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Abstract: The pantograph arcing phenomenon may shorten the service life of a pantograph
and even destroy onboard devices and instruments, due to the irregular motions of the train
and the intermittent line–pantograph disconnection. This paper points out that abrupt inductive
energy from the magnetizing inductance of the traction transformer can lead to an electromagnetic
transient process with unexpected overvoltage across it. Further, a supercapacitor-based power
electronic system is proposed, which can not only redirect the inductive energy to the supercapacitor
pack through bidirectional converters but also mitigate the overvoltage across the main electrical
equipment when pantograph arcing occurs. Simulation results show the overvoltage could be
reduced and the energy stored in the supercapacitor which could also be used to provide energy for
sensors or other devices.
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1. Introduction

In recent years, the high-speed railway (HSR) has been fully developed in most countries because
of many unique advantages such as high speed, large transportation volume, high efficiency, and low
pollution. In the traction system, the pantograph/catenary system is one of the key components
which is the gateway of the train drawing the power from the power system [1]. However, one
tough issue is that pantograph arcing could affect the performance of the catenary system, shortening
the service life of the pantograph, damaging devices on the train, and even paralyzing the regional
power system [2,3] since there will be high voltage difference and current surge. The DC component
and abundant frequency harmonics will saturate the power transformer and propagate through
a series of power electronics equipment on the train. Therefore, the arcing between the pantograph
and the overhead line has been a crucial issue to the high-speed railway’s development.

Plenty of research has been devoted to the arcing issue. However, it is difficult to eliminate this
pantograph arcing since the voltage and current levels are high and the relative motion between
the pantograph and the overhead line cannot be avoided [4,5]. The present research around
pantograph arcing has been focused on the analysis of the dynamic characteristic and the model
of the arcing [6–8]. Ref [6] reviewed the past research progress of pantograph arcing from the different
models, including the Cassie and Mayr’s and the hybrid arcing model. Numerical simulation is
used to analyze the dynamic characteristics of pantograph arcing, for example, Gao and Hao [7,8]
presented the mechanism of how heat dissipation and gas flow field influence the plasma behavior
of arcing. Considering the influence of the pantograph/catenary detachment process on the train
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system, an effective extended black-box model of pantograph arcing is proposed in [9] by introducing
a dynamic pantograph and the overhead line detachment trajectory model. Another resistive arc model
is proposed for investigating the interaction between the arc and the remaining part of the electronic
circuit [10]. The arcing implies a large transient and the damage to the contact point [11–13].
The waveform of the pantograph arcing looks like high-frequency pulse width modulation and such
a transient process could last for a fraction of a second [14]. The electromagnetic radiated interference
caused by pantograph–catenary arcing has been analyzed, and solutions in the arcing detection method
and the sensitivity to components have been presented [15–17]. A laboratory test platform was built to
verify both the arcing characteristic and the detection method [18–20].

Pantograph arcing can result in voltage surge to the locomotive electrical equipment and has
become one of the potential safety issues of the railways. Some literature involves the suppression
of the overvoltage across the electrical equipment. Ref. [21] adopts a transient voltage suppressor
to protect the pulse-width modulation (PWM) encoder from overvoltage and guarantee the normal
operation of the control systems. The overvoltage caused by the action of the spilt-phase breaker
during the electromagnetic transient process of the automatic passing neutral section was analyzed
in [22] and an approach to restraining the overvoltage put forward. Ref. [23] utilizes the surge
arrestor to protect the system against lightning overvoltage. Ref. [24] can suppress the overvoltage
caused by pantograph arcing by paralleling a capacitance in the high-voltage side of the traction
transformer, but it fails to provide detailed design of such a capacitance in practice. Different from
ref. [21], this paper focuses on protecting the main electrical equipment of the traction drive system
including the transformer and the back-end converters. This paper analyzes the mechanism of
the overvoltage phenomenon of the pantograph arcing and provides an approach to overcome it.
Bidirectional converters and a supercapacitor system are employed to absorb the inductive energy
from arcing. An energy recycling system was built by multiple supercapacitor-based energy balancing
subsystems which could bear the high voltage and current.

2. Overvoltage Phenomenon of Pantograph Arcing

2.1. Description of the Traction System

Figure 1 is the equivalent circuit of the whole traction system composed of the power supply
system and the locomotive drive system. Wherein, Us denotes the traction substation voltage, Ls

denotes the equivalent inductance of the traction substation, R1, L1, C1, C2 are the π-type equivalent
parameters of the transmission line. Qarc denotes the pantograph/catenary arcing which is represented
by the Cassie arcing model in this paper. The traction drive system includes the single-phase locomotive
transformer, traction converters, and induction motors. When the train is running, the pantograph
obtains single-phase energy from the overhead catenary line and transmits it to the locomotive
set-down transformer, the three-level PWM rectifier, and the three-phase inverter. The inverter with
the adjustable output voltage and frequency supplies power for the induction motors.
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2.2. Model of the Pantograph Arcing

As mentioned in ref. [22], the process of pantograph arcing includes the start of arcing, the unstable
establishment of the arc, the stable combustion of the arc, the unstable period before the arc’s extinction,
and the extinction of the arc. In the running train, since stochastic irregularity detachment leads to
different gap lengths and arc shapes between the pantograph and the overhead line, there may be
two modes for the pantograph arcing, one is that the arc remains burning while the other is that the arc
is extinguished [26]. When the arc remains burning during the detachment time, the arc waveforms
have characteristics of distorted voltage and sinusoidal current with several zero-crossing points in
each half cycle. When the arc extinguishes, it will not reignite unless the pantograph–catenary gap
decreases to a threshold value and is broken down again. In this paper, the Cassie arc model was
adopted to validate the electrical properties of pantograph acing [27]. The Cassie is defined as

dg
dt

=
1
τ

(
i2c

u2
c g

)
− g. (1)

where g and τ are the conductance and time constant of the Cassie arc model respectively, ic and uc are
the arc current and arc voltage respectively.

2.3. Mechanism of the Overvoltage Phenomenon of the Pantograph Arcing

The occurrence of pantograph arcing becomes a severe issue as the increase in the running
speed, and the sudden cut-off of the arcing current leads to an electromagnetic transient process in
the locomotive electrical equipment. It can be seen from Figure 1 that the pantograph is connected
with the locomotive transformer. A simplified equivalent circuit is illustrated in Figure 2, where L
denotes the magnetizing inductance of the locomotive transformer and C denotes the transformer
equivalent capacitance to ground. It is noticeable that under the normal situation of the running
traction vehicle, the current through C is very small. When the pantograph arcing is cut off suddenly
at the time instant t0, the magnetizing current iL0 drops to zero in a very short time. According to

UL = L diL
dt , the magnetizing current mutation produces overvoltage across the transformer. In other

words, at this moment, the magnetic field energy stored in the magnetizing inductance L is

WL =
1
2

Li2L0. (2)

and the electric field energy stored in the C is

WC =
1
2

CU2
L0. (3)
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When the arcing current extinguishes, the magnetizing current iL0 suddenly drops to zero,
and oscillation occurs between L and C. Since the value of the capacitance C is very small, a huge
voltage surge can be detected when all of the magnetic field energy WL is transferred into the electric
field energy WC. The maximum value of the overvoltage ULmax can be determined as

WL + WC =
1
2

CU2
Lmax. (4)
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Substitution of (2) and (3) into (4) leads to

ULmax =

√
U2

L0 +
L
C

i2L0. (5)

Figure 3 illustrates the waveform when the pantograph arcing current is cut off at t0.
Since the locomotive transformer is equivalent to an inductive load, the extinguishment of the arcing
current can cause overvoltage in the transformer primary side. Such overvoltage may last for one
period (i.e., 0.0.2 s). Meanwhile, such an overvoltage wave can spread to the whole traction system,
thus threatening the insulation of the locomotive equipment. Therefore, effective measures must be
taken to prevent overvoltage resulting from the pantograph arcing extinguishment.
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2.4. Simulation of the Overvoltage Phenomenon of Pantograph Arcing

The simulation schematic circuit is implemented by Matlab Simulink as shown in Figure 1.
Considering the operating conditions in practice for the CRH2 high speed railways, the parameters
of the traction power supply system are adopted the same as in ref. [25], which is Us = 27.5 kV rms,
Ls = 31.8 mH, R1 = 2.95 Ω, L1 = 23.5 mH, C1 = C2 = 0.081 µF. The turns ratio of the locomotive
transformer is set to be 25 kV:1.5 kV, the DC link voltage is 3 kV, the DC link filter capacitors are set to
be 0.016 F. The time instant of the pantograph–catenary disconnection is set to be at 0.613 s.

The simulation results of the pantograph arcing and transformer waveforms are shown in Figure 4.
The whole system operates stably until the pantograph–catenary disconnection occurs at 0.613 s.
The pantograph–catenary arcing occurs immediately and exists until 0.67 s. The arcing current drops
to zero and is cut-off at 0.67 s. Notice that before the arcing current extinguishes, the value of the arcing
current is equal to the sum of the magnetizing current and the load current reflected from the secondary
side. In other words, although the arcing current drops to zero at 0.617 s, the magnetizing current is
nonzero at this moment. The abrupt change of the circuit leads to resonance between the magnetizing
inductance and stray capacitance, thus causing overvoltage across the transformer. As observed in
Figure 4b, the maximum overvoltage can be about 6 kV. Hence, the extinguishment of the pantograph
arcing can cause 1.7 times overvoltage across the transformer. The duration of the transient process
is about two periods (0.04 s). But in the actual situation, since the pantograph–catenary detachment
is frequent, the overvoltage can be a continuous potential problem for the safe operation of
the locomotive equipment.
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3. Proposed Method to Mitigate the Overvoltage

3.1. Proposed Circuit

From the previous analysis, since the characteristic of the traction transformer is inductive,
the overvoltage occurs when the pantograph arcing current is cut off. It can be seen from (5) that we
can increase the capacitance C in the primary side of the transformer to reduce the overvoltage.
In order to suppress the overvoltage of the pantographs arcing and absorb the inductive energy,
a supercapacitor-based power electronic system is proposed as shown in Figure 5, consisting of
a bidirectional AC/DC converter, bidirectional DC/DC converter and a supercapacitor system.
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capacitor-based energy storage system.

3.2. Bidirectional Converter

Figure 6 shows the schematic circuit of the bidirectional PWM converter composed of three
H-bridges (H1, H2, and H3), dc-link capacitor C0, high-frequency inductance LT, transformer T,
and the supercapacitor system. Wherein, uDC is the DC-link voltage, uH and uL are the AC square
wave with 50% duty ratio. There are two operating modes of the bidirectional converter. The first
one is the charging mode when energy flows from the overhead line to the supercapacitor system.
The H1 bridge operates as a rectifier (AC–DC), the H2 and H3 bridges operate as a step-down DC–DC
converter. The other is the discharging mode when energy flows from the supercapacitor system
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to the traction drive system. The H2 and H3 bridges operate as a step-up DC–DC converter while
the H1 bridge operates as an inverter. At this time, the magnetizing inductance current of the traction
transformer is controlled so as to be constantly continuous in order to prevent its mutation.
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3.3. Supercapacitor-Based Energy Storage System

The supercapacitor-based energy management system mainly consists of the energy storage
calculation unit, supercapacitor unit, parameter detection, as well as the monitoring of
the supercapacitor units and the voltage automatic equalization circuit. The functional block diagram
and system structure are shown in Figure 7.
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In order to achieve small internal impedance, high voltage, and high current, a large number
of supercapacitor modules should be connected in series and in parallel. However, the uneven
performance of each supercapacitor will cause an imbalance of voltage when the supercapacitors
are charging and discharging. Hence, the switched capacitor voltage equalizer is used by directly
charging the supercapacitor cells with lower voltage by the supercapacitor module with higher voltage.
The conventional switched capacitor voltage equalizer, as shown in Figure 8a, is not suitable for this
system because the balancing time and settling time increase as the number of supercapacitor modules
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increases. In this paper, an improved balancing system was developed as shown in Figure 8b. Figure 9
is the control strategy of the voltage balancing system, where all switches are controlled by a set of
complementary pulse signals with a fixed frequency and duty cycle of 0.5. Compared to conventional
structures, it is obvious that the balancing speed is higher since higher voltage capacitor cells can
charge lower voltage cells.
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As shown in Figure 10, the balancing time increases as the number of supercapacitor modules
increase in the conventional switched capacitor balancing system. However, the balancing
time shown in Figure 10b does not change when the supercapacitor cell modules increase.
Therefore, the performance of the improved balancing system is significantly superior to the traditional
switched capacitor balancer.

Table 1 presents the parameters of supercapacitor system for the proposed method. The whole
system employs 2280 supercapacitor cells each of which has a capacity of 360 F and a rated voltage
of 2.7 V. After connecting the supercapacitor cell in series and in parallel, the whole energy storage
system is expected to have a capacity of 15.5 F and a rated voltage of 550 V and can provide 30 kW
instantaneous power support. According to the selling price from the official website of Man Yue
Technology Holdings Limited, each supercapacitor cell is about 40 HKD, hence the total economic cost
of the supercapacitor system should reach at least 91200 HKD (i.e., 2280 × 40 = 91200). The economy
cost of the supercapacitor system is not actually cheap. Especially when the supercapacitor system is
also used as the backup traction power supply, a large supercapacitance is required.
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Table 1. Parameters of the supercapacitor system.

Each supercapacitor capacity 350 F

Number of supercapacitor cells 2280

Supercapacitor internal resistance 8 mΩ

Supercapacitor rated voltage 550 V

Supercapacitor initial voltage 530 V

3.4. Simulation Results of the Proposed Circuit

The simulation circuit implemented by Matlab Simulink is shown in Figure 5. To validate
the effectiveness of the proposed method, the same parameters are adopted as those in Section 1.
Figure 11 shows the simulated waveforms of the proposed improved system. Similarly, the time instant
for the pantograph–catenary disconnection is set at 0.613 s. The oscillation arcing current decays to zero
gradually before extinguishment. The arcing extinguishes and will not ignite because of insufficient
input energy. It can be seen that there is no lasting overvoltage on the primary side of the transformer.
That is because the proposed method can absorb the inductive energy of the transformer magnetizing
inductance to the supercapacitor system. The comparison of Figures 4 and 12 validate the feasibility of
the proposed method.
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Table 2. Features of several methods for the overvoltage suppressor.

Reference Methods Features

[28] Crowbar circuit

a. Protect the auxiliary railway power supply from
catenary transient overvoltage.
b. Behaves like a voltage limiter within a prescribed
hysteresis band.

[29] Surge arresters
a. Protect the systems from lightening overvoltage
and switching overvoltage.
b. Dependent on the value of their earth resistance.

[30] Grounding
a. Mitigates the voltage surge across a car-body,
especially through paralleling the capacitance
besides grounding the resistors.
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Table 2. Cont.

Reference Methods Features

[21] Transient voltage
suppressor (TVS)

a. Adopt the TVS to suppress the overvoltage in
a high-speed electric multiple units system excited by
pantograph arcing and traction current flowing
through the train body.

[24] Resistor-capacitor (RC)
absorption circuit

a. Protect the systems from high frequency switching
transient overvoltage.
b. Dissipate electric power during normal operation.

Proposed Method Supercapacitor systems

a. Adsorb the excessive inductive energy of
the locomotive transformer.
b. Provide instantaneous power compensation to
overcome the voltage fluctuation of the traction
power supply.

Figure 12 illustrates several methods for overvoltage mitigation in the traction system where
the surge arresters, RC absorption circuit, and the proposed method can be installed at the primary
side of the transformer, the protective grounding is installed below the car body, the transient voltage
suppressor is in parallel with the sensitive components in the PWM encoder, and the crowbar circuit is
installed at the DC link of the converter. Different protection devices installed at different positions
demonstrate unique features of overvoltage mitigation. A detailed comparison of the protection
characteristic is sketched in Table 2. The surge arrester and RC absorption circuit can mitigate the lightning
and switching overvoltage and there still exists severe residual voltage. The RC absorption circuit
will consume electric power across the resistor even in normal operation. The proposed method
can control the charging–discharging status of the supercapacitor system and recycle the inductive
energy of the transformer through the PWM converter, which has very small settling time and provides
enough instantaneous power compensation. Thus, the supercapacitor system can also be useful to face
the voltage fluctuation of the traction power supply. The crowbar circuit can only protect the inverter
and the motor from braking overvoltage. The proposed method can also provide a simple way to
regenerate the braking energy by using the overvoltage features of the motor and by charging–discharging
excessive power to the supercapacitor system. Besides, the supercapacitor system can also be used to
provide energy for locomotive sensors or other devices. However, the proposed method is economically
costly. Considering the insulation damage and safety issues of pantograph arcing, the economic cost is
more acceptable than resultant safety costs.

5. Conclusions

Pantograph arcing extinguishment can cause a rapid change of current through the locomotive
transformer inductance coil, which results in a voltage surge and damage to the insulation of the after
equipment. This paper proposed a supercapacitor-based energy system to absorb the inductive arcing
energy after connecting bidirectional PWM converters. The key part is to design a supercapacitor
energy management system with a switched capacitor balancing cell. Simulation further validates
the effectiveness and feasibility of the proposed system. The proposed supercapacitor system can also
provide instantaneous power compensation to overcome the voltage fluctuation of the traction power
supply and recycle the braking energy.
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