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Abstract
Arcing from the pantograph, a commonly observed phenomenon, is known
to be a major source of wideband electromagnetic emission which is more
pronounced during the winter. Experience within the railway industry
has shown that this source of EMI and its characteristics need to be un-
derstood thoroughly for solving the associated EMI issues in the desired
fashion. This thesis investigates EMI generation from pantograph arcing.

The First phase of the work is based on experimental investigations
and analyses conducted on a test setup which closely resembles pantograph-
contact wire interaction. Different possible mechanisms of the panto-
graph arcing and influencing parameters like speed of the train, load
current, voltage level, power factor etc. are identified. It was found that
pantograph arcing is a polarity dependent phenomenon. It generates
transients and asymmetrically distorted voltage and current waveforms.
This in turn generates a net DC component and odd and even harmonics
(up to order 10 was measured).

In the second phase, different characteristics of these high frequency
emission and influencing parameters have been analyzed and presented.
Presence of wideband high frequency components in the range from a
few ten kHz to a few hundred MHz at measured current, electric and
magnetic fields were confirmed.

10-90 % risetimes for current was measured from 5 ns to typically
around 25 ns, whereas for electric field this is ranged from fraction of one
ns to 25 ns. Although there are variations, the rise times of the measured
time domain waveform of current, electric and magnetic seems to have
correlation with the higher frequency components. It was understood
that major high frequency components measured could be from: (a) the
arcing itself, (b) radiation from connected cables/wires, (c) resonance in
the associated circuits and (d) associated digital circuitry.

This wideband electromagnetic emission causes interference in trac-
tion power, signalling and train control systems. Their possible propaga-
tion paths and consequences on different equipments are also elaborated.
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Take up one idea. Make that one idea your life - think of it,
dream of it, live on that idea. Let the brain, muscles, nerves,

every part of your body, be full of that idea, and just leave
every other idea alone. This is the way to success ....

- Swami Vivekananda
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Chapter 1

Introduction

The long and phenomenal story of development in science and technology
manifests itself in railways in its present form, beginning from steam
engines in early 19th century, through diesel engines, electrified railways
and high speed trains, benefitting and significantly influencing the life of
everyone. Statistics reveal that at any given instant, railways transport
more than 100 million people around the world and carry more than
91̇012 ton-km freight volumes [1, 2, 3].

Since its first commercial success in US and Europe [1], electrified
railways have traversed a long way to become one of the most popular
modes of transportation in the present society. Manifold advantages like
economic gains of mass transport, overall performance of high quality, im-
provements in speed and comfort etc. have resulted in an ever-increasing
demand. Electrified railways contribute significantly in reducing the ad-
verse effects on health and environment, and generate much lower levels
of noise compared to other modes like steam,diesel engines or even air-
crafts. Thus electric locomotion qualifies as a ’Green’ system.

1.1 Historical Developments in Railways

The Electrified Railway technologies and associated systems evolved in
various forms in different countries owing to the then techno-political
scenario. The first experimental electric railway in the world is attributed
to Thomas Davenport, a blacksmith of Vermont, U.S.A., who exhibited a
small railway operated by a miniature electric motor in 1835. Three years
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later, a Scotsman named Robert Davidson built an electric locomotive
that attained a speed of four miles an hour. In 1840, a patent was granted
in England for the use of rails as conductors of electric current, and similar
American patents were issued to Lilley and Colten in 1847 [4, 1].

At the Berlin Exhibition of 1879, Werner von Siemens demon-
strated an electric railway laid on a 600 yards track by a lit-
tle three-horse-power electric engine designed by himself. The
current was supplied by a third rail laid between the track rails. This
hauled a load of some thirty passengers at a speed of four miles an hour.
This is considered as world’s first demonstration of the electric railways.
Siemens’ successful demonstration led to other exhibitions at Brussels,
Düsseldorf, and Frankfurt. Siemens and Halske then built a line to
Lichterfelde, near Berlin, one and a half miles long. This line, which
was opened for traffic with one electric car in 1881, was the first public
electric railway in the world [1, 2, 4, 5].

In the British Isles, the Brighton Electric Railway began to operate
in August, 1883. Two years later an electric line was opened in Ireland
between Bessbrook and Newry. Another early electric railway to start
operation was between Portrush and the Giant’s Causeway in Northern
Ireland.

The first electric railway in Sweden was used in a 750 m industrial
line in Boxholm. In 1891, the first electric engine was built by Asea
for a 3 km industrial line connecting to the mainline at Katrineholm.
It was a very small two-axle engine [1]. By 1895 Sweden developed its
first fully electrified railway that efficiently transported commuters as
well as goods. By 1895 Djursholmsbanan, a commuter railway outside
Stockholm became the first public transport electric railway in Sweden
[6].

Inspired by the success of Siemens, F. J. Sprague (1857-1934) formed
the Sprague Company in US and developed the Sprague distribution sys-
tem and Sprague truck, which was the real heavy duty railway, clearly
distinguishable from the electric street tramways. The Sprague truck, in-
troduced the axle-hung, nose-suspended motor and drive system in 1888
became a world standard and remained so for almost a century for elec-
tric and thermal-electric traction [1]. Sprague lines and overhead systems
were also followed for more than 25 years and Sprague multiple train
control became an essential feature of the railways [1]. Achievements by
Siemens, Westinghouse, van de Poele, Brush, Daft, Edision, Crompton,
Thomson, Hopkinson, Houston and many other pioneers led the devel-
opment of electrical heavy duty railways in 1990s from the electric street

2



tramways of 1980s [1].

Although there were experimental and operational railways with AC
motors, DC motors started dominating the market from the early days
[1]. In the 1890s because of the unavailability of the high voltage DC
lines, third rail feeding system was mostly preferred. In 1907 Westing-
house developed a single phase AC system on 33 miles of New York, New
Heaven and Hartford main line, which became very popular in interna-
tional railway business [1]. It may also be noted that as early as 6th Oc-
tober 1903, successful test runs were conducted on a three phase electric
multiple units (EMU) trains up to a speed of approximately 203 kmph
by Siemens and Halske Drehstrom and Triebwagen between Marienfelde
and Zossen, Germany [7].

1.1.1 Developments in Infrastructure: DC Power feed-
ing

Although electrified railway started with DC battery feeding, third rail
and overhead conductor feeding became the most popular choice even
during the early days of electrified railways in the 19th century. It relied
on (low voltage DC) LVDC supply because of the advantages of available
DC motors. Generally the power was drawn from batteries or cells, or
supplied from a dynamo, often driven by a low pressure reciprocating
steam engine or a water wheel. Although initially vehicles used to carry
the power source (i.e., the battery or the dynamo), soon supply from the
power house, through the third rails or overhead conductors was found to
be more beneficial. This simple form of DC railway was used in most of
the street railways during the late 19th century and early 20th century,
and in the heavy-duty electric railways since the beginning of 20th cen-
tury. Most of these simple DC electrifications were for short distances.
Most of the electrified lines were supplied by individual generator sets.
The concept of connecting it to the national grid became popular after
Second World War.

It is interesting to note that even during 1890s, the problems due
to return currents were given sufficient thought. A possible mitigation
technique introduced was the usage of an insulated forth return rail to
prevent corrosion and fire hazards of underground gas pipes and cables.
This technique is followed even today in some of the most modern railways
when the train passes through sensitive areas (Berlin, London etc).
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1.1.2 Developments in Infrastructure: AC Traction
Power Feeding and Distribution

With the development of AC systems in 1890s, large power stations
started generating at 6 kV, 12 kV voltage levels and started transmitting
power to longer distances without much transmission loss and voltage
drop. This increased the system efficiency which required several power
stations in the previously practiced simple DC feeding. These large AC
power stations can supply a sizable area at higher voltages using trans-
formers, bringing the voltage level down at the user end using another
transformer. Then this lower AC supply is converted to DC using motor-
generator or motor converter sets by using a AC synchronous motor and
DC generator. After 1930, these units were replaced by mercury-arc
rectifiers, which served till late 1970s (some are still operational) and
are gradually replaced by solid state rectifiers [1]. Equipped with cen-
tralized AC generating stations, transmission network, converter stations
and third rail/overhead conductor system, electrified railways evolved
from the basic street railway version to a highly reliable mode of trans-
portation across the country for long distances, under the tunnels etc.
As the economic benefits of electrification over steam lines became visi-
ble to the society and investors, electrification of many steam lines was
undertaken during the beginning of the 20th century [1].

The advantages of high voltage AC power transmission from the gen-
erating station to the feeder point over DC transmission were recognized
by the end of 19th century. At the same time the DC motor was preferred
for its better speed torque characteristics and wide range of speed control.
Different types of AC/DC converters were being developed, and before
the mercury rectifier rotary converter stations were commonly mounted
in the track side substation/converter stations or sometimes even in the
locomotives.

Developments of three phase power transmission with low loss and
capability to transmit for long distances were noticed by railway engineers
by the end of 19th century. However, three phase induction motors had
only limited speed control over a wide range. At the same time there was
no reliable single phase AC motor available at the industrial frequencies.
There were several attempts to transmit three phase power directly into
the locomotives using two/three overhead conductors or sometimes two
overhead and one third rail or two rails and one overhead conductor.
In the beginning of 20th century Brown Boveri implemented several AC
three phase traction systems at different frequencies, lower than the power
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generation and transmission frequency and many of these lines became
quite successful in operation. Before the 16.67 Hz was accepted as a
standard, 15 Hz supply was very popular during early 20th century, and
there was 25 HZ supply also, some of which still exist in US.

Gradually AC traction power supply started becoming more popular
compared to DC, where the AC is converted to DC for the advantages of
the DC propulsion system. These trains are called converter locomotives.
Electrified railway systems finally evolved as two transit systems, namely
mainline (high speed trains, suburban trains, freight trains etc., operating
between cities and countries) and urban (underground trains, light rail
vehicles, trams, trolley buses, monorails etc., operating within and around
a city) [8].

1.1.3 Choice Between DC, Reduced Frequency (16
2/3 Hz, 25 Hz) and Power Frequency Supply

All early traction motors were DC series motor but because of disadvan-
tages like higher losses and voltage drop, and unavailability of technology
to step up or step down DC voltage level, this LVDC (typically 500-750
V) was fed directly to the motors. This also avoids insulation issues at
higher voltages. So the rectifier and feeder stations had to be located
every few km along the track in order to maintain a relatively low drop
in voltage between the nearest feeder point and the train. Although this
type of arrangement was satisfactory on urban and suburban lines and
is still being followed, it is not a very economic and feasible solution for
long distance mainline routes between cities. So, an obvious need was felt
for developing a system to supply the train with high-voltage AC, which
could then be stepped down efficiently by a transformer within the train
to a voltage level suitable for the traction motors [9].

Various possible solutions were considered to address the issue on
hand. One option was to develop a suitable onboard converter from
AC to DC to feed the DC series motors. However it was seen that the
mercury-arc rectifiers, then widely used at feeder stations, were too fragile
and not suitable for mobile and dynamic platforms. At that time no other
viable technology was available for this type of onboard conversion. A
three phase AC traction feeding was also attempted, notably in Italy,
aiming to use three phase induction motors for traction drive. However,
this option was not commercially viable and abandoned because of a
complicated dual catenary and third rail feeding and limited availability
of speed control [9].
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A feasible alternative was to develop a suitable AC traction mo-
tor. Germany was the pioneer in developing reduced frequency AC trac-
tion motors with the desired torque-speed characteristics and they im-
plemented this in the branch line from Murnau to Oberammergau in
Bavaria, electrified at 16 Hz by Siemens in 1904 [1, 9]. Soon this method
became globally popular (25 Hz in some lines in US and in few other place
of the world) and by 1912, the German Railways adopted this 15kV 16
2/3Hz system as standard for low-frequency high voltage electrification.
Apart from Germany, many countries like Sweden, Norway, Austria, and
Switzerland still use this system. Although separate frequency conver-
sion is required, sill traction supply frequency in these countries is not
changed to the power frequency mainly because of historical reasons and
to avoid the large reinstallation cost. Apart from that, there are addi-
tional advantages like slightly lower operational cost, less number of re-
quired substations (60 %) etc. [2]. Adopted traction voltage levels vary
to a certain extent based on local parameters (11 kV in mountainous
terrains etc.).

Although first developed in Germany before world war II, France was
the pioneer in implementing the high voltage power frequency supply for
traction system which became more popular worldwide, compared to the
low frequency supply (16 2

3 ) Hz. Most of the new railway lines over the
last three decades were designed for AC traction systems. Also there are
attempts to convert the old DC lines to the AC ones.

In the past the DC traction system constituted a large portion of the
electrified railway network. Although AC power frequency supply started
dominating the new railways, DC railways still forms a large part of the
existing railways. With the recent developments in the solid state power
electronic devices and technologies, DC railways are often preferred as a
cost-effective solution over AC railways and hence are being chosen by
many of the new urban and suburban railways [2]. Further many of the
existing mainline DC railways are also being modernized to enhance the
effective operational benefits rather than being converted to AC, which
is expensive and a time consuming choice.

1.1.4 Basic Layout of the Modern Electrified Trac-
tion Power Network

Fig. 1.1 shows the overview of the traction power supply systems. Figs.
1.2(a)-1.3(b) show the different approaches adopted for return current
collection within AC traction systems. Considering k as the fraction of
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Figure 1.1: An overview of the traction power supply network (adopted
from [10])

the return current flows through the rails and (1-k) the ground, different
configurations provide different values of k as shown in Figs. 1.2(a)-
1.3(b) [10, 11]. k increases sharply with the return current conductor
and further with BT/AT system. When no return current conductor is
used (Fig. 1.2(a)) and the return path is only through the rails, k ≈ 0.5
and almost 50 % of the return current does not flow through the rails.
When a return conductor is connected to the rail within certain intervals,
k ≈ 0.7 − 0.8 depending on the usage of reinforcement wire and return
currents become more confined to the rails (1.2(b)). It is further improved
with the booster transformer system (1.3(a)), where almost 90 % of the
return current is confined to the rails. Later, auto transformer system
(1.3(b)) is devoloped, where more than 90 % of the return current is
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(a) Return path through the rails, no return conductor, k ≈ 0.5

(b) Return path through the rails and the return conductor, k ≈

0.7 − 0.8

Figure 1.2: Development of different types of configuration for return
current (adopted from [10]). k is the fraction of the return current flows
through the rails.

confined to the rails, followed by a combined AT-BT system to utilize
the existing BT system. Similarly, there are several ways to control the
stray current in a DC traction, like having an earth mat running below
the tracks, a separate fourth rail for the return current, bipolar supply
(positive in third rail and negative in fourth rail) [10]. Rolling stocks
carry several types of power feeding and drive systems based on the type
of motors used. Figs. 1.4(a) and 1.4(b) show the basic layout of AC
supply with AC drive systems. Fig 1.5(a) shows the basic layout of AC
supply with DC drive systems. Fig 1.5(b) shows the basic layout of DC
supply with AC drive systems.

1

1The author thanks the International Electrotechnical Commission (IEC) for per-
mission to reproduce information from its International Standards IEC 62236-3-2
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(a) Booster transformer system, k ≈ 0.99

(b) Auto transformer system, k ≈ 0.9

Figure 1.3: Development of different types of configuration for return
current with AT and BT transformer respectively (adopted from [10]). k
is the fraction of the return current flows through the rails.

1.2 Recent Developments in the Rolling Stock

The developments in the traction propulsion system has been taking place
consistently since the early stages. As railways started growing as a popu-
lar mode of public transport, the speed and its economic viability became
major deciding factor. The choice was between two forms of rail vehicles-
locomotives or EMUs. Traditionally, while EMUs were popular choice in
urban and suburban railways, locomotive hauled trains dominated the
market of long distance intercity trains. However as the demands for
higher train speed increased, decisions began to be influenced by several
techno-commercial factors like:

ed.1.0 (2003). All such extracts are copyright of IEC, Geneva, Switzerland. All rights
reserved. Further information on the IEC is available from www.iec.ch. IEC has no
responsibility for the placement and context in which the extracts and contents are
reproduced by the author, nor is IEC in any way responsible for the other content or
accuracy therein.
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(a) AC fed locomotive with with power factor correction filter
on the converter side and with AC three-phase auxiliary and
train power supply

(b) AC fed locomotive with AC traction drive and psophometric
filter on the line side

Figure 1.4: Basic power layout of the drive system with AC motors,
(Source: [12])

• Number of stoppages in between

• Population at the intermediate stations (estimated passenger load,
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(a) Conventional system with AC input and DC traction motors
fed by phase control converter

(b) DC fed system with AC traction drive

Figure 1.5: Basic power layout of AC fed DC traction drive system and
DC fed AC traction drive system, (Source: [12])

required stoppage time)

• Potential investment and expected revenue

• Availability of land

• Choice between dedicated high speed lines (used in Japan, some
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parts of Europe) or enhancing the vehicle speed by suitable design
modifications in the vehicle to use the existing infrastructure (used
in Sweden, some other developing countries)

The final selection between EMU or locomotive is based on the above
parameters.

EMU has the advantages like [2]:

• High electric load (≈ 20 kW/t) is distributed to many driving wheel
sets. It helps to keep the wheelset load within desired limits (16-17
t in Europe [2, 13, 14]) to ensure stability and limit wear.

• Reduction in train lengths to utilize shorter platforms

• Reduction in total weights, usage of Jacob’s bogies

• Cheaper if capacities are smaller

On the other hand, locomotive has the following advantages [2]:

• Higher capacity locomotives are comparably cheaper and often EMUs
need to replaced by locomotives to increase the capacity

• Better scope for space management to house all high power electric
equipments. In EMUs these needs to be fitted underneath the floor,
making it often technically challenging

• Scalable in terms of capacity. For EMUs it can be done only in
rough steps by adding more units

• Repairing individual compartments is easier. EMUs need to be
taken to the shops while locomotives can be done by detaching the
compartments

• Riding comfort. Sometimes the drives system and motors located
nearby causes noise and irritation to the passengers in EMUs.

Since early sixties Japan made its decision in the favor of EMUs while
introducing Tokaido line Shinkansen service [2]. A compromising option
is adopted by many railways in Europe with streamlined trailer coaches
and power headcars as used in TGV, ICE and Elettrotreno Rapido trains
[2].
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1.3 Developments in Signalling and Train
Control Systems

During the early stages of railways, mode of exchanging information with
the crew was through the stoppages at the station. Communication be-
tween stations was improved through the developments of telegraph, tele-
phone and radio systems. Flags, lamps, loops (used as a token) were the
early means of the railway signalling and are still in use in some parts of
the world. Many tracks were single lines and hence loops were quite com-
mon in 19th century in Europe and America. Following a time table with
a certain margin of time was also widely used. In single track systems
these were methods quite unreliable and sometimes resulted in dangerous
situations. Simple blocking techniques were being used to control traffic
during 1840s, even before the operation of electric railways. By late 19th
century, automatic control of trains by successful use of powered signals
became commercialized [1]. Interlocking systems started getting popular
after a series of accidents in US in 1960s [1].

Track circuits, developed in 1860s, started being used extensively by
the end of 19th century. Perhaps no single invention in the history of the
development of railway transportation has contributed more towards the
safety and automation than track circuits. Different countries use differ-
ent track circuit feeding source, DC (Sweden), AC at various harmonics
and interharmonics (100 Hz, the 6th harmonic of 16 2/3 Hz supply used
in Norway, 10, 42, 100, 125, 200 Hz in Switzerland, 95 Hz, 105 Hz in
Norway, 50 Hz in 1500 V DC, and 83 Hz in 25 kV 50 Hz, and 1700, 2000,
2300, 2600 Hz in both 1500 V DC and 25 V 50 Hz AC with different limits
in France, 75 Hz in Netherlands etc.) or audio frequency (9.5-14.5 kHz)
[2, 16]. One main reason for selecting DC, even harmonics and interhar-
monics is to avoid interference with the return current. Figs. 1.6(a) and
1.6(b) show the schematics of a typical DC track circuit system used in
Sweden.

With increasing traffic and speed, there has been a consistent de-
mand on the railways to increase the frequency of the train operation,
because expanding the infrastructure is not always feasible. A more prac-
tical solution is to reduce the headway distance (the minimum distance
between the two trains) and headway time (minimum time interval be-
tween two running trains) [15]. But this enhances the risk of collision
between the trains unless the precise locations of the trains are contin-
uously monitored. This is addressed by evolving an advanced signaling
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(a) Track circuit and corresponding green signal

Resistor

Track circuit

battery (Transmitter)

Power supply circuit

Receiver
circuit

Signal feeding battery

Red light circuit

Green light circuit

Train

Track circuit feeding

Toggle Switch
Coil of track
circuit relay

S rail for return
current (grounded) I rail with insulated joints

Length of a track circuit

+ − − +

(b) Track circuit and corresponding red signal

Figure 1.6: Basic layout of the track circuit and corresponding red and
green signal [15]
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system based on wireless communication techniques. Lackawanna and
Western Railway of US was the first railway where wireless technology
was implemented in 1913. Since the end of last century wireless technol-
ogy started dominating the modern railway signalling and communication
system. Almost all modern railways started using radio based services
for different types of applications. Monitoring and controlling the trains
from central station became common with implementation of automatic
train control (ATC) and automatic train protection (ATP) for fail safe
operation of the railways.

A new concept, called European Rail Traffic Management System
(ERTMS) was initiated in Europe to make inter-continental rail operation
possible between countries having different types of signalling and power
feeding system. The core of this technology is based on GSM-Railway, a
GSM based wireless technology used for voice and data communications
and ETCS (European Train Control System), an ATP to replace the
existing national ATP-systems. The development will be implemented
in three stages, viz., ERTMS level 1, 2 and 3. Most of the countries in
Europe are at level 1 and undergoing a transition towards level 2. ERTMS
uses different components for communication between the vehicle and
the infrastructure i.e., eurobalise (a track side passive microwave device
to exchange track side and infrastructure related information with the
vehicle) and onboard balise transmission module (this activates the balise
by sending microwave power and fetches the required information), leaky
coaxial cable (e.g., for communication within tunnels) etc. The concept
of ERTMS became so popular worldwide that the investment outside
Europe has surpassed it both in number of trains (Taiwan) and track
length (China) [17].

1.4 Electromagnetic Interference and Com-
patibility (EMI and EMC) Issues with
Railways

EMI and EMC issues were considered of from almost the beginning of
the last century. The main focus was given to the return current and its
path, which is still a major issue in many railways. It was well understood
that a large portion of the return current of the DC railways (most of
the railways at that time) flows through ground and thus could cause
corrosion and related problems on the gas/water pipes and other track
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side metallic infrastructure of big cities. This was probably one among
the first EMC issues with railways which had been predicted and analyzed
as early as the late 18th century. As a possible mitigation technique an
insulated fourth rail or a bipolar traction feeding system (first successfully
implemented in London +430 V DC at a track side third rail and a -210
V DC at a fourth rail between the two running rails) was introduced to
control the return current in its predefined path.

However, as developments continue in railways, on one hand the elec-
tromagnetic (EM) environment becomes more challenging, while the de-
mand for compatibility increases. Interference issues leading to noise,
error and sometimes damage of the track side Signalling cables and equip-
ments were experienced widely. For the neighboring non-railway world,
interference leading to noises in telephone, TV and similar electromagnet-
ically sensitive systems were commonly noticed almost all over the world,
which sometimes resulted in electrical hazards and damaged equipments.
With developments in railway feeding systems, other types of EMC prob-
lems appeared. For example, when RC locomotives were first introduced
in Sweden, due to its converter and drive systems, asymmetries in the
supply systems generated a net DC component. Together with some
transients, this DC component was getting circulated within the entire
traction power and signalling systems and was causing interference issues
[18]. In Copenhagen, the existence of DC railway in the proximity of new
AC railways caused saturation of the booster transformers (a part of the
AC feeding system) due to vagabonding DC from the DC railway [11].
In Berlin, the electrification of the main line railway with AC induced
high rail potentials in the paralleling DC commuter train (S-Bahn) [11].
In Taipei Metro rail, stray current from one DC railway network entered
into another railway network [19, 20]. In another instance in Stockholm,
audio frequency track circuits were causing interference to the hearing
aids in a neighboring school for people with hearing deficiencies [21].

1.4.1 Why EMC in Railway is so Challenging

Compared to large power systems, the electrified railway systems provide
different yet challenging Electromagnetic Interference and Compatibility
(EMC) issues mainly due to the system topology, configurations, and
equipments. All the modern developments within the railways have in-
deed led to a faster, smoother, reliable and efficient operation of the
railway industry. However, they bring new challenges for engineers and
researchers as well. A review of some of those challenges can be found in
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Paper I [15]. Some distinguishable features are:

• Usage of sliding contact to draw high power to the rolling stock
through a contact area of few square mm, which causes

1. Distorted supply voltage and current waveforms

2. Generation of a net DC components, harmonics, including
even harmonics, and interharmonics

3. Wideband electromagnetic noise emissions

4. Transients and surges

• Wide variations in the power supply configurations, layout and sys-
tem topologies between different trains and at different sections of
the railway infrastructure

• Trains are bulk dynamic loads (consume power between 1-12 MW,
sometimes even more) and their speeds, electrical loads, currents
etc. vary in a wide range

• Usage of the rail for both current return and signalling (same con-
ductor for high voltage and low voltage applications)

• Depending on soil characteristics for long track sections the return
currents could find its path either through the rail or through the
soil

These inherent and other additional features in a railway system may
introduce several challenges:

• Harsh climatic conditions in some Nordic countries, some other
parts of Europe and North America make smooth operation of this
sliding contact difficult and exaggerate the effects of using a sliding
contact as already enumerated

• All these DC components and harmonics propagates in the entire
traction power and signalling system causing EMI issues[15]:

– Saturation of different Transformers used, i.e., booster trans-
formers, auto transformers, substation transformers, vehicle
transformers etc.

– Saturated transformers are a source of even harmonics and
interharmonics [15, 22, 23, 24]
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– Radiated EM fields cause interference to wireless services, like
GSM-R communication, other radio and wireless based ser-
vices

– DC components cause corrosion of bearings [11, 25]

– Even harmonics and interharmonics affect the control systems
of the drives and power electronics [22]

• Different levels of inrush current, wide band frequency content of
transients and surges due to switching in the traction power system,
raising and lowering the pantograph UP and DOWN etc.

With the recent development trends in the propulsion system, where
IGBT based drive system are prevailing over GTO based systems. On
the other hand more and more sensitive equipments and sensors are being
used for control and signalling purposes. This leads to:

• Higher frequency switching and sometimes presence of higher order
harmonics

• It is difficult to estimate the electromagnetic environment because:

– Difficulties in simulating the high frequency behavior of the
power electronic devices and the complete drive systems

– Schematic details and layout of the complete system is difficult
to achieve and vary widely between different train models, and
depends on customer requirements

– Difficulties in performing experiments due to cost, inaccessi-
bility of the system

– System topologies vary widely and changes often happen in
the middle of a project

– Most importantly, because of the involved high complexity as
well as high sensitivity makes it difficult to predict the asso-
ciated EM environment and performance after the full system
is assembled

In many cases, EMI issues appear after the completion of the project,
owing to the incomplete knowledge of the overall system configurations,
types of EMI sources, relevant mediums and environmental factors. Also,
investigations with regard to the above specific cases helped to develop
the required experience and expertize in improving the standards, design
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and planning of railway networks and its efficient operations from an
EMC perspective. Such an approach could be used as a benchmark in
other similar applications.

With further advancements in the application of more electromag-
netically sensitive devices, sensors and wireless technology for both rail
control and signalling and the outside non railway world, the specified
emission limits in the standards are becoming stricter by the day. At the
same time the drives and propulsion systems started using semiconduc-
tor devices with higher switching frequencies. In EMC terminologies this
translates to the sources becoming worse and the victims more sensitive,
making the job of EMC engineers more interesting challenging!

1.4.2 Electromagnetic Interference (EMI) Sources, Vic-
tims and the Coupling Mechanisms

IEC defines EMC as ”The ability of an equipment or system to function
satisfactorily in its electromagnetic environment without introducing in-
tolerable electromagnetic disturbances to anything in that environment”
[26]. In general the interference phenomena is composed of sources, cou-
pling paths and victims and in some cases a victim of one system could
be a source of interference to other systems’ as well. The main focus
of this thesis is the detailed analyses of one of the major EMI sources,
namely pantograph arcing and it’s possible victims within the railways
in specific and the outside world in general.

Electrified railways not only generate high electromagnetic pollution
but are also often victimized because of the same. This also affects the use
of sensitive equipments both within the railways and in the neighboring
world. The major EMI sources can be classified as :

• On board Sources: Pantograph arcing, fast switching of the power
electronics and drives of the propulsion systems, switching of the
onboard power circuit, emission from discharges in the power, dis-
play units and rotating machineries etc.

• Track side power feeding system: Switching and transients from the
power system

• Environmental sources: Lightning, geomagnetic storms

• Neighboring sources: High power radio transmitters, nearby indus-
tries (e.g., blast furnaces of steel plants etc.)
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Figure 1.7: Frequency spectrum of the conducted and radiated emis-
sion from pantograph arcing and associated railway systems with their
frequency bands

• Intentionally created EMI (IEMI)

• Electrostatic discharges: A charged body is discharged to a victim
circuit

Fig. 1.8 shows different sources and victims of radiated and conducted
interference within the train and its vicinity. Most of the interference
problems studied here is confined to the feeding and signalling systems.
But it is important to mention that in some cases like transients, geomag-
netic induced current etc. the entire grid, including the traction power
supply may be affected.

There could be three modes of interference [2, 27]:

• Conducted interference: Generally caused by harmonics from power
semiconductor devices of traction power feeding system, propulsion
system etc., pantograph arcing, return current, track circuit

• Inductive interference: Caused by power circuits of either the trac-
tion power system or the vehicle and
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Figure 1.8: Radiated interference from the pantograph arcing, catenary
wires and other radiating source and the interference from the traction
drives to different components

• Radiated interference: Caused by the high frequency components of
the pantograph arcing and the high switching frequencies of semi-
conductor devices of the drives systems

The possible coupling mechanisms within the same railway, with other
railways and non railway systems could be as follows ([28]):

• Conduction coupling: Through a common conducting path between
the source and victim

• Inductive coupling: Time varying magnetic field produced by cur-
rent in one circuit induces a voltage in the victim circuit via mutual
inductance
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• Capacitive coupling: Time varying voltage in one circuit creates
voltage changes in the victim circuit via mutual capacitance

• Electric (E) and magnetic (H) radiation: Source and receivers are
separated by a distance of more than a wavelength and circuit struc-
tures act as transmitting and receiving antennas

1.4.3 International Electrotechnical Commission (IEC)
Standards on Electrified Railway and its Rele-
vance to This Work

The IEC 62236 (Railway applications - Electromagnetic compatibility)
series of standards were published to specify the emission limits from
the whole railway system to the outside world and the EM emission and
immunity of the equipments operating within the railways, which must
be compatible with the specified operating limits. These specified limits
for the EMC phenomena are set in such a way that the railway as whole
achieves electromagnetic compatibility with the outside world and within
the different parts of the railway itself[28]. It provides a cartograph of the
fields most frequently encountered and prescribes measurement methods
to verify the emission limits at railway sites [29]. The IEC 62236 series
of standards cover the following areas:

• IEC 62236-1: General- brief description of the electromagnetic be-
havior of the railway, specifies performance criteria for the whole
set and provides an EMC management process between the railway
infrastructure and trains

• IEC 62236-2: Emission from the whole railway system to the out-
side world- sets the emission limits from the railway to the outside
world at radio frequencies, defines applied test methods and give
information on the typical field strength values and emission lim-
its at traction and radio frequencies for trains at different voltage
levels and infrastructures like substations.

• IEC 62236-3-1: Rolling stock- Train and complete vehicle- specifies
the emission and immunity requirements for all types of rolling
stocks, including traction stock and train sets, independent hauled
stock

• IEC 62236-3-2: Rolling stock- Apparatus- emission and immunity
aspects of EMC for electrical and electronic apparatus intended for
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use on different types of rolling stocks

• IEC 62236-4: Emission and immunity for the signalling and telecom-
munication apparatus- specifies the limits for electromagnetic emis-
sion and immunity for signalling and telecommunication apparatus

• IEC 62236-5: Emission and immunity for fixed power supply in-
stallations and apparatus- emission and immunity aspects of EMC
for electrical and electronic apparatus and components intended for
use in fixed installations associated with power supply in railways

1.4.4 Further Scope and Motivation for Railway EMC
Research

Although the IEC standards for EMC are set in such a way so as to
achieve satisfactory EMC requirements in most of the cases, still there
exist situations where special attention is needed. In such cases, these
EMC issues might cause confusion, uncertainties and often hamper the
progress of railway projects. Sometimes these issues are resolved with
precautions which incur substantial extra cost yet perhaps not always
essential. It may also be possible that the implemented preventive mea-
sures prove to be insufficient and hence adds further cost and delay. It
is important for both the industry and academic research institutions to
develop knowledge and utilize experience to identify these specific issues,
analyze them and recommend possible solutions.

Some of the existing shortcomings and concerns which need to be ad-
dressed and in turn can contribute in evolving the IEC standards further
are as follows:

• The standards do not fully guarantee that integration of all de-
vices working in different environments will meet all the emission
requirements. It is difficult to consider all the possible configura-
tions, topology and equipments used by different types of railways
and customer specifications. So, a deeper understanding has to
be developed corresponding to different situations to have a better
compatibility.

• Because of the large size and the intrinsic complexity involved, it is
difficult to perform tests to establish limits for immunity for large
assemblies.Therefore it is necessary to follow a proper EMC man-
agement taking into consideration its different configurations and
specific circumstances [28].
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• It is recommended that in the vicinity of regions of unusually high
levels of interference (like presence of powerful radio transmitters
etc.), extra protective measures are required [30]. However, this is
to be ensured through a comprehensive study of the system and
all it’s possible functionalities together with the electromagnetic
environment where it is supposed to work.

• The specified techniques in IEC:62236-2 mention about measuring
radiation by doing a track side point based measurement [30]. It
does not specify the methods/techniques to assess the immunity
and possible interference with the onboard electronics and commu-
nication system

• Most of the sensitive equipment for train control, signalling and
communication will be placed onboard inside the train at different
locations like near/on the floor, and inside the vehicle. So assess-
ment and noise characterizations inside the vehicle should also be
conducted

• The emission from the rolling stock may differ based on its speed
and the load current

• There is no agreed method to limit the conducted emissions from
the traction supply

• Proposed techniques for measurements of conducted EMI ([12])
need further modifications and improvements in order to adapt it
to the modern railway systems

• No practical method exists to define a relationship between the
conducted and radiated interference. As the reduction in the con-
ducted EMI results in a corresponding reduction in the radiated
interference, it is required to investigate the mechanisms involved
which could help to gather more information for the standards

• The measured emission at the track side as specified in the stan-
dard might not be at its maximum value. Maximum emissions are
dependent on several parameters of the rolling stock and the track
systems ([30]), like speed of the train and current governs the arcing
phenomenon and hence the radiation from the pantograph arcing

• Weather plays a very important role in the pantograph arcing and
subsequent emission from it. This phenomenon is more intense in
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winter compared to summer. So, emission measurements should be
made both in winter and summer to have a better understanding
of the weather effect.

1.5 Railway EMC research at Uppsala Univ.
and KTH

As the railway business becomes more global, railway companies are get-
ting increasingly involved with intercontinental operations. Local require-
ments and challenges are often critical for the satisfactory operation of
the railways. For instance, requirements change significantly from ex-
treme cold to extreme warm climates. A successfully implemented model
in a particular location might not work as expected in other places. So
enhancing the EMC knowledge base is critical for several stakeholders
like the railway companies which supply the vehicle and the infrastruc-
ture, the railway boards, infrastructure owners and railway traffic and
freight operators. Universities play an important role in critical analyses
of some of these issues in collaboration with the industries. This necessity
was felt by the EMC group of Uppsala University, presently at KTH and
Banverket and Bombardier Transportation and thus several small and
long term projects were initiated.

Since 2001, a collaboration with Banverket was set up to investigate
various EMC issues. Initially the main focus of the work was on several
issues related to transient response of grounding systems caused by light-
ning and other sources [31]. Interference issues of both traction power and
signalling system caused by lightning induced currents were investigated
[32, 33, 34]. Both the investigations were based on experimental studies
and mathematical modeling. Based on the mathematical models formu-
lated, a software was developed for analyzing the interaction of lightning
with the railway network [32, 35]. This is being further extended to
cover interference at low frequencies with communication cables [35, 36].
A method for estimating the influence of series connected devices during
transient pulse propagations along the railway network has been devel-
oped [37]. Work associated with the present context of safety and security
related to intentional EMI (IEMI) issues with railway infrastructures is
also in progress [38, 39].

There are other research groups in KTH working on different aspects
of railways like condition monitoring of interaction between pantograph
and overhead contact wire [40], planning for future investments in the
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railway power supply system [41], railway traffic planning, railway in-
frastructure and vehicle dynamics etc.

1.6 Thesis Outline

Chapter 2 briefly introduces pantograph and overhead contact wire feed-
ing system, followed by some details of sliding contact and arcing in the
railway perspective. Test results with DC supply from a DC traction
system point of view is presented in Chapter 3. Chapter 5 emphasizes on
different characteristics of pantograph arcing, different types of arc root
movement and corresponding arc lengths under different circumstances.
The origin of DC component in AC traction system, lower order harmon-
ics, including even harmonics and influencing parameters are presented
in Chapter 4. Chapter 6 presents the test results containing the high
frequency conducted and radiated emission. Consequences of these EMI
in the traction power and signalling system under different circumstances
and possible mitigation techniques of the icing problems are presented in
Chapter 7, followed by evaluation and scope of future work in Chapter
8. Chapter 9 presents the summary of the papers attached to this thesis.

From an EMC perspective, this thesis is devoted to a comprehensive
understanding of the pantograph arcing source in conjunction with the
associated coupling paths. This will eventually help in coming up with
appropriate interference mitigation techniques and protective measures
that could be beneficial for the railway vehicle and infrastructure suppli-
ers, administration and infrastructure owners and developers.
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Chapter 2

Sliding contact between
pantograph and overhead
contact wire

2.1 Introduction

As mentioned in the Chapter 1, in all electrified railways where power
has to be drawn from outside traction power infrastructure, there exists
a sliding contact between the train and the power feeding conductor.
Traditionally, it started with the third rail-power collection shoe feeding,
and later overhead contact wire-pantograph became the most popular. In
this Chapter, various aspects of the sliding contact between pantograph
and overhead contact wire is discussed

2.2 Requirements of a Pantograph-Overhead
Contact Wire Sliding Contact

The contact area between the overhead contact wire and the carbon blade
of the pantograph is of the order of square mm, through which several
MW of power are transmitted. Depending on the voltage levels, some-
times more than 1000 A current flows through this small contact area.
To achieve this and also provide quality power to the propulsion system
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requires smooth operation of the sliding contact and so, it should have
the following properties:

• The physical contact between the pantograph and the overhead
contact wire must be maintained continuously as the train moves

• The pantograph must provide low aerodynamic resistance

• The wear of the carbon blade should be low

• The overhead contact wire should not be abraded

• Both the pantograph and the overhead contact wire should be able
to withstand high current and high temperature

• Even when the train is stationary, it still draws some power (80-
300 A, depending on supply voltage as per IEC 50367:2006) and the
contact should be able to bear that without being welded/joined
[42].

2.3 Material perspective

Although carbon is the most widely used material in overhead sliding con-
tact, it was never used in the former Japanese National Railway (JNR)
because it’s low mechanical strength and high electrical resistivity did not
match their requirements. Instead sintered metal alloys were preferred,
including the Shinkansen for almost five decades. Later to decrease the
wear of the contact wire, carbon contact strips with electrical resistivity
less than 3 µΩ were developed which started replacing the sintered metal
alloys by late eighties [43]. Carbon, Sn-Sb alloy impregnated carbon, Cu
or Cu alloy impregnated carbon are the most widely used material for
sliding contact. While pure carbon is still being used in many railways,
Cu or Cu alloy impregnated carbon is most popular [43, 42]. Since only
one blade is used in most of the high speed railways, the current density
is very high in the contact region. This can cause increased wear of the
overhead contact wire as well as contact strip surface, where metal migra-
tion occurs during arcing. Another issue is the increase in temperature
when the train is at standstill and still drawing current. This is due to
increased resistivity of the contact surface by metal migration.
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2.4 Different Types of Pantographs

Different types of pantographs are used depending on the train model
and adapted traction system. Two common types of pantographs are
[44]:

1. Double armed (sometimes called Diamond shaped) as shown in Fig.
2.1(a), traditionally used in almost everywhere and

2. Single armed (sometimes called Z-shaped or half pantograph) as
shown in Fig. 2.1(b), traditionally used in Europe

There are a few other variants as well to fulfill specific requirements like
lower clearance height etc. Another type, called wind pantograph was
developed in Japan to reduce the wind noise generated by the high speed
trains and is in use in some of the latest Shinkansen trains. Single arm
and wind pantographs have one carbon blade which improve aerodynamic
performance and hence is popular in some high speed trains. However,
depending on the electrical loads etc., two pantograph blades are often
required. Double arm pantograph uses two carbon blades, is heavier and
hence requires more power for raising and lowering, and causes higher
aerodynamic resistance. Using two carbon blades have several advantages
like higher current rating and ice scraping capacity during winter. This
will be elaborate later in Chapter 7.

2.5 Sliding Contact as a Limiting Train Speed
Parameter

It is important to understand the behavior of the sliding contact if the
train speed is very high. As the train speed increases beyond 400 kmph,
several challenges emerge both from the interaction between the vehicle-
track and pantograph-contact wire. The interaction between pantograph
and contact wire becomes more critical when:

• the train speed approaches speed of wave propagation

• there is a possibility of resonance between multiple pantographs

The wave propagation velocity can be expressed as [10]

c = 3.6

√

σCW

ρCW

= 3.6

√

HCW

m′

CW

(2.0)
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(a) Double arm or diamond shaped, source: [44]

(b) Single arm or Z-shaped, source: [45]

Figure 2.1: Two type of commonly used pantographs

where, c in km/h; σCW is tensile stress in contact wire, N/mm2; ρ(CW )
is specific density of contact wire material, kg/mm2; HCW is tensile force
in contact wire, N ; m′

CW is mass per unit length of contact wire, kg/m
[10]. Considering the contact wire as an elastic supporting floor model,
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the uplift of the contact wire y0 at the contact point with the pantograph
can be expressed as [46]:

y0 =
P0

√

2
√

k0HCW

√

1 − (v/c)2
(2.0)

where, P0 is the lifting force of the pantograph when the train is stopped,
k0 is the equivalent spring constant, v is the sped of the train.

When v → c, y0 becomes too large. Hence to make the current
collection uninterrupted in the high speed range, the wave propagation
speed has to be increased, i.e., the tensile stress in the overhead contact
wire has to be increased. This led to the development of improved contact
wires like the TA or CS type, presently being used in Japan, where there
is a steel reinforcement at the core of the overhead contact wire to make
it capable of withstanding more tensile stress [46].

In high speed trains, if two pantographs are being used, generally a
sufficient distance between them is maintained so that mechanical os-
cillation due to the vertical force of the first pantograph is damped and
hence does not influence the second pantograph [2]. However, arcing from
the trailing pantographs is commonly noticeable even in normal weather
conditions.

2.5.1 Speed Limit from Arcing Point of View

The dynamics of the vehicle as well as vertical lift force at greater train
speeds cause continuous attachment and detachment between the pan-
tograph and the contact wire. This sometimes results in visible arcs,
particularly when multiple pantographs are used. Later, in Chapter 7, it
will be explained that this arcing can cause severe damage to the contact
wire and in some occasions to the pantograph as well. In the record break-
ing SNCF (Société Nationale des Chemins de fer français) experiments
carried out in 1955 with DC supply and in April, 2007 with AC supply,
arcing due to the interaction between pantograph and contact wire was
clearly visible, especially from the trailing pantograph [47]. This lead to
the degradation of the contact wire to such an extent that the it had to
be replaced, resulting in an expenditure of the order of millions of Euros.
The second experiment was conducted during summer. Considering the
fact that a layer of ice could be formed on the overhead conductor during
winter, the arcing could be even more severe as observed in the Nordics
and North America. So, arcing in the pantograph plays a role together
with other parameters associated with the infrastructure and the vehicle
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in limiting the train speed for reliable operation. This particular event
requires further investigation.

2.6 Operation of the Sliding Contact between
Pantograph-Contact Wire

The overhead contact line is not straight, rather zigzag as shown in Fig.
2.2(a). The zigzag length is the maximum displacement of the contact
wire from the center of the track as shown in Fig. 2.2(b) and depends
mainly on the planned speed limit of the trains [10]. The wear on the
carbon blade spans double the zigzag length. Normal zigzag length for
low speed traction line is 400 mm. For high speed lines, it is limited
to 200-300 mm, sometimes even to 150 mm (Tokadio high speed line)
due to the higher tensile forces in the wires which require heavy metal
support at the edges of the zigzag [10, 48]. So when the train moves, the
pantograph has two velocity components: one in the forward direction
(equal to the train speed) and the other in a zigzag way. Both depend
on the speed of the train and the zigzag length.

In a curved line with smaller radius, the contact line will stagger only
in the outer side of the curve as shown in Fig. 2.3. This leads to uneven
wear in the carbon blade (only from its center towards the inner side of
the curve) and may cause serious problems [49].

2.7 Influence of Arcing in the Sliding Con-
tact

Arcing from pantograph is commonly observed throughout the year.
However, factors like the increase in train speed, current and especially
cold weather conditions contribute in increasing the visibility of the arc-
ing phenomenon. This section will first present the various arcing mech-
anisms. Later the effect of pantograph arcing on the sliding contact is
elaborated.

2.7.1 Arcing Mechanisms between Two Electrodes

Classifications of arcs can either be in the anodic or cathodic phase based
on the material transfer from the electrodes or in the metallic or gaseous
phase based on the current carriers [50]. Jemaa et al. conducted some
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(a) Zigzag configuration of the overhead contact wire

(b) Layout of an overhead electrified railway showing the zigzag of the contact
wire, adopted from [10]

Figure 2.2: Zigzag configuration and layout of the contact wire
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Figure 2.3: Zigzag of overhead contact wire in a turn with small radius
adopted from [10]

experimental investigations with 14 V, 20-80 A, 0-50 mH with varying
gap length from 1 µm to a few mm [50]. They explained the progress of
an arc from the metallic to the gaseous phase. This begins with a steady
arc starting from the metal vapour evaporated from the electrodes, called
metallic arc phase. With increasing gap distance and current, this arc
is transformed to another form, called gaseous phase [50, 51]. As the
gap distance and/or current increases further, the metal vapour density
decreases and the gaseous ions start playing a major role in the current
conduction mechanism.

The material transfer starts from anode (hence called anodic stage),
and as the arc length increases, it is called cathodic phase, indicating
material transfer from cathode [50, 52]. This transformation happens
at a certain length and is independent of current and contact material.
The mass transport remains same in both metallic and gaseous phases
[50]. The mass transfer modes can also get changed when type of load is
changed from resistive to inductive or vice versa [50]. There have been
several studies on different phases of arcing, mechanisms, influences of
circuit parameters, gaseous medium, critical gap length for transforma-
tion and required current for each type to sustain its nature, temperature
and other characteristics [50, 51, 53, 54]. In general it can be said that:

• Anodic arcs are associated with short arc lengths and occur with
low inductive loads (L/R < 1 ms) and

• Cathodic arcs are observed with longer arc lengths for higher in-
ductive loads (L/R > 1 ms). This mode follows the anodic stage.
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Figure 2.4: Current Zero crossing and the transient overvoltage
(adopted from [54])

2.7.2 Arcing mechanisms with AC supply

Because of the sinusoidal voltage and current waveforms, there is a forced
current zero crossing (CZC) associated with AC supply. When the elec-
trodes of any electrical contact open with AC supply, an arc is formed and
it continues burning till the next CZC. Just after the CZC, the voltage
across the electrodes keeps on rising with the line voltage and then within
a few microseconds, that too is exceeded and is called transient recovery
voltage (TRV) (2.4). The rate of rise and amplitude of the TRV depends
on the circuit parameters, e.g., stray capacitance and inductance.

The arcing just after CZC depends on various properties of the elec-
trode material like melting and boiling point, thermal diffusivity, density,
work function, ionization potential, the amplitude of I(t) and di

dt
before

I = 0 etc. [54]. For extinction of the arc, the electron emission cease and
all factors which enhance this process should facilitate the arc quenching.
This is followed by heat loss of the arc plasma, cooling of the electrode
surfaces and a slow increase in dielectric strength of the air gap. At one
point of time, the reduction in plasma temperature could be low enough
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(usually the critical temperature in the range of 2000-3000 K) to make
thermal ionization in the plasma negligible. Then the breakdown voltage
will depend on the gap length, gas pressure, gas number density and tem-
perature. At this point, the transient recovery voltage (TRV) will stress
the whole gap between the electrodes. A breakdown of the contact gap
after CZC is followed by a current pause. The appearance of the TRV
across the contact gap is called as dielectric reignition .

The cathode sheath formed by the space charges can produce field
emission of electrons from the new cathode. If the TRV is higher than
the cathode sheath voltage, the excess voltage will appear across the
decaying plasma. These field emitted electrons from the new cathode are
accelerated by the voltage drop across the plasma and heat up the arc
column again. This eventually leads to a sustained current even after
the CZC and is called thermal reignition . Unlike dielectric reignition,
which is a race between the TRV and the reignition voltage, thermal
reignition is a race between the electric power input to the arc column
and the rate of energy loss by the arc column. In both the cases, the
energy input is controlled by the supply voltage, circuit impedance and
the continuous change in the arc conductance, whereas the energy loss is
decided by the ambient gas, contact gap together with the design of the
electrodes and the arc chamber.

If the new cathode is able to emit electrons just after the CZC, and
hence prevent the formation of the insulating positive space charge layer
in front of the cathode, an extreme case of reignition occurs, called
thermionic reignition. If the new cathode was very hot before the CZC
and the arc root caused melting in the previous anode, thermionic emis-
sion of electrons will be easier even just after the CZC. High pressure
sodium lamps are a perfect example of reignition just after the CZC. The
initial recovery process just after the CZC is prevented by this type of
reignition.

Two competing voltage components work simultaneously to reignite
the gap, namely, the TRV and the reignition voltage. TRV is depen-
dent only on the circuit parameters, i.e., inductance, capacitance and
resistance and the increase in the dielectric strength of the residual arc
channel. On the contrary, the reignition voltage is is independent of the
circuit parameters and dependent on the electrode and gap parameters,
i.e., electrode and arc chamber design and material, the gap length, am-
bient material and the arc current before the current zero [54]. Now, if
the TRV across the electrodes is below the reignition value of that partic-
ular gap, there will be no re-ignition as desired by the electrical switches.
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Figure 2.5: Details of the sliding contact between the pantograph and
the overhead contact wire during winter (not to scale).

For discharge lamps, the design should be such that the reignition takes
place at the earliest without the arc getting quenched fully (drop out).

Lowke et al. investigated the appearance of voltage spikes after the
CZC (sometimes called commutation peaks) by conducting experiments
and performing simulations in mercury vapor and argon arcs [55]. They
concluded that in both cases, the obtained re-ignition field is different
for both the positive and negative half cycle, i.e., arc reignition is a

polarity dependent phenomenon .

2.7.3 Current Conduction through Sliding Contact

The basis of all sliding contacts is the conduction mechanism. Electrons
can tunnel across the potential barrier between the two electrodes and if
the potential across two electrodes is high enough, electrons can get liber-
ated. The tunnel resistance varies with the work function of the material
[56]. In the presence of strong electric field, these liberated electrons can
generate metal vapour from the anode through impact heating or from
the cathode by Joule heating. The ionization of these metal vapours can
cause breakdown of the contact gap [54].
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Against popular belief, Zaidi et al. concluded that graphite is not an
intrinsic solid lubricant, instead it presents a good sliding property only
in the presence of water vapour and certain polar organic vapours [57].
The basic principle of sliding contact works on the conduction mechanism
through a thin film of moisture or any other available material. For a
smooth and improved conduction graphite requires moisture for sliding
contact and the required gap (approximately 10 Å or two molecular layers
of water) between the two electrodes should be maintained consistently.

The gap with a film is also useful to prevent the electron clouds of
the moving and separated electrodes from combining, which may result
in welding of the electrodes with disastrous consequences. This type of
cold welding or dusting as experienced in a closed chamber results in a
severe wear of the brush, followed by a black smoke filling the chamber
within a few minutes [57, 58]. In practice, these films may consist of
moisture, graphite, oxides, sulphides, organic vapours from the lubricants
and anything available in the vicinity.

The film on the collector surface is made of two segments. One part
is the oxide or insulating film, solidly attached to the collector/brush,
which may contain graphite and some other materials as well. The other
part is the thin film of moisture between the two electrodes covering
both the mechanical and electrical contact areas as shown in Fig. 2.5.
This moisture layer makes the operation of the sliding contact smooth
[54, 56, 59]. The shear of this film is responsible for the friction. The
electrical resistance of the film increases drastically with thickness [56].
The voltage drop is 0.2 to 0.3 V across this water film [60]. The limiting
factor to the commutation is the temperature on the collector surface
and the brush. Successful operation of the brush depends on several pa-
rameters like chemical properties (atmosphere, ambient condition, brush
and collector materials), mechanical (friction, chatter, stability), electri-
cal (commutation, electrical load), thermal (ambient, local and contact
temperature) and the abrasive action.

In a burning arc, the voltage drop between the electrodes will have
three components as shown in Fig. 2.6 and expressed in 2.7.3: cathode
fall - between 8-20 V, anode fall - between 1-20 V [61], and the arc column
between them, which has the characteristics of a plasma. However this
alone is not sufficient to explain the level of asymmetry and the presence
of a net DC component of the order of several tens of A in the AC trac-
tion system as reported by different researchers [22, 40, 62] and different
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Figure 2.6: The origin of the resultant DC current in the pantograph
arcing because of differences in potential drops in both the polarities,
adopted from [22, 65, 66]

railway organizations like Banverket, Bombardier etc. [25, 11, 63, 64].

U(t) = Ua + Ucol(t) + Uc (2.0)

2.7.4 The Situation of Pantograph-Contact Wire Slid-
ing Contact During Winter

It is natural to notice considerable arcing in high speed trains or freight
trains drawing heavy current, especially during winter. Fig. 2.5 shows
the details of the contact region both during summer and winter. The
lubricating moisture layer between the pantograph and the contact wire
(as mentioned in section 2.7.3) gets frozen as the temperature becomes
subzero. Apart from that, a layer of ice/snow is also formed on the
contact wire which depends on the meteorology conditions. The icing on
the overhead contact wire could be formed mainly from two sources [67]:

• Fog: As the temperature decreases, the air gets saturated by the
moisture content and condensation starts. This can lead to a wa-
ter/moisture layer on the overhead conductor. As the temperature
falls below zero, this water layer and small droplets of water present
in the atmosphere on the contact wire freeze and cause a layer of
ice to accumulate on it.

• Precipitation: Rains and snow flakes can precipitate on the contact
wire and form an ice layer.

Based on the characteristics of the ice, the accretion can be classified as
[62, 67, 68]:
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• Hoarfrost: It is accumulation of ice crystals formed by direct de-
position of water vapour/droplets from air on any exposed object.
It forms on objects (in this case, the contact wire) having surface
temperature below the frost point (a dew point temperature below
freezing point) of the ambiance due to faster cooling. Hoarfrost
is often found early in the morning after a clear cold night. It
is feathery in appearance and typically accretes around 25 mm in
thickness with very little weight. In light wind, a hoarfrost coated
wire may accrete rime faster compared to a bare wire since hoar-
frost is a very good collector of super cooled fog droplets. The
growth of hoarfrost is limited by the reduced presence of moisture
in the air at subzero temperature. The bond between the crystal
and the accreting surface ranges from very strong (sometimes no-
ticed in the house windows, automobile windshields etc.) to very
weak (sometimes formed on a snow surface or on pavements).

• Rime: When supercooled water droplets strike a surface, they freeze
as soon as the latent heat is dissipated. When the heat loss is
relatively slow, hard rime will be formed. During this some more
freezing droplets can accumulate before complete crystallization.
When droplets are frozen very fast, soft rimes are formed with a
characteristic granular crystal structure. Hard rime is denser and
harder compared to soft rime and appears milky or translucent
depending on the amount of air trapped within its structure.

• Glaze: If the water droplets striking a surface gets sufficient time
to flow in a continuous film over the accreting surface before being
frozen, a hard and almost homogeneous ice layer is formed (glaze
ice). Since the surface was wet before being frozen, a very strong
bonding results.

• Spray ice: Near the coast, the sea water generates water droplets
due to braking of waves at shore or on any structure. An ice layer
is formed when these droplets strike a surface, which is generally
weaker than fresh water ice because of the presence of increasing
concentration of brine.

Because of the fluctuations in temperature between day and night, some-
times a solid ice layer is formed on the contact wire. Due to gravity, this
ice layer concentrates at the bottom of the wire where the pantograph
makes contact. This makes the situation even worse. Both loss of lubri-
cating film and ice layer degrade the smoothness of the sliding contact
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to a great extent. They also cause a clearly visible arc moving with the
pantograph along the contact wire. This in turn degrades the life and
performance of the contact wire and the pantograph [69], causing inter-
ference problems. Ostlund et al. reported frequent replacement of the
carbon strip during the winter season from October to March [40].

During movement of the pantograph through the overhead contact
wire, it slides through the ice layer. The current collection performance
by the pantograph is influenced by the characteristics of the ice layer,
i.e., hardness, surface smoothness, sticking tendency etc. Common belief
in the railway community is that the ice can be easily scrapped using a
scrapping pantograph. However it has been shown that even after two
pantographs passed through a line, the scrapping of the overhead contact
wire was not complete. Intense arcing was noticed when another train
passes through the same track [70].

2.8 Overhead Contact Line Group (OHL ICE)
experiment

Because of the reported interference problems with the signalling systems
[15] and subsequent reduction in reliability experienced by many railways
in Europe, an OHL ICE Team was constituted after a discussion on the
icing problem at the Electromagnetic System Compatibility (ESC) user
group, Paris, 2002 [62] and planned a detailed investigation in this mat-
ter was planned. An indoor experimental setup was designed and exper-
iments were conducted by Bombardier Transportation and ABB Corpo-
rate Research as a part of the OHL ICE team to understand the physical
processes and mechanisms of the arcing in the pantograph together with
influences of different parameters.

Figs. 2.7(a) and 2.7(b) show the layout of the experimental setup
and working principle of the zigzag mechanism respectively. The detailed
description of operation and supply of the test setup and measurements
during the experiment can be found in [22, 69, 71]. Unlike in a traction
system, here the copper conductor was rotated at different velocities to
replicate within the laboratory, the sliding motion between pantograph
and contact wire . The wheel and the pantograph were driven by two
separate motors to provide the linear and zigzag motion to resemble the
traction system. The variation of the air gap between the contact wire
on the wheel and the pantograph is because of:
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(a) Schematic of the test setup

(b) Schematic of the test setup

Figure 2.7: Experimental set up of the OHL ICE team (Source: [22])
and the arrangements for the zigzag motion [69]

42



• Zigzag motion of the pantograph

• Slightly elliptical curvature of the pantograph (A higher air gap
between the contact wire and pantograph appears at the end of the
pantograph)

• Inclination of the pantograph in some test runs

• Rotation of the imperfect circular periphery of the wheel

• Vibration of the springs at the pantograph carriage

Tests were conducted in two phases:

• Phase I: With lower current and limited cosφ, conducted during
2002. Altogether 251 test runs were conducted with both DC and
AC supplies [22]. In this thesis, test run numbers follow the same
chronology as reported in [22].

• Phase II: With higher current and wider range of cosφ variations
during last week of October, 2008. Altogether 55 test runs were
conducted [72], having a chronological numbering as HF1, HF2 etc.
and followed throughout this thesis.

In the following Chapters, the details of the DC tests will be discussed
to understand mechanisms of sliding contact and sliding arc between the
pantograph and contact wire without the current zero crossing (CZC).
Then the AC tests will be presented to understand the pantograph arc-
ing phenomenon, involved mechanisms, influencing parameters and cor-
responding electromagnetic emission.
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Chapter 3

Sliding Contact in DC
Traction System

3.1 Introduction

DC traction systems work at lower voltage levels and draw higher currents
compared to AC railway systems. Unlike AC traction systems where the
traction power is fed to the vehicle mostly through overhead contact
wire, here both overhead contact wire and third rail feeding systems are
used. In this Chapter the focus is mostly on the power feeding through
pantograph and overhead contact wire.

It is necessary to have a proper electrical contact between the pan-
tograph and the contact wire for feeding the rolling stock with power
of required quality. Any interruption in power feeding will affect the
power quality followed by service disruptions, like tripping of the feeding
station or trains, resulting in unwanted stoppage of trains. Compared
to older DC trains equipped with resistors and series DC-motors, mod-
ern DC trains equipped with semiconductor based power electronics and
other electronic components are more vulnerable to these type of power
interruptions [48, 73].

In this Chapter the experimental test setup and the results of in-
vestigations carried out by the OHL ICE team with DC supply will be
presented. Later the analyses and interpretation of these results and their
implications on the sliding contact is discussed.
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Figure 3.1: Circuit representation of the test setup and measurement
setup for DC supply (Adopted from [22])

3.2 ICE Experiment with DC Supply

Unlike traction systems, the power at the ICE setup was fed at the pan-
tograph and the wheel was grounded during test runs with DC supply.
Fig. 3.1 shows the measurement setup. Tables 3.1 and 3.3 show the
nomenclatures used in this Chapter and results of the DC test runs re-
spectively. Description of the test procedures and measurement details
can be found in [22, 69] and analysis of the test results in [69].

The supply voltage U0 was ≈ ± 800 V. The zigzag length was 218 mm
with standstill wheel and 95 mm for other DC test runs with rotating
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Table 3.1: Controlled and measured parameters of DC test runs

Controlled parameters
Supply voltage U0

Resistance R
Inductance L
Line velocity vline

Pantograph zigzag velocity vpant

Continuously measured parameters
Pantograph to line voltage U(t)
Arc current I(t)
Breakdown voltage Ub

Air gap dgap

Table 3.2: Polarity conventions of the electrodes

Positive polarity
Copper contact wire Cathode
Pantograph Anode

Negative polarity
Copper contact wire Anode
Pantograph Cathode
Current flows from contact wire to pantograph Negative I(t)

wheel. This is to avoid a higher dgap when the end of the pantograph
makes contact with the overhead contact wire. This enhanced dgap can
interrupt the arcing. Zigzag length during the test runs is slightly lower

Table 3.3: Test conditions for the DC test runs

Run U0 dgap R L vline vpant Zigzag Imax to Fig.
No. (V) (mm) (Ω) (H) (m/s) (m/s) (mm) Imin(A) No.
48 -800 1 90 4 0 ≈ 0.10 218 0 to -8.6 3.2(a)
53 +800 1 90 4 0 ≈ 0.10 218 8.6 to 8.2 3.2(b)
76 +800 1 75 2.7 ≈ 2 ≈ 0.13 95 0 to 10 3.3(a)
77 +800 1 75 2.7 ≈ 7 ≈ 0.13 95 0 to 10 3.3(b)
79 -800 1 75 2.7 ≈ 7 ≈ 0.13 95 0 to -10 3.4(a)
80 -800 1 75 2.7 ≈ 2 ≈ 0.13 95 0 to -10 3.4(b)
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than used in different railways. vline was limited to 7 m/s and current
also was limited to a much lower value compared to a DC traction system.
Table 3.2 shows the polarity convention followed throughout the thesis.
The current in the circuit is limited by the electrical load panel, capable
of handling both high voltage and high current, as shown in Fig. 3.1.
For DC tests, R = 60 − 100 Ω and L = 0 − 4 H were connected to the
feeding circuit. The large value of inductance was used to sustain the arc
for longer duration.

3.3 Results and Analysis of Test Runs with
DC Supply

First the movement of the sliding arc will be presented by test runs with
standstill wheel, followed by rotating wheel.

3.3.1 Test Runs with Standstill Wheel and Zigzag
Motion of the Pantograph

The objective of these tests was to understand the influence of zigzag
motion of the pantograph and polarity of supply voltage on the arcing.
One root of the arc was fixed at the standstill wheel, while the other
one was moving across the pantograph surface due to its zigzag motion.
Figs 3.2(a) and 3.2(b) show the U(t) and I(t) waveforms for the complete
duration of test runs 48 and 53 respectively.

Both Figs. 3.2(a) and 3.2(b) have two distinct regions marked as:

• Galvanic contact (between contact wire and pantograph) or small
dgap: Shows almost no variation of U(t) and I(t). U(t) is almost
zero and I(t) ≈ 8.5 A, decided by the connected electrical load.

• Burning arc between contact wire and pantograph end : Shows some
transient voltage and current regions.

The transients are repetitive, four times for test run 53 and five times
for test run 48. The videos of AC test runs show that the two ends of
the pantograph come close to the wheel four-five times with similar vpant

and zigzag lengths used in DC test runs. The slightly convex surface of
the pantograph due to its aerodynamic design increases the dgap near the
end of the zigzag length. This reduces the arcing intensity and sometimes
the arc is fully quenched when the end of the pantograph comes closer to
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Figure 3.2: Voltage and current waveforms of test runs 48 and 53 re-
spectively, with standstill wheel and moving pantograph
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the contact wire. Because of the high inductance present in the circuit,
sharp overshoots in U(t) were of more than double the supply voltage
similar to the switching transients in a R-L circuit.

The striking difference in U(t) and I(t) at U0 = ±800 V supply is
in the amplitude and duration of the transients. With U0 = −800 V,
transients are higher compared to U0 = +800 V. Because of the surface
irregularities and stochastic nature of the arc, there are some variations
in the U(t) and I(t) waveforms during each test run. Breakdown tests
show different breakdown voltages at different polarities. This differ-
ence is more pronounced for carbon pantographs compared to copper or
aluminum. Difference in material properties of carbon with copper and
aluminum could be the reason for it. Material dependence is discussed
in [71].

Since cathode supplies most of the electrons, it requires a higher tem-
perature as discussed in section 2.7.1. So it tends to stick at its root
and we notice long arc lengths as shown in Figs. 4.3(a)-4.3(f). However,
because of the relative motion between the electrodes, the arc root (be it
anode or cathode) has to move. In test run 48, when the pantograph was
cathode and was having a zigzag motion with a standstill wheel, the ca-
thodic arc root was forced to move along the pantograph surface. When
the end of the pantograph with a higher dgap comes close to the wheel
to make contact, it becomes difficult to maintain the arc with the same
intensity. Thus, distinct transients and sometimes open circuit voltages
and zero currents are noticed. Breakdown voltage is also higher in nega-
tive polarity. In test run 53, the standstill wheel is cathode and the arc
root on it does not move. So, it is easier for the sliding arc to maintain
the contact and not many transients are noticed. Breakdown voltage is
also higher with negative supply voltage.

3.3.2 Both Wheel and Pantograph are Moving

Most noticeable difference between test runs with standstill wheel (48 and
53) and rotating wheel (76, 77 and 79, 80) is that the number of transients
is almost double in the latter case. This is due to the fact that although
vpant is increased slightly, zigzag length is reduced to less than half (Table
3.3) when both electrodes were moving (test runs 76, 77 and 79, 80). This
was done (a) to avoid increased dgap at the end of zigzag which reduces
the arcing intensity and causes longer arc interruption and (b) the zigzag
length is different in different railways. So, the interruptions due to the
higher dgap near pantograph ends appear more frequently compared to
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Figure 3.3: Voltage and current waveforms of negatively fed test runs
76 and 77 respectively, with both moving wheel and pantograph
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Figure 3.4: Voltage and current waveforms of positively fed test runs
79 and 80 respectively, with both moving wheel and pantograph

test runs 48 and 53. Because of the high inductance in the circuit, very
high switching transients are noticed followed by oscillations, similar to
switch ON-OFF in a RL circuit.

Test runs 79 and 80, fed by negative supply show much shorter and
inconsistent duration of open circuit U(t) and I(t), compared to test
runs 76 and 77 fed by positive supply. This is exactly opposite to what
was noticed in test runs 48 and 53 with standstill wheel. When both
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electrodes were having galvanic contact or small dgap, test runs 76 and
77 show more oscillations of U(t) and I(t) (Figs. 3.3(a) and 3.3(b)),
compared to test runs 79 and 80 (3.4(a) and 3.4(b)), fed by U0 = −800.
So, there is an asymmetry in the U(t) and I(t) waveforms when supplied
by two different polarities.

With increased vline (test runs 77 and 79), slight increase in the du-
ration of the region marked as pantograph end close to contact wire is
noticed together with increased transients of U(t) compared to test runs
76 and 80 respectively. Higher vline brings along the surface irregularities
rapidly which favors faster reignitions. In test run 76 and 77, higher vline

generates more oscillations in the region marked as galvanic contact or
small dgap. Since cathode arc root prefers lesser mobility, higher vline

leads to higher oscillations and transients.

3.4 Discussion

When the end of the pantograph comes closer to the contact wire, dgap

increases and because of the lower voltage level, the arc first gets stronger
and then diminishes and sometimes gets quenched as well. When the
pantograph starts moving, dgap is reduced and the arc is initiated again.
In the OHL ICE setup, large inductance was used to avoid high resistive
voltage drop at the resistors. Current was limited to 10-20 A by the
connected external R in the circuit as shown in 3.1. This high L produces
higher transients. The zigzag motion of the pantograph generates these
high transients and sometimes even interrupts the power supply to the
rolling stock as described in the beginning of this Chapter. The situation
could be worse with an ice layer on the overhead contact wire, which
can work as a dielectric layer, and hence deteriorate the sliding contact
[11, 73]. This will lead to transients of even higher amplitudes.

Most of the DC traction systems have positively fed contact wire.
This design was suitable for improving the collection of return current
through rails, less interference, and less galvanic corrosion. It is also
preferable from a sliding contact and arcing point of view. Arc root at
cathode requires higher temperature and tends to remain stuck. Because
of the lower vpant compared to higher vline when pantograph is cathode,
i.e., contact wire is positive, no transients are noticed during the period
marked as galvanic contact or small dgap. If contact wire is cathode,
higher transients are observed during the same regions. All the six test
runs presented here confirmed the polarity dependence of the supply from
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their asymmetric U(t) and I(t) waveforms. Increased vline will bring
favorable arc spots, enhancing the possibility of a quicker arc initiation.
When the pantograph is cathode, these attempts to reignite the arc are
noticeable even when dgap is high and pantograph end is close to the
wheel (test run 79). When contact wire is cathode (test run 76, 77), an
increase in vline reduces the duration of the open circuit regions, which
is similar to the case even with opposite polarity.

Now, consider a case where the polarity of the supply voltage
is altered after equal time duration, i.e., AC, the U(t) and I(t)
waveforms will be different in both polarities. An average over
the complete time period of U(t) and I(t) will be non zero, thus
indicating a net DC current will be flowing in the circuit. Its
amplitude will also depend on the test parameters, which will be discussed
in Chapter 5.

Even today many railways have main line DC traction system and
operate trains at 200 kmph or even faster [10]. It will be interesting to
conduct the experiment at a higher vline to notice the trends of I(t) and
U(t) and influence of different parameters on the pantograph arcing. In-
vestigations with and without ice on the contact wire are necessary to
understand various influences on pantograph arcing, high transients and
other EMC problems at higher speed. Modern trains use regenerative
breaking. In mountainous terrains, this can save a lot of energy. But in
DC railways, there will be a polarity reversal during regenerative break-
ing. Polarity reversal will change the nature of the arcing, and it could
make regenerative breaking difficult during winter and in mountainous
terrains.

3.5 Conclusion

Most of the DC traction systems have positive contact wire. The reason
for this selection was to avoid vagabonding return current and hence
reduce galvanic corrosion across trackside metal structures. However it is
shown here that from an arcing point of view also it is desirable to
have contact wire as anode. Some DC traction systems use negative
feeder (like in Copenhagen, Denmark) where the contact wire is cathode.
Because of slower zigzag speed compared to line speed, movement of
arc root across the pantograph surface is slower. So it will be easier to
supply a continuous higher current during arcing without interruptions
if the pantograph is cathode. Hence pantograph arcing is influenced
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by polarity of the supply voltage. Whenever the pantograph end
comes close to the contact wire because of the zigzag motion, it enhances
the chances of a larger dgap and sometimes can cause interruption to the
power supply and hence generate high transients.
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Chapter 4

Sliding Arc in an
Overhead Traction
Systems

4.1 Introduction

Details of the contact region between the pantograph and contact wire
is shown in Fig. 2.5. Both the lateral and zigzag motions of the sliding
contact between the pantograph and contact wire are illustrated there.
While electrically connecting the two electrodes in the presence of a gap
(could be air or ice layer) making the power flow from overhead contact
wire to the pantograph possible, the arc roots also move in both lateral
and zigzag directions.

The asymmetry and polarity dependent nature of the pantograph arc-
ing because of higher train speed vline compared to zigzag speed vzigzag of
the pantograph is discussed in Chapter 3. These two velocities together
with parameters like the upward dynamic forces exerted by the panto-
graph on the overhead contact wire, dynamic oscillation of the vehicle,
current, voltage level, power factor etc., also influence the movement of
the arc root.
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4.2 The Test Setup Configuration and Arc-
ing in Actual Traction System

Fig. 4.1 is the schematic diagram of the experimental and measurement
setup and Table 4.1 shows the measured test parameters for the AC tests
of Phase I. Fig. 4.2 shows the schematic configuration of the setup for
Phase I test runs as mentioned in Chapter 1. In an actual traction system,
wind tries to blow away the arc channel because of the aerodynamics
of the moving train. In this setup, no such intense aerodynamic effect
was induced. However, a gradient of the air velocity near the rotating
wheel works across the arc channel. This might have some influence in
the length and shape of the arc channel, which will be elaborated later.
Also, as mentioned before, factors like the dynamic vertical force from the
pantograph to the contact wire and the variable air gap due to dynamic
oscillation of the train were not present in the test setup, which also
have certain influence on the arcing and length of the arc channel by
establishing a physical contact between the pantograph and the contact
wire.

In this Chapter the arcing and movement of the arc root, length of
arc channel and influence of different parameters i.e., current (sometimes
high speed and heavy freight trains draw more than 1000 A), presence
of inductance, speed of the train are analyzed for the sliding arc. Cor-
responding voltage and current waveforms are discussed briefly for the
same.

4.3 Movement of the Arc Root with DC
Supply

In this section, some photographs of the arcing at different stages with the
test setup are presented. First the arc is initiated between the pantograph
and the contact wire mounted across the wheel periphery, where the air-
gap is a minimum, i.e., near the pantograph as shown in Fig. 4.3(a)),
marked within a circle. Since both the wheel and the pantograph are
moving, the arc length is elongated. However, since vline is much higher
compared to vzigzag, the elongation of the length of the arc channel in
the direction of the rotating wheel is more pronounced. Figs. 4.3(b) and
4.3(c) show the gradual elongation of the length of the arc channel. This
leads to heat and temperature loss of the arc channel. At one point of
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Figure 4.1: Circuit representation of the test setup and measurement
circuit for AC supply (Adopted from [22])

time, the reduction in plasma temperature could be low enough, i.e., in
the range of 2000-3000 K to make thermal ionization in the plasma neg-
ligible. The current conduction through the arc channel stops and the
new initiation point of the arc depends on the electrode and gap parame-
ters. It could be near the pantograph as shown in Figs. 4.3(d) and 4.3(e)
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Table 4.1: Nomenclature of parameters which are varied, fixed, mea-
sured and estimated during this experiment

Parameters varied during different test runs
rms value of supply voltage U0

gap between pantograph and contact wire dgap

Resistance R
Inductance L
Line speed vline

Parameters having fixed value during all test runs
Zigzag length Lzigzag

Zigzag speed vpant

Continuously measures parameters
Pantograph to line voltage U(t)
Arc current I(t)

Figure 4.2: Initiation of the arc showing movement of both electrodes

or the arc channel could attach itself somewhere between the previous
arc root and near the pantograph. This phenomenon depends on many
parameters and to a certain extent is stochastic in nature. Sometimes
it may also happen that the arc fails to reignite the two electrodes even
though the previous channel is disconnected (Fig. 4.3(f)). However this
state does not last long.
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(a) U0 = +800 V, vline =
2 m/s

(b) U0 = +800 V, vline =
2 m/s

(c) U0 = −800 V, vline =
7 m/s

(d) U0 = −800 V, vline =
2 m/s

(e) U0 = +800 V, vline =
7 m/s

(f) U0 = −800 V, vline =
2 m/s

Figure 4.3: Figs. (a)-(f) show different stages of the pantograph arcing:
Figs. (a)-(b): just after initiation of the arc, Fig. (c): an elongated arc,
Figs. (d)-(e): the arc is reignited to a newer spot near the pantograph,
while the leftover plasma of the previous connection is still glowing, and
Fig. (f): the arc fails to reignite.

4.4 Arcing with AC Supply

4.4.1 Difference between the DC and AC traction
Systems at Different Frequencies

The sliding motion between the pantograph and the overhead contact
wire is similar for both DC and AC fed traction systems. However, the
main difference is the occurrence of forced current zero crossing at every
half period in AC traction supply, which is absent in DC systems. Unlike
the DC supply, the current is interrupted after every half period of the
power frequency because of the CZC. Two common types of AC traction
supply are at reduced frequency ((16 2

3 )), 15 kV and at power frequency
(50 or 60 Hz, 15, 20 or 25 kV). The corresponding time difference between
two consecutive CZCs is 30 ms and 10 ms respectively. As discussed in
Chapter 2, these CZCs have a considerable influence on the sliding arc.
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Depending on the test conditions, the arc root and length of the arc
channel in AC test runs vary in a different manner compared to the DC
test runs because of the CZC.

4.4.2 Tests Runs with AC Supply

Table 4.2 shows the test conditions with variation of vline, Irms and power
factor. Fig. 4.2 shows the simplified electrode configuration, their move-
ment and arcing. The aerodynamic flow in the neighborhood of the wheel
because of its rotation is of fundamental importance here. These make
the arc channel elongated and keep it away from touching the wheel pe-
riphery. The recorded videos and Figs. 4.3(a)-4.3(f) also show the glow-
ing and elongated arc channel. Although there were fluctuations in the
arcing intensity, mainly because of the zigzag motion of the pantograph
and the stochastic nature of the arcing, the trends of the U(t) and I(t)
were almost the same through a particular test run. Also, test runs with
identical test conditions produce identical waveforms of U(t) and I(t),
which confirms the repeatability and reproducibility of the test results.

The AC test runs were performed at a much higher vline compared
to the DC test runs and supply frequency was 50 Hz. Since ordinary still
and video cameras were used to record the test runs and the burning arc
plasma has a very bright glow, it was difficult to capture the still pho-
tographs at different instants of the arcing between the pantograph and
the contact wire. Instead, both U(t) and I(t) waveforms were analyzed
to understand the different types of arc root movement and to estimate
corresponding arc channel length.

Since U(t) is mainly governed by Ucol(t), the specific pattern of U(t)
during a particular test run indicates a typical range of lengths of the arc
channel. Recorded videos also support this. For better understanding of
this phenomenon, lengths of the arc channel were estimated from electric
fields using Eqn. 4.6 and results were confirmed from the recorded videos.
It is experienced that the particular trends of U(t) and I(t) waveforms
are influenced cumulatively by the test parameters [69].

4.4.3 Some Distinguished Patterns of I(t) and Cor-
responding U(t) Characteristics

As shown in Eqn. 2.7.3 and Fig. 2.6, variation of U(t) is mainly governed
by the arc voltage drop (Ucol(t)) which is typically of the order of several
hundred volts in most of the cases considered here. Ua and Uc together
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Table 4.2: Test runs with various types of arc root movements and their
test conditions

Run Pant U0 dgap R ωL vline Irms

No. Material (V) (mm) (Ω) (Ω) (m/s) (A)
162 C 3.01 0.0 · · · 1.0 169 0 30.07 15.75
214 Al 3.00 0.3 · · · 1.5 85 0 29.36 26.68
159 C 4.00 0.0 · · · 1.0 169 0 21.92 23.82
251 Cu 5.00 0.3 · · · 1.5 169 28 29.21 27.40
212 C 5.00 0.3 · · · 1.5 85 0 11.47 56.01
225 Cu 4.02 0.3 · · · 1.5 169 0 11.39 22.78
250 C 3.01 0.3 · · · 1.5 169 0 29.80 12.45
198 Cu 3.01 ≈ 0.0 169 0 12.25 18.14

are a few volts [61] and can be neglected as a first order approximation.
Ucol(t) is roughly proportional to the length of the arc channel, which
depends on the arc root movements. Influence of various test parameters
on both the length of the arc channel and its movement will follow.

After each CZC, generally three different characteristics of I(t) are
observed, leading to different types of U(t) waveforms:

1. Type 1 : There is no zero current region in the I(t) and it
maintains its sinusoidal waveform as shown in Fig. 4.4(a). The
U(t) maintains a high amplitude and continues following a distorted
sinusoidal waveform. Generally U(t) increases in steps for some
consecutive half periods. This is typical of low vline and high Irms

and a clear indication of thermal reignition [54, 74, 75] as discussed
in Chapter 2.

2. Type 2 : There is either a very small zero current region in
the positive half period of Fig. 4.5(a) or a reduced slope of the
sinusoidal I(t) as in Fig. 4.8(a) and in the negative half period
of Fig. 4.7(a). Either sharp spikes or very small spikes are noticed
just after the CZC, followed by a lower amplitude of U(t) compared
to Type 1. This case is intermediate to Type 1 and Type 3 in many
respects.

3. Type 3 : There is a zero current region for a few milliseconds
as noticed in Figs. 4.6(a), 4.6(b) and in the positive half period of
Fig. 4.7(a). Spikes of U(t), which is ≈ U0(t) are noticed during
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these zero current regions. This is typical for high vline and/or low
Irms and a clear indication of dielectric reignition [54, 74, 75].

4.5 Different Types of Arc Root Movements

Seven different types of arc root movements with elaborated figures and
corresponding length of the arc channel estimated from simulations is
presented here [76].

4.5.1 Maintaining the Same Arc Root and Channel
for Several Half Periods

In test run 212, no zero current region is noticeable in the I(t) and the
U(t) waveform increases in steps at every half period for some time,
according to Type 1 waveform. The U(t) waveform follows to a distorted
sinusoidal pattern to a certain extent. The video of this test run shows
that the arc channel is quite long, sometimes more than 1 m. With a 50
Hz supply and vline ≈ 10 m/s, the arc root will move a similar distance
in approximately 10 half periods as shown in Fig. 4.4(a). Occasionally,
this increment on steps of U(t) lasts slightly more than 10 half periods
and the lengths of the arc channel is higher, sometimes approximately 1.5
m. This video also depicts a long burning arc, sometimes moving with
the wheel and even reaching almost the top of the wheel at times.

Fig. 4.4(a) shows the U(t) and I(t) waveform of test run 212 with
some time steps marked. Figs. 4.4(b)-4.4(h) show the corresponding
changes in the length of the arc channel and arc root movement.

4.5.2 Hopping and Sliding of the Arc Root in Small
Lengths Along the Contact Wire

At low to medium Irms, and lower vline, as for test run 225, the very small
zero current regions indicate Type 2 waveform. Sharp spikes in U(t) were
noticed just after the CZC, almost in all positive polarities and sometimes
in negative polarities as well. For the remaining half period, it follows
a distorted sinusoidal waveform similar to test run 212 as described in
section 4.5.1. After the spikes, U(t) remains at a higher amplitude than
in test runs 162 or 212 and sometimes may increase gradually in steps for
some half periods which are fewer in number compared to test run 212.
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Figure 4.4: Test runs where arc is reignited near the pantograph after
several CZCs

The video of test run 225 shows that the arc is quite long and remains
so although it hops along the circular periphery of the wheel. However,
the maximum length of the arc is shorter than in test run 212.

Fig. 4.5(a) show the U(t) and I(t) waveform of test run 225 with some
time steps marked. Figs. 4.5(c)-4.5(e) show the corresponding changes
in the length of the arc channel and arc root movement. Fig. 4.5(b) at
t0 shows the case when the arc is quenched somewhere in the middle of
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Figure 4.5: Test runs where arc root hops and slides in small lengths
along the contact wire

a half period, mostly observed during the negative half period. This will
be discussed later in this Chapter.

4.5.3 Arc Reignition on the Contact Wire Near the
Pantograph in both Polarities

Usually when vline is high and Irms is not very high, e.g., test runs 162,
214, sharp spikes and a zero current region are noticed in both polarities.
This corresponds to Type 3 waveform. After the zero current region, the
arc will be reignited at a new spot on the contact wire. The new spot
could be anywhere in between the previous root and the point closest
to the pantograph. The new location is partly determined by the test
parameters and polarity of the supply voltage as shown in Table 3.2 and

64



5.58 5.59 5.6 5.61 5.62 5.63 5.64 5.65

−4

−3

−2

−1

0

1

2

3

4

Time (s)

A
rc

 v
ol

ta
ge

 k
V

, A
rc

 c
ur

re
nt

 A
/2

0

Run 162

 

 
Arc voltage
Arc current

t
2

t
1

t
3

t
4

(a) vline=30.07 m/s, Irms=15.75 A

3.67 3.68 3.69 3.7 3.71 3.72 3.73 3.74

−4

−3

−2

−1

0

1

2

3

4

Time (s)
A

rc
 v

ol
ta

ge
 k

V
, A

rc
 c

ur
re

nt
 A

/2
0

Run 214

 

 
Arc voltage
Arc current

(b) vline=29.36 m/s, Irms=26.68 A

(c) t1 (d) t2 (e) t3 (f) t4

Figure 4.6: Test runs where arc is reignited near the pantograph after
every CZCs

is random to a certain extent.

The corresponding videos show that the length of the arcing region is
quite small and vary slightly. It appears to have an approximate length
of around 30 cm for test runs 214, 162. This is the distance the arc root
travels during one half period with 50 Hz supply and vline ≈ 30 m/s.

Figs. 4.6(a) and 4.6(b) show the U(t) and I(t) waveforms of test run
162 and 214 respectively with some time steps marked and Figs. 4.6(c)-
4.6(f) show the corresponding changes in the length of the arc channel
and arc root movement in the positive polarity. This is applicable to the
negative polarity as well.

Pantographs made of metal, i.e., aluminum for test run 214, produce
a similar U(t) waveform just after the CZC in both polarities in identical
test conditions. This indicates a more symmetric process in both polari-
ties although both the electrodes are having different types of movements.
In contrast, pantographs made of carbon, for instance in test run 162,
generally show some differences in amplitudes of the spikes. However,
variation of other test parameters, like Irms or power factor can also
influence the symmetry.
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4.5.4 Arc Reignition on the Contact Wire Near the
Pantograph Only in Positive Polarity

Unlike in test runs 162 and 212, a strong polarity dependent pattern in
the respective U(t) and I(t) waveforms is apparent in many test runs
like 159 when the Irms is quite high. Just after the negative to positive
crossover, i.e., in the positive half period, it is observed that U(t) and I(t)
correspond to Type 3 waveform and is similar to test runs 214 and 162.
After the CZC at negative polarity, commutation peaks in U(t) waveform
or zero current region are not observed. Instead the amplitude of U(t)
is higher as compared to positive polarity. The U(t) and I(t) waveforms
are now in accordance with the Type 2 waveform.

The video of test run 159 shows two visible arc channels at the same
time whose respective lengths are approximately 30 cm and 60 cm. At
vline ≈ 30 m/s and 50 Hz supply, any point on the wheel near the pan-
tograph will traverse these two lengths (30 cm and 60 cm) in two con-
secutive half periods. The slow frame rate and long exposure time of the
camera could be the possible reason of simultaneous appearance of two
arc channels of two consecutive half periods.

Figs. 4.7(a) shows the U(t) and I(t) waveforms of test run 159 with
some time steps marked. Figs. 4.7(b)-4.7(g) show the corresponding
changes in the length of the arc channel and arc root movement in the
positive polarity. In the negative polarity, these are identical and hence
not shown here.

4.5.5 Arc reignition on the Contact Wire Near the
Pantograph Only in Negative Polarity

For test runs having some inductance in the circuit, such as test run 251
having high Irms and vline as shown in Table 4.2, very few zero current
regions are noticed after the CZC. Mostly a reduced slope in the I(t)
waveform follows the CZC. This is according to Type 2 waveform. After
much smaller spikes in the negative polarity in these types of test runs
compared to those of test runs 214, 162 or in the positive polarity of
run 159, U(t) shows a similar right triangular wave shape indicating an
increasing length of the arc channel. In the positive half period, only tiny
commutation peaks appear in the U(t) waveform and no significant zero
current regions are present. U(t) maintains a higher amplitude through-
out the positive polarity as compared to the negative one.

Similar to test run 159 described in section 4.5.4, the videos for run
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Figure 4.7: Test runs where arc is reignited near the pantograph only
in positive polarity

251 also show two arc channels simultaneously, one with a length of
around 30 cm and 60 cm respectively.

Figs. 4.8(a) shows the U(t) and I(t) waveforms of test run 251 with
some time steps marked. Figs. 4.8(b)-4.8(g) show the corresponding
changes in the length of the arc channel and arc root movement.
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Figure 4.8: Test runs where arc is reignited near the pantograph only
in negative polarity

4.5.6 Arc reignition Near the Pantograph During Non-
Zero Current

Just after the CZC, when both polarities show the zero current region
in I(t), it corresponds to Type 3 waveform and is similar to test runs
214 and 162, indicating dielectric reignition. With a high vline as in test
run 250, sometimes the U(t) waveform shows a saw-tooth type of pattern
within one half period which appears more frequently in the negative
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Figure 4.9: Test runs where arc is reignited near the pantograph several
times within one half period, especially in negative polarity

half period. Within a half period, this pattern may occur once or several
times with higher Irms as shown in Fig. 4.9(a) for test run 250. In the
positive half period it is similar to test runs 214 and 162.

The video shows that the arc root at the contact wire moves to a
distance of around 30 cm maximum, similar to test runs 214 or 162.
However, unlike run 214 or 162, in run 250 even at the slow frame rate of
the video, the arc root at the contact wire visibly hops in small lengths
near the pantograph along the contact wire.

Fig. 4.9(a) shows the U(t) and I(t) waveforms of test run 159 with
some time steps marked. Figs. 4.9(b)-4.9(c) show the corresponding
changes in the length of the arc channel in the negative polarity, where
the arc root moves in small lengths near the pantograph within the same
half periods, mostly in negative ones. The trends in the positive half
period is identical to section 4.5.3 and hence not shown here.
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(a) vline=30.07 m/s, Irms=15.75 A (b) t1 (c) t2

Figure 4.10: Test runs where arc is burning and attached near the
pantograph after every CZCs

4.5.7 Continuously Burning Arc Only in the Contact
Region between the Pantograph and the Con-
tact Wire

Whenever the pantograph maintains a firm contact with the contact wire
and the vline and Irms are lower as in test run 198, U(t) is almost zero.
The video shows that the glow of the arc is confined to the contact region
only and no visible arc channel is noticeable. There is also no zero current
region indicating Type 1 waveform.

Fig. 4.10(a) shows the U(t) and I(t) waveforms of test run 198. Figs.
4.10(b)-4.10(c) show the corresponding changes in the length of the arc
channel and the arc root movement. The arc hops in small lengths across
the contact wire near the pantograph. The video also shows that the
arcing is confined only close to the pantograph and sometimes there is
no arcing at all.

4.6 Estimation of the Length of the Arc Chan-
nel

To understand different types of arc root motion better, the internal
electric field Ecol along the arc channel was estimated as a function of
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Table 4.3: Estimated length of the arc channel at different points of
I(t) and U(t)

Run Polarity I(t) E(t) U(t) length of the arc channel
No. A kV/m kV m
159 Negative 30 1.63 0.50 0.31
159 Positive 20 1.75 0.25 0.14
212 Negative 30 1.63 1.50 0.92
212 Positive 64 1.42 0.32 2.26
251 Negative 40 1.54 0.31 0.20
251 Positive 20 1.75 0.62 0.35

current from Eqn. 4.6 [77]. Assuming that Ecol is roughly constant
along the arc channel, the lengths of the arc channel were estimated as
a function of time from the measured I(t), U(t) data points, excluding
the transient conditions just after the CZC. Since Eqn. 4.6 estimates the
Ecol(t) and corresponding length of the arc channel based only on I(t), it
can not incorporate the elongation of the arc because of its attachment
to any particular point in previous half periods. However, the lengths
of the arc channel presented in Table 4.3 for test runs 159, 212 and 251
are consistent with the observation in the respective videos of the test
runs, which further supports the analysis of various types of arc root
movement.

Ecol(t) = 3.0 · 103 · I−0.18(t) [V/m;A]. (4.0)

´

4.7 Different Modes of Arc Motion in Slid-
ing Arcs between Pantograph and Con-
tact Wire

The speed of the train plays an important role by controlling the rate
of increase of the length of the arc channel in every half period and
hence the movements of the arc root as well. Based on the experimental
observations and supporting evidences, three typical modes of arc motion
as illustrated in Figs. 4.11(a)-4.11(c) can be defined, which reflects the
different types of current and corresponding voltage waveforms discussed
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in section 4.4.3:

• Mode 1 : The arc root can glide continuously across the contact
wire as shown in Fig. 4.11(a). This would happen when the pan-
tograph and the contact wire are firmly connected or the train is
moving at a very slow speed, as in test run 198. The I(t) will
be similar to Type 1 waveform, but the U(t) will be almost zero
because of very low arc voltage drop Ucol(t).

• Mode 2 : The arc root can hop in smaller lengths across the contact
wire as shown in Fig. 4.11(b). First the arc will be connected at t1.
As the train moves forward, the arc will also move in small hops
at t2 and t3. When the current is quite high and the train speed is
quite low, as in test run 225, this kind of arc motion can happen.
I(t) and U(t) would be similar to Type 2 waveforms, i.e., U(t) will
have either smaller spikes or spikes just after the CZC.

• Mode 3 : The arc root will be highly elongated and then will
reignite near the pantograph as shown in Fig. 4.11(c). First, the
arc will be connected at t1. It will tend to maintain the same root
for a longer time as the train moves forward, and at one point it will
be reignited to another point at time t2. This can happen with high
current and high speed, (as in test run 168, 214 and 159), either at
every CZC or at alternate one. It can also happen at lower speed
as in test run 212, once the arc is disconnected from the previous
arc root after maintaining it for some time.

4.8 Conclusion

In this Chapter it is demonstrated that pantograph arcing is a polar-
ity dependent phenomenon and the movement of the arc roots and
the resulting pattern of the U(t) waveform depends strongly on polarity.
With higher current, there is a general tendency of the arc to maintain
the same root at the contact wire. However, as the length of the arc
channel increases with increasing velocity, the voltage drop across the
arc also increases. At some point, it becomes easier to reignite the arc
somewhere between the older arc root and the pantograph. The distance
between the two reignition points on the contact wire depends on the test
parameters, mainly current, line velocity and to a certain extent presence
of inductance.
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(a) Mode 1 (b) Mode 2 (c) Mode 3

Figure 4.11: Three possible modes of the sliding contact in pantograph
arcing

The differences in the arcing between polarities and corresponding
movements of the arc root cause an asymmetry in the voltage and current
waveforms, leading to a net DC voltage and current component in the
system. The effects of various test parameters and the implications will
be presented in the next Chapter.
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Chapter 5

DC and Extreme Low
Frequency Voltage and
Current Components in
AC Traction System

5.1 Introduction

Distorted waveforms, DC components and harmonics are not desirable in
in any AC power system. Permissible limits of these undesirable elements
at different environments are standardized and classified as follows: IEC
6100 Part 1: General terminologies, Part 2: Descriptions and classifica-
tion of environments, Part 3: Emission limits, Part 4: Testing and mea-
surement techniques and Part 5: Installation and mitigation guidelines.
Most of these standards are about different civilian power infrastructures
at distinct voltage levels. However, traction power system differs from
normal civilian power systems in several ways. Some key distinguishable
aspects are: the entire power, sometimes in the order of tens of MW flows
inside the vehicle through only a few square mm of sliding contact. It
is a single phase load where the same rails are used for return current
and signalling. So, it is evident that the electromagnetic environment in
railways is more harsh compared to domestic power network and man-
dates stringent constraints to ensure desired performance of the sensitive
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equipments.

Track circuit based signalling was developed based on the
assumption that in an AC traction power system, DC com-
ponents, inter-harmonics, even harmonics, or audio frequency
components do not exist. That is why DC (Sweden), 95 Hz, 100
Hz (Norway, Switzerland) fed track circuits became popular. However,
investigations revealed that it is possible to have these components in
AC electrified railways which in turn can reduce the safety and opera-
tional reliability of the electrified traction system [15, 22, 40, 62, 78]. The
consequences of the DC voltage and current components on the traction
power and signalling system are discussed in [15, 47, 70, 79].

5.2 Background of the Problem

Even though several measurement campaigns by different railways [18,
40, 62] have proven the existence of the DC components, inter-harmonics,
even harmonics, or audio frequency components, the proper reasons could
not yet be established. These led to a reduction in safety and reliability
aspects during train operation and caused service interruptions at several
instances. These problems were getting enhanced in winter as elaborated
in Chapter 7 and in [79].

5.2.1 Investigations in Sweden

When RC locomotive was first introduced in Sweden by Statens Järnvägar
(SJ), interference problems were reported widely both with the traction
power and signalling systems because of the DC components and tran-
sients. The components of the signalling system were severely damaged
and the causes were difficult to trace. Banverket (The Swedish National
Rail Administration) investigated on the possible source, victim and the
levels of the DC components present in the traction systems [18].

Zweygbergk et al. investigated different possible sources of the DC
components and the vulnerability of the traction signalling system from
those sources [18]. They investigated the thyristor controlled locomotives,
transients from the pantograph by static switching i.e., by elevating it UP
and taking it DOWN, switching of the power electronics components, fast
changes in the firing angle of the thyristor based devices, geomagnetic
induced currents, induced current from nearby power lines, etc. Some of
the findings of Zweygbergk et al. are:
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• Transient changes due to sources like UP and DOWN of pantograph
generates transients of higher amplitude, inrush current and DC
components of short duration and low amplitudes

• The geomagnetic fields and disturbances could be of higher ampli-
tude and may last for longer durations

• Unless the geomagnetic storm is severe, its effect to the signalling
system is marginal

• Nearby power lines and transients from them can damage the track
circuit relays

• Grounding problems, especially electromagnetically dirty grounds
can cause interference, but does not last long enough to trigger a
false signalling

Also, a combination of several of these may cause interference issues.
Zweygbergk et al. concluded that the DC components thus generated
last for a very short period (a few seconds) and their amplitudes are
insufficient to activate the track circuit signalling relay coils and hold it
in drag mode for a long time. So, the chances of false signalling and
threat to the safety of the signalling system from the above sources are
not significant. They suggested a limit of 10 A DC current component,
based mainly on the asymmetry in firing angle of the power electronic
devices and drives.

This limit was followed by Banverket for some time. However, the
presence of DC component and its consequences were being felt consis-
tently, especially with increase of train speed, freight load and tractive
effort (i.e., with increase of electrical load). The onboard protective de-
vices based on the 10 A limit was causing frequent tripping of the power
circuit feeding the rolling stocks, and hence sudden unwanted train stop-
pages. This was quite recurrent and as a workaround, the protective
circuit was disconnected to avoid these stoppages. Later, Banverket has
increased the protective limit of DC current from 10 A to 25 A to reduce
these service interruptions. Discussions are going on about the necessity
to increase it even further with the introduction of heavier and faster
trains.

5.2.2 Investigations by the OHL ICE Team

Interference problems were common in many European railways in DC,
inter-harmonic and even harmonic fed track circuits. This led to the
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Figure 5.1: The net DC component generated by the pantograph arcing
and its propagation into the traction system (adopted from [62])

formation of the OHL ICE team as discussed in Chapter 2 and in [62].
The official report of the project confirmed the presence of the DC voltage
component because of pantograph arcing [22]. It was found that the net
DC voltage component originating from pantograph arcing always flows
from contact wire to pantograph and to the rolling stock as shown in Fig.
5.1 [15, 22, 47, 62, 76]. A detailed analyses of the ICE project test results
on DC voltage and current components can be found in [71, 80, 79]. In
this Chapter the asymmetry of the voltage and current waveforms, the
corresponding features and trends and influences of various parameters
will be presented briefly.

5.3 ICE Experiment with AC Supply

In AC test runs, the power was fed at the copper conductor and the
pantograph was grounded similar to the actual traction system. vline was
varied 11-30 m/s, equivalent to 36-108 kmph, which is realistic, although
this range does not strictly fall under the high speed category by today’s
standard. The voltage and current levels were limited to lower scales
because suitable supply was not available within the laboratory. Still
cameras and an ordinary video camera were used to record the test runs.
Fig. 4.1 shows the measurement setup for AC test runs. Chapter 3
describes the arcing in DC supply and influence of line speed, zigzag
motion and polarity of the supply voltage. From the recorded video it
was noticed that the zigzag motion interrupts the arcing with AC supply
as well. Influence of various test parameters on pantograph arcing and
corresponding changes in the voltage and current waveforms are discussed

78



Table 5.1: Nomenclature of Numerically estimated parameters from the
test results

Average rms current Irms

Gap between pantograph and contact wire dgap

Time duration of zero current and its average :
Positive to Negative crossover τn

p , τn
p av

Negative to Positive crossover τ p
n, τp

nav

in [70, 71, 76].

Since the OHL ICE experiments were conducted in a controlled man-
ner, it helps to understand the various processes involved that affect
the signatures of U(t) and I(t) waveforms. These are investigated and
presented in [71, 76]. Here, basic nature of the pantograph arcing and
corresponding DC components will be presented. Based on these, an
analysis will follow on approximate levels of DC current component in a
traction system [80].

5.4 Asymmetry in the Voltage and Current
Waveforms

Due to the rotation of the wheel, the contact wire has a linear velocity
vline and the pantograph has a zigzag motion with a speed vpant. To
maintain the continuous power flow, there has to be a continuous burning
arc between the two electrodes. But because of the vline the arc root
moves across the wheel periphery. Similarly vpant makes the arc root
move across the pantograph length. However, the second movement is
much slower compared to the first because of much higher vline.

Since the arc root is moving continuously across the wheel periphery,
every time it is connected to a new spot on the contact wire, which is
cold. But the arc root at the pantograph is already heated up from the
previous periods because of the slow vpant. To maintain the required
current through any arc between two electrodes, the cathode spot should
have high temperature. With AC supply, the cathode and anode alternate
in every half period. When pantograph is cathode, it is easier to maintain
the current as it is already heated up, whereas when contact wire is
cathode, it takes some time for the cathode spot to be heated enough
and then the arc reignites. So there is an asymmetry involved. From
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Figure 5.2: Two different form of distorted I(t) waveforms leading
to asymmetry: (a)- Zero current regions (τ p

n, τn
p ) during CZC and (b)-

Changed slope of I(t) after CZC. Fig. (a) also shows the open circuit volt-
age during τp

n, τn
p and inadequate sampling rate to capture the transients

at the initiation of arcing after the CZC

the theoretical background of arc physics, the two distinct arc reignition
mechanisms after the CZC are identified as:

1. Dielectric reignition: There is a clear zero current region after the
CZC, marked as τp

n and τn
p in Fig. 5.2(a). The open circuit voltage

appears between the two electrodes.

2. Thermal reignition: There is no clearly visible τ p
n and τn

p , as shown
in Fig. 5.2(b). But the slope of I(t) might be reduced just after the
CZC till the cathode spot is heated enough to be able to maintain
the current.

The asymmetry between the positive and negative polarity is clearly
visible for both type of reignitions due to the different electro-thermal
conditions. Fig. 5.3(a) shows the distribution of τ p

n and τn
p for the

complete duration of test run 141, and Fig. 5.3(b) shows the average
distribution of τp

n and τn
p within a pi chart. From both the figures it is

quite evident that there is an asymmetry between the two polarities of
I(t) because of the different electrothermal behavior of the arc roots as
explained in Chapter 3. However, the difference between τ p

n and τn
p is

not so high if most of the reignitions after CZC are thermal in nature as
shown in Figs. 5.4(a) and 5.4(b).
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(a) Distribution of τ
p
n and τn

p for 10s

(b) Duration of τ
p
n and τn

p as %

Figure 5.3: The difference in τ p
n and τn

p is clearly visible throughout
test run 141, where vline=11.18 m/s, Irms=17.60 A, and U0 = 3006 V.
Duration of τp

n is always higher compared to τn
p .

The asymmetry in the measured voltage and current waveforms (U(t)
and I(t)) of the test runs of OHL ICE project is presented in [71]. In-
fluences of various parameters on different types of patterns of U(t) and
I(t) waveforms are also discussed. Hence those will be presented in brief
in the following sections.
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(a) Distribution of τ
p
n and τn

p for 10s

(b) Duration of τ
p
n and τn

p as %

Figure 5.4: The difference in τ p
n and τn

p is minor throughout test run
144, where vline=02.48 m/s, Irms=49.78 A, and U0 = 3009 V. Duration
of τp

n is higher compared to τn
p .

5.4.1 Influence of Various Test Parameters on Pan-
tograph Arcing

The variation of U(t) is more spectacular compared to I(t), which has
been noticed by many scientists in other applications of AC arcing as
well ([74, 81, 82]). In this investigation, U(t) was measured with a higher
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resolution for a narrower range and hence was more sensitive compared
to the I(t) measurements. With variations of the test parameters, some
common patterns of the U(t) and I(t) waveforms were observed and their
physical significance was determined.

The trends at slower vline are [71]:

• Gradual increase of U(t) in steps

• Reduced overshoots of U(t) after the CZCs

• Symmetric waveform of U(t) in both polarities

• Lower values of τp
n and τn

p

• Less differences between τ p
n, τn

p

The trends at higher vline are:

• Consistent overshoots of U(t)

• Higher values of τp
n and τn

p

• Higher differences between τ p
n and τn

p

The trends with in increase in Irms leads to:

• Reduced overshoots of U(t) after the CZCs, especially in the nega-
tive polarity

• Increased average value of U(t) just after the CZC, especially in the
negative polarity

• Reduction of both τp
n and τn

p after all CZCs

• Sometimes instead of a high τ p
n and τn

p and corresponding over-
shoots of U(t), a reduced slope of the I(t) waveform just after the
CZC ((Fig. 5.2(b), 5.9(b)). This trend is more prevalent in the
positive polarity compared to the negative one.

Addition of an inductance in the circuit enhances the trends noticed by
increased Irms. Higher U0 reduces τp

n and τn
p .

Although there were differences in the measured and estimated quan-
tities between test runs having carbon/aluminum/copper pantograph, the
asymmetry of U(t) and I(t) between both polarities is maintained con-
sistently. This clearly indicates that the arcing between the panto-
graph and the contact wire is a polarity dependent phenomenon.
The difference between the polarities is influenced by several parameters
like Irms, vline, U0, and presence of inductive load.
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5.4.2 IDC from a Distorted Sinusoidal Waveform

Fig. 5.5 shows one period of a simulated distorted current waveform
I(t) with asymmetric τn

p and τp
n values of test run 141 and the original

sinusoidal current waveform. Eqn. 5.0 shows that if an average is taken
for the I(t), it will result in a net IDC .

IDC =
1

T

[(

∫ τp
n

0

Imaxsin(ωt)dωt = 0

)

+

(

∫ T
2

τ
p
n

Imaxsin(ωt)dωt

)]

+
1

T

[(

∫ T
2

+τn
p

T
2

Imaxsin(ωt)dωt = 0

)

+

(

∫ T

T
2

+τn
p

Imaxsin(ωt)dωt

)]

(5.0)

However, as already observed in Fig. 5.3(a) and explained in [71],
there are many influencing parameters involved together with the stochas-
tic nature of the pantograph arcing which influences the distribution of
the τn

p and τp
n. So, if a running average of the IDC is taken for a certain

duration of time using Eqn. 5.0, it will appear similar to Fig. 5.6(a).
It is interesting to note the variations in IDC over time. In some test
runs, this variation is very high and as a result sometimes IDC changes
its instantaneous polarity as shown in Fig. 5.6(b). But in some test runs,
the instantaneous of IDC is always unipolar, although the amplitude may
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Figure 5.6: Running average of IDC spread over the complete time
duration of the test runs 141 and 143.

vary as shown in Fig. 5.6(a). But the net IDC , calculated over the com-
plete duration of a test run is always negative, i.e., the DC current flows
from the contact wire to the pantograph.

5.4.3 Influence of Different Parameters on IDC

At lower vline, the same arc roots (which are already heated up) are
maintained at both electrodes for several half periods [70, 76]. This leads
to thermal reignition. Reduced τ p

nav, τn
p av

and correspondingly reduced
U0(t)|t=τ

p
n
, U0(t)|t=τn

p
are observed. Together with the difference between

τp
nav and τn

p av
, a changed slope of I(t) (Fig. 5.2(b)) can enhance its

asymmetry. Hence IDC is higher than IT
DC .

As vline is increased, arc roots move more frequently to new and
hence colder spots on the contact wire, implying a transition toward
dielectric reignition. There is a gradual increase in τ p

nav, τn
p av

and the
corresponding U0(t)|t=τ

p
n
, U0(t)|t=τn

p
. The difference between IDC and

IT
DC decreases.

Similarly, increasing Irms enhances the heating of the arc roots. This
reduces τp

nav, τn
p av

and the corresponding U0(t)|t=τ
p
n
, U0(t)|t=τn

p
. Hence

at lower Irms, the difference between IDC and IT
DC is small, and increases

with increasing Irms indicating a transition from dielectric reignition at
lower Irms to thermal reignition at higher Irms.

An increase in Irms leads to an increased Imax and hence IDC as also
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predicted by Equation (5.0). On the other hand, it also reduces τ p
n and

τn
p . These two effects on IDC are opposite to each other. IDC increases

with increasing Irms whereas the ratio IDC

Irms
decreases.

5.4.4 Influence of Inductance (or Power Factor) on
IDC

Fig. 5.7 shows how a reduced power factor increases the U0(t)|I(t)0 at
the CZC in both polarities. Addition of L in the circuit influences the
reignition in two ways:

• Because of the lower power factor (i.e., increasing φ), U0(t)|I(t)=0

is higher during CZC as shown in Fig. 5.7

• Similar to the switching of an R−L circuit, the transient overvolt-
ages are increased after the CZC

Both effects lead to a faster reignition of the arc by favoring a breakdown
of the gap between the electrodes. Reduction in τ p

nav and τn
p av

and the
corresponding U0(t)|t=τ

p
n
, U0(t)|t=τn

p
take place. Similar to the effect of

increasing Irms and reducing vline, the transition from dielectric reigni-
tion towards thermal reignition is enhanced with inductive load. So, it is
always observed that IDC is larger than IT

DC with an inductive load.
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At common AC traction voltage levels, i.e., at U0 = 15 kV or 25 kV ,
U0(t)|I(t)=0 is quite high and hence will impress a higher electric field
between the electrodes during CZC. This will facilitate a faster reignition
after the CZC compared to laboratory tests, leading to a greater reduction
of IDC .

5.5 Low Frequency Harmonics of I(t)

Because of the distorted waveforms there will be harmonics of all kinds,
including even harmonics and interharmonics. In this section the differ-
ent harmonics contents, their origin and the influencing parameters are
presented.

5.5.1 Theoretical Background and Simulation

Two cases of dielectric reignition are simulated with τ p
n = 2.65 ms,

τn
p = 0.65 and τp

n = 2.25 ms, τn
p = 1.3. These values are chosen from

different test runs so as to have IDC = 25 A (the present upper limit
at Banverket) and 50 A respectively. Although currently IDC = 25 A is
the limit in Norway and Sweden [16], often much higher level of IDC has
been measured [40, 62]. Figs. 5.8(a) and 5.8(b) show the time domain
waveform of both the cases respectively. Corresponding frequency spec-
trum I(ωt) is presented in Figs. 5.8(c) and 5.8(d). Figs. 5.8(e) and 5.8(f)
show the presence of the DC component and harmonics expressed as a
percentage of Irms = 1000 A, excluding the fundamental component.

It is important to note that if IDC = 25 A in a locomotive, drawing
1000 A Irms current, all lower order harmonics till the 8th harmonic have
a limit higher than the prescribed limit (5% of the Irms for 3rd harmonic
and 3 % of the same for all other odd harmonics) [16]. Most of the
standards do not mention anything about the even harmonics and inter-
harmonics. Apart from IDC , these even harmonics and interharmonics
also have the potential to cause interference with the track circuits.

5.5.2 Experimental Results

Figs. 5.9(a) and 5.9(b) show the measured voltage and current wave-
forms, indicating dielectric and thermal reignition respectively. Figs.
5.9(c) and 5.9(d) show the frequency spectrum |Iω|, and Figs. 5.9(e)
and 5.9(f) show the harmonic contents. It is interesting to note that
although both test runs 140 and 190 have similar level of IDC ≈ 4% of
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Figure 5.8: Two simulated waveforms for the asymmetry in the zero
current regions (τp

n and τn
p ) after the CZC. Presence of even harmonics

is clearly noticeable. As the asymmetry is increased, leading to IDC =
25 A and 50 A respectively, presence of harmonics increases. Eventually
lower order even harmonics become more prominent than odd harmonics

88



the Irms, the harmonic contents are different. In the case of test run 141
both 2nd and 3rd order harmonics are above the specified limit of 3 %
as specified in [16]. However, test run 190 shows presence of moderately
high harmonics, but below the specified limit [16].

It can be concluded that higher values of τ p
n and τn

p , and the
increased difference between them enhances the harmonic cur-
rent contents resulting from pantograph arcing. Since parameters
like Irms, vline, presence of inductive load and U0 influence τp

n and τn
p as

discussed in [71], they also affect the harmonic contents of the current
waveforms.

5.6 Conclusion

Estimation of IDC expressed as a percentage of Irms was based on the
assumption that the shape of the waveform, i.e., τn

p and τp
n will remain

unchanged. However this is not the case and a discussion on variation of
τn
p and τp

n with respect to various test parameters can be found in [71].
Also, the U(t) and I(t) waveforms are not perfectly repetitive. Even
while maintaining the same trend there are some variations to a limited
extent during the same test run. Because of the zigzag motion of the
pantograph, arcing intensity also changes and is non uniform throughout
the complete duration of the test run. In general it can be said that τn

p

and τp
n reduces with:

• Reduction in relative speed of the sliding contact electrodes (vline)

• Increase in Irms

• Increase in rms values of U0

• Reduction in power factor

This asymmetry in the current and voltage waveforms generate the
DC component and harmonics, including even and interharmonics. Both
measured and theoretically estimated results confirms that these
DC components and harmonics often exceeds the specified lim-
its.

It is interesting to note that measured current and voltage waveforms
from pantograph arcing in the ICE experiment with AC supply looks
similar to the current and voltage waveforms of thyristor controlled RC
locomotives, especially the older versions. Any unintended small differ-
ence in the firing angle of the thyristors between polarities can generate
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a similar waveform of pantograph arcing, causing a net DC component.
Perhaps this was the reason Zweygbergk thought that the origin of the
IDC is the thyristor controlled drive systems of the RC locomotives [18].
However, since the voltage waveform due to pantograph arcing depends
on the movement of the arc root across the contact wire as discussed in
Chapter 5, there are more variations compared to the voltage waveforms
generated by the difference in thyristor firing angle in both polarities.
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Figure 5.9: Two test runs and corresponding time, frequency waveforms
and frequency contents. Although both are having similar range of IDC ,
harmonic contents are quite different. Test run 141 has even and odd
harmonics higher than IDC , whereas test run 190 has comparatively lower
harmonics.
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Chapter 6

High Frequency
Components from
Pantograph Arcing

6.1 Introduction

Fig. 1.7 in Chapter 1 shows the broadband spectrum of electromagnetic
emission from pantograph arcing. Because of the highly distorted and
asymmetric nature of voltage and current waveforms, there will be a net
DC component, some extremely low frequency (ELF)components and
harmonics in the emission band as discussed in Chapter 5. In addition
to that, the presence of high frequency components was also predicted.
However an extensive investigation was not possible in the OHL ICE
project (Phase I experiments) because of the slow sampling rate of the
measurement setup. But this did lead to an understanding of the pan-
tograph arcing phenomenon, influencing parameters and corresponding
trends in the voltage and current waveforms. Interesting regions of the
waveforms that contains useful information about the higher frequency
components were also identified.

With the rising usage of sensitive onboard equipments and systems
it is becoming increasingly necessary to develop a knowledge base of the
electromagnetic environment at higher frequencies. Because of this, IEC
recommends measuring radiated emission as a part of any railway project.
In order to gain a better insight, the Phase II experiments were conducted
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in the last week of October, 2008 as a part of this PhD program. In this
Chapter the test results and analyses of the Phase II experiments will be
presented.

6.2 IEC 62236-2 Recommended Radiation
Measurements

IEC 62236 part 2 recommends measurement of radiated emission from 9
kHz to 1 GHz as follows:

• 9 kHz to 30 MHz by using a loop antenna vertical and parallel to
the track for measuring the magnetic field at a height of 1-2 m from
the track to the center of the loop as shown in Fig. 6.3.

• 30 MHz to 300 MHz by using a biconical dipole antenna placed in
the vertical and horizontal axis for measuring of electric field at a
height of 3 m from the track as shown in Fig. 6.2.

• 300 MHz to 1 GHz by using a log periodic antenna directed towards
the track for measuring the vertical and horizontal polarized electric
field at a height of 3 m from the track as shown in Fig. 6.1.

All measurements should be conducted at a distance of 10 m from the
center of the track. Although it provides a limit for electric and mag-
netic field at different voltage levels [30], it does not clearly specify the
train speed and rms current which influences the pantograph arcing to a
great extent [69, 71, 76]. The IEC standards on Railway applications –
Electromagnetic compatibility ([8, 12, 28, 29, 30, 83]) also mention that
the correlation between electromagnetic emission and line speed, trac-
tion current, traction feeding voltage is not well understood and hence
it is difficult to specify any limit for radiated emission. Also, weather
conditions play an important role in the radiated emission (as noticed
enhanced arcing in winter [15, 62]), which is also not well understood
[30]. 1

1The author thanks the International Electrotechnical Commission (IEC) for per-
mission to reproduce information from its International Standards IEC 62236-2 ed.1.0
(2003). All such extracts are copyright of IEC, Geneva, Switzerland. All rights re-
served. Further information on the IEC is available from www.iec.ch. IEC has no
responsibility for the placement and context in which the extracts and contents are
reproduced by the author, nor is IEC in any way responsible for the other content or
accuracy therein.
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Figure 6.1: Position of the antenna for measuring magnetic field in 9
kHz to 30 MHz band [30]

6.3 Previous Work and Motivation

Pantograph arcing has been identified as a major source of electromag-
netic interference and noise since the last few decades [78, 84, 85, 86,
87, 88, 89, 90, 91, 92]. However, limited experimental work was done
in this area due to unavailability of suitable experimental facilities and
measurement setup and slow sampling frequencies of the recording de-
vices. Knowledge of the pantograph arcing mechanisms was also inade-
quate [15, 69, 70, 71, 76, 79]. Further, most of the previous investigations
were conducted in fair weather conditions although intense arcing is ob-
served mostly during winter [78, 84, 85, 86, 87, 88, 89, 90, 91, 92]. There
have been a couple of attempts to measure the radiation in the harsh
Nordic winters, notably by by the EISLAB, EMC Center, Lule̊a Univer-
sity of Technology, Lule̊a, Sweden [93, 94, 95]. Earlier investigations were
track side point based radiation measurements, where the antennas and
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Figure 6.2: Position of the biconical antenna for measuring electric field
in 30 MHz to 300 MHz band [30]

recording equipments were kept at certain distances away from the rail-
way track. Measurement of the radiated electromagnetic emission is done
when the train passes by. Although these measurements provide valuable
information about the radiated emission, there are a few drawbacks as
follows:

• The duration of a passing train is of the order of a few seconds
and the the engine crossing the antennas is 0.5-2 seconds. This is
too short a time frame compared to a span of a few minutes to
scan a frequency band of 30 kHz-1000 MHz as specified by the IEC
62236-2 [30].

• Influence of different parameters like current, train speed, power
factor, voltage levels etc. can not be fully understood.

• Pantograph arcing is quite stochastic in nature and hence it is dif-
ficult to obtain repetitive results from these kind of experiments.

96



Figure 6.3: Position of the log periodic antenna for measuring electric
field in 300 MHz to 1 GHz band [30]

• Effects of zigzag motion and variation of the dynamic upward lifting
force of the pantograph can not be investigated.

• It is difficult to isolate the high frequency radiation from the switch-
ing of the power electronic devices and drives of the propulsion
system from the measured fields.

• Radiated emission is different for different train models.

Thus there were wide variations were in the radiated emissions measured
by different groups. [78, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93]. Per-
haps because of these influencing parameters, involved uncertainties and
stochastic nature, Marvin and Marshman reported wide variation in the
radiated fields and they even reported higher measurement from a diesel
engine compared to electric trains because of the electric propulsion sys-
tem containing in-built power electronics and drives [96].

Under these circumstances, the most important question is whether
measurement techniques should be point based or onboard. Another
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important learning is that pantograph arcing contains transients which
generate high frequency components, having rise time in the order of
fraction of microseconds or even less. Recording these transients using
conventional methods, i.e., using transient measuring receivers or spec-
trum analyzers is often challenging and sometimes inaccurate.

6.3.1 Recent Investigations

EISLAB, EMC Center, Lule̊a University of Technology, Lule̊a, Sweden
performed a comparative study among onboard measurement, track side
point based measurement as specified by IEC62236 part 2 [30] and refer-
ence measurement within shielded laboratory environment using repet-
itive ESD pulses [93]. A qualitative assessment was also done on the
implications of using different antennas at different onboard locations
and different recording equipments like measurement receiver, spectrum
analyzer and digital oscilloscope. The results indicate that trains emit
randomly distributed electromagnetic emission of frequencies upto 500
MHz. Onboard measurements with standstill trains indicated that apart
from the motors and control systems, there are other sources of magnetic
field emissions such as the heating system, but all such sources could not
be identified. They concluded that for this type of high frequency mea-
surements neither measuring receivers nor spectrum analyzers can scan
the complete band within the short duration of the transients. Consid-
ering all these aspects, time domain measurement which records more
information was recommended.

A new method for onboard quantitative measurement was proposed
as shown in Fig. 6.4. The measuring antenna is covered by walls and
floors of ferrite material to avoid reflections and to make the antenna
sensitive to radiated fields only from overhead source, i.e., the catenary
system and the sliding arc from the pantograph. If the floor is metallic,
then the antenna height should be adjusted to find the maxima, which
is frequency dependent. The roof of the chamber is covered by a plastic
sheet to protect it from rain and snow.

As part of the Railcom Consortium, onboard measurements were per-
formed both for DC (1500 V) and AC (25 kV, 50 Hz) railways to evaluate
the interference effects on the onboard telecommunication system and
ERTMS in 300-1000 MHz frequency band [97, 98, 99]. The objective was
to assess the immunity and possible interference with the GSMR radio
communication and eurobalise and balise transmission module systems.
They intended to carry out the measurement on the roof of the train
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Figure 6.4: Schematic diagram of the onboard EMI measurement setup
proposed by Lule̊a [93]

where the GSMR antennas will be placed and electromagnetic environ-
ment is quite noisy. However, common radiation measurement antennas
like logperiodic, bicoical or magnetic loop antennas can not be used on
roof at intended speed around 120 kmph because of aerodynamics, size,
watertightness etc. Instead two commonly used vehicle antennas, one
GSMR antenna (870-960 MHz) and another one 440-470 MHz (presently
used French railway radio system) were used. Both time and frequency
domain measurements were performed. They concluded that time do-
main measurement is more capable of capturing the full spectrum of the
EM radiation, whereas the frequency domain approach is easier to carry
out and hence more suitable for standardization purpose [97].

Deniau et al. reported that there are wide variations even in the mea-
sured time domain signals between arcing due to intentionally pulling the
pantograph down and as a result of poor sliding contact. They compared
the maximum amplitude of the recorded radiation, rise time and duration
of the transients for both type of arcing for both 25 kV 50 Hz and 1500 V
DC supply. The rise time does not seem to be influenced by the supply
voltage. However the time duration of the transients vary significantly.

6.4 Motivation of the Present Work

From the previous experience of Phase I, it was understood that just
after the CZC there will be transients as shown in Fig. 5.2(a). These
transients due to arc reignition can emit radiated emission at higher fre-
quencies. One objective of the Phase II investigation was to capture these
transients and the associated electromagnetic radiation. In the present
investigation, only time domain measurements were performed with the
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following objectives:

• The source of radiation is the transients caused by the reignition
of the arcing [69, 71, 70, 76, 79]in the current waveform, which is
difficult to measure in an actual traction system. Apart from pan-
tograph arcing, measured radiated fields include contribution from
many other sources like the propulsion system of the train, traction
power feeding systems etc., noise from TV, Radio stations, radar
etc. A direct measurement of current, together with the radiated
electric and magnetic field only from the pantograph arcing will
provide a much better understanding of the phenomenon.

• Theoretical understanding of the event and influencing parameters
like current, train speed, voltage level, power factor etc. on these
transients and its characteristics like rise time, peak value etc.

• Understanding the influence of these parameters on this broad band
radiation and its characteristics. So instead of only the GSMR
band, a much wider band, DC to 1 GHz current and 90 kHz to 1
GHz radiated fields were attempted to capture.

• To understand the complete spectrum of the radiated emission from
pantograph arcing.

• To generate typical temporal shapes of the transients that will have
frequency content in the GSMR band. Later these type of wave
shapes can be simulated in the laboratory to further commercial
activities, like immunity tests and required improvements of the
system.

• Understanding the repetition rate of the transients. Required time
to transmit information through the GSMR between the control
center and the train depends on the repetitive rate of this type of
interfering transients. The immunity of the GSMR system have to
take account these things together with the the protocol.

6.5 Experimental Setup and Measurement
Details

The original test setup was designed, built and operated as a part of
a project between Bombardier Transportation and ABB Corporate Re-
search Center at Väster̊as, Sweden and renovated at Uppsala University,
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Sweden. The detailed description and working principle of the test setup
can be found in [22, 69, 70, 76]. Fig. 6.5 shows the schematic of the
power supply and measurement of the U(t), I(t) and vline. The overhead
contact wire is grooved on the periphery of the wheel, which is rotated
by a variable speed motor and the pantograph is housed on a carriage,
driven by another variable speed motor to provide the zigzag motion.
This replicates the interaction between overhead contact wire and pan-
tograph in a traction system. However, unlike in an overhead traction
system, an air gap was maintained between the wheel and the pantograph
to create a situation similar to that in winter, when a layer of ice/snow
prevents galvanic contacts between the overhead contact wire and the
pantograph. This air gap changes with the zigzag motion because of the
slightly convex profile of the pantograph and some irregularities in the
wheel periphery.

AC supply voltages at three different levels (3, 4.2 and 6 kV) at 50
Hz were fed from a large electrical rotating machine, which can supply
electrical power at constant voltage and current for a short duration of
time at the expense of its inertia. From the high power resistor and
inductor panel, R was varied between 26.4-149 Ω and ωL was varied
between 0-26.4 Ω to maintain a power factor between 0.71-1.

6.5.1 Why Time Domain Measurement

Conventional radio frequency receivers, which sweep the frequency band
of interest, work well for continuous, steady source of radiation. But
to measure a wide band radiation, this type of narrow band receivers
need a significant time (sweep time) at each frequency. Moreover, this
method does not guarantee that the peak radiated power from impulsive
radiation will be captured. Before it completes sweeping the complete
band, the transient is over and only a few frequencies will be measured.
In other cases, assuming the impulse is repetitive, a peak hold detector
is used to observe them for longer time and doing the measurement at
all frequencies of interest [100, 101].

As experienced by the other groups, all measured transients are not
identical and there are some variations, which depends on several param-
eters. The transients produced by sliding arc are often shorter than 100
nanoseconds (ns) [97]. Hence time domain measurement is recommended
for this type of investigation by many research groups [93, 94, 97, 98, 99,
101] and adopted for the present work. Fig. 6.6 shows the schematic
of the time domain EMI measurement system. Although time domain
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Figure 6.5: Schematic diagram of the test setup showing the power
supply and U(t), I(t) measurements

measurements are more suitable in terms of capturing the complete spec-
trum of the electromagnetic radiation, it involves some complexities in
the measurements and requires post processing of the data. On the other
hand, the frequency domain measurement can not capture the complete
spectrum because of the slow sweep time, but is still easier to perform at
site conditions and for standardization purpose.
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Figure 6.6: Schematic diagram of the time domain EMI measurement
setup

6.5.2 Details of the Sensors Used

Figs. 6.7(a) and 6.7(b) show the schematic details of the measurement
setup and the photograph of the test site respectively. As shown in these
two figures, four antennas were used (two identical active loop antenna
with built-in pre-amplifier for magnetic field measurement, one Bi-log
antenna and one Biconical antenna for the E field measurement). Since
there is a limited knowledge about the radiated emission, both horizontal
and vertical polarizations were used for E field measurement and loop
antennas were also perpendicular to each other. Considering the wide
range of frequency components, the three different current sensors were:
(1) marked as A in Fig. 6.5 to record I(t) for the complete duration
of test runs and (2) and (3) for recording high frequency components
(marked as current probe 1,2 in Fig. 6.7(a)) for a shorter time of a few
half periods. U(t) and I(t) were recorded with 1 MSamples/s for eight
seconds. Signals from current probe 1 and bi-log antenna were recorded
with 1 GSamples/s and signals from two magnetic loop antennas, current
probe 2 and the bi-con antenna were recorded with 100 MSamples/s.
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(a) Schematic diagram showing the arrangement of the measurement setup

(b) Photograph showing different components of the measure-
ment setup and the test chamber

Figure 6.7: Test plan and site showing arrangement of different elements
of the high frequency measurement
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6.6 Test Results and Analyses

The I(t) and U(t) measurements for the complete duration of the test
runs show identical characteristics trends with the Phase I test runs as
expected and hence not presented here. The test results will be divided
in two subsections: (a) measurements from current probe 1 and the bi-
log antenna recorded at oscilloscope 1 (OS1) and (b) measurements from
current probe 2, biconical antenna and magnetic loop antenna recorded
at oscilloscope 2 (OS2) as shown in Fig. 6.7(a). First, rise time (tr, 10-
90 % of the peak) and maximum recorded amplitude in arbitrary scale
will be presented for all the test runs. Later, detailed waveforms of a
few selected test runs based on these characteristics will be presented.
Influence of different test parameters will also be discussed.

This was a controlled laboratory investigation where voltage and cur-
rent were limited compared to an actual traction system. Major objec-
tives were to understand the phenomenon and influence of different pa-
rameters, rather than setting a limit for the high frequency components.
Hence test results are presented as directly recorded at the oscilloscope
without any post-processing to have a relative comparison. Tables 6.1
and 6.2 show the details of the test runs.

6.6.1 Results and Analyses of Sensors Recorded at
OS1

Figs. 6.8(a) and 6.8(b) show the rise time (tr, corresponding to 10-90 %
of the amplitude) and maximum amplitude of the output from the high
frequency current sensor (current probe 1) measurements respectively.
Most of the test runs have a rise time between 23-28 ns approximately.
Smallest tr was experienced by test runs HF26, followed by HF12, HF35
and HF36 respectively. As shown in Tables 6.1 and 6.2 most of these test
runs have higher voltage and current levels. Power factor (PF) does not
seem to have a dominant influence as wide variation is noticed within
same PF while other parameters remain similar. Similar range of tr are
noticed with test runs at different PFs, while other parameters remain
similar. Test runs HF51, HF14, HF39, HF13 show higher range of tr of
I(t) measured by current probe 1. Most of them are having high Irms,
but no clear correlation was found with other test parameters. Test runs
HF6, HF16, HF20, HF34 and HF48 show higher amplitude of |I(t)|max

and all these test runs were conducted at U0 = 6 kV. Although they were
conducted at lower PF, the trends are not quite clear and wide variations
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Table 6.1: Details of the high frequency test runs

Run Vline Vrms R X Irms cosφ
Nos (m/s) (V ) Ω Ω (A)
HF4 10.64 3000 149 0 20.13 1
HF5 10.64 4200 149 0 28.19 1
HF6 10.64 6000 149 0 40.27 1
HF7 21.28 3000 149 0 20.13 1
HF8 21.28 4200 149 0 28.19 1
HF9 21.28 4200 149 0 28.19 1
HF10 21.28 6000 149 0 40.27 1
HF11 25.53 3000 149 0 20.13 1
HF12 25.53 4200 149 0 28.19 1
HF13 25.53 6000 149 0 40.27 1
HF14 21.28 3000 74.5 0 40.27 1
HF15 21.28 4200 74.5 0 56.38 1
HF16 21.28 6000 74.5 0 80.54 1
HF17 31.92 3000 74.5 0 40.27 1
HF18 31.92 3000 74.5 0 40.27 1
HF19 31.92 4200 74.5 0 56.38 1
HF20 31.92 6000 74.5 0 80.54 1
HF21 31.92 6000 74.5 0 80.54 1
HF22 21.28 3000 111 0 27.03 1
HF23 21.28 4200 111 0 37.84 1
HF24 21.28 4200 111 0 37.84 1
HF25 21.28 4200 111 0 37.84 1
.... .... .... .. .. ... ..

are observed even with the same PF.

Similarly, Figs. 6.8(c) and 6.8(d) show the tr and maximum amplitude
of the bi-log antenna measurements recorded in OS1. Compared to the
high frequency currents measured by current probe 1, tr of the E(t) show
wider variations, from approximately 1 ns to 18 ns. Test runs HF4, HF17,
HF47, HF13, HF26, HF35 show small tr. Except HF35 all these test runs
were conducted with resistive load. Test runs HF5, HF20, HF29, HF45
and HF54 show higher level of tr. Except HF5, all these test runs are
having higher Irms, although there are some variations. No clear trend
was noticed with changes in U0 and PF. Test runs HF16, HF6, HF49,
HF51, HF48, HF36 show higher amplitude of |E(t)|max. Except test
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Table 6.2: Details of the high frequency test runs

Run Vline Vrms R X Irms cosφ
Nos (m/s) (V ) Ω Ω (A)
HF26 21.28 6000 111 0 54.05 1
HF27 21.28 6000 111 0 54.05 1
HF28 21.28 6000 111 0 54.05 1
HF29 21.28 3000 79.2 26.4 0.36 0.95
HF30 21.28 4200 79.2 26.4 0.5 0.95
HF31 21.28 6000 79.2 26.4 0.72 0.95
HF32 21.28 3000 26.4 26.4 0.36 0.71
HF33 21.28 4200 26.4 26.4 0.5 0.71
HF34 21.28 6000 26.4 26.4 0.72 0.71
HF35 21.28 4200 26.4 26.4 0.5 0.71
HF36 21.28 6000 26.4 26.4 0.72 0.71
HF37 28.73 3000 26.4 26.4 0.36 0.71
HF38 28.73 4200 26.4 26.4 0.5 0.71
HF39 28.73 6000 26.4 26.4 0.72 0.71
HF40 28.73 3000 33.94 13.74 0.69 0.93
HF41 28.73 4200 33.94 13.74 0.97 0.93
HF42 28.73 6000 33.94 13.74 1.38 0.93
HF43 21.28 3000 33.94 13.74 0.69 0.93
HF44 21.28 4200 33.94 13.74 0.97 0.93
HF45 21.28 6000 33.94 13.74 1.38 0.93
HF46 21.28 3000 36.57 7.06 1.33 0.98
HF47 21.28 4200 36.57 7.06 1.86 0.98
HF48 21.28 6000 36.57 7.06 2.66 0.98
HF49 28.73 4200 36.57 7.06 1.86 0.98
HF50 28.73 4200 36.57 7.06 1.86 0.98
HF51 28.73 6000 36.57 7.06 2.66 0.98
HF52 21.28 4200 37.16 0 113.02 1
HF53 21.28 6000 37.16 0 161.46 1
HF54 28.73 4200 37.16 0 113.02 1
HF55 28.73 6000 37.16 0 161.46 1

run HF49, all were conducted with U0 = 6 kV. Some of these test runs
are common with the previous case where higher |I(t)|max is noticed.
Although most of these test runs were conducted at UPF or lower PF, no
clear trend is noticed. In general influence of individual test parameters
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Figure 6.8: Rise time and Maximum amplitude in arbitrary scale of
both the high frequency current sensor (current probe 1) and bi-log an-
tenna

were not clearly identified and variations were noticeable.

After analyzing the tr of measurements from both current probe 1 and
bi-log antenna for all the test runs, three test runs for each were selected
based on higher, lower and average tr respectively for further analyses
(HF26, HF51 and HF49 for current and HF17, HF5 and HF9 for electric
field). Both time and frequency domain results of electric field and high
frequency are presented for all these test runs.

The most remarkable observation in the frequency domain results are
the presence of sharp spikes in the electric field and current at the follow-
ing frequencies: 83.3, 125, 166.65, 197, 208.3, 250, 291.6, 302.9, 333.33,
374.9, 406.19 416.6, 458.3 MHz. Highest amplitudes were noticed at
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166.65 and 333.25 MHz in all test runs. Another interesting observation
is that some of these frequencies are harmonics of others, i.e., 125, 250,
375 MHz etc. and 83.3, 166.6, 250 (it is a harmonic of both 125 and 83.3
MHz), 333.33, 416.6 MHz. etc. But the amplitudes of |I(ωt)| and |E(ωt)|
at these particular frequencies vary between different test runs.

In general it was noticed that test runs with small rise time of I(t) and
E(t) have higher amplitudes of |I(ωt)| and |E(ωt)|, whereas test runs with
higher rise times have lower amplitudes respectively as expected. This
trend is more noticeable for test runs selected based on tr of electric fields
as shown in Figs. 6.12(b)-6.13(d) for test runs HF17 and HF5 compared
to test runs HF26 and HF51 selected based on tr measured by current
probe 1. Test runs where the rise time is somewhere in the middle for
both I(t) and E(t), for example HF9 or HF49 do not show any clear
trends of |I(ωt)| and |E(ωt)| at these frequencies.

In the time domain, E(t) shows faster and higher oscillations com-
pared to I(t), which can also be confirmed from the faster rise time of
the measured electric field. Apart from the transients, all measured I(t)
show some lower frequency oscillations, which is damped after a few mi-
croseconds.

6.6.2 Results and Analyses of Sensors Recorded at
OS2

Figs. 6.15(a) and 6.15(b) show the rise time and maximum amplitude
of the current probe measurements recorded at OS2. Several current
probes of different bands were used to capture the wide band emission
of the current waveform. Results of current probe 1 are presented here.
Similar to the electric field wide variations in the rise time is observed
from approximately 0.3 µs to 4.2 µs. Test runs HF48, HF39, HF33,
HF53 show higher rise time. Except HF33 all these tests were conducted
at 6 kV. No particular correlation was found with the variation of power
factor. Test runs HF43, HF6, HF16 show small rise time and except HF43
all tests were conducted at unity power factor. No particular correlation
was noticed with the maximum amplitude of I(t).

Figs. 6.15(c) and 6.15(d) show the rise time and maximum measured
amplitude of the biconical electric field antenna measurements recorded
at OS2. Compared to the magnetic field, electric field shows wider vari-
ation in the tr, from approximately 10 ns to 250 ns. Test runs HF35,
HF36, HF52, HF50 show high tr. Most of these test runs were conducted
at higher voltage levels, i.e., at either 6 kV or 4.2 kV and no correlation
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Figure 6.9: Time domain and frequency domain details of both Elec-
tric field, measured by the bi-log antenna and high frequency current,
measured by the current probe 1 of test run HF26.

is observable with variation of PF. Test runs HF6, HF11, HF15, HF16,
HF33, HF34, HF37, HF38, HF41, HF45, HF49, HF53 show smaller rise
time and except HF11, all test runs were conducted at higher Irms. No
particular trend was observed for the maximum amplitude of the recorded
electric field with the variation of the test parameters.

Figs. 6.15(e) and 6.15(f) show the rise time and maximum amplitude
of the magnetic loop antenna (|H(t)|) measurements recorded at OS2.
Most of the test runs have a measured rise time of |H(t)| approximately
less than 0.1 µs to 0.15 µs. Only test run HF35 has slightly more than
1 µs and a few between 0.6-0.7 µs (HF32, HF33, HF36, HF37, HF16)
and a few approximately 0.2 µs. All test runs having higher tr have high
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Figure 6.10: Time domain and frequency domain details of both Elec-
tric field, measured by the bi-log antenna and high frequency current,
measured by the current probe 1 of test run HF51.

Irms. Except HF16, all these test runs were conducted at lower PF. The
runs HF9, HF20, HF51-HF55, HF9-HF13 have lower tr. Except HF9, all
these test runs were conducted at U0 = 6 kV and at higher PF. Maximum
amplitude of H(t) does not show any specific trend with variation of the
test parameters.

The smaller tr measured by current probe 2 compared to current
probe 1 is because of the smaller bandwidth and slower sampling rate.
They are presented here to obtain some comparison with the other mea-
sured parameters and to obtain a better idea about the shape of the
current pulse. It is important to mention that some of the measurements
at OS2 got saturated as the current level was increased in some of the
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Figure 6.11: Time domain and frequency domain details of both Elec-
tric field, measured by the bi-log antenna and high frequency current,
measured by the current probe 1 of test run HF49.

test runs.

Based on the previous analysis, details of a few test runs will be
presented here having either very high or very low rise time for all the
sensors. For magnetic field sensor, test runs HF20 and HF35 are selected
based on lowest and highest rise time respectively. Similarly test runs
HF42 and HF48 are selected for current probe 2 and HF15 and HF35
are selected for the E field sensor (the biconical antenna) based on lowest
and highest rise time respectively. Both the time domain and frequency
domain plots are presented. In the time domain, the current, electric
field and magnetic field are presented together for a relative comparison.
However frequency domain plots were for individual sensors since the
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Figure 6.12: Time domain and frequency domain details of both Elec-
tric field, measured by the bi-log antenna and high frequency current,
measured by the current probe 1 of test run FHF17.

respective frequency bands are different.

6.7 Discussion

It is already mentioned that various research groups reported wideband
electromagnetic emission from pantograph arcing. It is also mentioned in
Chapter 4 that the arc root moves continuously across that contact wire
and the hence the length of the arc channel varies with time. Chapter 5
shows the generation of transients just after the CZC. All these generate
wideband EM emission and can excite resonance and oscillations in asso-
ciated circuits including the experimental test setup, cables, supply and
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Figure 6.13: Time domain and frequency domain details of both Elec-
tric field, measured by the bi-log antenna and high frequency current,
measured by the current probe 1 of test run HF5.

the measurement. This can also generate standing waves [11, 102].

Both time and frequency domain results from OS1 show faster tran-
sients and smaller rise time in the measured E(t) fields compared to I(t).
However, considering the noisy factory environment in the presence of
other heavy electrical machineries and reflections from the nearby walls,
metal structures, this observation is inconclusive. So, in the future work,
I(t) measurements by different current sensors should be given impor-
tance for developing a model for the current source from pantograph
arcing.

Another observation could be similar to that experienced by FOI
(Swedish Defence Research Agency) while measuring radiation from a
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Figure 6.14: Time domain and frequency domain details of both Elec-
tric field, measured by the bi-log antenna and high frequency current,
measured by the current probe 1 of test run FHF9.

discharge in a thin slot. They measured repetitive sharp spikes at fre-
quencies (f = Fs ∗ n/16, where n = 1, 2, 3, ...8.). It was understood that
these sharp spikes originated from the digital circuits controlling the digi-
tal memory in the oscilloscope. In the present case, a similar phenomenon
will lead to sharp spikes at 62, 125, 187.5, 250, 312.5, 375, 437.5 and 500
MHz. Some of these are observed in the measurements from OS1 as men-
tioned in the previous section, while some are different. In OS2, since the
sampling frequency was different, similar phenomenon will lead to sharp
spikes at frequencies 6.25, 12.5, 18.75, 25, 31.25, 37.5, 43.75, 50 MHz.
Somewhat similar pattern is noticed in OS2 measurements also, where
sharp spikes are present in some of these frequencies. This observation is
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Figure 6.15: Rise time and Maximum amplitude in arbitrary scale of
the current probe 2, biconical antenna and the magnetic loop antenna
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Figure 6.16: Measured time domain and frequency domain data of
current, electric field and magnetic field data of test run HF20

more prominent in the E field sensor (the biconical antenna) at OS2.

However, in OS2 measurements all sensors display a different pattern
than those which seem to be generated from the digital circuitry. Strong
and wider spikes somewhere between 300-500 kHz in the current sensor
(measured by current probe 2) are observed which varies within the same
range for different test runs. The magnetic field sensor shows somewhat
similar patterns, but sometimes several spikes appear at different fre-
quencies. The electric field sensor at OS2 (the biconical antenna) also
show a similar strong spike, indicating a physical phenomenon above 10
MHz.

Based on these it can be said that the measured peaks in the frequency
spectrum constitute a combination from four possible sources: (a) the arc
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Figure 6.17: Measured time domain and frequency domain data of
current, electric field and magnetic field data of test run HF35

channel itself, (b) radiation from the associated electrical connections, (c)
the digital circuitry of the measurement system and (d) the resonating
structures. Although the digitally originated spikes can be identified and
isolated, it is difficult to identify and segregate the others. Some of these
spikes have a strong correlation with the rise time, which indicates a
link with a physical phenomenon similar to a breakdown. This requires
further experimental investigation to obtain a better understanding about
the waveshape and influencing parameters.
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Figure 6.18: Measured time domain and frequency domain data of
current, electric field and magnetic field data of test run HF15

6.8 Conclusion

It has been reported by many researchers that in railways, pantograph
arcing causes electromagnetic emission in a wide band. But since the test
parameters were different and uncontrolled, there were wide variations in
the measured results. In this controlled laboratory investigation different
parameters were varied. It was confirmed that pantograph arcing does
radiate wideband electromagnetic waves and different test parameters
influence the arcing and hence the emission. Strong presence of high fre-
quency components were observed at certain frequencies. Test runs with
smaller rise time generally show higher amplitude at higher frequencies
and with higher rise time smaller amplitude are observed. However this
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Figure 6.19: Measured time domain and frequency domain data of
current, electric field and magnetic field data of test run HF42

trend is not linear and there are variations. This is more noticeable in
test runs having rise time somewhere in the average range which show
variations in amplitudes at these high frequencies.

It was observed that power factor does not seem to play an impor-
tant role in controlling the high frequency emission and characteristics of
the current, electric and magnetic field. In general higher voltages and
currents reduce the rise time of the transients. This is also confirmed by
the measurements of high frequency components of currents and radiated
electric and magnetic fields.

It appears that the associated digital circuits play an important role
in generating some of these sharp spikes at certain particular frequencies.
Other two physical processes are the arc itself and the possible reso-
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Figure 6.20: Measured time domain and frequency domain data of
current, electric field and magnetic field data of test run HF48

nance in the associated circuitry. It is difficult to identify and separate
these two. Because of the involved complexity in the time domain out-
door measurement of the high frequency radiation in a noisy and hence
challenging environment there are some measurement uncertainties. In-
fluence of individual parameters could be small, but in combination with
other parameters can cause a noticeable change. To capture these minute
changes, further improvements of the measurement setup are required to
record the sensor outputs for a longer duration during the test runs with
higher sampling rates.
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Chapter 7

EMC Issues with AC and
DC Traction Systems due
to Pantograph Arcing
and Different Mitigation
Techniques

7.1 Introduction

Even in the 19th century when the railways were still in their infancy,
the focus of railway EMC issues has always been on the return current
and its path. Corrosion and consequent hazards were the major concerns
at that time. Gradually with the advancement of railways in terms of
technology and operation, rapid expansion of the railway network took
place. At this juncture with track side surroundings becoming more
EMC sensitive, concerns associated with higher frequency components of
both conducted and radiated emissions started gaining precedence over
traditional issues. Since a major emphasis is put on pantograph arcing
in the thesis, related EMC issues will be elaborated in this chapter.

Arcing from the pantograph-contact wire interaction is not very pre-
dominant under normal operating and weather conditions. It is more
noticeable when one or more of the following situations exist: (a) during
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winter ([40, 62, 79]), (b) when imperfections are present in the contact
wire (Brussels tramway [103] or (c) when the speed of the train and/or
electrical load is very high. Fig 1.7 shows the broad spectrum of the
electromagnetic emission from pantograph arcing and different railway
components which use these bands. Although sharing a common band
reduces the reliability of desired operation and performance of that equip-
ment, it does not necessarily mean that there will be interference issues
unless there is a coupling between the source and the victim. Moreover,
often several layers of protection like shielding, grounding, filters, tran-
sient protection, signal processing techniques for noise reduction, error
elimination etc. are used to prevent interference and make the operation
of these equipments compatible in that electromagnetic environment. In-
spite of this, interference issues are not so uncommon, rather widely ex-
perienced by railway engineers. Because of the harsh electromagnetic
environment and large complexity involved, it is often difficult to pre-
cisely identify the source, the coupling path and mechanisms. Both the
source and victim could be within or outside the railways. Within the
railways, generally the source is the vehicle and victim could be either
the vehicle or the infrastructure or both.

7.2 Interference Issues with Traction Power
System and Transformers

With developments and subsequent emerging requirements across the
world, there are several types of AC traction feeding system configu-
rations. These developments resulted in restricting the return current
in a desired path, which is also influenced by local parameters like soil
properties etc. Depending on the traction voltage level and electrical
load, sometimes several thousand Amperes can flow through the running
rails. Since the path of the return current is designed for the fundamental
component of the traction feeding system, interfering currents of other
frequencies often do not follow the same path and get spread. If this
vagabonding return current is DC, it prefers low resistive path and if it is
AC, it prefers low impedance path. The leaking impedance between the
rail and the earth is finite and since the rails have a longitudinal resis-
tance, a portion of this current flows back to the substation through the
earth. The return current gets attached to any metal objects (pipelines,
fencings, cable shields etc.) running parallel to the rails and returns to
the rails/metallic earthing near the substations. Hence an accessible volt-
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age can exist between the running rails and other metallic parts of the
traction system.

7.2.1 Transformer Saturation

One among the most important problems caused by these DC components
and the ELF harmonics and interharmonics is related to transformer sat-
uration. The DC component and the ELF band harmonics can originate
from pantograph arcing and are shown in Fig. 1.7 in Chapter 1. As
discussed in [47], the severity of the transformer saturation depends on
these currents flowing into the circuit, which in turn depend on the con-
figuration of the traction power system and grounding techniques. This
is similar to the effect of geomagnetic induced current, which can also
induce DC and ELF band current into the traction power network. This
results in many interference issues and hazards as discussed in [47].

Figs. 7.1(b) and 7.1(c) show different possible propagation paths of
DC and ELF currents for both AT and BT fed traction system. These
currents can spread within the entire traction power system affecting all
transformers including the AT, BT, substation transformer and vehicle
transformer. In a three phase system, the DC component is interpreted
as zero sequence current equally distributed in all phases. Now, from a
power system point of view because of many reasons, the neutral point has
to be grounded, either directly or through a grounding reactor to offer a
low DC resistance path. This zero sequence current will flow through the
neutral point of the transformer if it is a Y connected winding as shown
in Fig. 7.2(a). The DC component will be quenched or will stop flowing
through highly resistive or insulated grounding, which is not the case in
a grid or large power network. Because of the galvanic connection in an
auto transformer, shown in Fig. 7.2(b), the DC current is shared between
HV and LV side of the transformer and neutral grounding depending on
the resistive sharing ratio α. But in a delta winding of a three phase
transformer, the zero sequence current can not flow since all the three
phases have same DC potential. This prevents the flow of common mode
DC current and hence the core saturation unlike a star winding. Similarly,
in a zigzag winding of a transformer, the common mode DC current will
get inside the winding but will not be able to magnetize the core since
the zero sequence current in both winding parts will get cancelled by the
opposite flow of currents sharing a leg of the transformer as explained in
[47].

Constructional arrangements of the winding and the core and their
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(a) Flow of DC current component, adopted from [22, 62]

(b) BT system

(c) AT system

Figure 7.1: Propagation of the DC current component and other har-
monics in the entire traction power system with (a) multiple pantograph,
(b) booster transformer and (c) auto transformer [15, 47, 76]
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(a) (b)

Figure 7.2: Propagation of IDC in a three phase (a) star winding and
(b) AT star winding [47]

resistivity to DC magnetization current influence the saturation phe-
nomenon of the transformer. Figs. 7.3(a) and 7.3(b) show a single phase
transformer with two and three limb construction respectively. In both
cases, the magnetic flux stays inside the core and leads to a potential
saturation risk. In a three phase winding with three limbs shown in Fig.
7.3(c), the DC flux is forced through the air providing a high reluctance
path which prevents saturation risks. On the other hand, a three phase
five limb transformer (shown in Fig. 7.3(d)) has potential saturation risks
since the DC flux is confined within the iron core by the two outer limbs,
providing a low reluctance path.

Modern transformers including those used in the traction industry use
improved ferromagnetic material in the core which have a steeper B-H
(hysteresis) curve. This results in reduction of the magnetic losses. But
compared to older transformers, these new magnetic cores get saturated
easily, particularly during winter when the IDC increases [11, 25, 63].

7.3 Interference with the Track Circuits

Figs. 1.6(a) and 1.6(b) show typical operation of a track circuit used in
Sweden. There are different types of configurations of the track circuits
used in different railways. Sometimes one rail (called I rail in Sweden)
or both rails are used for return currents. Chances of interference are
reduced by selecting the operational frequencies of track circuit trans-
mitters such that they are different from the frequency content of the
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(a) (b)

(c) (d)

Figure 7.3: Propagation of DC flux in a single phase (a) two limb and
(b) three limb transformer and three phase (c) three limb and (d) four
limb transformer respectively [47]

return currents. In general, the track circuit transmitter of AC railways
is fed by DC (Sweden), even harmonic (100 Hz, 6th harmonic of 16 2/3
Hz supply, Switzerland) or inter-harmonics (105 Hz, used in 16 2/3 Hz
fed traction system, Norway) and that for DC railways use AC at various
frequencies. In some railways, the audio frequency ranges are also used
(9.5-14.5 kHz [2]).

The basic assumption behind selecting this type of source
as transmitter is that in AC traction system, there will be no
DC or even harmonic components and in DC railway, there
will be no AC component. Since audio frequency track circuit uses
a band quite high compared to the power frequency and its lower order
harmonics, it was also assumed that there can not be any interfering high
frequency current components at that band originating from the traction
power sources. However with time, interference issues were noticed and
reported by railway engineers and there have been reports of accidents as
well because of the false signalling triggered by the interference between
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the return current of the train propulsion system and the tracks circuits
[78]. In Chapter 5, the presence of DC components and even harmonics
because of the arcing in the pantograph is explained. This interfering
current could be from other sources like the power electronic
drives of the train propulsion system, geomagnetic induced cur-
rent, interference from track side non railway sources, nearby
railways or presence of neighboring industries etc. The false sig-
nalling can be classified as [15]:

• False occupancy- Where the signalling system will falsely display
red light even if there in no train and

• False unoccupancy- Where a false green light will be displayed (Fig.
7.4) although there is a train on the track

False occupancy is comparatively more common and can lead to reduced
reliability, service interruption and delay in operation. false unoccupancy
is quite rare, but can result in collisions and accidents which could be
disastrous.

As shown in Figs. 1.6(a) and 1.6(b), the track circuit relay coil has
to be energized for a green signal and de-energized to make a red signal.
If it is somehow de-energized because of interference current, it will lead
to false unoccupancy as shown in Fig. 7.4 and vice versa. For this to
happen, the interference current should have the same frequency con-
tent as the transmitter and same signal characteristics. As discussed in
Chapter 5, the pantograph arcing distorts the current waveform which
contains a wide band of harmonic contents, including DC components,
even harmonics and inter-harmonics. In general the resulting interference
reduces the operational reliability of the functioning of the track circuit.
However to cause interference which may trigger false signalling with the
track circuit, the signal characteristics should be identical which is quite
uncommon because of different signal processing techniques used in track
circuits (modulations techniques coding/decoding etc.).

7.4 Deterioration of the the Sliding Con-
tact between Pantograph and Overhead
Contact Wire

As explained in Chapter 2, experiments were conducted in two phases,
i.e., Phase I and Phase II. In both the cases, an air gap was maintained
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Figure 7.4: False signaling in track circuit due to DC component of the
arcing

between the pantograph and contact wire. After the experiments it was
found that the overhead contact wire was full of small craters across its
surface as shown in Figs. 7.5(a) and 7.6(a). The side wall of the panto-
graph aluminum frame was also having burn marks as depicted in Figs.
7.5(b)-7.5(c) and Fig 7.6(b). However after the test runs in Phase II with
higher currents and lower power factor, these craters and burn marks be-
came even more prominent and deteriorated the aluminum frame and
carbon blade of the pantograph and the contact wire. It will be worth-
while to mention here that the high speed train experiments conducted
by SNCF in France in April, 2007 also resulted in damage of the overhead
contact wire and required a replacement after the experiment, resulting
in a cost of a few million Euros. The vehicle dynamics or the presence of
imperfections in the contact wire and/or rail tracks can cause a variable
air gap between the sliding contact electrodes. This may lead to a visible
burning arc and as a consequence both the pantograph and the contact
wire can get damaged, which might be severe at higher currents.
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(a) Contact wire

(b) Side view of the pantograph

(c) Top view of the pantograph

Figure 7.5: Burn spots on the contact wire and the pantograph after
the experiments in Phase I(Source: [22])

In Chapter 2, the influence of icing on the sliding contact is presented.
As a result, a visible burning arc moving along the pantograph is com-
monly noticed during winter. Recent investigations with a train operator
in Sweden (Green Cargo) by Östlund et al. has also confirmed that during
winter the replacements of pantograph carbon blades increases sharply
[40].

In a curved line with smaller radius, the contact line will stagger only
on the outer side of the curve as shown in Fig. 2.3. This leads to uneven
wear in the carbon blade of the pantograph, only from its center towards
the inner side of the curve. When the arcing and wear are high, i.e.,
during winter, this might damage the carbon blade of the pantograph.
It was experienced by Deutsch Bahn high speed train (BR403) while
ascending gradients in the high speed line between Köln to Frankfurt
and drawing high current. In the winter of 2006-07, heavy arcing in the
pantograph was noticed due to thick ice layer on the overhead contact
wire, especially in the short curves. After some time, initially the carbon

131



(a) Contact wire

(b) Pantograph

Figure 7.6: Burn spots on the contact wire and the pantograph after
the experiments in Phase II

blade and later the aluminum frame were completely damaged by this
unevenly spread wear (from center to inner side of the curve) [49]. In some
cases, the wear reaches to such an extent that it brought the overhead
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contact wire down and damaged the pantograph fully [11, 63].

Another common problem during winter happens when the train
comes out of a tunnel. Sudden appearance of lumped ice on the overhead
contact wire slams the pantograph and hampers the smooth operation
of the sliding contact. Often big pieces of the carbon blade from the
pantograph come out. The result is an uneven and degraded surface of
the carbon blade, sometimes stripping the carbon from the aluminum
frame. This can damage the pantograph and overhead contact wire and
may also eventually bring down the contact wire [104, 105].

Apart from the pantograph-contact wire fed traction system, there
have been issues with the sliding contact in third rail fed suburban rail-
ways as well. Detachment of the contact shoe from the third rails is
often noticed during imperfect/dynamic oscillations of the train, espe-
cially during winter. Additionally, formation of an ice layer impedes
smooth operation by preventing the contact between the third rail and
the contact shoe.

7.5 Transients and Conducted EMI

High transients, as experienced by different railways can be generated
as a result of the degradation of the sliding contact performance, espe-
cially during winter. Repetitive transients were noticed because of the
increased air gap between the pantograph and the contact wire as ex-
plained in Chapter 3. These transients can trip breakers in the vehicle
as well as traction feeding station, leading to train stoppages and service
interruption.

A case in point is the problems experienced by Appenzeller Bahnen,
Switzerland in 2003 while introducing the new models of modern trains.
The 1000 V DC fed trains draw higher currents while moving in the
upward slope of the mountainous terrains. In winter severe arcing were
observed and high transients were tripping the onboard feeding circuit
breaker, causing unwanted stoppage of the train. Since 2007 in order
to avoid such situations, older trains are first run in the morning to
scrape the catenary. In addition to this, they changed their standards to
incorporate new trains having two pantograph so that one will clean the
contact wire by scraping ice from it ensuring that the other one can draw
power more smoothly [73].

Another example is the trolleybus system in Landskrona, Sweden,
generating transients sometimes higher than 700 A while the feeder breaker
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was set to 400 A. This was causing interruption of the power supply to
the catenary from the feeding station. So, as a preventive measure, the
configuration and the settings for the feeding station were rearranged
[48].

In Norway, several incidents of the line converter tripping of train
type 73 were reported during winter causing service interruptions. Also,
the converter was blocked for service causing unavailability [104, 105].

7.6 Interference with the ERTMS and mod-
ern railways

Different EMC issues related to ERTMS and modern railways are dis-
cussed in [15]. Since railway signalling and communication system is
becoming more and more dependent on the wireless technology, radiated
interference from pantograph arcing is gaining importance. There were
several investigations on radiated interference from pantograph arcing as
discussed in [15]. However, there have been several limitations as dis-
cussed in Chapter 6.

In Norway and some other European countries, certain strange prob-
lems appear with the ATC system and the balises, leading to activation
of the emergency brake and train stoppage. These typical problems are
related to no information/corrupted information from the balises and also
false detection of a balise. These issues are often specific to train models
and particular sections of the track. However a proper correlation and
full proof solution is yet to be found [11, 104, 105, 106].

There are problems encountered with ATC balises when trains are
leaving the neutral catenary section between 50 Hz and 16 2/3 Hz. at
the Öresund bridge between Sweden and Denmark. The problem has
been solved by inserting an RC-filter between catenary and rail [107].

7.7 Different Preventive Measures of the Ic-
ing Issues

Although there is no permanent solution or escape from the icing issues,
several techniques have been used to reduce the severity. Based on the ap-
proach, these techniques can be divided in two categories: (a)mechanical
and (b) electrical.
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Figure 7.7: A scraping vehicle used in many countries (Source: [25])

7.7.1 Mechanical Techniques

The most common technique under this category is scraping. This is
also the oldest technique, but still in use in some places. A scraper
pantograph, sometimes mounted on a car which runs across the track as
shown in Fig. 7.7. Apart from scraping the contact wire, in some cases
it wipes the contact wire with liquids of lower freezing temperature like
glycol.

It has been observed that older trains are more robust compared to
modern electric trains equipped with semiconductor based propulsion sys-
tem. A standard practice is to operate an old train early in the morning,
which will scrape the contact wire. Later normal operation of the other
trains is resumed on the same line. This technique is followed in Ap-
penzeller Bahnen, Switzerland [73], the trolleybus system in Landskrona,
Sweden [11, 48] as already mentioned.

7.7.2 Electrical Techniques

Although mechanical techniques are widely used, still there are some
drawbacks in the form of consumption of extra resources thus often mak-
ing their usage more difficult and expensive. The electrical techniques
are employed mainly in three ways:
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1. Addition of extra inductance into the circuit: This technique is
quite popular and widely used in DC traction systems like in Stock-
holm Localtraffik (SL), Norway etc. [11, 25, 104, 105]. This added
inductance aids in causing a faster breakdown of the dielectric ice
layer by enhancing the electrical stress on it. This prevents the high
transients by enhancing faster reignition of the arc after CZC.

2. Running the train at lower power factor: At lower power factor,
the current is lagging and at the point of current zero crossing, the
voltage is already high. Both in a 15 kV 16 2/3 Hz system and 25 kV
50 Hz system. This higher voltage at CZC enhances the electrical
stress across the ice layer to cause a faster breakdown. Any power
factor angle below 90 degree will provide a high value of U0 at
CZC where U0(t) = Umaxsinφ. Modern propulsion systems of the
trains are equipped with four quadrant drives which can operate the
train running at any desired power factor by changing the control
system of the drives. This will reduce the τ p

n, τn
p , the difference

between them and the resultant IDC as discussed in Chapter 5 and
in [71, 79].

3. Circulating a current for Joule heating: The voltage levels between
the feeding stations are adjusted in such a way that a current flows
across the contact wire even when no train is operating. This causes
some resistive heating in the contact wire, thereby avoiding forma-
tion of ice layer or making it easier to scrape [49]. In DC railways
also, a high current is forced to circulate across the third rail for a
short time to cause resistive heating and therefore avoiding the as-
sociated problems as practiced in Stockholm Localtraffik (SL) [11].

7.8 Conclusion

Different railways in different countries follow suitable techniques based
on the requirements and available resources. In some railways mechanical
scraping is commonly used, whereas electrical techniques are popular
in some places and some even use a combination of both based on the
requirements. In general electrical techniques are emerging as a popular
choice, i.e., by addition of inductance into the circuit for DC railway or
running the train at a lower power factor for AC railways.
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Chapter 8

Some Comments,
Criticism and Scope of
Future Work

8.1 Introduction

EMI and EMC issues of the railways have been under investigation for
several decades. As development in railway advances in terms of speed,
freight and traffic density, often new EMC challenges emerge. With
sources often becoming worse and victims more sensitive, it necessitates
defining stricter emission limits.

As discussed in Chapters 1 and 6, earlier the major focus was on EMC
issues related to return current and track side point based radiation mea-
surements. In this thesis a different approach has been adopted. Instead
of working with actual traction system, investigations were carried out on
a test setup which closely resembles the interaction between pantograph
and contact wire. This has several advantages as elaborated in Chapter
2. This work can be divided into three major segments: (a) understand-
ing the pantograph arcing phenomenon and influencing parameters, (b)
identifying the characteristics of current and voltage waveforms (both
high frequency and low frequency) and radiated electric and magnetic
fields to assess electromagnetic emission under different conditions.

There are limitations of this investigation in terms of available re-
sources and constraints in replicating identical operating conditions of a
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traction system. In AC test runs, all experiments were conducted at 50
Hz with applied voltages between 3-6.5 kV, current between 10-175 A
and power factor between 0.7-1 approximately. This helped to build up
the initial understanding of the pantograph arcing mechanisms, charac-
teristics and consequences. The EM emission at the DC and ELF band to
higher frequency bands has also been investigated to comprehend the in-
fluence of various parameters. However, railways operate at much higher
voltages (15 kV, 25 kV) and currents (sometimes higher than 1000 A)
and sometimes at different frequencies, i.e., at 16 2/3 Hz. Although sim-
ilar characteristics and trends obtained from this work are expected, it
is worthwhile to compare and validate some of these results in actual
traction system. In the following sections some of the expected changes
will be presented.

8.2 Characteristics of Electromagnetic Emis-
sion with 16 2/3 Hz

8.2.1 Arc Root Movement and Corresponding Arc
Length

With previous knowledge and experience it had been established that the
arc root does not prefer to move/hop within a half period, rather moves to
new locations during the CZC [70, 76]. Only in few conditions like at high
speed and sometimes at high current the arc root hops within one period
as discussed in Chapter 4. But at 16 2/3 Hz, the time interval between
two consecutive CZCs is 30 ms, which means considering the same type
of arc root movement, the arc length will be three times longer. But this
type of longer arc length is unrealistic considering the heat loss in the
arc channel. So, the arc root movement will be different at 16 2/3 Hz
compared to 50 Hz and reignitions within a half period are expected. This
will lead to different lengths of arc channels corresponding to different test
conditions as well.

8.2.2 DC Component, Harmonics and Interharmon-
ics

As discussed before, this difference in the arc root movement will also in-
fluence the distortion of the current and voltage waveforms, which in turn
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will influence the net DC components, lower order harmonics and inter-
harmonics (including even harmonics). A similar analyses as presented
in Chapters 5 with 50 Hz supply. The experience and understanding of
the 50 Hz experiments led to a fair idea about the possible changes in
16 2/3 Hz, which matches with the outdoor experiments conducted by
Östlund et al. [40]. Since the time period is three times longer for 16 2/3
Hz and Vrms is 15 kV, compared to 25 kV, 50 Hz, following changes are
expected:

1. Rate of change of U(t) will be slower for 16 2/3 Hz supply

2. Irms will be higher compared to 25 kV system

3. Since the pantograph arcing is a polarity dependent phenomenon,
the asymmetry will be affected if the reignition is influenced after
the CZC

4. Present understanding indicates that if voltage and current levels
remain unchanged and only frequency is changed to 16 2/3 Hz, both
the duration of the zero current regions (τ p

n and τn
p ) will be higher

compared to 50 Hz supply

5. Changes in slope of I(t) will also be higher just after the CZC

6. The measured IDC by Ostlund et al. and Burkhal [40, 62] shows
a higher level at 16 2/3 compared to 50 Hz supply, although no
neck-to-neck relative comparison was made

Points 1 and 2 will influence the reignition of the arc after the CZC.
Points 3 and 4 will increase the asymmetry of the I(t) and hence IDC

and presence of harmonic including the even harmonics and interhar-
monics as discussed in Chapter 4. So it is important to do at least a
few experimental test runs at 16 2/3 Hz power supply to validate the
understanding and to obtain some predictions about the possible range
of IDC , even and odd harmonics and interharmonics.

8.2.3 Radiated EMI

In this thesis, substantial emphasis is given to the arc reignition mecha-
nisms. Depending on the reignition type, both conducted and radiated
emission will be changed. As shown in Fig. 5.2(a), the transients in the
current and voltage waveforms just after the CZC are responsible for the
radiated emission, which were not investigated in the Phase I test runs
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(Chapter 5). The type of reignition will be quite different in 16 2/3 Hz
as discussed before. During these reignitions in the middle of a half pe-
riod, U0(t) and hence the electric field between the electrodes are already
high. This implies that the reignitions will be even faster, which pos-
sibly generate faster transients containing comparably higher frequency
content. So it can be said that with 16 2/3 Hz traction feeding
supply higher frequency content in the frequency spectrum is
expected. But, it is difficult to predict the strength of the radiated field
at different frequency bands since the corresponding level of knowledge is
quite limited even today. From the present experience with 50 Hz supply,
it is strongly recommended to investigate a few test cases with
16 2/3 Hz. This will definitely enhance the understanding of the reigni-
tion process at 16 2/3 Hz and resulting conducted and radiated emission
in the complete frequency spectrum.

8.3 Time Domain Radiated EMI Measure-
ment both During Summer and Winter

The radiation measurements presented in this thesis were performed with
the test setup as shown in Figs. 6.7(a) and 6.7(b). Although it gave the
opportunity of a controlled laboratory experiment for in-depth study of
the mechanisms and influencing parameters, voltage and current levels
are different when compared to actual traction systems. It is difficult
to predict the range of measured radiated emission and corresponding
changes with respect to these parameters. The trends are expected to
be similar to previous experiences, although the measured quantities and
influences of parametric variation could be different. As suggested by [93],
the measurements should be carried out either on board or by another
wagon/car running parallel to the tracks. Point based measurement will
not be able to provide the kind of information required to understand
and predict the radiated measurement at different conditions.

The arcing mechanisms and hence the intensity and characteristics
of conducted and radiated emissions are different in winter compared to
summer as has been widely observed. Hence it is important to perform
onboard emission measurements in both seasons to have a better percep-
tion.

Apart from measuring the wide spectrum of the radiated emission
similar to the Phase II experiments (Chapter 6), it will also be interesting
to use the actual GSMR antennas commonly used in the train vehicles.
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Since this test setup provides an opportunity to perform a controlled
investigation, parameters influencing the interference within the ERTMS
band can be identified.

8.4 Measurement of High Frequency Cur-
rent Components

The standard practice followed by researchers, engineers and also as per
IEC recommendations is to measure the radiated field from pantograph
arcing. This is also a convenient way to conduct measurements for out-
door complex systems such as the railways. The corresponding results are
used for validating the emission limits and compatibility of train opera-
tion. However as already discussed in Chapter 6, there are wide variation
in these type of measurements because of uncertainties involved with the
outdoor measurements and many influencing parameters. Under such
circumstances, a high frequency current measurement will be quite in-
formative and if properly designed can avoid some of these uncertainties.
But capturing the high frequency components of traction current origi-
nating due to pantograph arcing is complicated. The current character-
istics changes during propagation through any electrical connections like
cables and conductors. So, measuring them at a distant fixed point in
the traction power system may not provide a clear idea about their fre-
quency content. Instead, an onboard measurement close to pantograph
could prove to be more beneficial.

8.5 Developing Model for Pantograph Arc-
ing as a Source and Prediction of Radi-
ation

One of the final objectives is to predict the level of radiation in the
worst case scenario, i.e., during winter from a train running at a high
speed and drawing heavy current. This requires a realistic model of
pantograph arcing as a source, incorporating influencing parameters, like
train speed, current, power factor, voltage level etc. at different weather
conditions. This thesis identifies and addresses some of the important
features which could be used for developing this model. Most of the
trends and characteristics that influence the low frequency behavior of
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pantograph arcing are identified and found to be reasonably consistent.
However, they exhibit wide variations at higher frequencies. This requires
further investigation which can be used for developing the complete model
of pantograph arcing as a source.

Once such a realistic model is developed incorporating different para-
metric variations, it will be easier to estimate and hence to limit the elec-
tromagnetic radiation near critical trackside infrastructures like airports,
hospitals and different laboratories. Eventually this will aid in quicker
decision making and formulating strategies in many projects where radi-
ation from pantograph arcing is of significant concern.

As railways start leveraging wireless and radio based services more
and more, it is important to have a proper understanding of the dif-
ferent sources of radiation, influences of various parameters and po-
tential victims. An extensive review of the radiating sources and vic-
tims in the context of ERTMS has been done and presented in [15].
IEC standards on railway applications - electromagnetic compatibility
([8, 12, 28, 29, 30, 83]) also emphasize on developing this knowledge for
further improvements on the standard.

An action plan for the future is to undertake a comprehensive study
on the radiated interference from pantograph arcing on the GSM-Railway
and other wireless and radio based services within and outside the railway
territory.

8.6 Interference between Different Railways

In several occasions it has been noticed that two different railways run-
ning in close proximity, or meeting at a common place act as a source of
interference to each other [11, 19, 20, 47, 48]. The interference could be
due to vagabonding ground return current from one railway to another or
radiated interference from one railway (mainly from pantograph arcing)
to another. The theoretical investigation on interference due to ground
return current will be divided in four cases as presented with examples
in [47]:

1. AC Railways as source and DC Railways as victim

2. DC Railways as source and AC Railways as victim

3. One DC railway as source and another as victim

4. One AC railway as source and another as victim
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Figure 8.1: Interference between different railways

Because of the involved complexity, it is often difficult to identify the
source, coupling path and mechanisms in this kind of a situation with
limited knowledge. These issues need to be addressed and proper investi-
gations should be carried out to enhance the knowledge and understand-
ing on this matter which will eventually benefit both the railway industry
and academics.

8.7 Frequency Content of the Return Cur-
rent Under Various Circumstances

Once the knowledge on the characteristics of pantograph arcing and its
harmonic content are established, the next obvious question is how it gets
influenced when it comes out as return current after passing through all
the elements of the propulsion system. Considering the complexity of the
railways, it is understood that this will be dependent on many parameters
such as the type of train, connected loads, speed etc. Track circuits
are being widely used today and although initially it was thought that
its usage may become limited at the advanced stages of ERTMS, some
experts are of the opinion that it will continue to be utilized for ensuring
safety and reliability in many railways like underground railways even in
the advanced levels of ERTMS [108].
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Chapter 9

Summary of Papers

The six papers presented as appendixes to this thesis cover the major por-
tion of the work done as a part of this PhD program. It includes a brief
review of the European Rail Traffic Management System (ERTMS) from
EMC perspective, identification of the major electromagnetic interference
(EMI) sources and a comprehensive study on the major contributor to
interference: arcing from the pantograph. Both conducted and radiated
EMI were investigated through two phases of experiments. A collabo-
ration was established by the author with Mr. Peter Mellberg and Mr.
Stuart Shirran of Bombardier Transportation. Thus OHL ICE test setup
was obtained, which was modified as per the requirements for the high
frequency investigation. The collected data of the OHL ICE team were
also obtained from the collaboration with Dr. Dierk Bormann of ABB
AB - Corporate Research. A large portion of the initial work presented
here are based on analysis and interpretation of that data from the rail-
way perspective. Later phase of the work were based on the Phase II
experiments conducted on last week of Oct, 2008 at Väster̊as.

• Paper I presents an overview of the traditional and modern rail-
way signalling and communication system, recent developments in
ERTMS and future plan. The electromagnetic environment related
to different systems and subsystems of a railway are described. Pos-
sible EMI sources, victims and the coupling paths are discussed.

The author of this thesis made major contribution to do the litera-
ture survey, understand the railway systems from EMC perspective
and present then in this paper.
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• Paper II is a review of the interference because of DC component
in AC traction system. Different possible sources and coupling
path and mechanisms are identified and possible consequences are
analyzed and presented in this paper. Some of the existing methods
to prevent these interference issues are also discussed in brief.

The author of this thesis made major contribution to do the liter-
ature survey, understanding different possible cases of interference
and compatibility and presenting them in this paper.

• Paper III presents different processes and corresponding mecha-
nisms involved in the sliding arc between pantograph and overhead
contact wire. Influence of the current zero crossing and various
test parameters on the movement of the arc root across both con-
tact wire and pantograph surface are presented. Corresponding arc
length are estimated from the theoretical calculations and compared
with the visual observation from the recorded videos and found to
be agreeing with the explanation presented.

The author of this thesis was not involved in the experiment. But,
he took the lead in establishing the network with the experts from
the industry, establishing the collaboration on this perspective with
both Bombardier Transportation and ABB Corporate Research. He
also had major contribution on analyzed the experimental data, in-
terpreting it from the perspective of a sliding arc between panto-
graph and contact wire of AC electrified traction system.

• Paper IV presents pantograph arcing in electrified railways with
DC traction power supply. Overview of the OHL ICE experimen-
tal setup, its operation and measurement system is presented in
brief. Movement of the arc root across the overhead contact wire
and pantograph surface and corresponding patterns are identified.
Influence of polarity of supply voltage, line speed and zigzag motion
of the pantograph on the arcing phenomenon was analyzed and pre-
sented. The consequences of this phenomenon from an outlook of
DC traction system was discussed and compared with few similar
practical cases.

The author of this thesis took the lead in analyzing the experimental
data, interpreting it from DC railway perspective and presenting it
in this paper.

• Paper V is a continuation of the Paper IV with AC supply. In
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this work, all the test runs are first grouped based on the variation
of one test parameter at a time and presented with the correspond-
ing estimated parameters. The overall trends in the voltage and
current waveforms due to the variation of test parameters are dis-
cussed. Two types of arc reignitions are identified from the test
results, namely, dielectric reignition and thermal reignition. How
different test parameters govern these two types of arc reignition are
also analyzed and presented. It is found that pantograph arcing is a
polarity dependent phenomenon and hence there are asymmetries
between the two polarities of the voltage and current waveform.
How different parameters influences this asymmetries are also pre-
sented.

Here also the author of this thesis took the lead in analyzing the
experimental data, interpreting it from AC railway perspective and
presenting it in this paper.

• Paper VI is the outcome of the understanding and analyses based
on the last three papers. Here it is shown how the asymmetry in
the current and voltage waveform generates a net DC component
and how different parameters influence this. It is explained in brief
how the sliding contact deteriorates during winter. Some worst case
scenarios are also presented based on the understanding about how
much DC current component can originate in the AC traction sys-
tem because of pantograph arcing. This DC component propagates
in the entire traction power and signalling system and two possible
cases are also presented.

The author of this thesis took the lead in analyzing the experimen-
tal data, interpreting it from EMI perspective of an AC electrified
railway and presenting it in this paper.

• Paper VII focuses on the high frequency emission originated from
the pantograph arcing. Modifications of the OHL ICE test set up
and the developed measurement setup is presented. Basic pattern
of the measured high frequency current, electric and magnetic fields
are shown. Both time domain and frequency domain results are pre-
sented to have a relative understanding and influencing parameters.

The author of this thesis took the lead to rebuilt and modify the
OHL ICE test setup to fulfill certain requirements for high fre-
quency investigation with wider variation. After consulting some
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of the industry leaders he designed and developed the measure-
ment setup and led the experiments with help from some of his
friends and colleagues at Uppsala University and ABB Corporate
Research. He also took the lead to analyze the test results and
presenting them in this paper.

The work started with data of few test runs of the ICE experiment
and Paper II-Paper VI and from Paper VIII-Paper X are the direct
outcome of the project at different stages. Paper VII is the outcome of
the new experiments led and conducted by the author. He took lead and
had major contribution in writing all these papers. Parts of Chapter 5
and 6 contain some unpublished results and the author of this thesis will
publish it in reviewed literature sometimes in the future.
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his friendship and help. I owe my gratitude to Markus Gabrysch for all
the help and great times. Lunches and coffee with Janaina, Juan, Zikri,
Azlinda, Mahammad, Siad, Liibaan and others always bring fond memo-
ries and thanks for your company. Thanks to all other colleagues of this
department for their support and encouragement.

Special thanks to Anders Ellgardt for guiding me through the steps of
disputation at KTH and being a great companion. Thanks to Nathaniel
and other fellow PhD students for the informative discussions during
breaks and seminars. Great times were spent with Helin, Helin, Siti and
Rosy sharing the same office.

I would like to express my thanks to Venugopalan Kurupath for help-
ing with valuable technical knowledge and becoming a very good friend
within a short time.

During my stay here in Uppsala I had the opportunity to have friend-
ship with many folks and their families. I wish to express my thanks to
Tegegne Yirdaw, Dr. Mahesh Edirisinghe and Dr. Sharma.

I have extremely happy and fun memories of the times spent in the
company of Prof. Rajeev Ahuja, Mr. P.K. Singh over dinner and all the
non-tech discussions that ensued. These refreshing and relaxing evenings
really charged me up for the next day.

I wish to thank to Dr. Biplab Sanyal, Dr. Suparna Sanyal and Ruku
for organizing such wonderful get-togethers, especially the ones in their
house which made feel like a home away from home.

It has been pleasant association with Prof. Ashok, Dr. Ranjula and
their kids. I would like to thank my friends in Uppsala, especially Dr.
Jharna Barman, Dr. Oommen Varghese, Dr. Juli, Puneet Srivastava,
Smitha, Dr. Nimesh, Kiran, Chandu Mandava, Remya and others for
their companionship.

A lot of things in all possible areas would have been impossible with-
out the help from our friends Sanchita and Bhupi.

Special thanks is due for Dr. Ehesan Ali, Anjum Ismail, Amit, Neelam
and their adorable kids, Parth and Rhythm with whom I have shared such
fantastic weekends and also celebrated festivals.

A special thanks is due for my Professors at IISc (especially Prof. Joy

151



Thomas M., Prof. Uday Kumar, Prof. S.M. Rao, Prof. Nagabhushana.
Prof. R.S. Nema and many others) who helped me cultivate the right
spirit and dedication towards research.

I also wish to thank my longstanding friends Dr. Nilanjan Chakraborty,
Dr. Manoj Pradhan, Dr. Subrat Sahu, Dr. Himadri Nandan Bar, Dr.
Abir Chakraborty, Saikat Saha, Dr. Arunasis Chakraborty, Dr. Sisir
Nayak, Dr. Subhankar Das, Dr. Shyama Prasad Das, Dr. Nilanjan Saha
and others for their support encouragement.

I thank Dr. Debiprosad Roy Mahapatra of IISc., a friend from my
school days. I am immensely grateful to him for all his encouragement
and support which motivated me to pursue a research career.

Lastly, my parents and parents in-laws, dada, boudi, dukie, mamma,
pipi, pishimoni have been a great source of inspiration to me throughout.
Brinda- All your support, continuous encouragement and belief in me
made it all possible.

152



Bibliography

[1] M. C. Duffy, Electric Railways 1880-1990. Michael Faraday House,
Six Hills Way, Stevenage, Herts. SG1 2AY, UK: The Institute of
Electrical Engineers, 2003.

[2] A. Steimel, Electric Traction- Motive Power and Energy Supply.
Rosenheimer Strasse D-81671, Munich, Germany: Oldenbourg In-
dustrieverlag München, 2008.

[3] N. Theethayi, Presentation at EUROEM 2008, Railway EMC
Session, Lausanne, Switzerland,, Bombardier Transportation,
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