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Abstract: The frequent occurrence of the pantograph–catenary (PC) arc seriously threatens the safe
and stable operation of electric multiple units (EMUs). In order to investigate the primary factors
affecting the electrical characteristics of the PC arc, this paper first reveals the mechanism of arc
generation when EMUs leave the split-zone insulator according to the actual mechanical structure of
the PC articulated split-zone insulator. Then, based on the Habedank black box arc model, considering
the dynamic changes in arc length during the actual operation of EMUs, a numerical simulation
model suitable for describing the PC articulated split-zone insulator arc is established. Furthermore,
by comparing with existing research results, the effectiveness of the proposed model is verified. Next,
a series of simulation experiments were conducted to analyze the influence of different operating
parameters of the EMUs on the electrical characteristics of the PC arc. More importantly, the paper
proposes using the entropy weight method to calculate the impact strength of different operating
parameters of the EMUs on the arc duration time of the contact wire split-zone region. The research
results of this paper can provide some technical references for reducing the erosion of the PC contact
wire and slide caused by arcs when the EMUs pass through the split-zone insulator.

Keywords: high-speed railway; articulated split-zone insulator; pantograph–catenary arcing; arc
modeling

1. Introduction

Installing split-zone insulator devices in electrified railways can divide the overhead
contact wire into different independent power supply units, ensuring the reliability and
stability of power supply to the EMUs (Electric Multiple Units) [1]. However, in actual
operation, when trains pass the split-zone insulator, due to the special structure of the
articulated split-zone insulator, a certain voltage difference can form between the slide and
the other contact wire of a non-working branch. This can lead to the potential breakdown
of the pantograph–catenary (PC) contact gap, resulting in the formation of PC arcing [2–4].
The frequent occurrence of a split-zone insulator arc directly affects the current collection
quality and current collection stability of EMUs. In severe cases, it may burn out the contact
wire, causing line interruption [5–7]. Therefore, it is very important to study the influencing
factors of arcing during EMUs that pass the articulated split-zone insulator.

In recent decades, scholars, both domestically and internationally, have conducted
a lot of research work on the phenomenon of PC arcing and have achieved many valuable
results. In terms of modeling PC arcing, most researchers have primarily focused on
the two aspects of numerical arc models and physical arc models. Regarding numerical
models of the PC arc, much of the research is based on the principle of energy conservation,
considering the dynamic characteristics of the PC arc and extending the Cassie–Mayr series
arc mode [8]. The PC arc model has been developed by considering train speed [2] and
offline spacing [9,10]. Based on this foundation, the electrical characteristics of PC arcing
under different operating conditions for EMUs have been analyzed. Wang et al. [11], based
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on train speed, modified the arc voltage gradient and dissipative power. They improved
the Habedank model and analyzed the influence of model parameters on the dynamic
characteristics of the PC arc. Liu et al. [12,13] conducted a sensitivity analysis on the arc
voltage and arc power in existing arc models, providing the characteristic changes of the
arc voltage waveform and current waveform under different parameters. Yang et al. [14]
introduced arc length into the Habedank black box arc model, establishing a PC arcing
model considering dynamic interactions of the PC, and further verified the effectiveness
of the model through simulation experiments. However, these models are not suitable for
describing the arcing phenomenon in PC articulated split-zone insulators.

In terms of the physical models of PC arcing, scholars have primarily established
the arc magnetohydrodynamic (MHD) model by introducing gas viscosity, airflow fields,
etc. [14]. They have further researched the influences of arc current [15], contact gap [16],
temperature [17], and material properties of the pantograph on the temperature field of
PC arcing. Yang et al. [14], considering MHD theory, established a physical model of the
arc and analyzed the temperature distribution of the arc column, arc root morphology,
and the relationship between arc voltage changes. Xu et al. [18], when establishing the
MHD model of the arc, took into account the influence of air pressure and analyzed
various physical characteristics under lower air pressure environments. Wu et al. [14]
through the establishment of a multi-physics simulation model, studied the effects of
crosswinds and input currents on the electrical characteristics of the arc, discovering
a periodic decrease in arc voltage and arc temperature. However, the above studies mainly
rely on two-dimensional arc MHD simulation models for calculations and do not fully
consider the influence of actual operating parameters of EMUs on PC arcing.

In terms of the influencing factors of PC arcing, scholars have conducted a series of
simulation experiments using self-made PC arcing devices to study the effects of contact
gap [14], crosswinds [14], train speed [19–22], ice coating, and other factors [23–26] on
PC arcing. Gao et al. [16] investigated the dynamic variations of arc waveforms during
pantograph raising and lowering processes through experiments, analyzing the influence of
electrical factors in the PC system on stable arcing. Liu et al. [27,28] implemented dynamic
separation of the PC during dynamic offline processes by incorporating electromagnetic
devices at the pantograph, studying the dynamic variations of arc waveforms during PC
system dynamic separation. They established a model for the variation of arc peak voltage
based on experimental data. However, these studies have not fully considered the special
mechanical structure of articulated split-zone insulators, and they have not analyzed the
influencing factors of PC arcing.

In summary, research on modeling PC arcing for electric locomotives under typical
operating conditions is relatively well developed. However, studies on PC arcing when
trains pass special split-zone insulator structures mostly focus on EMUs passing the
split-phase insulator, with fewer studies on arcing occurrences when trains pass through
split-zone insulators. Furthermore, there is currently a lack of literature on the sensitive
factors affecting split-zone insulator arcs. As an extension of the previous works, the main
innovations of this paper consist of two parts. On the one hand, a numerical simulation
model for arcing is established by considering the dynamic characteristics of the PC system,
and the effectiveness of this model is validated through the utilization of the waveform
similarity method. On the other hand, based on the analysis of the influence of different
operating parameters on the electrical characteristics of the arc, the entropy weight method
is proposed to calculate the impact strength of different factors on the arc duration time.
The research findings of this paper can provide technical references to ensure the PC’s
current-carrying performance and reduce the arc erosion of the PC system.

2. Arcing Mechanism of the Articulated Split-Zone Insulator

This paper takes the actual structure of a five-span articulated split-zone insulator of
a high-speed railway in China as an example. The arcing mechanism is analyzed when
EMUs leave the split-zone insulator. The schematic diagram of arcing is shown in Figure 1.
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Figure 1. Schematic diagram of arcing when EMUs leave the articulated insulator. (a) Schematic
diagram of EMUs passing the articulated insulator; (b) Schematic diagram of the dynamic process.

As shown in Figure 1, the split-zone region contact wire consists of zone I and zone
II. Considering that the two zone contact wires of the articulated split-zone insulator are
powered by the same traction substation, the initial voltage is the same. According to
the running direction of EMUs shown in Figure 1a, the process where the pantograph
current collection from zone I to zone II of contact wire is termed as leaving the articulated
split-zone insulator. At this time, there is a certain gap between the PC contact point and
the contact wire of zone I, which will generate a certain voltage difference ∆U as shown in
Figure 1b. When the voltage difference reaches a certain value, a breakdown may occur
between the slide and the contact wire of zone I. This results in the occurrence of arcing,
known as the PC arc.

According to the empirical Formula (1) derived from breakdown voltage experiments [29],
the smaller the distance between the slide and the contact wire of zone I, the lower the
breakdown voltage ∆U required for the train to pass through the split-zone insulator. This
makes it easier for split-zone region arcing to occur.

∆U = 25.4d + 6.64
√

d (1)

3. Modeling of Articulated Split-Zone Insulator Arcing
3.1. Black-Box Arc Model

This study utilizes the Habedank black-box arc model to simulate PC arcing generated
during the process of high-speed trains through the articulated insulator. The Habedank
black box arc model combines the Cassie model and the Mayr model in series. Consequently,
it overcomes the disadvantages of the Cassie arc model, which is only suitable for describing
arcs with high currents, and the Mayr arc model, which is only suitable for describing arcs
with small currents during the current zero-crossing (CZC) stage [11,30,31]. Therefore, the
Habedank black box arc model is more suitable for describing the PC arc. Its mathematical
expression is shown in (2). 

dgc
dt =

1
τc
(

ei
E2

0
− gc)

dgm
dt =

1
τm

(
i2

P0
− gm)

1
g = 1

gc
+

1
gm

(2)

where e is the arc voltage per unit length of the arc column, τ is the arc time constant, i is
the arc current, E0 is the arc voltage gradient, P0 is the arc dissipation power, and g is the
arc conductivity.

3.2. Extension of Parameters for the Black Box Arc Model

Considering the influence of the dynamic characteristics [32] of the PC system on arc
generation during the actual operation of EMUs, this paper extends the parameters E0 and
P0 in (2) to be functions of the arc length Larc.
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In terms of the arc voltage gradient E0, based on the research results from reference [33],
it is found that the arc voltage gradient is approximately proportional to the arc length.
Therefore, the arc voltage gradient can be extended as shown in (3).

E0 = k1Larc (3)

where k1 represents the proportionality coefficient.
In terms of the arc dissipation power P0, previous researchers have summarized

experimental data on different types of arcs and concluded that the arc dissipation power is
approximately proportional to the arc conductivity and arc length, exhibiting an exponential
function relationship [11]. Its expression can be written as shown in (4).

P0 = k2gαLβ
arc (4)

where k2 represents the arc dissipation power dielectric coefficient, and α and β are constants.
To simplify calculations, this paper neglects changes in the arc shape when the EMUs

leave the split-zone region. It assumes that the distance between the PC contact point and
the contact wire of zone I is the arc length Larc. In addition, the parameter V represents the
train’s operating speed, t denotes the duration of the arc after its occurrence, and θ signifies
the angle between the contact wire of zone I and the horizontal plane.

Then, according to the arcing mechanism of the split-zone insulator, the dynamic
variation process of the arc length Larc when the EMUs leave the split-zone region can be
described as shown in (5).

L = Vt tan θ (5)

Based on the above discussion, the arc model developed in this paper for EMUs departing
from articulated insulators is shown in (6). In addition, the simulation experiments were
conducted using the MATLAB_2023a experimental platform. The software has powerful
matrix and data processing capabilities, ensuring high accuracy in arc model calculations.

dgc

dt
=

1
τc
(

ei

k2
1(Vt tan θ)2 − gc)

dgm

dt
=

1
τm

(
i2

k2gα(Vt tan θ)β
− gm)

1
g
=

1
gc

+
1

gm

(6)

3.3. Model Validation

Due to the difficulty in obtaining actual PC arc test data, this paper adopts a method
of waveform and electrical characteristic similarity for validation. This method involves
comparing the simulated arc voltage and arc current obtained from simulation calculations
with existing test results. If the waveforms are similar and the electrical characteristics
are comparable, it can be demonstrated that the extension of arc parameters developed
in this paper is reasonable. Thus, the arc numerical simulation model established in this
paper can be used to describe the PC arc phenomenon occurring when the EMUs leave the
articulated split-zone insulator. Additionally, this paper carries out simulation experiments
using the five-span articulated split-zone insulator circuit model and the power supply
network electrical model constructed in reference [1].

In reference [34], simulation experiments were carried out with a pantograph sliding
speed of 8 km/h, and the waveforms of arc voltage and current were measured as shown
in Figure 2a. The dynamic process of the pantograph gradually approaching the contact
wire is consistent with the trend of distance variation when the EMUs leave the articulated
insulator. The simulated waveforms of arc voltage and arc current obtained from simulation
are shown in Figure 2b. It can be seen that the simulated arc waveforms also exhibit typical
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arc characteristics such as unstable arc voltage regions and arc CZC regions. Additionally,
the amplitude of the unstable arc voltage region and the peak value of the arc current
decrease gradually with the continuous burning of the arc within each cycle. Therefore,
the arc model constructed in this paper is effective and can be used to study the electrical
characteristics of articulated split-zone insulator arcs.
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Figure 2. Split-zone insulator arc model validation. (a) The experimental results of arc voltage and
current in reference [34]; (b) The waveform of arc voltage and current simulated in this paper.

4. Experimental Results and Discussion

To investigate the variation rule of the arc during split-zone insulators under different
operating conditions of the EMUs, a large number of simulation experiments have been
carried out under various factors. To clearly demonstrate the influence of different factors on
the waveform of arc voltage and current, only selected data sets are analyzed in this section.

4.1. The Influence of Train Speed on Arcing Electrical Characteristics

To investigate the arcing electrical characteristics when the EMUs leave the split-zone
insulator at different running speeds, simulation experiments were conducted by varying
the velocity parameter V in the arc model. The experimental results are shown in Figure 3.
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Figure 3. The electrical characteristics of arcing at different operating speeds. (a) The arc voltage
waveform at different operating speeds; (b) The arc current waveform at different operating speeds.

It can be seen in Figure 3 that the voltage waveform during EMU departure from the
split-zone insulator shows a general upward trend. Additionally, within one arcing cycle,
the voltage waveform resembles a saddle shape. Meanwhile, the arcing current exhibits
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a trend of attenuation in oscillation. Furthermore, over time, the duration of the arc near
zero at the zero-crossing point increases, indicating prolonged ‘zero-rest’ time of the PC arc,
a trend accentuated with higher train speeds.

This is primarily because, with increasing speed, under the same split-zone insulator
structure, the distance between the pantograph contact point and the non-working branch
of the PC contact wire increases. Ignoring changes in arc shape, a quicker increase in arc
length occurs with increasing speed. According to (4), an increase in arc length results in
varying the velocity parameter V in the arc model. The experimental results are shown in
Figure 3.

It can be seen in Figure 3 that as the EMUs leave the split-zone insulator, the arcing
voltage waveform exhibits an overall upward trend. Moreover, the voltage waveform
within one cycle of arcing approximates a saddle shape. Meanwhile, the arcing current
shows a trend of oscillation attenuation. Additionally, with the passage of time, the duration
of the arc remaining close to zero at the zero-crossing point increases, indicating an increase
in the “zero-rest” time of the PC arc. This trend becomes more pronounced with increasing
train speed.

The aforementioned is primarily because, with increasing speed, under the same
split-zone insulator structure, the distance between the pantograph contact point and
the non-working branch of the PC contact wire increases. Ignoring changes in arc shape,
a quicker increase in arc length occurs with increasing speed. According to (4), an increase
in arc length results in greater dissipated power, reducing the probability of arc reignition
and thereby accelerating arc extinction. Consequently, as time elapses, the arcing voltage
gradually transitions into the voltage differential between the two contact wires, while the
arcing current steadily decreases toward zero.

In addition, to further describe the numerical variations in arcing voltage and arcing
current as the train leaves the split-zone insulator, this study extracts the forward steady-state
arc voltage and forward arc peak current of the PC arc under different train speeds, as
shown in Figure 4.
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Figure 4. The forward steady-state arc voltage and forward peak arc current values at different train
speeds. (a) The forward steady-state arc voltage at different operating speeds; (b) The forward peak
arc current at different operating speeds.

It can be seen in Figure 4a that at the same train speed, the forward steady-state
arcing voltage increases with time. For example, at a train speed of 9 km/h, the forward
steady-state arcing voltage increases from 1087 V to 8137 V. At a speed of 18 km/h, the
forward steady-state arcing voltage increases from 1536 V to 8273 V. Additionally, at the
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same moment, the forward steady-state arcing voltage increases with the increase in train
speed. For example, at t = 1.32 s, when the train speed increases from 9 km/h to 120 km/h,
the forward steady-state arcing voltage increases from 1087 V to 3324 V. As the PC arc
is an AC arc, the reverse steady-state arcing voltage also exhibits an increasing trend
with speed.

In Figure 4b, the forward arcing peak current decreases with time and shows an overall
downward trend. For example, at a train speed of 9 km/h, the forward arcing peak current
decreases from 382 A to 0.5 A. At the same arcing moment, at t = 1.3 s, the forward arcing
peak currents for the EMUs running at speeds of 9, 18, 40, 80, and 120 km/h are 382,
350, 298, 232, and 181A respectively. It also shows a downward trend. According to the
Formula (5), it is evident that with an increase in the speed grade of the EMUs, the arcing
length increases more rapidly per unit time. This would result in a sharp increase in arc
dissipation power. Additionally, the increase in arc length leads to an enlargement of
the convection area between the arc column and the surrounding air. This accelerates
the cooling rate of the arc, causing the arc diameter to contract and increasing the arc
resistance. Consequently, the arcing voltage gradually increases. However, due to the
unique structure, when EMUs leave the articulated split-zone insulator, the traction current
originates from both the working branch of the split-zone insulator and the arcing current.
At the same arcing moment, as the speed grade increases, the traction current also increases.
Nevertheless, as the electric locomotive continues to move forward, the rate of increase
in arcing dissipated power far surpasses the rate of increase in input power. Therefore, at
a macroscopic level, there is a positive correlation between the working branch current and
speed, while the arcing current exhibits a negative correlation with the train speed.

4.2. The Influence of Voltage Difference on the Arcing Electrical Characteristics

According to the arcing mechanism, the voltage difference between the slide and the
non-working branch of the contact wire is the primary cause of arcing when EMUs leave
the split-zone insulator. Therefore, simulation experiments were conducted to investigate
the arcing characteristics of the split-zone insulator under different voltage differences of
100 V, 500 V, 800 V, 1200 V, and 3000 V. The voltage difference was achieved by adjusting
the impedance parameters of the contact wire on both sides of the split-zone insulator. The
experimental results are shown in Figure 5.
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Figure 5. The electrical characteristics of arcing at different voltage difference. (a) The arc voltage waveform
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Figure 5a shows that the arcing peak voltage increases gradually with the increase in
voltage difference between the two zones of contact wire. For example, when the voltage
difference increases from 100 V to 3000 V, the forward arcing peak voltage increases from
477 V to 3131 V. Additionally, as the voltage difference level increases, both the forward
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arcing peak current and the number of CZC also increase, as shown in Figure 5b. This
results in more frequent arcing re-ignitions, making the arc difficult to extinguish, and
significantly extending the arcing duration. For example, within the first arcing cycle, as the
voltage difference increases, the forward arcing peak current increases from approximately
51 A to 556 A, and the arcing duration increases from 2 ms to 85 ms.

The aforementioned is because the voltage difference is the primary cause of the
formation and maintenance of the PC arc. As the voltage difference between the slide and
the non-working branch of the contact wire gradually increases, the energy input into the
split-zone insulator arc also increases. At the same distance, the air medium becomes more
prone to breakdown, making it easier for the split-zone insulator arc to occur. Moreover,
at this point, both the arc voltage and arc current are higher. Conversely, if the voltage
difference is too small, it becomes difficult to sustain the arc’s dissipation power, resulting
in a shorter duration of arc burning and making it easier for the arc to extinguish.

4.3. The Influence of Current Collection Size on the Arcing Electrical Characteristics

To investigate the impact of the current collection size on the arcing electrical characteristics,
simulation experiments were conducted under different current collection sizes of 100 A,
300 A, 500 A, and 1000 A. The experimental results are shown in Figure 6.
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Figure 6. The electrical characteristics of arcing at different current collection conditions. (a) The arc
voltage waveform at different current collection conditions; (b) The arc current waveform at different
current collection conditions.

Figure 6 shows that under the same current collection conditions, the arc voltage
consists of stable and unstable regions. As time elapses, the peak voltage in the unstable
region of the arc gradually increases, while the peak current of the arc gradually decreases.
For example, when the current collection size is 500 A, the forward arcing peak voltage
increases from 1089 V to 6248 V, while the arcing current peak decreases from 393 A to
0 A. Furthermore, as the current collection size increases from 100 A to 1000 A, both
the forward steady-state arcing voltage, arcing current peak, and arcing duration show
a gradual increase.

The aforementioned is mainly because, with a larger current collection size, there
is a greater redistribution value of current when the EMUs pass through the split-zone
insulator. Additionally, an increase in the current collection size directly results in an increase
in voltage drop on the working branch of the contact wire. This leads to an increase in
voltage difference between the two contact wires. Under the combined effect of both factors,
the input power of the arc increases, making it difficult to extinguish.
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4.4. The Influence of Structural Forms on Arcing Electrical Characteristics

The impact of different structural forms of articulated split-zone insulators on pantograph
arcing electrical characteristics in actual operational lines is quite complex. This paper
primarily focuses on the influence of different mechanical structures of the split-zone region
on the inclination angle of the contact wire and its effect on arcing. Based on the actual
structure of the split-zone region in a railway section in Zhengzhou, it is observed that
the angles (θ) between the non-working branch of contact wire and the horizontal plane
when the EMUs pass through the three-span, four-span, and five-span spilt-zone insulator
are 0.252◦, 0.527◦, and 0.367◦, respectively. Therefore, simulations can be conducted by
adjusting the parameter θ in the arcing model, and the experimental results are shown in
Figure 7.
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Figure 7. The electrical characteristics of arcing at different split-zone insulator structures. (a) The
arc voltage at different split-zone insulator structures; (b) The arc current at different split-zone
insulator structures.

It can be seen from the experimental results in Figure 7 that in the initial stage of arcing,
the voltage and current waveforms do not show significant variation with different spans.
This is mainly because the input power of the arc is primarily determined by the voltage
difference between the slide and the non-working branch of the contact wire and the size
of the current collection by the EMUs. When the operating parameters of the EMUs are
consistent, the input power of the split-zone region arc remains consistent, and there is not
much difference in arc length among different spans in the initial stage of arcing. Therefore,
different structural forms of articulated split-zone insulators have little impact on the initial
voltage and initial current of the arc. However, after the second arcing cycle, it can be seen
that the arc voltage is higher for the four-span compared to the three-span and five-span,
the current decay rate is faster, and the total arcing time is the shortest.

According to Equation (5), as the inclination angle θ increases, the distance between
the pantograph contact point and the non-working branch of the contact wire increases
per unit time, leading to a longer arc length. At this point, under the influence of airflow,
the arc disassociation is stronger, causing the arc voltage to rise to maintain the conductive
channel. Meanwhile, the dissipated power of the arc increases, resulting in a faster decay
rate of current per unit time and a decrease in the total arcing time.

5. Simulation Results and Discussion

To further elucidate the relationship between different operational parameters of the
EMUs and arcing time, a statistical analysis of all simulation data was conducted. Based on
this result, the entropy weight method was proposed for calculating the impact strength of
each operational parameter on arcing time.
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5.1. Determination of Arcing Time

Through the simulation analysis of the electrical characteristics of the split-zone region
arc in Section 3 of the article, it is evident that the arc current value remains constant at 0
before the arc occurs. When the EMUs completely leave the split-zone insulator, the train
is powered by the contact wire of zone II. At this point, the arc extinguishes between the
contact wire of zone I and the slide, and the arc current value drops to 0 again. Therefore,
the arcing time of the split-zone region arc can be determined through the arc current
waveform, as shown in Figure 8.
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Figure 8. Determining the arc ignition time.

Therefore, the arcing time tarc can be calculated using Equation (7).

tarc = t2 − t1 (7)

5.2. Calculation of the Influence Weights of Each Indicator

To determine the impact strength of different operational conditions of the EMUs
on the arcing time in the split-zone region, the entropy weight method is proposed for
calculation. The entropy weight method reflects the uncertainty and disorder within
each indicator based on the information entropy of each indicator. It can determine the
weights of each indicator and comprehensively evaluate the influence of each factor on the
decision-making results. This method, while considering the importance of each indicator
comprehensively, can effectively handle the correlation between indicators, providing
an objective basis for decision-making. The calculation process is illustrated in Figure 9.

Energies 2024, 17, x FOR PEER REVIEW 9 of 15 
 

 

 

Figure 8. Determining the arc ignition time. 

Therefore, the arcing time tarc can be calculated using Equation (7). 

2 1arc
t t t= −  (7) 

5.2. Calculation of the Influence Weights of Each Indicator 

To determine the impact strength of different operational conditions of the EMUs on 

the arcing time in the split-zone region, the entropy weight method is proposed for calcu-

lation. The entropy weight method reflects the uncertainty and disorder within each indi-

cator based on the information entropy of each indicator. It can determine the weights of 

each indicator and comprehensively evaluate the influence of each factor on the decision-

making results. This method, while considering the importance of each indicator compre-

hensively, can effectively handle the correlation between indicators, providing an objec-

tive basis for decision-making. The calculation process is illustrated in Figure 9. 

Obtain sample information 

of tarc, V, ∆U, I,  through 

simulation experiments

  Reverse-standardized of V 

Forward-standardized of 

ΔU, I 

Calculate the probability 

distribution Pij of each 

evaluation indicator

Calculate the impact 

strength Wj of each 

indicator

Standardize the impact 

strength and output the 

results

Calculate entropy Ej for 

each evaluation indicator
 

Figure 9. The flowchart of the entropy weight method. 

To ensure that each indicator has the same scale and magnitude, it is necessary to 

standardize the experimental data since the arcing time is negatively correlated with the 

speed V of the EMUs, and positively correlated with the voltage difference ΔU between 

the two contact wires and the current collection I of the EMUs. Therefore, the indicator V 

needs to be reverse-standardized, while the indicators ΔU and I need to be forward-stand-

ardized. This study adopts the range method to standardize each indicator, and the cal-

culation formula is as follows (8). 

Figure 9. The flowchart of the entropy weight method.

To ensure that each indicator has the same scale and magnitude, it is necessary to
standardize the experimental data since the arcing time is negatively correlated with the
speed V of the EMUs, and positively correlated with the voltage difference ∆U between the
two contact wires and the current collection I of the EMUs. Therefore, the indicator V needs
to be reverse-standardized, while the indicators ∆U and I need to be forward-standardized.
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This study adopts the range method to standardize each indicator, and the calculation
formula is as follows (8).

Forward : nij =
σij − Min(σij)

Max(σij)− Min(σi j)

Reverse : nij =
Max(σij)− σij

Max(σij)− Min(σi j)

i = 1, 2, . . . , m
j = 1, 2, . . . , n

(8)

where σij represents the standardized data of the i-th sample in the j-th indicator. This
study primarily focuses on the impact weights of V, ∆U, and I on arcing time, totaling three
evaluation indicators, hence n = 3. The calculation formula for the information entropy Ej
of each indicator is shown in (9).{

Ej = −K∑m
i=1 pij ln(pij)

Pi j = σij/∑n
i=1 σij

(9)

where K = 1/ln(m) and Pij represents the proportion of the i-th sample under the j-th
indicator. The weight Wj of each indicator can be calculated using (10).{

gj = 1 − Ej
Wj = gj/∑3

j=1 gj
(10)

where gj represents the information utility value of each indicator in the equation.
Through calculation, the impact strength of each evaluation index for the arc duration

time can be obtained. They are WV = 0.338, W∆U = 0.333, and WI = 0.329, respectively. That
is, the impact strength of the running speed of the EMUs on the arc duration time of the
split-zone region is the largest, while the impact strength of the current collection is the
smallest. When the EMUs pass through the articulated split-zone insulator, this conclusion
can provide technical references for optimizing the operational parameters of the EMUs to
reduce the erosion of the contact wire and slide by the arc.

6. Conclusions

This paper conducts a series of simulation analyses on the sensitive factors affecting
the electrical characteristics of PC arcing when EMUs pass through the split-zone insulator.
The main conclusions obtained are as follows:

(1) An arc simulation model suitable for EMUs leaving articulated split-zone insulators
was established. This model considers the dynamic variation process of the distance
between the slide and contact wire and was verified through comparison with existing
research results.

(2) The impact strengths of different operational parameters on the arc duration time
of the articulated split-zone insulator were obtained. The article proposes using the
entropy weight method to calculate the experimental data. It was found that train
speed has the largest impact strength on the arc duration time, while current collection
has the smallest impact strength on the arc duration time.

(3) When a train passes through the split-zone region, the erosion of the slide and
contact wire can be reduced by increasing the operating speed, decreasing the voltage
difference between the two contact wires of zone I and zone II, and adjusting the
mechanical structure of the articulated split-zone insulator.
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Nomenclature

PC pantograph–catenary
EMUs electric multiple units
MHD magnetohydrodynamic
CZC current zero-crossing

List of Symbols

Symbols Meaning
∆U voltage difference
d the gap between contact surfaces
e arc voltage per unit length
τ arc time constant
P0 arc dissipation power
i arc current
g arc conductivity
k1 proportionality coefficient
k2 arc dissipation power coefficient
Larc arc length
V train’s operating speed
t duration of the arc
tarc arcing time
σij standardized data
n the number of evaluation indicators
Pij the proportion
Ej information entropy
Wj impact weight
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