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Abstract

The high-voltage system of high-speed trains is now in the form of combined electrical
apparatus, which has a high probability of insulation breakdown due to frequent over-
voltage during operation. To solve this issue, an electric field simulation model of the
high-voltage combined electrical system was established, the electric field distribution of
the high-voltage box electrode under overvoltage operating conditions was analyzed, and
the air breakdown characteristics under field action were studied. The study shows that
under overvoltage conditions, the electric field intensity near the small electrodes of the
combined electrical unit is higher than the air breakdown field intensity, and the statistical
time delay is approximately 5.94 µs when 150 kV voltage is applied. When the size of the
connected electrode is doubled and 150 kV voltage is applied, the statistical delay is about
7.20 µs and the probability of discharge is reduced. Further installation of an insulating
partition between the circuit breaker and the ground switch completely solved the problem
of low electrical gap insulation capacity. Combined with impulse withstand tests, the
effectiveness of the electrode size design was verified, and the research results provided
theoretical support for the miniaturization and high-reliability design of vehicle-mounted
high-voltage electrical appliances.

Keywords: EMU; electric field; overvoltage; breakdown characteristics; combined electrical
apparatus; high-voltage box

1. Introduction
High-voltage combined electrical apparatus is widely used in high-speed trains, avoid-

ing the influence of the external environment on insulation. In the design and production
of high-voltage combined electrical apparatus, the high-voltage components still take into
account the distributed structure, with small electrode sizes. During the operation of high-
speed trains, several kinds of overvoltage are frequently generated, including high-order
harmonic overvoltage, operation overvoltage, pantograph–catenary offline overvoltage, and
low-frequency oscillation overvoltage in the neutral zone [1]. Under the overvoltage effect,
the high-voltage combined electrical apparatus of high-speed trains frequently experiences in-
sulation breakdown faults, affecting the safe and stable operation of electrified railways [2–4].

As shown in Figure 1, accidents may occur during the operation of high-voltage
switchgear. Extensive and in-depth research has been carried out around the word on
insulation breakdown and insulation failure of high-voltage composite electrical appliances,
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covering electric field analysis, discharge, electrical theory, test technology, particle defects,
etc. [5]. In terms of field analysis, Peng Zongren of Xi’an Jiaotong University and others
calculated the electric field distribution of the traction transformer bushing by using the
finite element method in combination with the design scheme and installation environment
and analyzed the electric field distribution law and the impact of various defects on the
electric field distribution during manufacturing and operation [6].

 

Figure 1. Insulation breakdown fault in on-train AIS.

Wu Guangning of Southwest Jiaotong University analyzed the breakdown characteris-
tics and partial discharge characteristics of an oil–paper interface under different hydraulic
pressures and explored the mechanism of reducing the partial discharge damage of oil-
impregnated paperboard by hydraulic pressure using the characteristic parameters of
partial discharge and experimental phenomena. For the study of gap discharge character-
istics, Liu Xiaopeng et al. studied the evolution process of 30–50 cm air gap breakdown,
analyzed the gas movement and electrical thermal characteristics of the discharge channel
after air gap breakdown, obtained the ratio range of the development path of the discharge
channel to the vertical distance of the gap, and revealed the positive correlation between
the recovery time of the arc channel and the energy injected into the discharge channel [7,8].
Lu Fangcheng et al. carried out research on the discharge of ball–plate electrode and needle–
ball electrode gaps with burrs at different distances under positive operating impulse
voltage, analyzed the spatial electric field distribution and streamer initiation and ioniza-
tion during the discharge initiation and gap breakdown, explored the electric field change
law at the time of corona initiation and gap breakdown, revealed the relationship between
the instantaneous power and spatial electric field jump of an electrode gap streamer and
the gap voltage and surface defects, and concluded that the burr defect will shorten the
discharge initiation delay and reduce the discharge voltage of the electrode gap [9–11].
Shen Jingyu [12] and others carried out a study on the impact of lightning impulse voltage
polarity on the breakdown characteristics of a series double gap for a ball–plate electrode
gap. Through experimental testing and electric field simulation, they revealed the break-
down mechanism of the series double gap under the action of different polarities and the
impact of related characteristics. Huang Yubin et al. [13] studied the pilot discharge of
a positive long air gap, analyzed the process of the pilot channel radius expansion, and
obtained the relationship between the reduced electric field and the gas temperature in
the pilot channel. Cheng Chen et al. [14] carried out a quantitative schlieren observation
experiment of positive pilot discharge in a rod–plate gap, analyzed the temporal evolution
law of the axis temperature of the unstable pilot channel, and revealed the mechanism of
the influence of the temperature distribution of the unstable pilot channel on the initiation
of the leader. Hu Jinyang et al. [5] built a streamer discharge initiation model combining the
air pressure, electrode curvature, and voltage rise rate, which can calculate the initial field
strength and time delay and obtain the time delay distribution characteristics under low
air pressure through experiments. Ma Xudong et al. tested the discharge characteristics
of interphase and phase-to-ground gaps by the lifting method and obtained the fitting
formula of the switching impulse discharge voltage U50 and its distance to the gap. The
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gap type affects the growth rate of the discharge curve. Increasing the radius of curvature
of the grading ball can improve the tolerance. The difference in electrode positions leads
to different discharge characteristics, which provides a basis for the insulation design of
the valve hall [15]. The above research has guided the design, manufacturing, operation,
and maintenance methods of gas-insulated metal-enclosed equipment. The electrified
railway system has frequent overvoltage, large electrode size differences, and poor elec-
trical system matching. The above research conclusions have limitations when used for
the insulation fault analysis and system optimization of high-speed EMUs. The existing
theoretical framework for investigating the causes of accidents in high-voltage combined
electrical apparatus on railways remains insufficient. Clarifying the causes of discharges in
high-voltage combined electrical apparatus necessitates urgent research into the electric
field strengths associated with partial discharges and even breakdowns. This paper focuses
on simulating key discharge zones during accidents. Experimental verification confirms
that altering the electrode dimensions can prolong the statistical delay, thereby suppressing
the progression of the discharge process.

In this paper, the insulation failure of a high-speed EMU high-voltage system under
frequent overvoltage conditions is studied, and an electric field simulation model of the
high-voltage combined electrical apparatus system is established. The electric field distribu-
tion of the high-voltage box electrode under switching overvoltage conditions is analyzed,
and the air breakdown characteristics under field action are studied. The electrode design
conditions of high-speed EMUs are obtained, which provides theoretical support for the
miniaturization and high-reliability design of vehicle-mounted high-voltage apparatus.

2. Internal Discharge Model of the Combined Electrical Apparatus
2.1. Analysis of the Development Process of Medium and Long Gap Discharges

High-speed EMUs take power from the pantograph and transmit it to the transformer
through high-voltage combined electrical apparatus, which includes circuit breakers, dis-
connectors, grounding switches, lightning arresters, voltage transformers, etc. High-speed
EMUs adopt a high-voltage electrical combination structure, integrating the high-voltage
equipment in the high-voltage box (hereinafter referred to as the “high-voltage box”), as
shown in Figure 2. The minimum size of the electrodes in the high-voltage box is a rounded
radius of 2 mm, and the electrodes are 15 cm away from the grounding housing. Under
the condition of frequent overvoltage in the system, the electrodes will discharge. The
discharge delay and statistical delay analysis are highly dispersed, and there are both
Thomson discharge and flow column discharge phenomena, which are typical medium
and long gap discharges [16–18].
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When overvoltage occurs in the system, the electric field on the electrode surface
increases, and field-induced emissions occur at the small electrode terminals, providing
initial electrons for subsequent discharges. So, the high-voltage electrode discharge process
of the medium and long gap on the AIS can be divided into three stages [19]. When the
applied voltage rises to a certain value, the field strength on the surface of the small-size
electrode reaches the value of electron escape or gas ionization. The electron ejection field
strength can be expressed as follows:

Ees =
V
βr

(1)

In the formula, Ees is the electron escape intensity, kV/cm; V is the applied voltage,
kV; r is the radius of curvature of the electrode, cm; and β is the field enhancement factor.

When the electron escape field strength is lower than the gas breakdown field strength
compared to the air breakdown field strength, the electron collides with the ground elec-
trode to induce secondary ionization and trigger discharge.

γ(eαd − 1) ≥ 1 (2)

In the formula, γ is the secondary ionization coefficient, indicating the number of
secondary electrons released when a single positive ion strikes the cathode; d is the electrode
spacing, cm; and α is the ionization coefficient, cm−1, which characterizes the number of
electron collision ionizations per unit length and is related to the electric field intensity E
and pressure p, usually satisfying the Townsend equation [20]:

α = Ape−Bp/E (3)

In the formula, A and B are gas characteristic constants.
When the breakdown field strength of the air is lower than the escape field strength

of the electrons, the air on the electrode surface ionizes and generates electron collapse,
causing the flow column to develop into a through channel.

When the applied voltage is further increased, there is a statistical delay, which is key
to the formation of the discharge. For medium and long gaps, the discharge delay can be
expressed as follows:

td = k
l
v

(4)

In the formula, k is the time coefficient; l is the shortest distance between the electrode
and the ground, cm; and v is the rate of electron collapse, m/s.

Discharge occurs when the duration of overvoltage is longer than the sum of the
formation time of the breakdown field strength or the electron escape field strength and
the discharge delay.

2.2. Discharge Control Equations for High-Voltage Combined Electrical Systems

To obtain the breakdown time of high-voltage combined electrical apparatus under
overvoltage conditions, a model was established to analyze the electric field distribution
characteristics of the high-voltage box under lightning impulse conditions. Since the entire
discharge process has good axial symmetry, this paper establishes a two-dimensional
axial symmetry model to reduce computational complexity and analyze the discharge
development process.
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The modeling of the discharge process of high-voltage combined electrical apparatus
requires the combination of gas dynamics and plasma physics, mainly including the
following equations:

∂ni
∂t

+∇ · (nivi) = Si (5)

In the equation, ni is the particle density, g/cm3; vi is velocity, m/s; and Si is the
number of particles produced or removed by the collision reaction.

The equation of conservation of momentum for the motion of charged particles under
the action of electric field force and collisions is given as follows:

mini(
∂vi
∂t

+ vi · ∇vi) = qiniE −∇pi + ∑
j

minivij(vj − vi) (6)

where mi is the mass of the particle, g; qi is the charge, C; E is the electric field intensity,
kV/cm; pi is pressure, Pa; and vij is the frequency of collisions.

The energy variation in the charged particles is characterized using the energy conser-
vation equation, including joule heating and collision loss:

∂

∂t
(

3
2

nikBTi) +∇ · (5
2

nikBTivi) = qiniviE − ∑
j

εijvijni (7)

In the formula, kB is the Boltzmann constant; Ti is the temperature of the particle, K;
and εij represents collision energy loss, J.

The spatial electric field distribution is determined by the charge density:

∇ · E =
ρ

ε0
(8)

In the formula, ρ is the total charge density, C/m3, and ε0 is the vacuum dielectric
constant.

The equation for the average electric field intensity in the domain is found:

Eav =

n
∑
i

Ei · xav

n
∑
i

xi

(9)

In the formula, Eav is the average electric field intensity, kV/cm; n is the number of
calculation points taken; xav is the unit length, cm; Ei is the electric field intensity at the i-th
point, kV/cm; and xi is the distance from the i-th point to the ground switch, in cm.

The equation for calculating the coefficient of electric field non-uniformity is
given below:

f =
Emax

Eav
(10)

In the formula, f is the electric field non-uniformity coefficient; Emax is the maximum
field strength in this area, kV/cm; and Eav is the average field strength in the area, kV/cm.

Combining Formulas (1) and (2), it can be shown that for galvanized electrodes, the
electron escape field strength is lower than the air breakdown field strength. Electrons move
between the two electrodes, causing secondary emission, resulting in electron collapse and
gap breakdown, which still requires a certain statistical time delay.
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3. Electric Field Characteristics of AIS Under Lightning Voltage Conditions
3.1. Electric Field Distribution Characteristics of AIS Under Overvoltage Conditions

The internal electric field structure of high-voltage combined electrical apparatus
is complex. This paper focuses on studying the affected areas during accidents, simu-
lating and analyzing the electric field and discharge conditions. A three-dimensional
finite element model of the high-voltage combined electrical apparatus was constructed,
encompassing but not limited to the input/output terminals, circuit breakers, voltage
transformers, high-voltage disconnect switches, and surge arresters. During simulation
modeling, it was discovered that the internal conditions of the switchgear are highly com-
plex, with numerous areas not under direct observation. Consequently, the simulation
model was simplified to a certain extent:

(1) For the geometric model of high-voltage enclosures, minor details such as small
protrusions or grooves typically do not significantly affect the overall electric field
distribution. This includes structures like bolts, through-holes, and flanges. Therefore,
these minor geometric features can be simplified or omitted, focusing instead on
larger structural elements.

(2) Circular chamfers in support insulators and vacuum circuit breaker insulator skirt
sections may be simplified.

(3) Boundary conditions may be appropriately simplified in certain cases. For instance, if
regions of the high-voltage enclosure far from boundaries contribute minimally to the
electric field, far-field boundary conditions can be set to fixed potential or free space.

(4) Environmental factors like temperature and humidity typically exert a minor influence
on the electric field distribution. Under standard environmental conditions, these
factors are not considered in detail within the simulation model.

In simulation calculations, the relative permittivity of each material component must
be set. The material parameters are shown in Table 1. The grid partitioning uses the
“Conventional” partitioning method.

Table 1. Material list of equipment inside high-voltage combined electrical apparatus.

Serial Numbers Material Name Usage Location Note

1 Silicone rubber Insulator Circuit breaker
2 Aluminum Grounding arm
3 GPO-3 Insulation board
4 Aluminum Fastening screw

The cloud map of the electric field distribution inside the high-voltage electrical box
under power frequency voltage was calculated based on the finite element model. As
shown in Figure 3, the areas with the most concentrated electric field distribution inside
the box are the edge and corner of the high-voltage fittings and busbar, the connection
between the high-voltage fittings and the insulator umbrella skirt, the connection between
the high-voltage fittings and the insulating housing of the circuit breaker, and the metal
screw section, where the maximum electric field strength is 17.82 kV/cm, located at the
connection between the high-voltage fittings of the main circuit breaker and the insulator
umbrella skirt.

As shown in Figure 4, the area with the maximum field strength of the circuit breaker
was modeled, the gap field strength from the main circuit breaker to the ground switch
was simulated, and the distribution of the gap field strength directly below the main circuit
breaker was obtained, as shown in Figure 5.
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Figure 3. Overall field strength of AIS.

 
Figure 4. Electric field strength of breakers.

 

Figure 5. Gap in AIS.

A domain probe was set in the gap below the main circuit breaker, resulting in a maxi-
mum field strength Emax of 18.8 kV/cm and an average field strength Eav of 1.63 kV/cm.
The electric field non-uniformity coefficient was calculated as 11.53 by Formula (10).

When the rod–plate electrode gap length is 23 cm and the electric field non-uniformity
coefficient is 11.53, the gap breakdown voltage is the product of the average breakdown
field strength and the gap length, resulting in a theoretical breakdown voltage of 59.84 kV.
That is, when the applied voltage reaches approximately 59.84 kV, effective electrons are
generated as the electric field strength exceeds the actual breakdown threshold, and gap
breakdown will be triggered when the statistical delay is long enough.

3.2. Electric Field Increase Process Under Overvoltage Conditions

During normal operation of the locomotive, the high-voltage box is subjected to
27.5 kV power frequency voltage. Under the influence of resonant overvoltage, it will be
subjected to a voltage of approximately 65 kV. It will withstand lightning overvoltage of
150 to 180 kV when it is struck by lightning.
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When the electrode is subjected to a voltage that is too high, the air near the electrode
breaks down and forms plasma. At this point, the electrical size of the electrode increases,
making it more likely to break down and cause a fault when subjected to overvoltage shock.

The breakdown of the air gap between the circuit breaker and the ground switch
during normal operation is shown in Figure 6. When the gap is not broken down, the
breakdown indicator is 0. When Townsend discharge occurs in the gap, the breakdown
indicator is 1. When a flow discharge occurs in the gap, the breakdown indicator is 2. At
power frequency voltage, the gap field strength is lower, the breakdown indicator is 0, the
electrode electrical dimensions do not change, and there is no discharge in the gap. The
distribution of the gap field strength under the influence of resonant overvoltage is shown
in Figure 7.

 

Figure 6. Electric field of the gap.

 

Figure 7. Gap breakdown at power frequency.

At this point, the maximum field strength has reached the air breakdown field strength,
and the maximum voltage has exceeded the theoretical breakdown voltage by 59.84 kV,
as shown in Figure 8. As can be seen from Figure 9, although the gap field strength has
exceeded the theoretical breakdown field strength of the gap, no discharge has occurred in
the gap. The reason for this is that the resonant overvoltage lasts for a short time, and there
is not enough statistical delay to form a discharge channel after the effective electrons are
generated in the gap. The initial electrons form electron collapse under the acceleration of
the electric field, but the electric field is insufficient to maintain the conversion of the current
injection to the lead discharge after voltage decay, and the discharge channel freezes.
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Figure 8. Electric field intensity.

 

Figure 9. Gap breakdown under resonant overvoltage.

The gap breakdown when subjected to a lightning impulse overvoltage with a peak
of 150 kV is shown in Figure 10. At this point, the electrode surface breakdown indicator
values are distributed from 0.4 to 1.2, and the electrode surface discharges. By increas-
ing the electrode size and setting the domain probe in the gap below the main circuit
breaker, a maximum field strength Emax of 17.3 kV/cm and an average field strength Eav of
1.84 kV/cm were obtained.

 

Figure 10. Trajectory of charged particles.

The electric field non-uniformity coefficient is 9.4, as calculated by Formula (10), at
which point the theoretical breakdown voltage increases to 73.6 kV.

As shown in Figure 11. Simulation analysis was conducted on the breakdown condi-
tions of the air gap between the circuit breaker and the grounding arm, encompassing both
electric field strength and discharge delay aspects. The simulation results will provide a
theoretical foundation for subsequent experimental work.
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Figure 11. Gap breakdown under lightning impulse voltage.

4. Insulation Characteristic of AIS Under AC and Lightning Impulse Voltage
4.1. Analysis of Discharge Initiation Under AC Withstand Voltage

Considering that the traction power supply system is powered by a power frequency
of 50 Hz and there is a high harmonic influence in the system, AC voltage is applied to the
AIS; when the voltage increases to 67 kV, the high-voltage electrode has a partial discharge,
the AIS electrode discharge position is observed by the voiceprint method, as shown in
the figure, and the discharge position of the middle tap electrode of the circuit breaker is
consistent with the electric field analysis.

4.2. Test Wiring and Test Procedure

The main instruments and equipment used in this test are shown in Table 2.

Table 2. Test instruments and equipment.

Serial Numbers Device Name Model Quantity

1 High-voltage equipment box
(AIS of EMUs, Beijing, China) SFE32TP03-461-30000 1

2

Impulse voltage generator
(Wuhan Huagao Equipment
New Technology Co., Ltd.,

Wuhan, China; Beijing CRRC S
Railway Technology Co., Ltd.,

Beijing, China)

CDY-L400 kV/30 kJ 1

The wiring for the lightning impulse test is shown in Figure 12.

 

Figure 12. AIS partial discharge of EMU under AC withstand voltage.

Test environment parameters are shown in Table 3.
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Table 3. Test environment parameters.

Temperature Atmospheric
Pressure

Discharge
Gap

Atmospheric Calibration
Positive Factor

Experiment
Voltage Value

17.5 ◦C 1011 hPa 230 mm 0.992 149 kV

The disconnector inside the high-voltage equipment box is closed, the break of the
circuit breaker is short-circuited, and the lightning arrester is replaced with a bushing of
the same model after the valve plate is removed. The T-head of the outgoing high-voltage
cable is protected with a plug, the shielding layer of the high-voltage cable is grounded at
one end, the high-voltage box is grounded, and an impulse voltage is applied through the
terminal of the high-voltage cable.

4.3. Analysis of Test Results

The time corresponding to the theoretical breakdown voltage of the air gap is defined
as Tb, and the discharge time is denoted as Tc. Consequently, the statistical time delay td is
given by the following:

td = Tc − Tb (11)

Lightning impulse voltage tests were conducted on the test equipment. Thirteen tests
were conducted, out of which five showed discharge, with a discharge probability of 38.5%.
The discharge waveforms are shown in Figure 13.

V

A

Regulator

Transformer

Rectifier

Resistance

Ball gap

Inductance

Impact 
capacity

Voltage 
divi der Oscillograph

Current 
detector

AIS of EMUs

Grounding

Test 
sample

Figure 13. Lightning impulse test circuit.

As shown in Table 4. Combining the data from five groups of tests, the statistical delay
td is roughly distributed between 5 and 7 µs, with an average statistical delay of 5.94 µs.
The discharge waveforms are shown in Figure 14.

Table 4. Discharge statistical delay.

Serial Numbers Theoretical Breakdown
Moment/µs

Discharge
Time/µs

Statistical
Delay/µs

1 0.712 6.13 5.418
2 0.416 5.87 5.454
3 0.396 6.78 6.384
4 0.784 8.22 7.436
5 0.910 5.95 5.040
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(a) Discharge time versus statistical delay 

(0.71 to 6.13 µs) 
(b) Discharge time and statistical delay  

(0.42 to 5.87 µs) 

  
(c) Discharge time and statistical delay  

(0.38 to 6.78 µs) 
(d) Discharge time and statistical delay  

(0.78–8.22 µs) 

 
(e) Discharge time and statistical delay (0.91–1.00 µs) 

Figure 14. Discharge waveforms of lightning impulse tests.

As shown in Table 5. The statistical delay td is distributed between 6 and 8 µs, with an
average statistical delay of 7.20 µs. In the high-voltage equipment box, the disconnector
is closed, the circuit breaker is short-circuited, and the lightning arrester is replaced with
a bushing of the same type after the valve plate is removed. The T-head of the outgoing
high-voltage cable is protected with a plug, the shielding layer of the high-voltage cable
is grounded at one end, and the high-voltage box is grounded. After the top enclosure
is fully covered, an impulse voltage is applied through the terminal of the high-voltage
cable. This impulse voltage is applied by installing insulating plates at the bottom and top
of the discharge point. The test results are shown in Table 6. In Table 6, O indicates that no
discharge occurred between the electrodes.

The electrode size was increased, the test was repeated, and fifteen lightning impulse
tests were conducted on the test equipment, out of which four showed discharge, with a
discharge probability of 26.7%. The discharge waveforms are shown in Figure 15.
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(a) Discharge time versus statistical delay 

(0.52–6.90 µs) 
(b) Discharge time and statistical delay  

(0.51 to 7.93 µs) 

  
(c) Discharge time and statistical delay  

(0.62 to 8.27 µs) 
(d) Discharge time and statistical delay  

(0.65–8.03 µs) 

Figure 15. Increased electrode lightning impulse test discharge waveforms.

Table 5. Statistical delay of discharge.

Serial Number Theoretical Breakdown
Time/µs

Discharge
Time/µs

Statistical Time
Delay/µs

1 0.521 6.90 6.379
2 0.509 7.93 7.421
3 0.623 8.27 7.647
4 0.651 8.03 7.379

Table 6. Clearance breakdown after installing the insulating board.

Discharge Situation

Number of
tests

1 2 3 4 5

O O O O O

6 7 8 9 10

O O O O O

11 12 13 14 15

O O O O O

From the above data, it can be seen that as the coefficient of electric field non-uniformity
decreases, the statistical delay increases. When the electrode curvature radius is small, the
electric field is highly concentrated, the electron collapse rate is fast, the statistical delay
is small, the discharge channel is formed rapidly, and even if the overvoltage duration
is short, the discharge may be completed in a short time, and the probability of air gap
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breakdown is high. When the electrode size is increased to 2.5 cm, the electric field becomes
more uniform compared to before, the electron collapse rate slows down, the statistical
delay extends to 7 µs, the discharge takes longer to trigger, and if the overvoltage duration
is insufficient, the discharge may not be completed, at which point the air gap does not
break down and the discharge probability decreases. At the same time, the circuit breaker
in the high-voltage equipment box is installed with an insulating partition relative to the
ground switch to effectively solve the problem of low electrical gap insulation capacity, and
the test structure meets the technical requirements.

Research indicates that increasing electrode dimensions can effectively prolong the
statistical delay and suppress discharge under overvoltage conditions. This study provides
theoretical guidance for electrode optimization in EMU systems.

5. Conclusions
This paper studies the initial process and breakdown characteristics of multiple dis-

placements in the high-voltage combined electrical system of an EMU under lightning
voltage conditions and obtains the spatio-temporal distribution characteristics of over-
voltage in the high-voltage combined electrical system. Combined with the study, the
conclusions are as follows:

(1) The local electric field intensity of the small-sized electrodes under overvoltage con-
ditions is significantly higher than that of the air breakdown field, resulting in a
shortened statistical time delay and a significantly increased discharge probability.
Increasing the radius of curvature of the electrode can effectively reduce the coefficient
of electric field non-uniformity, bringing the maximum field strength close to the air
breakdown threshold and reducing the probability of discharge. By optimizing the
electrode geometry, the local electric field intensity can be reduced and the statistical
delay can be prolonged, thereby enhancing the insulation reliability of high-voltage
combined electrical apparatus.

(2) For the electrode gap inside the high-voltage box, the coefficient of electric field non-
uniformity in the weak insulation area of the high-voltage box is obtained as 11.53,
and the calculated theoretical gap breakdown voltage is 59.84 kV. When subjected to
lightning impulse voltage, too short a discharge delay causes discharge, which affects
the insulation inside the high-voltage box. This result provides a quantitative basis
for the insulation design of high-voltage equipment.

(3) The impulse test shows that when the electric field non-uniformity coefficient de-
creases from 11.53 to 9.40, the average statistical delay extends from 5.94 µs to 7.20
µs, and the discharge probability decreases, verifying the significant effect of the
electric field concentration on discharge triggering. At the same time, the installation
of insulating separators can better cooperate with the measure of increasing the elec-
trode size. The insulation design criteria proposed in the study provide theoretical
support for the miniaturization and high-reliability design of the high-voltage system
of EMUs.
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