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Abstract The cases of transformer outlet short circuit caused by the failure of
cabinet bushing in the GIS are relatively common in the operation of the power
grid. This article establishes an electro-thermal coupling finite element analysis
model for the 12.5 kV cabinet bushing fault event of the No.l main transformer
in a 220 kV substation. The electric field distribution and temperature characteristics
of the bushing about the fault are obtained by simulating the air gap defect inside the
bushing, and the combination of the FEM and Townsend discharge Theory. And it
was found that the partial discharge in the internal air gap of the bushing gradually
caused the insulation degradation. The temperature rise effect of the bushing under
the influence of short-circuit current further accelerates the occurrence of the faults.
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1 Introduction

The cabinet bushing is a key equipment in the Gas Insulated Switchgear (GIS) which
bears the insulation of the busbar to the cabinet body, and its operational reliability
affects the lifetime of the 10 kV systems [1, 2]. At present, dry bushing made of
epoxy resin is widely used in substations, which has a compact structure and is
maintenance free [3—6]. However, the high potential shielding suspension can cause
air insulation breakdown between the busbar and the bushing. And the air gap defects
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Fig. 1 a The accident site. b The fault waveform

present during the manufacturing process can also induce partial discharge, gradually
leading to the aging of the insulation materials [7—10].

At present, there are many scholars researching on the calculation of the electric
field and temperature field for the cabinet bushing under different voltage levels,
which has a great reference value. However, there is a lack of physical field analysis
of bushing under defect conditions in existing literature. And the connection of FEM
simulation with the on-site operational accidents is weak.

This article conducts an electro-thermal coupling simulation and partial discharge
analysis on a short circuit explosion accident of a 220 kV substation in Xinjiang,
China, which occurred in January 2020. The analysis of the on-site accident data
indicates that this event was caused by a three-phase short circuit fault on the low-
voltage side of the No.l main transformer. During the fault, the steady-state short-
circuit current was 19.6 kA, with a duration of 1.69 s. The accident site and fault
waveform are shown in Fig. 1.

2 The Finite Element Model

Based on the design drawings and material parameters of the bushing, an equal scale
3D simulation model of the 12.5 kV cabinet bushing was established in COMSOL
Multiphysics. The model includes the bushing, busbar, installation flange, cabinet
shell, and air domain. The bushing is mainly made of epoxy resin as the insulation
material, and the model’s geometry is shown in Fig. 2a. To simulate the degradation
of the insulation of the bushing, randomly distributed internal air gaps were added
for comparison, as shown in Fig. 2b.

The electric field distribution and the temperature distribution under the elec-
trothermal coupling of the bushing are calculated respectively by using the three
interfaces of COMSOL.: Static electricity, Magnetic field and Solid and fluid heat
transfer. The electric field control equation based on Poisson’s equation is:

E=-VV (1)
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(a)la
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Fig. 2 a Simulation model of the cabinet bushing. b Internal air gaps of bushing

V- (808, E) = py 2

where E is the electric field strength, V is the electric potential, gy is the dielectric
constant of vacuum, ¢, is the relative dielectric constant of the material, p, is Volume
charge density.

A partial differential equation system is built for electromagnetic thermal coupling
to define and solve the heat transfer problem inside the bushing, where the magnetic
field control equation is:

E=—joA 3

VxH=1J 4
popurH =B =V x A (%)
J=0FE+ jo(ee E) (6)

The control equation that describing the heat transfer problem between solid and
fluid inside the bushing is:

aT
pcpg—V(kVT)zQe=JE (7)

—n-q=h(Tymy —T) + 0 (T}, — T 8)

where p is the density of the material; C, is the heat capacity at constant pressure; 7'
is the temperature; & is the thermal conductivity of the material; £ is the Heat transfer
coefficient of air convection. In Eq. (8), ¢ is the surface radiation coefficient; o is the
Stefan Boltzmann constant; T, is the external ambient temperature. In Eq. (7), the
Fourier heat transfer term is used to describe the internal heat transfer of the bushing.
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Table 1 The material parameters of the cabinet bushing
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Material Conductivity (S m) | Thermal Density (kg/m>) Heat capacity
conductivity (W/ (J/(kg K))
(m K))
Epoxy resin | le—15 0.92 —0.21e—2T |1037.90 —0.27 T 1650
Aluminum | 1/(6.62e—17T> — | 464.14 —2.84 T+ |2751.78 —0.18 T+ | 595.66 +
8.19e—14T% + 1.25e—2T2 — 4.66e—5T% — 151 T —
1.45¢e—10T — 2.34e—5T3 + 1.52e—7T3 + 0.21e—2T2 +
1.04e—8) 1.57e—8T* 6.83e—11T* 1.30e—6T3

The loss obtained from solving the electromagnetic field is added as a heat source to
the solid heat transfer equation to achieve the coupling of the electromagnetic and
thermal. In Eq. (8), Newton’s law of cooling and Stefan Boltzmann’s law are used to
describe the convection and radiation heat transfer between the bushing surface and
the air.

The calculation considers the relationship between the electromagnetic properties
of the material and temperature to achieve bidirectional coupling of the heat and
electromagnetic field. The parameters used of the material of the bushing in the
calculation are shown in Table 1.

3 Simulation Results and Analysis

3.1 Under Normal Conditions

The internal electric field distribution of the simulated bushing is shown in Fig. 3a
and b. It can be seen that there is a high field strength area in the center of the
installation flange where the bushing through the cabinet. As the calculation result,
the maximum field strength value inside the bushing is 809 kV/m, which appears on
the inner surface of the bushing crossing the wall.

Figure 3c and d respectively show the radial field strength curves along the axis
parallel to the busbar and perpendicular to the busbar. It can be seen that in the
direction of the busbar, the internal electric field gradually decreases from the end
of the cabinet to the outer end of the bushing, with a maximum value of 125 kV/
m, appearing at the wall penetration of the cabinet. In the direction perpendicular
to the busbar, there are double peaks in the field strength on the inner surface of
the bushing, which appear at the upper and lower flush ends of the bushing and the
conductive busbar. The peak field strength is maintained at 111 kV/m, and the lowest
field strength value is 763 V/m, appearing at the center of the upper surface of the
bushing.

The steady-state temperature distribution of the bushing under normal condition
is shown in Fig. 4. It can be seen that the overall temperature of the bushing decreases
from the middle section to both sides. The highest temperature value in the air domain
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Fig. 3 aElectric field distribution on the axial section of the bushing. b Electric field distribution on
the radial section of the bushing. ¢ Axial electric field distribution. d Radial electric field distribution
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Fig. 4 Temperature distribution of the bushing. a Axial section. b Radial section

is 54.4 °C, which appears at the center of the bushing near the busbar. The temperature
rise of the bushing body is mainly reflected on the inner surfaces on the left and right
sides, as well as the parts on the inner side which are flush with the busbar. The
maximum temperature value on the surface of the bushing is 56.6 °C, which occurs
on the side surface of the middle section where the bushing does not pass through
the cabinet. The minimum value is 27.3 °C, located at the outer end of the bushing.
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3.2 Under Defect Conditions

To simulate the operation of the bushing during the short-circuit fault, the electro-
magnetic and thermal field were calculated again on the bushing with added insu-
lation defects under the condition of three-phase short-circuit. In defect conditions,
the short-circuit current of the busbar is 19.6 kA, with a duration of 1.69 s. The
calculated electric field distribution of the bushing at peak time is shown in Fig. 5.

It can be seen that when there is an air gap inside the bushing, there is distortion
of the electric field, and two high field strength regions appear at the air gaps 1 and
2, which are much greater than the surrounding area. The maximum value can reach
427 kV/m, which is far greater than the breakdown field strength of air. At this gap
distance, it will lead to breakdown discharge within the air gap, which in turn will
lead to the degradation of the epoxy resin. When the internal deterioration of the
bushing reaches a certain level, it will cause a wide range of internal breakdown and
discharge, ultimately leading to a short circuit explosion accident.

Figure 6 compares the steady-state temperature distribution of the bushing under
normal condition with that when the busbar passes the first short-circuit current and
triggers the warning. It can be seen that due to the presence of abnormal short-circuit
current and air gap discharge, the temperature of the epoxy bushing has significantly
increased, with a maximum value of 114.6 °C. The minimum temperature of the
entire bushing is 55.6 °C, which still appears at the outer port.
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Fig. 5 Electric field distribution inside the bushing
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Fig. 6 Temperature distribution of the bushing a Axial section. b Radial section

3.3 Discharge Analysis

In order to further verify the effect of air gap on the insulation failure of the bushing,
the Electrical breakdown detection interface in the COMSOL plasma module is used
for the discharge analysis of the defective bushing. It is difficult to establish a fully
self-consistent discharge plasma model due to the complex structure of the bushing
and the cabinet. Therefore, this paper uses a method by integrating the Townsend
growth coefficient along the electric field line to estimates whether the Electrical
breakdown will occur in the air gap without solving the complete plasma model
[11].
The breakdown condition for self-sustaining discharge in gas is:

D
yi | exp /N(xds —1]=1 ©))
0

where y; is the secondary emission coefficient, N is the Number density, « is the
converted Townsend growth/Attenuation coefficient, S is the arc length along the
ion particle trajectory, and D is the distance from the source boundary to any target

boundary. By using this formula, we can divide the discharge in the test gas into three
situations:

1. No discharge:

D
1

/Nads < ln<1 + —> (10)
Vi

0
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2. Continuous discharge:

D
1

/Nads > ln(l + —) an
Vi

0

3. Streamer discharge:

D
/Nads > 17.7 + In(d/1[cm]) (12)
0

In the calculation, information from all three states is embedded in the converted
Townsend growth coefficient «, it is a strong function of the reduced electric field:

a—a<N) (13)

where E is the electric field parallel to the streamline, the integral is calculated by
solving the Ordinary differential equation along the test particle trajectory:

dep :a( N ) (14)
ds Nyip

where N, is the Number density at standard temperature and pressure. The
Townsend growth coefficient of dry air in the calculation was interpolated using
the growth coefficient relative to the reduced electric field [12].

Figure 7a shows the simulated Electrical breakdown indicator. In the breakdown
indicator, O represents no breakdown and there’s no discharge will occur, 1 represents
Townsend discharge (current limiting), and 2 represents the streamer with infinite
current flow. Due to the different distribution of air gap positions, their breakdown
situations vary. In the four gaps of ABCD, there is no breakdown and discharge in
gap D which is far from the side surface. While Townsend discharge will occur in
gaps B and C which near the center of the side surface, with a low possibility of
producing streamers at the center of the gap. There is already a great possibility of
large-scale streamer discharge occurring in gap A which is closest to the cabinet.

Figure 7b shows the calculation results of the integral Townsend growth coeffi-
cient, which forms a streamer when its value is higher than 18.3. The integral growth
coefficient in gap BCD is basically lower than the streamer’s threshold, where the
value in D is much smaller than that in BC. This result indicates that there is a greater
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Fig. 7 a Breakdown indicator. b Integral Townsend growth coefficient

likelihood of more severe discharge when the air gap appears on the side surface of
the bushing or near the side of cabinet.

4 Conclusions

1. The insulation structure of the bushing is damaged when there are air gaps inside
it, and the internal electric field distortion and abnormal temperature rise can lead
to the deterioration and denaturation of the epoxy resin.

2. There is a greater likelihood of more severe discharge occurring when the air gap
appears on the side surface of the bushing or near the cabinet side.

3. Partial discharge live detection should be carried out during the operation and
maintenance of the cabinet bushing to detect the discharge in the air gaps as early
as possible and prevent further faults from occurring.
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