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Abstract

Pantograph—catenary disconnection occurs quite frequently in high-speed situations. Pantograph arcing has a significant
impact on the contact surfaces and power quality. This article focuses on the effect on the electrical characteristics of the
four-quadrant converter of pantograph arcing. An arc model which combines Cassie’s arc model with Mayr’s arc model is
built. This article mainly researches the influence of the pantograph arcing on the four-quadrant converter in different
durations. Pantograph arcing leads to voltage pulse in voltage, as well as the harmonics in the current of the alternating
current side. At the same time, the direct current voltage decreases when the arc occurs. Therefore, it can ultimately
decrease the output torque and increase the torque pulsation of the motor.
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Introduction

After the first high-speed railway was put into oper-
ation by Japan in 1964, countries around the world
began their own development of high-speed railways.
During the development of about five decades, the
running speed of high-speed railways has increased
from 210 to 350 km/h, and the test speed of TGV,
developed by France, has held the fastest record of
574.8 km/h since 2007. With the increase of speed,
some problems also arise, such as high-speed bogie,
aerodynamic performance, and high-speed current
collection. This article focuses on the pantograph
arcing, which is related to the high-speed current col-
lection quality.

Arcing at the sliding contact between pantograph
and overhead contact wire occurs very often, and
cannot be fully avoided. It is complex to analyze the
effects that these parameters have on arc. Apart from
the voltage, current levels, and power factor, the rela-
tive motion between the pantograph and overhead
contact wire, both in the forward (longitudinal) and
lateral (zigzag) directions, and the variable air gap
caused by the vertical mechanical oscillations also
influences the arc. All of these are time varying.
With the rapid development of high-speed railway in
China, the speed of many lines has reached 350 km/h.
At such a speed, pantograph arcing is more likely to

be generated, which has an enormous influence on
current-receiving quality.

It is essential to analyze the impact of pantograph
arcing. Pantograph arcing ablates the contact wire,
which will shorten the life of the contact wire, or
even destroy it. On the other hand, pantograph
arcing also distorts the sinusoidal waveform, generates
direct current (DC) component, harmonics (including
even harmonics and inter harmonics), and generates
transients, which cause high-frequency conducted
and radiated electromagnetic interference (EMI).

Most previous research has focused more on the
EMI/electromagnetic compatibility (EMC) issues
from pantograph arcing,' ¢ along with the parameters,
these have significant influence on pantograph
arcing,” ' the electrical characteristics of pantograph
arcing,*'*"> and so on. Furthermore, some studies
have proposed methods used in pantograph to reduce
the arcing phenomenon.'"'® Tang et al.' proposed that
the high voltage and low current pantograph arcing
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would generate the electric field which radiates on the
surface of coaxial-cables, and differential mode volt-
ages acting on communication interface will form at
once due to the transfer impedance. When the voltages
combine into a generated signal, incorrect actions of
the Cab Integrated Radio may occur, and the system
may even be destroyed. Tellini et al® analyzed the
influence of the capacitor paralleled with pantograph
arcing in Italy’s DC traction power supply system.
Earlier studies®'*'? presented an experimental analysis
to understand the influence of different parameters,
including the relative speed of the sliding contact elec-
trode, supply current, supply voltage, reactive load,
materials and shape of electrodes, and so on. Wang
et al.'"* proposed the electrical characteristics of the
pantograph arcing. Pantograph arcing voltage and cur-
rent are polarity dependent phenomena. The voltage
and current waveform is asymmetrical at pantograph
arc burning, which leads to a DC component and har-
monics component in the system. Some work also
focus on the electrical erosion of the arc.'

The high-speed current collection quality has a
great influence on the traction drive system, due to
structural relationship between the catenary and
transformer. The traction drive system consists of
a traction transformer, four-quadrant converter,
inverter, and motor, which offer tractive force to the
high-speed train. When the current collection quality
becomes poor, the tractive force would drop signifi-
cantly. Additionally, the overshoot of arc voltage
during the burning of arc has a great effect on
the alternating current (AC) and DC voltage of the
four-quadrant converter. This may result in the effect
of tractive force, or even damage to the IGBT.
Meanwhile, some studies have focused on how the
pantograph arcing affects the traction drive system,
especially the four-quadrant converter. Wang et al.'’
discussed how the pantograph arcing affects the tran-
sient inductance of the Main Transformer. The pre-
sent article discusses the impact of the pantograph
arcing on a four-quadrant converter by establishing
the dynamical traction drive system model, while con-
sidering the effects of pantograph arcing.

Arc model

Pantograph arcing is a complex phenomenon which
involves the electromagnetic field, thermal field, gas
flow field, characteristics of plasma, and so on. It is
difficult to build a complete arc model, which can be
used in the analysis of pantograph arcing to simulate
the phenomenon of pantograph arcing.

Principles of the arc model

During circuit breaker operation, the gap between elec-
trodes changes rapidly from a conductive plasma to an
insulating gas. The electrical arc performance during
this short period of time is dependent on the thermal

balance, thermal inertia, and thermal ionization in the
plasma column.'® There are two types of arc models
which are widely used in the analysis of the arc phe-
nomenon. The first type is built to analyze the internal
characteristics of the arc, which can be used in the EMI
analysis of the pantograph arcing.'®?° The second,
known as the black box model, is used to simulate
the external voltage and current characteristics of the
arc.>'>* Although this approach does not offer much
internal characteristics of the arc, it is relatively simple.
When extensive test data are available, the use of this
type of arc model is feasible.'®> The present article
focuses on the electrical impact of the arc, thus the
second type of arc model is taken into account.

The aim of black box models is to use voltage and
current traces from the test, together with a given dif-
ferential equation, to deduce a mathematical model
for the arc. Most of the published work regarding
black box models is based on the well-known Cassie
and Mayr models, which provide a qualitative
description of the arc in the high-current and low-
current regions, respectively.”>?’ The Cassie model
regards the arc as a cylindrical plasma, while the
diameter varies with the change of current, and
the energy dissipation of the arc is directly related to
the cross-sectional area.”® The Mayr model is similar
to the Cassie model in some aspects, such as regarding
the arc as a constant diameter cylindrical plasma. The
power dissipation of the Mayr model is considered
through thermal conduction and thermal radiation
simultaneously. The final expression of the Cassie
and Mayr model is as follows:

1 dgc 1 [u?
———=—=-1 1
gc dt ‘L'(E(% > ()
1 dgyy 1 [ui
=L L N | 2
m dt ‘C(Po ) ()

where g5, and g are the Mayr and Cassie arc con-
ductances, respectively; t expresses the arc’s time con-
stant; Py is the cooling power in the Mayr arc model;
E, is the transient static arc voltage of the Cassie arc
model; and u is the instantaneous voltage of the arc,
while 7 is the instantaneous current of the arc.

Based on the traditional Mayr and Cassie arc
models, this article uses a novel arc model, which is
combined with the Mayr and Cassie arc models. Dai*’
and Suh et al.*® have determined a transition function
considering the stability of the arc, but it cannot
describe the low-current state of the arc due to the
range of the function. To describe the characteristics
of the arc, the author proposes the transition function
o(i), which changes with the current. The Mayr and
Cassie arc models can be coupled by the following
equation:

Zare = (1 —0()) gc +0(d) gm (©)
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As Cassie’s equation shows good results for larger
currents, while Mayr’s is better for the low current
section, the o(i) is a monotone function varying
from 0 to 1. Through comparing the characteristics
of equation (3), the transition function is finally deter-
mined as follows:

o(i) = exp(— %) 4)

0

where i represents the instantaneous current of the
arc; and I, represents the current constant. The par-
ameter n can be determined according to experimental
and simulated results to correct the arc model.

Considering all of these influencing factors, the
following arc model is built:

Gare = (1 —0(D) gc +0o(i) gum
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However, the final arc model has yet to be built, as
there are also some parameters, which are not yet
determined. P, is the cooling power of the arc.
When the input power of the arc ui is larger than
Py, temperature of the arc rises; otherwise, the tem-
perature drops. Ej is the transient static arc voltage,
which is irrelevant with the current i.

Parameter determination of the arc model

As discussed before, there are some parameters which
must be selected to ensure that the arc model can
reflect the characteristics of the pantograph arcing,
such as the cooling power of Mayr arc model Py,
transient static arc voltage of Cassie arc model Ej,
time constant 7, and current constant of transition
function 1.

The following experimental apparatus, as shown in
Figure 1, has been established to provide the test data
to confirm the parameters of the arc model.

The overhead contact wire is fixed in a groove
around the outer edge of the large wheel. One side
of the axle of the wheel is connected to the motor,
of which the rotating speed can be controlled. The
other side is connected to a carbon brush collector
to ensure the stability of current collection.

The pantograph consists of a pantograph slide
plate, spring support, and power unit, which can pro-
vide vertical oscillations to the pantograph. Another
smaller motor linearly drives the carriage back and
forth, so that it can guarantee the pantograph
moves in a zigzag motion.

The experimental apparatus can provide the exter-
nal voltage and current characteristics, which can be
used in rectifying the arc model. The experimental and

controller

Figure 1. (a) Schematic diagram of the experimental appar-
atus and (b) photo of the experimental apparatus.

simulated waveforms are shown in Figure 2, and the
parameters of the arc are determined as shown in
Table 1.

Analysis of four-quadrant converter
considering pantograph arcing

The traction drive system is the backbone system
of the train and can transfer electrical energy to
the mechanical energy driving the train. The trac-
tion drive system of the high-speed train is made
up of the current collecting system, traction trans-
former, traction converter and motors, and so on.
The circuit schematic of the system is shown in
Figure 3.

This article focuses on the influence of pantograph
arcing on the four-quadrant converter. The main
function of the four-quadrant converter is to change
the AC of the transformer’s secondary circuit to DC,
which can be used in the inverter. The DC voltage has
great effect on the torque of the motor, which decides
the running status of the train.

Circuit of the four-quadrant converter

The structure of the single-phase four-quadrant con-
verter is the same as the full bridge phase-controlled
rectifier, in which the switching devices consist
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Figure 2. Correction of the pantograph arcing model: (a) Experimental waveforms and (b) simulated waveforms.

Table |. Determined parameters of arc model.

Undetermined Value of the
parameter Meaning of the parameter parameter
Po Cooling power of Mayr 10°

arc model
Eo Transient static arc voltage 3x 10

of Cassie arc model
T Time constant of arc 36x107*
lp Current constant of 10?

transition function

of full-controlled devices paralleled with diode.
The schematic circuit diagram is shown in Figure 4,
where Ry is the leakage resistance of the traction
transformer’s secondary circuit, Ly is the inductance
of the AC side, C, is the capacitance of the DC side,
R; is the load resistance of the four-quadrant con-
verter, uy is the input voltage of the AC side, iy is
the input current of the AC side, u,,, is the modulating
voltage of the PWM, and u, is the output current of
the DC side.

There are two states of the four-quadrant con-
verter. In the first state, the current flows through
T, and T4, while the other flows through 7> and T3,
ignoring the influence of the dead zone. In period
k, we assume the duty ratio of pulse on 74 and Ty is
dy, thus the duty ratio of pulse on 75 and 75 is 1-d,.
According to the Kirchhoff’s current law and
Kirchhoff’s voltage law, the state equation is as
shown below:

diy

LNE _ —Ry 1 =2d |Tiy N uy
C % de —1 _RLL Ug 0
i

(6)

There are intermediate parameters d,, which can be
used instead of the following equation, where k is the

number of the period:

kT
Juyr, vapdt %)
dk -
Ud : Tv

An equation is also needed to associate the u,, and
iy This equation can be calculated in the control
strategy of the four-quadrant converter.

Control strategy of the four-quadrant converter

To determine the modulating voltage u,,, the double
closed-loop control strategy is used, which consists of
an outer voltage loop and inner current loop. The
control block diagram is shown in Figure 5, where
P, is the root mean square (RMS) value of DC
power and u; is the inductance voltage of the AC
side. We then calculate the Iy;, which represents the
original directive value of DC current through the
difference of U,* and u, To promote the dynamic
response of the control strategy, /5*, which represents
the final reference value of the DC current, is calcu-
lated through a compensator. Then, the u,, is deter-
mined according to the difference of 7* and Iy.

The mathematic equation of the control strategy is
shown as follows:

Iy =k,,(UZ}—ud)+% (U5 —ug)de

P,
Ino = 3%

Iy =1In + Iy
Ugy = Uy — O LyTy cOs wpt — Gl I}, sin wy,t — iy]

®)

where k, and T; are the parameters of the PI control-
ler, G is the proportionality factor, U, is the refer-
ence value of DC voltage, and Uy is the RMS value of
the AC voltage.

Therefore, the relationship is built from equation
(8), which can be input into equation (7), so that the
equation of the four-quadrant can finally be estab-
lished, which is the same as equation (6), where the
dy. 1s expressed in the following form equation (9).
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Figure 3. Schematic diagram of the traction drive system.

+

Figure 4. Schematic diagram of the four-quadrant converter.

Model combining four-quadrant converter and
pantograph arcing

Considering the effect of pantograph arcing, the fol-
lowing equation can be obtained, if regarding the

pantograph arcing as a model of which the current
is varied when the voltage is changing.

kT
A' [y = on L (kn( U = Ug)

k=T
1 1,Uy
— | (U} — U,)dt
+ 7}‘/0( d d) + (]N )
J X €08 Wyt — Ga(Iyy sin wyt — iy)de
T Ug- T,
©)
Iy LK
Uy = u
' gl”'(.' N (10)
iy, = Kiy

In equation (10), K is the transformer ratio.
We then combine the state equation of the four-
quadrant converter with the equation considering the

effect of pantograph arcing. Then, the following equa-
tions can be worked out.

din 1
diy —R 1 —2d; —
N dt _ N ! 8arc
dud o 1
Cogr W =1 R (11)

B[
La]le]
Uq 0
The d) can be calculated in equation (9), while the
Zure 18 shown in equation (5).
The performance of the four-quadrant converter
can be affected greatly in such a tightly coupled

system. It is crucial to explore the effects of panto-
graph arcing on the four-quadrant converter.

Results and analysis

According to the previous analysis of four-quadrant
converter considering pantograph arcing, we then
build the simulation model of the four-quadrant con-
verter considering pantograph arcing, which is shown
in Figures 6 and 7. To analyze the effect of panto-
graph arcing on the four-quadrant converter, the
resistance load (1.2 MW) is connected in series in the
terminal of the converter. This article then discusses
the effects of the arc in terms of the following aspects:
duration of arc and initial phase of arc.

This Simulink model is based on the parameters of
the Chinese high speed train CRH2. The parameters
used in the simulation are listed in Table 2.

Results without considering pantograph arc

Using the simulation model introduced in the previ-
ous section, the results of the four-quadrant converter
are obtained while the pantograph is tightly connected
with the catenary. The DC voltage, AC voltage, and
AC current of the simulation are shown in Figure 8.



190 Proc IMechE Part F: | Rail and Rapid Transit 231(2)

Figure 5. Control block diagram of the control strategy.
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Figure 6. Simulink model of the four-quadrant converter considering the pantograph arcing.
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Figure 7. Simulink model of the pantograph arcing.
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It can be seen from Figure 8 that the fluctuation of
the DC voltage is about 170 V when the converter is
used in normal operation state. There is no obvious
distortion in the secondary winding voltage and cur-
rent. The peak voltage of the secondary winding of
the transformer is 2121 V, which satisfies the require-
ments. The average voltage of the DC voltage is
3100V, which is equal to the directive value of the
DC voltage.

The results of the Fast Fourier Transform (FFT)
analysis of the AC current are shown in Figure 9.

Table 2. Parameters of the four-quadrant converter.

Parameter Meaning of the parameter Value
Us Voltage of catenary 25kV
Us Voltage of secondary winding of 1500V
transformer
Uy Voltage of DC voltage 3100V
RN Leakage resistance of traction 0.001 @
transformer’s secondary
winding
Ly Inductance of AC side 2.195e-3H
Cq Capacitor of the DC side 7e-3F
Rioad Equal resistance of load 8.94Q
fs Frequency of switch 1250 Hz
f Frequency of fundamental wave 50Hz

DC: direct current; AC: alternating current.

From Figure 9, it can be easily concluded that the
harmonics of the four-quadrant converter mainly con-
tains even times the switch frequency; for instance,
2500 Hz, 5000 Hz, and so on, while the amplitude of
the harmonics decreases with the increase of the
frequency.

Influence of duration of arc

Because of the characteristics of the AC arc, the arc
quenches when the current passes through the zero. It

— FFT analysi

Fundamental (50Hz) = 1017 , THD= 6.32%

Mag (% of Fundamental)

0 1000 2000 3000

Frequency (Hz)

4000 5000 6000

Figure 9. FFT analysis of the AC current.
FFT: Fast Fourier Transform; AC: alternating current.
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time/s time/s

Figure 8. Simulated waveforms of DC voltage, AC voltage, and AC current.

DC: direct current; AC: alternating current.
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is not necessary to analyze the duration of the arc
beyond the half period of the fundamental wave,
due to the simple repeat in each half period. We
select the following four durations of arc: the arc
lasts for 0.125, 0.25, 0.375, and 0.5 periods of the
fundamental wave. To analyze the harmonics of the
arc, each situation of four durations of the arc is
repeated for two periods. Table 3 shows the duration
of each simulation.

Table 3. Theduration of each simulation.

Effect of duration of arc on voltage

From the previous analysis, it can be concluded that
the pantograph arc has a great effect on the voltage,
especially when the overshoot of the arc voltage
occurs. Figure 10 is the AC voltage waveform in dif-
ferent durations of arc.

In Figure 10(a) to (d), the voltage pulse occurs at
the same time when the pantograph arc begins, and
the AC voltage distorts severely at this time. Aside
from the first and third times, the voltage pulse is
negative whereas the others are opposite. This is clo-
sely connected with the characteristics of the arc.

Duration When the arc begins, there is an overshoot of voltage.
Serial number  of arc Start time (s)-stop time (s) When the arc occurs, there is a high voltage which
| 0.125 1 0000—1.0025 1020010225 must be beyond the breakdown voltage of the air
between the photograph and catenary. When the
1.0100-1.0125 1.0300-1.0325 . i :
photograph arcing is lit, the voltage will hold on at
2 0.25 1.0000—-1.0050 1.0200-1.0250 . .. .
a small value which can maintain the arc. If we ignore
1.0100-1.0150 1.0300-1.0350 the voltage drop of the high voltage equipment at the
3 0.375 1.0000-1.0075 1.0200-1.0275 roof of the carriage, the voltage of the transformer on
1.0100-1.0175 1.0300-1.0375 the primary side is equal to the voltage of the catenary
4 0.5 1.0000-1.0400 minus the arc voltage. The circuit before the four-
quadrant converts does not have the capacitor, thus
(a) (b)
2000 1 2000
>
< 1000 £ 1000
g g
§ 0 § 0
O- -
2 1000 % 1000
-2000 -2000
09 095 1 105 1.1 115 09 095 1 105 11 Li5
time/s time/s
() = (d) —
2000 o 2000 )
|
>
Z 1000 ! Z 1000
§ (U] E 0
O-1000F ] O-1000
< F \ < F J
-2000f ) -2000r
0.9 0095 1 ¢ 1.05 1.1 1.15 09 095 1 vl1.05 1.1 115
time/s time/s
(e)
2000[ 7"
.
© 1000[
? -
s 0 oo e
> ' 1 ' 1 '
U_ -.--I----JJ- ---:--- - dedmmstemada [)  mmmmfededo--deoioodooooooaoo
< 1000.....?.....5.. o ol SRt SEEE . i i
VU e i gk ki e i s (RO s :
1 1.01 1.02 1.03 1.04 1 1.01 1.02 1.03
time/s time/s

Figure 10. AC voltage: The duration is (a) 0.125 period; (b) the duration is 0.25 period; (c) the duration is 0.375 period; (d) the
duration is 0.5 period; (e) the partial enlarged drawing of 0.375 period; (f) the partial enlarged drawing of 0.5 period.

AC: alternating current.
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the overvoltage transmitted through the transformer
affects the AC voltage. Meanwhile, when the overvol-
tage of the pantograph arcing occurs in the posi-
tive half period, the AC side voltage occurs in the
negative half period. When the duration of the arc is
0.375 period, the value of the pulse amplitude is about
1000 V, which is approximately equivalent to 50% of
the value of peak voltage, as shown in Figure 10(e).

At the same time, the duration of pantograph
arcing can also lead to a decrease of the AC voltage.
Perhaps, this is not obvious in Figures 10(a) to (d),
whereas Figure 10(f), which is the partial enlarged
image of Figure 10(d), clearly exhibits this phenom-
enon. In Table 4, the decrease value when the AC
voltage is at the peak value is concluded. The decrease
of voltage is about 58 V when the duration of arc is
0.375 or 0.5 period, while there is no voltage decrease
under the other conditions.

Although the peak value of AC voltage has not
changed in the duration of 0.125 and 0.25 period,
the voltage decrease also exists. When the duration
of the arc includes the AC peak point, the peak
value decreases slightly. The decrease value is affected

Table 4. Voltage decrease of AC side with
different durations.

Voltage decrease of

Duration of arc AC peak value

0.125 period ov
0.25 period ov
0.375 period 58V
0.5 period 58V

AC: alternating current.

by the arc voltage in constant proportion. However,
when the duration of the arc does not include the AC
peak point, the peak value will be the same.

When the arc is burning stably, the volt-ampere
characteristic of the arc is just like a resistor. The
voltage decreasing on both the AC and DC sides is
inevitable. The value of voltage decrease is affected by
the duration of the arc, the length of the arc column,
and the volt-ampere characters of the arc. The change
of the length of the arc column and the character of
the arc require a more accurate arc model. When the
length of the arc is constant, the voltage drop of the
AC voltage is only determined by the volt-ampere
characters of the arc.

At the same time, the DC voltage is also affected by
the pantograph arcing. Because of the role of the cap-
acitor, the DC voltage has not overshot the voltage
during the arc. However, the voltage decrease is more
obvious. Figure 11 is the partial enlarged image of the
DC voltage, which indicates how the DC voltage is
affected by the pantograph arcing.

In Figure 11, the point of the voltage decrease is
emphasized by the small circle. It is apparent that the
DC voltage valley value at the same point is about
1.0125s. However, the decrease voltage is the not
same as the increase the duration of the arc.
Figure 12 shows the value of voltage decrease with
different durations of the arc, which indicates the dif-
ferent effects.

From Figure 12, it is significant that the when the
pantograph arcing occurs, the DC voltage decreases
by different degrees. The decrease value increases with
the increase of the duration of arc. Meanwhile, the
decrease of the valley value is slightly larger than
the peak. It is in accordance with the characteristics

i

' ' o ' ' '
B e
' ' ' '

098 1 102
time/s

time/s

102 104 1.06

time/s

Figure 11. DC voltage: (a) The duration is 0.125 period; (b) the duration is 0.25 period; (c) the duration is 0.375 period; (d) the

duration is 0.5 period.
DC: direct current.
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of the arc that the arc has a DC component. Because
of the different materials of the pantograph and caten-
ary, the DC component exists in the arc. The DC
component has a great influence on the transformer.
It also affects the DC voltage of the output of the
four-quadrant converter.

DC voltage is a crucial parameter of the traction
drive system, which includes the output of the four-
quadrant converter as well as the input of the inver-
tor. The DC voltage decrease increases with the
increase of the duration of the arc. When the arc per-
sists for a period of the fundamental wave, the voltage
decrease is about 30V, which is about 1% of the DC
voltage. Meanwhile, the voltage decrease of the val-
ley is larger than the voltage decrease of the peak.
The voltage decrease of the DC side can lead to the
decrease of the traction pull, which restricts the speed
improvements of the high-speed train.

Influence of the duration of arc on current

However, the current on both the AC and DC sides
does mnot exhibit a visual phenomenon in the

35

voltage decrease of peak [ voltage decrease of valley
30

20 —

15

voltage decrease/V

10

7
77772

o Y
!

0.125 0.25 0.375
duration arc/period

5

Figure 12. Statistics of the DC voltage decrease.
DC: direct current.

waveform, while the values of the fundamental wave
and the harmonics have increased slightly. Figure 13
is the FFT analysis of the AC current with both no
arc and in two periods of the arc. It is easily concluded
that the arc leads to harmonics mainly in the fre-
quency below 500 Hz.

From Figure 13, it can be seen that the pantograph
arc has a great effect on the AC current harmonics,
DC component, 100Hz and 150 Hz components,
which all increase significantly. Therefore, it is neces-
sary to research the influence of the arc’s duration on
the AC current harmonics.

The simulation is also proceeding in the previous
four conditions, in which the pantograph lasts for
0.125, 0.25, 0.375, and 0.5 period. Figure 14 is the
harmonics analysis results of the different conditions.

It can be easily concluded that the RMS value of
the fundamental current of the AC side is about
1050 A, and that it increases slowly with the increase
of the arc duration. At the same time, the DC com-
ponent and harmonic below the 150 Hz are greatly
affected by the period of the arc. However, as for
the frequencies beyond 150 Hz, there are no signifi-
cant rules with the increase of the arc’s duration; for
example, the 200 Hz harmonic current reaches the
maximum when the duration of arc is 0.375 period,
whereas the 450 Hz reaches when the arc’s duration is
0.25 period with all four of the conditions. Table 5
shows the calculated values of the different durations
of the arc with different frequencies below 200 Hz.

Table 5 shows that the DC component increases
greatly from 3.6 to 26.3 A with the duration from
0.125 to 0.5 period, and that the 100 Hz harmonic
increases from 10.3 to 26.3 A. The RMS current of
the 150 Hz changed slightly while the arc’s duration
changed. This also matches with the characteristics of
the pantograph arcing. The voltage decrease in the arc
is not symmetric in either of the half cycles of the power
supply. When the catenary is the positive electrode, the

(@)

(b)

FFT analysis

Fundamental (50Hz) = 1017 , THD= 6.32%

Mag (% of Fundamental)

1000 2000 3000 4000 5000
Frequency (Hz)

- FFT analysis

Fundamental (50Hz) = 1075 , THD= 6.55%

Mag (% of Fundamental)

0 1000 2000 3000 4000 5000 6000
Frequency (Hz)

Figure 13. The FFT analysis of the AC current: (a) With no arc and (b) with two periods of arc.

FFT: Fast Fourier Transform; AC: alternating current.
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voltage decrease is low, whereas the opposite is large.
Therefore, the DC component is generated in the AC
supply, which can drive the DC current to cross the
traction drive system. At the same time, the DC com-
ponents also inject into the AC supply network. The
DC component in the AC supply high-speed train
system can lead to many consequences.

Above all, the periods of the pantograph have dis-
tinct effects on the four-quadrant converter, in terms
of both the voltage and current. The main effects of
the pantograph arcing’s duration on the voltage are
the overshoot of the AC voltage, and the voltage

decrease of the AC and DC sides. At the same time,
the overshoot of AC voltage occurs at the point where
the arc begins. Meanwhile, the voltage decrease of the
AC peak voltage occurs when the duration of the arc
includes the point where the AC voltage is at peak
value, and the DC voltage decrease is more signifi-
cant, increasing with the increase of the arc duration.
The effects of arc duration on current mainly occur in
the DC component and harmonics. When the fre-
quency is below 150 Hz, the RMS values of the har-
monics and DC component increase with the increase
of the duration.

(a) (b)
FFT analysis FFT analysis
Fundamental (50Hz) = 1034 , THD= 6.67% Fundamental (50Hz) = 1052 , THD= 6.51%
25 3
25 J
) 3 |
g 2 s ?
§ £
= ° 15 4
E 15 ug-
2 2 1 ]
g g
= 05 = 05 4
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Frequency (Hz) Frequency (Hz)
(©) (d)
FFT analysis FFT analysis
Fundamental (50Hz) = 1065 , THD= 6.74% x Fundamental (50Hz) = 1075 , THD= 6.55%
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Figure 14. The FFT analysis of different duration: (a) The duration is 0.125 period; (b) the duration is 0.25 period; (c) the duration is

0.375 period; (d) the duration is 0.5 period.
FFT: Fast Fourier Transform.

Table 5. RMS current with different durations of arc.

Duration of arc RMS current of 50 Hz

RMS current of DC

RMS current of 100 Hz RMS current of 150 Hz

0.125 period 1034 A 36A
0.25 period 1052 A 13.1A
0.375 period 1065 A 19.7A
0.5 period 1075 A 263A

10.3A 248A
16.8 A 252A
234A 256 A
263A 29.6 A

DC: direct current; RMS: root mean square.
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Conclusion

In this article, the experimental apparatus is estab-
lished to rectify the arc model. Then, the arc model
is built to analyze the effects of pantograph arcing on
the four-quadrant converter. Finally, the model of the
four-quadrant converter considering the arc is built.
The analysis is carried forward in terms of two
aspects: the voltage influence of the duration of the
arc, and the current influence of the duration of the
arc. The following conclusions are obtained:

1. The effect of the AC voltage is the overshoot
voltage when the arc is beginning, whereas the
DC voltage presents the relationship between
the voltage decrease and the duration of the arc.
The voltage decrease increases greatly with the
increase of the duration.

2. The duration of the arc affects the AC current on
the DC component and the harmonics. The DC
component and the harmonic current below
150 Hz increase with the increase of the duration.

However, the model built in the article is simpler
than the real traction drive system. To analyze the
effects of arc on converter, the inverter and motor
have been ignored in this article. The effects of panto-
graph arcing on the entire traction drive system
should be concluded in future research.
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