforward Control Strategy 

As an energy storage link, aluminum electrolytic capacitors are generally used in this 
dual PWM converter system, but in some applications, such as high-power or high-
voltage motor drives, aluminum electrolytic capacitors have some disadvantages in 
terms of size, weight, cost, and stability, the most important of which is stability. 
Due to continuous gas leakage, the performance of electrolytic capacitors gradually 
deteriorates as the use time increases. Therefore, capacitance is the main factor 
limiting the service life of the inverter. People want to reduce the size of the DC 
capacitor to reduce the cost and the volume of the entire inverter. However, a small 
capacitance will cause large DC link voltage fluctuations, which will also lead to 
damage to semiconductor switching devices. 

In a traditional DC-link voltage feedback control scheme, the input power of 
the PWM rectifier is regulated by detecting DC bus voltage fluctuations caused by 
system input and output power imbalance. Since the response of the DC link voltage 
lags behind the change in load power, the DC link voltage fluctuates greatly when 
the load changes. 

The active power feedforward control strategy in this chapter combines the output 
power feedforward control and the DC bus voltage feedback control, and the rectifier 
control increases the information of the inverter output load change, which can reduce 
the fluctuation of the bus voltage, so as to reduce the DC capacitance value.
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Figure 2 shows the block diagram of the control structure of a dual PWM 
conversion system with a power feed-forward loop. The block diagram of power 
feed-forward decoupling is shown in Fig. 3. 

Suppose the power supply is a symmetrical (balanced) three-phase voltage: 

eR = Vm sin(ωet) 
eS = Vm sin(ωet − 2π

/
3) 

eT = Vm sin(ωet + 2π
/
3) (1)
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Among them, the amplitude of the Vm voltage phase voltage, ωe represents the 
angular velocity of the rectifier’s synchronous rotation coordinate system. 

In the dq rotation coordinate system, the input active and reactive power of the 
rectifier are:

[
P∗ 
rec 

Q∗ 
rec

]

= 
3 

2

[
ed eq 
−eq ed

][
i∗ 
d 

i∗ 
q

]

(2) 

In the formula, P∗
rec and Q

∗
rec is the input active power and reactive power of the 

rectifier given values, and the ed and eq are the dq components of the three-phase 
power supply voltage in the synchronous rotation coordinate system. i∗d and i∗q is the 
given values for the dq component of the rectifier input current. 

For balanced three-phase systems:

[
ed 
eq

]

=
[
Vm 

0

]

(3) 

So, 

P∗ 
rec = 

3 

2 
edi

∗ 
d (4) 

The output power of the inverter can be expressed as: 

P∗ 
load = 

3 

2

(
u∗ 
sdi

∗ 
sd + u∗ 

sqi
∗ 
sq

)
(5) 

P∗
load is the output power on the inverter side, u

∗
sd, u

∗
sq, i

∗
sd, i

∗
sq is the given values 

of dq component on stator voltage and stator current of the inverter side. 
The capacitor energy storage on the DC side is: 

W = 
1 

2 
CV  2 

dc 
(6) 

Which W is the DC bus capacitance energy storage value, C is the DC bus 
capacitance value, and V dc is the DC bus voltage value. 

The changes in the energy storage of the capacitor on the DC side are: 

P∗ 
cap = 

dW 

dt 
= 

d 

dt

(
1 

2 
CV  2 

dc

)
= CVdc 

dVdc 

dt 
(7) 

Which P∗
cap is the DC side power. 

Ignore the power loss of the device:
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P∗ 
cap = P∗ 

rec − P∗ 
load = CVdc 

dVdc 

dt 
= 

3 

2 
edi

∗ 
d − P∗ 

load (8) 

It can be seen from Eq. (8) that the power input to the DC side of the control 
rectifier and the power input to the inverter on the DC side are balanced, which can 
reduce the fluctuation of the voltage on the DC side, and then reduce the capacitance 
capacity of the DC side. To do this, the input current on the rectifier side must be 
able to meet changes in the output power of the system. 

For AC-DC-AC converters with uncontrolled rectification of diodes, Prec is uncon-
trollable, so when the motor operating state changes (e.g. from electric mode to power 
generation mode), a large Pcap will be generated, resulting in large bus voltage fluctu-
ations. However, when PWM is used for controlled rectification, Prec is controllable. 
If the system can adjust Prec so that Prec = Pinv, Pcap is always 0. That means that the 
DC link voltage can be maintained stable under voltage balance conditions, and the 
DC bus capacitance can be effectively reduced. 

From Eq. (8): 

i∗ 
d = 

2 

3

(
P∗
load 

ed 
+ 

CVdc 

ed 

dVdc 

Et

)
(9) 

It can be seen from Eq. (9) that if the compensation amount corresponding to the 
active power of the inverter is added to the given value of the active current on the 
rectifier side, the size of the capacitor voltage on the DC side will not be directly 
changed when the operating state of the asynchronous motor changes, but the size 
of the active current on the rectifier side will be directly changed. 

3 Simulation Results and Discussion 

The rectifier side parameters are: the voltage amplitude of the three-phase voltage 
source is 220 V, the input inductance L = 8 mH, the bus voltage is given as 540 V, 
and the DC bus capacitance C = 470 uF; The inverter side motor parameters are: 
rated power Pe = 3.7 kW, rated current Ie = 8 A, rated voltage V e = 380 V, Ls = 155 
mH, Lr = 155 mH, Lm = 147 mH, rated speed ne = 1500 r/min (corresponding to 
the rotor output angular frequency of about 157 rad/s), rated torque T e = 23.5 N·m, 
pole pair np = 2, moment of inertia J = 0.0131 kg·m2, motor friction coefficient f = 
0.002985. The simulation conditions are: 0–0.12 s is the pre-excitation time of the 
motor, a given speed at 0.12 s, a sudden rated load at 0.3 s, a sudden reduction in 
rated load at 0.5 s, and a sudden rated load at 0.7 s. 

Figures 4, 5 and 6 is a comparison chart of simulation results based on traditional 
bus voltage feedback control and power feedforward control. It can be seen that 
the smaller the power required by the motor load, the smaller the fluctuation of 
the DC link voltage; When the operating state and mode of the motor change, the
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bus voltage controlled by power feed-forward is significantly smoother than the bus 
voltage controlled by traditional bus voltage feedback. 

(a) Traditional bus voltage feedback control 

(b) Power feed-forward control 
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Fig. 4 Comparison of simulation results of two control strategies of dual PWM converter (40 Hz)
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(a) Traditional bus voltage feedback control 

(b) Power feed-forward control 
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(a) Traditional bus voltage feedback control 

(b) Power feed-forward control 
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4 Conclusion 

In this paper, the conventional dual PWM variable frequency speed regulation system 
based on bus voltage feedback control is studied, simulated and analyzed. According 
to the phenomenon of large fluctuations of DC link voltage in its dynamic process, the 
principle analysis is carried out. On this basis, by adopting the power feed-forward 
strategy, the fluctuation of DC bus voltage is effectively suppressed, and a good 
control effect is realized. 
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Optimal Design of Double-Fracture 
Disconnect Switchgears Based on BP 
Neural Network and NSGA-II Algorithm 
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Abstract GIS double-fracture disconnect switchgears have high requirements on 
insulation and stress resistance due to their miniaturized and compact design. How 
to improve the insulation capacity and stress resistance by optimizing the design 
of key dimensional parameters within a limited volume is the key point of opti-
mization research. In this paper, the finite element method is used to build simu-
lation models of the electrostatic and stress fields of a double-fracture disconnect 
switchgear. The key dimensional parameters that have a significant impact on the 
static electric field and stress field are initially analyzed, and these parameters are 
parametrically processed. In order to solve the optimization problem of large-scale 
field models using optimization algorithms, the Box-Behnken experimental design 
method is used to collect samples and establish a BP neural network model. The 
global Pareto-optimal solution set under multiple objectives is found by combining 
the BP neural network model and NSGA-II algorithm, and the global optimal solution 
is obtained according to different objective weights. Under the optimized dimensional 
parameters, the maximum electric field strength and the maximum principal stress 
in critical areas are significantly reduced, achieving an effective improvement in the 
performance of the double-fracture disconnect switchgear. 
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1 Introduction 

With the rapid development of China’s power grid and the promotion of smart grid 
construction, GIS equipment has been used in a large number of power grids because 
of its small footprint, compact structure, high reliability and low maintenance work-
load. During the 14th Five-Year Plan period, a large number of 110 kV GIS will 
face the demand for expansion [1]. However, the traditional GIS bus-side discon-
nect switches have only one disconnector, which cannot fully meet the demand for 
non-stopping power expansion and testing, and bring huge difficulties in outage coor-
dination and significantly reduce the reliability level of the power grid structure. The 
110 kV three-phase common box type GIS based on double isolation break will avoid 
extensive outages in 110 kV GIS expansion projects and emergency repair, and meet 
the increasing demand for GIS non-stopping power expansion and testing [2]. 

The 110 kV GIS is a three-phase co-box structure, which requires more compo-
nents to be placed in a limited space compared to the three-phase sub-box structure, 
so its space is more compact and complex, and the performance requirements for 
insulation, mechanical stress, temperature rise, etc. are more difficult to design and 
manufacture, which requires further optimization of the design on the original basis. 
In order to analyze and verify the performance of GIS equipment, many researchers 
have used finite element analysis software for simulation modeling analysis [3–9]. 

2 110 kV Double-Fracture Disconnect Switchgear Model 

2.1 Geometric Model 

The 110kV double-fracture disconnect switchgear consists of shell, conductive rod, 
basin insulator, contacts, double-break drive and linkage mechanism and other 
components. Figure 1 is the three-dimensional model.

2.2 Simulation Model 

Electrostatic field simulation results and analysis 

According to the assessment requirements of the non-stopping power expansion and 
lightning withstand voltage test in the type test, a high potential is applied to the 
static contacts of the double-fracture disconnect switchgear, and a ground potential 
is applied to the moving contacts, auxiliary ground switch, and enclosure.
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Fig. 1 110 kV double-fracture disconnect switchgear. 1. Conductive rod, 2. Basin insulator, 3. 
Static side contact, 4. Linkage puller, 5. Auxiliary earth switch, 6. Double break drive mechanism, 
7. Busbar static side contact, 8. Shell

Figure 2 is the result of the electrostatic field simulation calculation. It can be seen 
that the electric field concentration is mainly on the contact surfaces of the static side 
conductors on both sides. Therefore, the contact size and surface shape will have an 
impact on the maximum electric field strength and are the main targets for structural 
optimization. 

Fig. 2 The electrostatic field simulation result
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Fig. 3 The stress field simulation result 

Stress field simulation results and analysis 

The stress field simulation uses static structure module to simulate the shell hydro-
static test with the boundary condition of 3.6 Mpa normal pressure applied to the 
inner surface of the shell, and the maximum principal stress distribution applied to 
the shell is obtained by solving, as shown in Fig. 3. 

It can be seen that the stress concentration areas are mainly at the intersection of the 
shell and the cladding. Therefore, in order to optimize the compressive performance 
of the shell, it is necessary to parameterize and optimize the design for the dimensions 
of the above key areas. 

3 Parameterization and Impact Analysis of Model Key 
Dimensions 

3.1 Effect of Each Dimensional Parameter on the Maximum 
Electric Field Strength 

Excessive electric field strength inside the GIS will pose a significant threat to its 
insulation performance. In order to analyze the degree of influence of contact dimen-
sional parameters on the maximum electric field strength of the contact surface, the 
key dimensional parameters are parameterized in this section. 

Considering that the high field strength area is mainly distributed on the static side 
and bus static side conductor contact surface, the shape of the dynamic side conductor
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contact surface has little effect on the value and distribution of the maximum field 
strength, so the static side and bus static side conductor contact surface dimensional 
parameters are set as the key dimensional parameters, as shown in Table 1, to study the 
relationship between dimensional parameters and maximum electric field strength. 

The contact surface shape is mainly determined by the two radii of curvature and 
thickness parameters, and the effect of different contact dimensional parameters on 
the maximum field strength under single factor will be studied below. 

In this paper, a number of sample points are taken within the parameter range 
using the uniform sampling method to analyze the range and law of the maximum 
field strength of the isolation switch when the single factor is varied. 

Among all the parameters, the parameters r1, r2, d1 have an obvious linear rela-
tionship with the maximum field strength, and the maximum field strength decreases 
with the increase of the parameters (Figs. 4, 5 and 6). 

The static contact radius r1 is set to 13, 14, 15, 16 mm respectively for electric 
field simulation to obtain the relationship between the maximum field strength and 
the static contact radius r1.

Table 1 The electrostatic field optimization parameters 

Serial number Dimensional parameters Parameter range/mm 

1 Static side contact radius r1 13–16 

2 Static side contact radius r2 29–35 

3 Static side contact thickness d1 20–24 

4 Busbar static side contact radius r3 13.5–16.5 

5 Busbar static side contact radius r4 25.2–30.8 

6 Busbar static side contact thickness d2 18–22 

Fig. 4 The maximum 
electric field strength values 
at different static side contact 
radii r1
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Fig. 5 The maximum 
electric field strength value 
at different static side contact 
thickness d1 
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Fig. 6 The maximum field 
strength at different radii r3 
of the busbar static side 
contacts
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The static-side contact thickness d1 is set to 20, 21, 22, 23 and 24 mm for electric 
field simulation to obtain the relationship between the maximum field strength and 
the static-side contact thickness d1. 

The busbar static side contact radius r3 is set to 13.5, 14.5, 15, 16, 16.5 mm for 
electric field simulation to obtain the relationship between the maximum electric 
field strength and the busbar static side contact radius r3. 

The factors such as static side contact radius r2, busbar static side contact radius r4, 
and busbar static side contact thickness d2 have no obvious pattern with the maximum 
field strength. Table 2 is their results range.
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Table 2 The maximum electric field strength variation range for some parameters 

Parameters Parameter range/mm Maximum electric field strength range V/m 

r2 29–35 21,789–22,037 

r4 25.2–30.8 21,716–22,044 

d2 18–22 21,723–22,077 

3.2 Effect of Each Dimensional Parameter on the Maximum 
Principal Stress 

The stress on the shell is related to the applied pressure, shell structure, and shell 
material. In the case of constant applied pressure and shell material, the distribution of 
the maximum principal stress should be related to the shell structure size. Therefore, 
in this paper, the structural dimensions at the stress concentration are parametrized 
to study the effect of the variation of each factor on the maximum principal stress 
(Fig. 7, Table 3). 

Fig. 7 GIS shell structure. 
1. Shell thickening, 2. 
Rounded corner 54/55, 3. 
Rounded corner 58, 4. Wrap 
thickness, 5. Rounded corner 
51, 6. Rounded corner 52, 
7.Rounded corner 66 

Table 3 The stress field optimization parameters 

Serial number Dimensional parameters Parameter range/mm 

1 The shell thickening D1 6–10 

2 Fillet 54/55 R1 120–132 

3 Fillet 58 R2 15–25 

4 Wrapping thickness D2 3–6 

5 Fillet 51 R3 14–26 

6 Fillet 52 R4 7–14 

7 Fillet 66 R5 6–14
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In the same way as for the electrostatic field treatment, a number of sample points 
are taken within the parameter range using the uniform sampling method to analyze 
the range and the law of variation of the maximum principal stress in the shell when 
the single factor changes. 

Among all parameters, the shell thickening D1, cladding thickness D2, fillet 66 
radius R5 have an obvious linear relationship with the maximum main stress of the 
shell, and the maximum principal stress of shell gradually decreases with the increase 
of parameters. 

The shell thickening D1 is set to 6, 7, 8, 9 and 10 mm for stress field simulation, 
and the relationship between the maximum principal stress of the shell and the shell 
thickening D1 is obtained (Figs. 8, 9 and 10). 

Fig. 8 The maximum 
principal stress values for 
different shell thickening D1 
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Fig. 9 The maximum 
principal stress values for 
different cladding 
thicknesses D2

3 4  5 6  

2.20x108 

2.25x108 

2.30x108 

Th
e 

m
ax

im
um

 p
rin

ci
pa

l s
tre

ss
/p

a 

The cladding thickness D2/mm 



Optimal Design of Double-Fracture Disconnect Switchgears Based … 715

Fig. 10 The maximum 
principal stress values at 
different radii of fillet 66 R5 
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The cladding thickness D2 is set to 3, 4, 5 and 6 mm for stress field simulation and 
the relationship between the maximum principal stress of the shell and the cladding 
thickness D2 is obtained. 

The radius R5 of fillet 66 is set to 6, 8, 10, 12 and 14 mm for stress field simulation, 
and the relationship between the maximum principal stress of the shell and the radius 
R5 of fillet 66 is obtained. 

And fillet 54/55 R1, fillet 58 R2, fillet 51 R3, fillet 52 R4 have a large effect on 
the maximum main stress of the shell but there is no obvious pattern. Table 4 is the 
range of maximum principal stress variation for these parameters. 

Table 4 The range of the maximum principal stress variation for some parameters 

Serial number Dimensional parameters Parameter range/mm 

1 Thickening of the shell D1 6–10 

2 Fillet 54/55 R1 120–132 

3 Fillet 58 R2 15–25 

4 Wrapping thickness D2 3–6 

5 Fillet 51 R3 14–26 

6 Fillet 52 R4 7–14 

7 Fillet 66 R5 6–14
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Fig. 11 The BP neural network flow chart 

4 BP Neural Network Model Construction 

4.1 BP Neural Network Model 

Due to the complex structure of the GIS model and too many group elements, it 
leads to high order of finite element simulation solution, long solution time and high 
computational cost, and the model needs to be simplified. BP neural network can learn 
and store a large number of input–output pattern mapping relations without revealing 
the mathematical equations describing such mapping relations beforehand, and with 
sufficient sample training, it has better accuracy compared to the function expression 
fitting, and using BP neural network can greatly improve the computational efficiency 
under the condition of guaranteeing certain accuracy by downscaling the model [10]. 
Figure 11 is the workflow diagram of BP neural network. 

4.2 Determination of Input and Output 

From the above study, it is known that for the electrostatic field, the shape of the 
static side contacts on both sides has a large influence on the maximum field strength 
inside the isolation switch, so the dimensional parameters in Table 1 are selected as 
the input of the BP neural model for the electrostatic field. As shown in Fig. 2 of 
the electric field distribution of the isolation switch, the maximum field strength is 
mainly distributed on the static side and busbar static side contact surfaces, so the 
maximum field strengths E1 and E2 on the static side contact and busbar static side 
contact surfaces are selected as the outputs. 

For the stress field, the structure at the shell intersection and the cladding have an 
effect on the maximum principal stress of the shell, so the dimensional parameters in 
Table 3 are selected as the input of the BP neural network model of the stress field. 
From the shell stress distribution Fig. 3, it can be seen that the maximum principal 
stress is mainly distributed at the shell intersection and cladding, so the maximum 
principal stresses F1 and F2 at these two places are selected as the outputs.
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4.3 Experimental Design 

After determining the inputs and outputs, it is necessary to design trials to obtain 
training samples to train the neural network model. Box-Behnken Design is a type of 
response surface design that can well respond to the relationship between the inputs 
and outputs at a small operating cost, and also, the Box-Behnken Design ensures 
that all factors are not set at high levels at the same time, avoiding the appearance of 
extreme size designs [11, 12]. Therefore, in this paper, the BBD experimental design 
method is used to collect sample data to construct BP neural network models for 
electrostatic and stress fields. 

4.4 Neural Network Model Error Analysis 

After obtaining the sample data, a BP neural network model is built for training and 
prediction using programming. Several sampling points are sampled for comparison 
and validation of predicted values and simulation, as shown in Figs. 12 and 13 
(Table 5). 

It can be seen that the BP neural network prediction error is within the acceptable 
range, which greatly improves the computational efficiency at the expense of certain 
accuracy.

Fig. 12 The comparison of 
the predicted and simulated 
electrostatic field values
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Fig. 13 The comparison of 
the predicted and simulated 
stress field values 
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Table 5 The BP neural network model error analysis 

BP neural network model Average percentage error (%) Correlation coefficient 

E1 1.12 0.9474 

E2 0.52 0.9959 

F1 1.58 0.9813 

F2 1.05 0.8977

5 NSGA-II Algorithm 

5.1 NSGA-II Algorithm Concept 

NSGA-II algorithm is a heuristic algorithm based on genetic algorithm and Pareto 
optimal concept, which can effectively handle multi-objective optimization problems 
with strong global search capability and operational efficiency. 

The GIS structure is complex, with too many dimensional parameters, the influ-
ence of parameters may have no obvious regularity, and there are interactions between 
parameters. Manual modification of parameters based only on existing design expe-
rience is not only inefficient but also highly subjective and far from meeting the needs 
of optimal design. However, the multi-objective optimization problem in this paper 
can be solved well with the powerful computing power of computer and the global 
optimization seeking capability of NSGA-II algorithm.
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5.2 Determination of the Objective Function 

The variables and constraints of the electrostatic and stress fields have been deter-
mined in Sect. 2. In order to improve the insulation and compressive resistance of 
the GIS, the main objectives of the optimized design in this paper are: (1) The elec-
trostatic field—the maximum field strength of the static side contacts and the static 
side contacts of the busbar; (2) The stress field—the maximum principal stress at the 
intersection of the cladding and the shell. 

5.3 Calculation Process 

(1) the initial populations, which are the preliminary parameters and the objectives, 
are obtained by utilizing BP neural networks and based on the range of the inputs; 
(2) the initial population is subjected to non-dominated sorting, and the offspring 
population is generated by selection, crossover and mutation; (3) the parent and 
offspring populations are merged into a whole, and after calculating the objective 
function using BP neural network, the non-dominated sorting is done, the crowding 
degree is calculated, the new parent individuals are screened, and a new generation 
of offspring populations is generated after selection, crossover and mutation; (4) 
the latest offspring population is obtained after iterating repeatedly to the maximum 
number of generations. 

5.4 Optimization Results and Analysis 

After iterating to a set number of times, the latest population of children, i.e., the 
Pareto optimal solution family, is obtained. Traditional multi-objective optimization 
algorithms usually transform multi-objective problems into single-objective prob-
lems using a pre-determined weight assignment; However, the NSGA-II algorithm 
obtains the Pareto optimal solution family based on the Pareto fast non-dominated 
ordering, and then assigns weights to the desired optimal solution according to the 
designer’s focus on different objectives. 

For the electrostatic field, the maximum field strength of the static side contact 
is usually higher than that of the busbar static side contact, so it is preferred to 
obtain the parameter solution that makes the field strength of the static side contact 
smaller during the solution process by giving a higher weight. For the stress field, 
the maximum principal stress at the intersection of the shell is generally higher than 
that at the cladding, which should also be given a higher weight. The approximate 
optimal solution is obtained after the reasonable weight assignment. Figures 14 and 
15 show the effect of optimization of the electrostatic and stress fields.
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Fig. 14 The comparison 
chart of before and after 
electrostatic field 
optimization 
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before and after stress field 
optimization 
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With the help of the optimization comparison chart, it can be visualized that the 
field strength and stress of each target are reduced to some extent after optimization, 
and more significant optimization effects are obtained for the more concerned shell 
intersection and static side contacts. In general, while taking into account the multi-
objective optimization, a greater degree of optimization effect is achieved for the more 
concerned objectives, and the electrical and voltage resistance of GIS equipment is 
better improved. 

6 Conclusion 

In this paper, a model of three-phase common box type GIS double-fracture discon-
nect switchgear is built, its electrostatic field and stress field are simulated and 
analyzed, and the key optimization parts are parameterized, the design samples are
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constructed according to the Box-Behnken Design principle, the sample data are 
collected in bulk using the parameterized model, the BP neural network model is 
constructed to improve the calculation efficiency, and the prediction accuracy of 
the model is verified by random sampling. The prediction accuracy of the model is 
verified by random sampling. Finally, the NSGA-II algorithm is used to obtain the 
approximate optimal solution system for the optimized parameters of electrostatic 
and stress fields, and the approximate optimal solution is obtained according to the 
weight assigned to different optimization objectives. 

In this paper, based on BP neural network and NSGA-II algorithm, the optimiza-
tion design of electrostatic and stress field simulation of three-phase common box 
type GIS double-fracture disconnect switchgear is carried out, which simplifies the 
complex model and finds the global solution, effectively reduces the electric field 
strength and stress magnitude of GIS, improves the electric and voltage resistance 
of GIS equipment, and provides a proven method for miniaturization design. 
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