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Abstract

This thesis investigates the dynamic behaviour of an overhead line system interacting with a
pantograph under conditions affecting both the mechanical aspects of the system, as well
as the geometry of the overhead line. To determine the effects of environmental conditions
such as crosswinds, an experiment making use of the Sheffield Large Scale Wind Tunnel
was developed to assess the effects of wear and the wind angle of attack on the aerodynamic
forces acting on the contact wire. Using the predicted aerodynamic forces, the effect of
crosswinds on the catenary pantograph interaction has been investigated. By considering the
wear state of the contact wire, the dynamic performance of the system worsens due to larger
amplitude oscillations caused by aerodynamic lift forces, and that wear was a bigger driver
of contact force variation than lateral deflections due to aerodynamic drag.

This thesis also investigates the effects of contact wire irregularity beyond the wear
state of the contact wire. By matching the contact and messenger wire tensions, the contact
force variation was found to improve, indicating that better performance of the system can
be achieved with only increases in the line tension and avoiding the need for redesigns of
existing equipment.

As the overhead line passes under bridges and tunnels it is often necessary to raise or
lower the contact wire height and thus impose gradients in the contact wire. In this thesis, the
effects of a range of wire gradients on the contact force have been studied using a validated
finite element model and the results presented here indicate that maximum permitted gradients
are conservative. The minimal effect on the contact wire due to increasing steepness of
gradient suggests that there may be opportunities for electrification available without the

need for expensive bridge reconstruction, representing significant cost savings.
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Chapter 1

Introduction

1.1 Background

The railway is a vital and efficient means of transporting passengers and freight. The rail
industry faces increasing demand from both passengers and freight to provide a resilient,
timely service and due to a desire for increased capacity, reduced journey times and a
movement towards a green, carbon neutral society, electrification is now the default means of
locomotive traction for high speed rail across the world. Electrification also represents the
most energy—efficient means of providing locomotive traction [1]. In the UK, approximately
40% of the rail network is electrified with two—thirds provided by 25 kV AC overhead line
equipment and the remaining third provided by third—rail DC. Whilst a minority of the
network operates using electric traction, electrified routes account for almost 50% of train
miles covered [2].

To continuously transfer power to electric trainsets, in the case of overhead line equipment,
a contact wire is suspended from a messenger wire using droppers and a roof—-mounted
pantograph is raised into contact with the contact wire to permit the transfer of electrical
power. The overhead line arrangement, an example of which is shown in Figure 1.1 is widely
used around the world and provides satisfactory energy transmission for train speeds up to
400 km/h [3].

During train operation, electric current is collected by the pantograph from the contact
wire and then returned along the rails back to the lineside substations. Under normal
conditions, the contact between the train wheelsets and the rail is good, so maintaining the
contact between the pantograph and the contact wire is the key issue facing the reliable
operation of an electric railway. Maintaining good contact has largely been the focus of

research into the catenary pantograph interaction during abnormal operation conditions,
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Fig. 1.1 Typical UK catenary pantograph interaction between the roof-mounted pantograph
and overhead line equipment, Peterborough, UK. Image from [4].

such as severe wear states of the contact wire, interaction between multiple contact wires
or multiple pantographs. Less focused has been on the effects of out—of—standard wire
geometries such as excessively steep contact wire gradients or aerodynamic effects during
train operation. To achieve the required capacity increases required to meet current global
emissions targets, more cost—effective methods of electrification must be proposed, either
with new or novel techniques or by challenging the existing standards.

In this thesis, numerical modelling has been undertaken to determine the effects of
wire gradients, aerodynamics and mechanical system changes on the contact force to better
understand the catenary pantograph interaction. To investigate the catenary pantograph
interaction, researchers have widely adopted numerical techniques such as finite element
analysis, due to the development and emergence of high performance computing availability
for commercial and academic purposes. With computer simulations, the effects of various
mechanical characteristics can be assessed without the need for prohibitively expensive line
tests.

1.2 Aims of this thesis

The overarching aim of the research presented in this thesis to quantify the dynamic be-

haviours of the catenary pantograph interaction as a response to mechanical parameter
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variation and aerodynamic effects with a view to identifying potential failure modes and

routes to cost effective electrification through the following objectives:

* A comprehensive review of the current state of the art of the catenary pantograph

interaction to identify the open problems.

* To determine the aerodynamic forces on an overhead line under steady wind conditions
to provide an input for a wind field applied to a numerical model of the catenary

pantograph interaction.

* Assess the effects of changes in the mechanical properties of both the overhead line
and the pantograph to determine system changes to improve the current collection

quality between the train and overhead line.

* Identify the effects of contact wire height changes on the dynamic contact force and
wire uplifts with a view to providing more cost effective electrification under low

clearance structures.

Steering provided by the industrial collaborators as part of this project highlighted the
dynamic response of the overhead line system to a change of contact wire height as an area
not widely studied. A variation in the dynamic contact force was known to exist due to the
change in contact wire height, however little work had been done to quantify the variation in

the contact force. As such this work sought to determine that contact force variation.

1.3 Thesis outline

Beyond the Introduction, the thesis is arranged into six further chapters:

» Chapter 2 presents a literature review of the research and current state of the art with
respect to the catenary pantograph interaction. The existing methods of modelling the
interaction between a contact wire and train mounted pantograph are discussed, along
with existing research into the influence of outside effects such as crosswinds. At the

end of this Chapter, the open problems currently existing in the literature are discussed.

 Chapter 3 discusses the methodological approach adopted throughout this work and

the experiment designs to answer the research questions posed in Chapter 2.

* Chapter 4 presents the validation process used to assess the validity of the finite element

modelling, as well as a discussion of the modelling assumptions made during the
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simulation process. The sensitivity of the modelling assumptions are also considered,
and justification of the accuracy of the results based on the model sensitivity to the

assumptions is provided.

* Chapter 5 demonstrates the methodology used to determine the aerodynamic forces on
a railway contact wire using both experimental and numerical approaches, generating

an input for the study performed in Chapter 7.

 Chapter 6 presents the results of the numerical modelling of contact wire irregularity
not associated with wear of the contact wire such as changes in the wire tensions, or
the absence of a dropper. The effect of train speed on the mean contact force is also
investigated and compared with the design mean contact force to assess the validity of

the modelling.

» Chapter 7 uses the aerodynamic forces calculated in Chapter 5 to establish an aerody-
namic load on the overhead line to measure the deflections of the contact wire under
load. The forces on a pantograph due to crosswinds are also calculated to investigate

the effect of crosswinds on the contact force variation and uplift of the contact wire.

* Chapter 8 presents a validation of a large—scale wire height change model, which is
then used to assess the effects of contact wire gradients on the catenary pantograph

interaction.

» Chapter 9 concludes the thesis with conclusions based on the work presented through-

out with some suggestions for future work.

The modelling methodology provided in Chapter 3 and the results presented in Chapter 8
form the publication:

Sam Hayes, David I. Fletcher, Adam E. Beagles & Katherine Chan (2020) Effect
of contact wire gradient on the dynamic performance of the catenary pantograph
system, Vehicle System Dynamics, DOI: 10.1080/00423114.2020.1798473 [5].



Chapter 2
Literature Review

Volk’s Electric Railway, the first electrically powered railway in the UK was built in 1883
with power supplied by 110 V DC third rail equipment, whilst the first adoption of a fourth
rail system was in 1890 on what is now the Northern Line of the London Underground. The
first overhead line systems were installed circa 1910 in South London and Lancashire using
6.6 kV DC equipment, whilst the first 25 kV AC systems were adopted after the publication
of the Modernisation of British Railways report in 1955 [6]. The report set 25 kV AC systems
as the standard on new electrification projects except for extensions of existing third rail

systems. Advantages of overhead line equipment over third rail systems include:

* Higher train speeds. Overhead line system line speeds have been increased in excess

of 300 km/h compared with a maximum 160 km /h available to third rail equipment.

* A reduced energy requirement. Third rail DC systems require approximately 20%

more electricity during train operation [7].

* There is a reduced risk of electrocution to public and track workers with overhead line

equipment compared with third rail systems.

In the UK, a “boom-or—bust” approach has been characteristic of the increase in the num-
ber of electrified route kilometres since the Second World War, whereby large electrification
projects have been undertaken and the number of electrified route kilometres has increased
rapidly, then followed by periods of little to no increase in the amount of electrification.
The change in electrified route kilometres, as provided in [8], is shown in Figure 2.1, where
key electrification projects such as the West Coast Mainline in the 1960/70s, the East Coast
Mainline in the 1980/90s and the Great Western Mainline in the 2010s, can clearly be seen

compared with the intervening periods where little electrification occurred.
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Fig. 2.1 Change in the electrified route kilometres across the GB rail network since 1948.

With a desire to achieve a “net—zero” carbon network by 2050, Network Rail has pub-
lished the Traction Decarbonisation Network Strategy [9] and identified that electrification
of the 11,700 single track kilometres of the remaining network provides the most effective
route to decarbonisation of the UK rail network, thus research into cost effective methods of
providing the required electrification to achieve a “net—zero”, resilient railway is both timely

and with the threat of climate change, necessary.

2.1 The overhead catenary system

The overhead contact system (OCS) is a system designed to continuously transmit electrical
energy to a train by means of sliding contact between the overhead line equipment (OLE)
and the roof-mounted pantograph. Various terms are given for this system, in the UK it
known as ‘Overhead Line Equipment (OLE or OHLE)’, in the US and Europe, Overhead
Contact System, and ‘Overhead Wiring System’ in New Zealand. Throughout, OLE is used
to refer to the system of wires supplying electrical energy to a train and OCS to refer to the
OLE and pantograph together. Pre—tensioned wires suspended above the track upon which
a collector runs along are known as contact wires. Specifications for railway contact wires
are provided by [10]. A sample of railway AC-120 contact wire is shown in Figure 2.2.
The purpose of contact wires is to provide continuous electrical power to electric trains by

way of a roof-mounted pantograph. Wear due to the sliding contact is controlled by the
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Fig. 2.2 Sample of AC-120 CuAg contact wire.

introduction of stagger, whereby the contact wire lateral position at supports relative to the
track is alternated giving a zig—zag profile relative to the track.

Contact wires are grooved to provide clamping positions in order to suspend the contact
wire from messenger wires using droppers. Depending on the line speed and therefore the
contact force between the contact wire and pantograph, magnitude of electrical current to
be transmitted or applied tension, various contact wire cross sections have been adopted
globally. Typical contact wires have cross—sections between 80 and 150 mm. The larger
profile wire types allow for a larger degree of wear before replacement is required but this is
offset by the greater mass to support.

Due to their high conductivity, tensile strength and hardness, hard—drawn copper and
copper alloys are well established materials for railway contact wires. For copper alloy
contact wires, the addition of other material improves the mechanical or thermal performance
permitting increased wire tensions, however the addition also reduces the conductivity of
the contact wire. Typical alloy additives include silver (CuAg 0.1%) or magnesium (CuMg
0.5%). Traditionally copper—cadmium contact wires were used, however these have fallen
out of favour due to cadmium toxicity. Copper—cadmium is no longer permitted in Austria,
Switzerland and Denmark. Copper alloy contact wires are identified by grooved markings
along the top surface of the contact wire which are given in Table 2.1.

Whilst the contact wire is formed of one single wire, the messenger wire is typically a
stranded conductor such as the one in shown in Figure 2.3. Since the messenger wire does
not directly interact with the pantograph, it is only required to transmit electrical energy and
withstand mechanical stresses due to tensioning. Typical materials for stranded conductor

wires are pure copper or bronze Bz II (CuMg).
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Table 2.1 Identification of copper alloy contact wires.

Number (location) of identification Contact wire type

grooves
0 Normal or high strength copper (Cu)
1 (centre) Copper—Cadmium (CuCd)
1 (off—centre) Copper—Tin (CuSn)
2 Copper—Silver (CuAg)
3 Copper—Magnesium (CuMg)
(a) Stranded conductor cross—section. (b) Stranded Bz II messenger wire.

Fig. 2.3 Stranded conductors.

The droppers maintain the contact wire height relative to the messenger wire and are
designed to withstand the cyclic loading during pantograph passage. Modern systems have

adopted current carrying droppers such as the one shown in Figure 2.4.

2.1.1 Wire configurations

The wire configuration is largely set according to the speed of the line on which it will be
installed. Since the contact wire has a large flexibility at midspan compared to at supports,
increasing levels of complexity in the wire arrangement are required to give good dynamic

performance during train operation.

Trolley wire

The simplest equipment arrangement is known as tramway or trolley wire OLE. This system
consists of a contact wire suspended directly from the supports. This type of arrangement
is the least complicated version of an overhead line system and has zero flexibility at the

supports and high flexibility at the midspan. Since the wire is only supported at structures,
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Fig. 2.4 Current carrying dropper, Berlin, Germany.

span lengths are typically between 30 and 40 m to minimise wire sag. As such, this type of
arrangement is only suitable for low speed situations (less than 30 km/h) such as tramways
or heavy rail sidings. Figure 2.5a shows the typical arrangement of a trolley wire, and
Figure 2.5c is an example of such an arrangement. The simple arrangement can be improved
by introducing a stitch wire, reducing the contact wire flexibility at the midspan, allowing
for a greater train running speed. The length of the stitch can be varied for each system.
Longer stitch wires allow for the introduction of droppers to mitigate the sag of the contact
wire. A stitched trolley wire schematic can be seen in Figure 2.5b. There appears to be no
active research into the dynamics of a trolley wire OLE, likely due to the limited use to tram

systems which are relatively low speed compared to their mainline counterparts.

Simple (sagged), stitched and compound equipment

In the previous wire configuration, the horizontal distance of the stitch wire was shorter than
the length of the span. Extending the wire to run the whole length of the span introduces a
messenger wire into the system. This messenger wire can be used to suspend a contact wire
through the use of droppers, as shown in Figure 2.6 when presag is zero, and this system

is known as simple catenary OLE as the messenger wire takes the shape of a catenary. A
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(a) Trolley wire schematic.

(b) Stitched trolley wire schematic. (c) Trolley wire overhead line arrangement,
Sheffield, UK.

Fig. 2.5 Possible trolley wire arrangements and an installed system.

simple catenary OLE is the simplest system used for mainline electrification. Suspending
the contact wire from the messenger wire also allows for a greater contact wire mass to be
supported, allowing for the greater traction current required for higher train running speeds
up to 120 km/h.

____________ U I N

Presag i)

Fig. 2.6 Simply sagged OLE schematic. The simply sagged equipment reduces to simple
equipment when presag is zero.

The arrangement where the contact wire is allowed to sag naturally due to self—weight,
has largely been superseded by presagged equipment. In this case, the contact wire sags a
predetermined amount (typically 1% of the span length) between the first and last droppers.
The presagged contact wire compensates for the greater flexibility at the midspan, thus the
uplifted contact wire is better aligned with the uplift position at the supports. Figure 2.6

shows the presagged system with the presag exaggerated for clarity and an installed example
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Fig. 2.7 Simply sagged overhead line equipment supported by headspans, Doncaster, UK.

of simply sagged overhead line equipment supported by headspans is shown in Figure 2.7.
The dynamic contact force has been shown to be sensitive to the magnitude of the presag
[11, 12], where it was found that the best dynamic performance was attained for a presag
between 10 and 60 mm. In [12], the optimal magnitude of the presag is also noted to decrease
as the line speed increases. Adoption of presag is also found on stitched overhead line
equipment [13]. In a stitched arrangement, such as the one shown in Figure 2.8a, the addition
of a stitch wire either side of the support, reduces the stiffness variation across the span,
providing good performance up to 400 km /h. The stitch wire also compensates for expansion
and contraction as the temperature varies, transmitting the length variation to the contact wire
near the supports, giving similar displacement in the contact wire due to temperature across
the whole span. In Europe, due to the prevalence of stitched catenary, reference models
for stitched catenaries are now included in the validation of numerical models [14] where
appropriate.

The most complexity is found in the compound catenary arrangement. With the addition
of an auxiliary messenger, as shown in Figure 2.8b, the variation in the vertical stiffness
across a span is very low, however the increased maintenance requirements and capital

investment means it is not a widely adopted arrangement in the UK.
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(a) Stitched catenary OLE. (b) Compound catenary OLE.

Fig. 2.8 Overhead line arrangements beyond simply sagged equipment.

Research into the catenary pantograph interaction is largely done using representations
of simply sagged and stitched equipment, thus the state of the art with respect to these

equipment types is growing quickly.

2.1.2 Tensioning arrangements

To ensure good current collection quality, long spans are subject to tensioning at the end of
each wire run to minimise sag due to gravity. For slow speed systems, the tension is typically
8 kN, and increases up to 20 kN on high speed mainlines. Tension is applied to the overhead
line using either fixed termination or auto—tensioning. In the case of fixed termination,
the overhead equipment is fixed and tensioned at every support, whilst for auto—tensioned
systems, the equipment is fixed at a midpoint anchor and tensioned at the end of each wire
run. As the ambient temperature varies, so too does the vertical profile of fixed termination
equipment. Since the equipment is tensioned at each support, the contact wire sags (rises) as
the temperature increases (decreases) and so are not suitable for large temperature variations
due to excessive contact wire sag [15, 16]. Whilst the total deflections in the vertical profile
are limited by the droppers, the dynamic performance of the equipment changes with respect
to temperature and so are not well suited to high speed operation. For auto—tensioned wires,
either balance weights or spring tensioners (such as the Tensorex C+ device [17]), provide
constant wire tension irrespective of the temperature. Thus auto—tensioned systems provide
greater equipment resilience to increasing temperatures due to climate change.

Since each wire run is finite due to limits on the number of stagger changes and also
due to the practical limits on the length of wire loaded onto wire drums, it is necessary to
split the overhead line up into discrete tensioned sections. Transitioning between discrete

sections requires the use of overlaps!. Poor messenger wire tensioning causes increased sag

! Also useful for electrical separation at neutral sections.



2.1 The overhead catenary system 13

in the contact wire degrading the dynamic performance throughout the overlap section. The
effect of wire overlaps on the dynamic contact force is studied in [18], where the simulations
predicted an increased force in the intermediate overlap span when the pantograph was in
contact with two wires, consistent with the predictions in [19, 20]. The increased contact
force is due to the increased vertical stiffness present due to the doubling of the overhead line
equipment during the overlap span. In both [21, 22], the introduction of discrete elements
into an overhead line system can improve the dynamic performance. In the case of [21],
addition of damping elements in the overlap span reduced the amplitude of the returning
wave at supports whilst [22] introduced a controller aimed at reducing vertical oscillations.
In both cases the addition of discrete control elements were in numerical models, thus no
conclusions about the lifetime effects on an installed overhead line were discussed. In [23],
the height of the contact wire throughout the overlap was considered, and concluded that
maintaining a low contact wire height improved the dynamic performance. The importance
of controlling the dynamics throughout the overlap sections is highlighted by the addition of
overlaps to the validation process for numerical models in [14], thus is an active research

area at present.

2.1.3 Clearances and height restrictions

Largely, conductors in an overhead line system are only insulated at supports, thus safety
clearances are imposed between the live components and infrastructure to prevent flashover.
Clearances are typically defined with respect to the air gap between conductors and other
components of the system. Static electrical clearances are typically larger than dynamic
electrical clearances due to the short duration of train passage at given locations reducing the
risk of flashover to infrastructure. In the UK, electrical clearances were defined in [24] and
specified various clearances for the different circumstances across the network. Each of the

four clearance cases are:

1. Enhanced: used wherever possible,
2. Normal: used when enhanced clearances are not possible,
3. Reduced: used when normal clearances are insufficient subject to control measures,

4. Special: used in most limited cases subject to risk assessment, control measures and

ongoing assessment.

These clearances given in Table 2.2, were superseded by [25], where electrical clearances

were consolidated into 270 mm for static conditions and 200 mm during train passage.
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Table 2.2 Electrical clearances for 25 kV AC overhead power lines. All entries in mm.

Enhanced Normal Reduced Special
Static electrical clearance > 600 270 - 599 200 - 269 150 - 199
Dynamic electrical clearance > 600 > 200 150 - 199 125 -149

Since the working height of the pantograph is limited, the vertical profile of the contact
wire is fixed by the limits of the pantograph working height. Beyond the upper limit, the
auto—drop feature of the pantograph will cause a loss of contact and power, whilst exceeding
the lower limit will breach electrical clearances between the pantograph and the train body.
Whilst the working height of the pantograph sets the bounds on the vertical wire profile, lateral
clearances are required, particularly at bridges and tunnels. As the train speed increases,
clearances must be satisfied with respect to the gauge and kinematic envelope of the vehicle.
Clearances between the kinematic envelope of the train body and civil structures must be
satisfied to prevent flashover. It is for this reason, bridge reconstruction is often unavoidable
if a sufficient air gap cannot be maintained.

Mechanical clearances between the pantograph and contact line equipment is given as
80 mm and clearances between the pantograph and registration arm is a minimum of 15 mm
for all wear conditions of the pantograph and contact wire. For this reason, the uplift of the
contact wire at supports must be controlled to ensure sufficient space between the pantograph
head and the registration arm. For too great a wire uplift, the pantograph and registration arm
have the potential to collide. Figure 7.18 shows the overhead line equipment passing under a
bridge, where the messenger wire and contact wires have been highlighted to demonstrate
the reduction in the messenger wire height to satisfy the clearance to the bridge.

For large sections of an electrified railway, the overhead line can be installed at a constant
height relative to the track with no infrastructure clearances besides the registration arms
to satisfy. However, at locations such as level crossings, bridges and tunnels, the contact
wire height must change to satisfy the required clearances. Without height variations,
infrastructure would have to be moved, rebuilt at high cost or be at risk of increased arcing
events. Maximum contact wire gradients are fixed according to BS EN 50119 [26], and are
dependent on the line speed, e.g., the maximum wire gradient for a line speed of 200 km /h is
1:500. Transitions between level and graded contact wires are set at half the desired gradient,
so for a desired wire gradient of 1:500, the transition gradient is 1:1000. In the UK, the
required wire gradients are often unachievable due to insufficient spatial separation between

for example bridges, where wire heights are typically 4.5 m, and level crossings where wire
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Contact wire

Fig. 2.9 Overhead line equipment passing under a bridge in Eccles, UK. The messenger wire
height is highlighted indicating the reduction in system height to satisfy clearances.

heights of greater than 5.6 m are required [25] to satisfy the electrical clearances. Figure 2.10
shows a possible situation where the spatial separation L could be insufficient.

To satisty required clearances under low—clearance structures, novel techniques such as
raising the bridge deck [27] and lowering the track bed [28] have been adopted alongside
conventional bridge reconstruction [29]. In all of these cases, significant capital investment
is required as part of the electrification of existing lines, thus the adoption of new methods to
avoid these costs is attractive to infrastructure owners.

Research into the effects of changes in the contact wire height is limited. In [30], the
effect of a decreasing wire height is included for train running speeds between 130 and
200 km/h and a contact force increase was predicted leading to an increased wire uplift at
supports. The system considered was under relatively low tension (10 kN), thus the dynamic
uplift could be mitigated with an increased tension, however thus far this does not appear
to have been researched. In [30], only a decreasing wire height was considered, with no

increasing wire height included as would be expected at low clearance structures, thus the
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Fig. 2.10 Side view of a wire geometry where the spatial separation L between a bridge and a
level crossing may be insufficient for the required contact wire gradients. Supports, droppers
and the messenger wire have been omitted for clarity and the vertical scale is exaggerated.

effects of a continuously rising pantograph have not been studied. The vertical transition rate
of the pantograph and its effect on the dynamic contact force is also not widely researched
[31] and currently no specifications are given with regards to the pantograph performance
at high transition speeds [32], only that a pantograph should maintain the static uplift force
over the range of the working height. Increases in the line speed have been adopted on the
Great Western Mainline for out—of—standard wire gradients in [33], indicating that current
standards can be altered allowing for possible infrastructure cost savings in the electrification
of railway lines.

Thus far, it appears no assessment of the lifetime cost of out—of—standard wire gradients

has been made, and the study of wire gradients is largely an open problem.

2.1.4 Unique features of the overhead line equipment
Overhead conductor bar

Equipping low clearance infrastructure with conventional catenary is limited by the available
space subject to clearances. Overhead conductor rail, such as the one shown in Figure 2.11,
has become a widely adopted solution (more than 500 km in use globally) to the problem of

installing overhead line equipment in tunnels due to the reduced space required to install the
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equipment. The typically aluminium bar carries the contact line through the length of the
tunnel without the need for a messenger wire or droppers and the contact wire supported by
overhead conductor rail is under no axial tension as the bar supports the entire self—weight of
the contact wire. Maintenance and renewal of the contact wire is also significantly easier
than conventional equipment. Heat expansion in the conductor rail is accounted for using
expansion joints which unlike traditional continuous conductor bars can be run at the full
line speed, and since temperature fluctuations are smaller in tunnels compared with open
track, the overhead equipment is less susceptible to sagging in increased temperatures.

Widespread use across a rail network where otherwise conventional overhead line equip-
ment would be used is unlikely due to the larger supported mass requiring more frequent
mast installations compared with conventional catenary. Using a bar to support the contact
wire gives much smaller stiffness variations along the length, however is much stiffer than
the conventional catenary overhead conductor bars are installed alongside. To manage the
stiffness variation, transition zones at each end of the conductor bar gradually alter the
stiffness of the equipment [34]. To minimise wear, the conductor bar is staggered following
a sinusoid rather than the conventional zig—zag.

Early conductor bar installations limited the line speed, however in [35, 36], the conductor
rail profile was optimized indicating that line speed could be increased whilst also improving
the current collection quality. Increases in the line speed were also observed in [37] where
good performance was measured for line speeds up to 130 km/h and in [38], the overhead
conductor system was shown to provide good dynamic performance for line speeds up to
200 km/h. Models of the rigid conductor bar have been validated in [39-44] and [45]
provides a further validation of the dynamic performance for a range of system and span
lengths. In [46], the overhead conductor bar was adopted to carry the contact wire whilst
suspended from the messenger wire by droppers as with conventional catenary. It was found
that in this configuration, good performance was measured for span lengths up to 50 m,
however the increased investment and maintenance of the addition of the conductor bar rather
than only the contact wire, suggests this has not been an active research focus. Considerations
are also given to the span length when using overhead conductor bar in [47], where it was
found that there exists a range in which the variation of the contact force is reduced when the
line speed is 200 km /h, as shown in Figure 2.12, apart from a peak at 3.6 m. No explanation
for the peak was given, however it is possible at that span length, the system resonates,
increasing the contact force variation. In [48], the effects of various excitation frequencies
are investigated to assess the dynamic response of the conductor bar pantograph interface to

sinusoidal vibration. It was found that excitation at frequencies close to the second natural



18 Literature Review

o ly
::I::lqll
l.,:t.::l.:i.. !
ity

NG
R

L]
By Ny gty
|.‘!| .:h"l

Fig. 2.11 Overhead conductor rail installed in Berlin Hauptbahnhof, Germany.

frequency of the conductor rail acts to reduce the contact loss predicted at other excitation

frequencies.

Neutral sections

Neutral sections are adopted to electrically separate different sections of the overhead line
supplied by different sub—stations connected to different parts of the National Grid and allow
switching between different phases. Electric trains typically coast through neutral sections to
reduce occurrences of arcs being drawn from the live section of the overhead line along the
neutral section. Neutral sections are also installed where the system voltage differs (most
often occurs on the European continental network). Installed neutral sections can be of the
inline type where a pantograph moves from a live contact wire to a earthed rod spliced into
the contact wire. Arcing horns are placed at each end of the earthed section in the event the
pantograph draws current across the neutral section. The alternative neutral sections, most

often used on high speed lines, are carrier wire neutral sections (CWNS). A CWNS is formed
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Fig. 2.12 Contact force variation presented in [47] as a function of the span length.

of two overlap sections, whereby the pantograph is transferred from the live contact wire,
to a dead wire, and then the reverse happens at a second overlap. In the case of multiple
pantograph operation, the length of the CWNS, denoted d is set to either be shorter than
the spacing between the two pantographs, denoted d, if they are electrically separate (e.g.,
multiple unit operation), shown in Figure 2.13a, or longer than the pantograph separation
(e.g., multiple pantographs on the same unit), as shown in Figure 2.13b.

In the case where there is only single pantograph operation, the neutral section length
is less important since there is no secondary pantograph to unite the two separate sections.
Research with regards to neutral sections has largely focused on optimization of the spatial
location with respect to an electric train’s energy consumption whilst traversing neutral
sections [49-51]. There appears to be little focus on improving the mechanical characteristics

of the neutral section during train operation and as such is an open problem.

2.1.5 Electrical Principles
Voltage

Electrical energy provided by an overhead power line is split into two voltages, the trans-
mission voltage and supply voltage. The transmission voltage determines how energy is
transmitted through the overhead line whilst the supply voltage determines how energy is
supplied to the train. Typically, these two voltages are the same, however some high speed
lines make use of a higher transmission voltage to overcome losses in overhead equipment to
provide a greater power at the train.

A range of voltages have been used depending on the type and age of the electrical

rail system. In the case of a tram system, 750 V DC is standard to reduce risk in public
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Fig. 2.13 Neutral section design variation. Electrically separate pantographs require d; < d»
and electrically united pantographs require d; > d, when passing through a neutral section.

areas whilst 25 kV AC is common for new high speed overhead electrification projects.
Other systems include 1500 V DC OLE and in Northern Europe, 15 kV AC. These are now
considered legacy systems and 25 kV AC is the preferred method of electrification. In the
case of AC electrification, the frequency of the AC supply is matched to the frequency of
the industrial supply. In the UK, this is 50 Hz. Supply voltage is usually not constant due to
factors such as voltage losses or the magnitude of the load in each electrical section, thus the
system must be able to operate at a range of voltages. In the case of UK 25 kV AC systems,
a minimum operational voltage of 12.5 kV is allowed for no more than two minutes without
a high possibility of equipment damage and a maximum voltage of 29 kV for at most five
minutes. In normal operation the minimum and maximum voltages are 16.5 kV and 27.5 kV

respectively [52].
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Current

The supply current is specified by the desired train power and the number of trains requiring
power in a given section. Low voltage DC systems require a higher current to achieve the
required power at the train. A 1500 V train for example, draws a current of 1500 A whilst a
25 kV AC passenger train will draw around 200 A due to the significantly higher voltage.

The described current ratings are for nominal operation of the overhead line. The system
is also designed to withstand currents during faulty operation without equipment degradation.
This maximum fault current is specified for each type of equipment and for a typical UK
25 kV system, is 6 kA.

AC supply

AC systems are advantageous to DC systems as the current direction requires no rectification
and arcing of an AC current is easier to distinguish as the current passes zero volts. This
allows for the use of higher voltages than DC thus giving a smaller voltage drop in the
overhead allowing for greater distances between feeder stations, which can be up to as much

as 60 km apart for 25 kV systems.

Feeder 1 Feeder 2 Feeder 3
Three-phase
132 kV or — ~ 9
400 kV supply
OLE I L
Return \ /

Neutral section

Fig. 2.14 Using a three-phase ESI to feed a single-phase electric railway.

Supplies of the AC equipment in the UK were typically fed from distribution network
operators using the 132 kV network and transformed to the required 25 kV. These are being
replaced by feeder stations supplied by the 400 kV Electricity Supply Industry (ESI). The
overhead line electrical single phase system draws electricity from the three phase network.

This phase discrepancy causes a load imbalance. To overcome this, the OLE is split into
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distinct electrically separated sections allowing for different phase combinations to be used
when drawing electricity. Figure 2.14 shows a simplified schematic for supplying electricity
is to the OLE. Different combinations of the three-phase supply are used to supply power
to each section. To reduce transmission losses over long distances between feeder stations,
autotransformer systems [53, 54] have been adopted on mainline high speed and electric

freight trains.

2.2 The pantograph

The pantograph, mounted atop electric trains draws electrical power from the overhead
contact wire and is the vital component uniting electric trains to the overhead line equipment.
The first pantograph types, used on the Baltimore and Ohio Railroad in 1895 [55], and as
patented by J. Brown in 1904 [56], were of a diamond configuration and the single arm
configuration widely adopted on high speed lines was invented in 1955 [57]. Modifications
to older pantograph types were investigated in [58] with the aim of upgrading operational
speeds to those required by the Advanced Passenger Train whilst maintaining good contact
with the overhead line. To ensure good continuous electrical transmission, an uplift force
generated by a pneumatic actuator raises the pantograph lower arm, whilst either an external
arm or internal chain linkage lifts the upper arm, bringing the collector head into contact
with the contact wire. Internal means of raising the upper arm are preferred to reduce the
aerodynamic effects on the pantograph. The collector head typically supports one or two
sprung strips and is designed with a minimal mass to reduce inertia at the contact interface.
At the contact interface, sliding contact between the collector strips and the contact wire
induces wear, thus carbon has been widely adopted on high speed pantographs for its good
electrical conductivity and lower hardness that the contact wire, thus transferring the majority
of the wear to the carbon strips.

A large range of pantograph types have been adopted globally (11 types based on four
pantograph designs currently operate on GB infrastructure [59, 60]), with early pantograph
designs making use of the diamond configuration, later being adapted to the current single
arm mechanism such as the Brecknell Willis HSX pantograph. All the pantograph types have
their profiles set by [61]. Pantographs operating on UK lines (excluding High Speed 1 where
TSI compliant pantographs are used), typically have smaller horizontal profiles than their
European counterparts due to more restrictive clearances and smaller loading gauge in the
UK.
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Fig. 2.15 Typical pantograph, Sheffield, UK

Elasticity of the pantograph frame contributes to dynamic phenomena typically in the
higher frequencies, thus the dominant dynamic behaviour is set by the composition of the
collector strips and the suspension characteristics. In [62, 63], the contact force is found to be
highly sensitive to the frame mass and damping, and both [62, 64], show that the stiffness of
the pantograph between the collector head and the frame dominates variation in the contact
force. In [65], the effect of the suspension characteristics of the pantograph are considered,
and predict that the pantograph can be optimized with an increase in the suspension stiffness,
giving a reduction in the contact force standard deviation. During train operation, large
variations in the Coulomb friction between the contact wire and pantograph is predicted
to only cause small variation in the contact force [66], and an improved dynamic force is
observed by a reduced pantograph head mass. Improvements in the current collection quality
can be obtained using a variable stiffness device in [67]. By replacing a component with
static stiffness with air springs, the frequency at which the pantograph adopts to catenary
irregularities can be adapted.

It is well known that trailing pantographs suffer from degraded current collection quality
[68, 69] compared with their leading counterparts due to the leading pantograph causing a
mechanical wave during train operation. In [70], resonance between the trailing pantograph
and the contact wire, identified by variation in the displacement of the rear pantograph, can be
reduced by installing tuned dampers to the trailing pantograph. On low—tension wires, [71]

optimised the separation distance between two pantographs with short separation distances



24 Literature Review

and in [72], an optimal separation distance for multiple pantograph operation is proposed as

Lsep =k ) (2.1)

where k > 3 is an odd integer, v is the train running speed, ¢ the mechanical wave propagation
speed and 7y a correction parameter for different catenary systems. Proposals to improve
multi—pantograph operation include favourable excited conditions by the leading pantograph
to give compressive force on the trailing pantograph in locations of low contact force and also
the adoption of the leading pantograph as an auxiliary pantograph that draws no electrical
power from the overhead line [71, 73], however this presents a problem in the case of multi—
train coupling where the two joined units are electrically distinct and thus require current
drawing pantographs on both units. In [74], by adopting the pantograph spatial separation
given in Equation 2.1, the dynamic performance was predicted to improve beyond using only
the optimal pantograph separation, by the installation of damping elements in the contact

wire steady arms.

2.2.1 Active pantographs

Active pantograph control is found to improve the dynamic performance of the catenary
pantograph interaction in [75, 76], particularly due to the suppression of vibrations in the
pantograph head. Due to the variable stiffness in the contact wire, active pantograph control
reduces the uplift force at the stiffer locations such as supports, correcting the larger variation
in the contact force typical of classic pantograph types. Active pantograph control has been
proposed as a promising technique for the interoperability of different pantograph types
across a range of networks. Analysis of active pantographs however is largely limited to
numerical investigations to determine the benefits of active control, and only a few cases
have reached prototyping stage [77, 78], or use in line tests [79].

Proposed methods for active pantographs work in conjunction with the static load applied
to passive pantographs, largely to allow for continued pantograph operation in the event of
failure of the control systems of the active components. Figure 2.16 shows the locations
where actuation of the pantograph can be applied. In Figure 2.16a, the actuation is applied to
the pantograph frame and is advantageous as the control for the pantograph can be mounted
directly on the train body, avoiding limitations on the size of the kind of actuator used. In
the case of the TGV [80], ETR500 and ETR1000 fleets [39], the actuator controls the static
preload applied to the pantograph, or to regulate the dynamics of the pantograph frame
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[81, 82]. Alternative approaches include torque motors installed between the lower arm and
the train body [83], or wire actuation connecting the upper arm to the train body [84].
Actuation in parallel with the pantograph head suspension, as in Figure 2.16b, is more
effective in controlling phenomena at higher frequencies than actuation from the base of the
train, where dynamic effects of the actuation are damped by the pantograph frame. However,
installation of extra components at the pantograph head limit the size due to needing to avoid
introducing unwanted dynamic effects on the pantograph catenary interaction. In [77, 79],
active control is introduced using pneumatic actuators alongside the suspension mounted in
the pantograph head, whilst [85] proposes a torque motor to provide active control. The final
location, shown in Figure 2.16c, is directly at the contact interface and significantly limits
the installation of active control. Similarly to the first case, [86, 87], propose wire actuation
to improve the dynamic performance, whilst [88] proposes a movable wing to control the
dynamics of the catenary pantograph interaction through regulation of the aerodynamic lift
force during train operation. Thus far, it does not appear these proposals have been adopted
widely on pantographs. Additions of aerofoils to the pantograph frame to reduce the effects

of aerodynamic loading appears to be the only widely adopted method of pantograph control.
(a) (b)

-~
Fig. 2.16 Locations of proposed force actuation in active pantographs: (a) actuation of the
pantograph frame, (b) parallel actuation in line with the head suspension, and (c) actuation of
the collector strips.

-~ -~

(c)
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2.3 Contact between the pantograph and overhead line equip-

ment

Examining the dynamic contact between the pantograph collector head and the contact wire
has largely been the focus of catenary pantograph interaction studies. Maintaining good
contact is vital to the smooth running of rail services, since without contact, electric trains
are stranded causing delays and service disruption. Too high a contact force also causes
unnecessary wear at the contact interface shortening the service life of the equipment. Loss
of contact between the contact surfaces causes arcing, degrading the interface, and in the
case of contact loss and the pantograph rises above the wire, catastrophic damage to the
pantograph and overhead line can occur. In the lateral direction, deviation of the contact wire
lateral position and high winds contribute to large deflections in the contact wire causing
dewirements [89]. As such research has focused on minimising the variations in the contact
between the pantograph and overhead line and reducing the likelihood of dewirements.
Investigations such as in [90], also investigate the effects of the pantograph raising speed
on the dynamic force at the contact interface and it was found that increasing the raising
speed from 0.1 to 0.7 m/s, increased the contact force approximately 600%, risking damage
to either the pantograph or the overhead equipment. Raising the pantograph into contact at
clamp locations between the contact wire and droppers was also found to lead to a significant
increase in the contact force. In [91], the sliding contact was characterised with respect to

the contact resistance, temperature distribution and microstructure.

2.3.1 Wear

To maintain regular traffic operation, maintenance of the contact surfaces on both the panto-
graph and the overhead line is vital. Wear phenomena caused by the sliding contact during
train operation is one aspect of vital maintenance at the pantograph catenary interface. Much
research has been undertaken aimed at reducing the wear rate on both the overhead line
and the pantograph components to improve the reliability and reduce service life costs of
the equipment. Due to the sliding contact between the pantograph carbons and the contact
wire, mechanical wear is induced which can be approximated by the Archard wear law
[92, 93]. Estimation of the wear due to the sliding contact was performed in [94]. More
comprehensively, the sliding contact wear regime is driven by a combination of mechanical
and electric wear [95] and factors such as current intensity, mean contact force and arcing

are recognized as significant influencing factors on the wear regime. The wear of the contact
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wire is dominated by plastic deformation of soft asperities [96] and initially the contact
wire wear rate increases rapidly due to a relatively small contact surface, but slows as the
contact wire is worn and a larger contact surface is created [97]. To improve the wear regime
between the contact surfaces, [98] propose a new circular design of pantograph, found to
have reduced temperature profiles during testing. Viscous damping of the pantograph head
drives the mechanical wear between the contact surfaces, and degradation of the viscous
damping leads to poor wear behaviour [99].

Replication of the contact interface to study the electromechanical interaction between the
contact strips and overhead line was performed [100—102] and the effects of various different
contact wire and collector strip compositions have been considered. Materials considered
include, pure carbon collector strips [103], copper carbon strips [104], iron based strips
[105] and composite materials [106]. To extend the laboratory conditions described in [107]
to operational environments, numerical modelling of the catenary pantograph interaction
coupled with a surface wear model was performed in [101] to predict the wear rates of
the contact wire and collector strips. The effects of train body accelerations on the wear
between the contact surfaces was investigated in [108]. During train body acceleration, the
mechanical wear increased and during deceleration, mechanical wear between the contact
surfaces decreased, but an increase in the electrical wear was predicted. Wear models are
adopted as part of catenary pantograph interaction models in [101, 109], and electrical wear
is noted to be the dominant driver of the wear behaviour. In [109], arcing is predicted to be
the least significant contributor to wear, then the mechanical and finally the electrical wear.
In [110], the wear due to the sliding contact is found to increase due to electric current and in

[97], increasing the electrical current increases the wear rate of the contact wire.

2.3.2 Loss of contact and arcing

Maintaining good contact between the contact wire and the pantograph is vital to the smooth
operation of electric trains especially at high speeds. Reattachment after loss of contact
induces an impact force between the contact surfaces [111]. Thus it is recommended that the
pantograph head collector mass is minimised. When loss of contact between the carbon strips
and contact wire occurs, arcing between the contact surfaces occurs. Contact loss events
causing arcing leads to melting and vaporisation of the contact wire [93] and pantograph
[112] due to thermal effects promotes additional wear, shortening the service life of the

equipment.
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Contact loss detection typically involves the addition of sensors to the existing system,
unavoidably modifying the physical characteristics such as overhead line geometry or mass
of the pantograph. In [113, 114], a non-invasive method of detecting contact loss is presented
by measuring electromagnetic emissions due to arcing events. The method is suitable for
both AC and DC systems. Contact loss in DC systems is also possible through measurement
of pantograph voltage loss during such events [115]. The severity of arcing is enhanced
for a system under crosswind. In [116], applying a magnetohydrodynamic formulation to a
current carrying contact wire and collector strip, increases in the wind speed were found to
increase the spatial length of the arc, up to approximately 17 mm when the wind speed was
30 m/s, however the increase in the arc length was found to have little effect on the surface

temperature during the arcing which was predominantly set by the arc current.

2.4 Condition monitoring

Evaluating the static state of the overhead line equipment typically involves measurements
of the spatial location of the wires and supports and also of the wear state of the contact
wire. Measurements of the contact wire position and stagger indicates the deviation from
the installation position. Large deviations from the nominal position is undesirable for good
current collection quality and degrades the dynamic performance during train operation.
Similarly, large contact wire wear requires replacement of the contact wire and also indicates
poor dynamic performance if wear levels are higher than expected. As train speeds increase,
the tolerances for equipment deviation are reduced. In [117], the concept of contact wire
irregularity as an index of the state of the contact wire geometry is proposed. The index
includes both surfaces deformations in the contact wire due to wear and deviation of the
equipment from a nominal position. The effects of the contact wire irregularity are inves-
tigated in [88] based on measurements of installed equipment combined with simulation
predictions. From measurements of the pantograph acceleration, the contact wire irregularity
can be determined. Using the power spectral density, [118] quantified the contact wire
irregularity. Assuming the contact wire irregularity observed a stochastic process, for N

samples x(1), x(2),..., the power spectral density is described by

P(w) = ]lv\X(a))\z L 22)

=
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Using a test rig combining hardware—in—the—loop with synthetic wire heights, [119]
indicated that discrete frequencies in the contact wire irregularity leads to an increase in the
dynamic contact force and contact loss. Using the power spectral density [120] shows that
irregularity due to contact wire wear is less significant on the current collection quality than
compared to aerodynamic loading or geometry deviations. Localised irregularities such as
position defects are considered in [88]. The dynamic effects of the localised irregularities
were noted to be highly sensitive to the operating speed and propose that allowable defects
are given in terms of the operational train speed.

In [121], a stochastic process is adopted to distribute irregularity in the contact wire and
it was found that the contact force variation was greatest due to irregularity in the contact
wire height due to deviations in the dropper lengths. Applying the target configuration under
dead load formulation, [122] compared representing contact wire irregularities as hard spots
rather than exact irregular lengths, it was found that current predictions of the contact force
due to irregularity were conservative. The contact force variation due to contact wire height
irregularity was also noted to be small (Iess than 6%). Assuming contact wire irregularity
such as incorrect dropper spacing is adopted in [123], where the irregularity is assumed to
be a normally distributed random variable, the contact wire height variation was found to
be the dominant driver of contact force variation compared with dropper spacing. When
irregularities in the contact surface are created, [124] predicts greater contact force if dropper
defects are located in the first or last droppers in a span.

Detecting the onset of fatigue of the contact wire during the service life as line speeds
are increased is investigated in [125, 126]. Early detection of potential failure modes of the
overhead line has developed using a range of sophisticated techniques such as diagnostic
tools based on the measurements of pantograph dynamics through the use of accelerometers
to assess contact wire irregularity [88], and collector performance [127] alongside conven-
tional techniques of visual and manual inspections by maintenance crews. Installation of
measuring devices on commercial rolling stock has allowed for a wealth of daily information
to infrastructure owners for the development of condition monitoring techniques currently in
use.

Typically accelerations of the pantograph collectors are used as accelerations of the
pantograph head are indicative of the corresponding contact force between the pantograph
and the overhead line [128]. Identification of faults on the network can be performed through
cross—referencing of measured pantograph accelerations across a range of trains operating on
the same line. This cross—referencing also identifies out—of—standard pantograph operation

particularly in the case of lines operating with the same pantograph type on a majority of
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the rolling stock. Further techniques to detect system faults include infrared cameras to
detect the temperature across the carbon strips [129] and conventional digital cameras for
use by infrastructure owners to identify relevant aspects of the pantograph and overhead line
condition. Image processing is also adopted in [130] to detect abnormal operating conditions,
and [131] propose a diagnostic technique of the overhead line based on detection of light
emissions in the 275-285 nm band due to arcing, not corrupted by natural light

Condition monitoring of the pantograph is performed in [31], identifying faults using a
frequency response function, however is limited by requiring multiple excitations at various
frequencies to identify faults. Similarly, in [132] using the dynamic frequency response, an
index is proposed as a structural health monitoring tool, identifying faults in the equipment
based on the degradation of the dynamic response of in—situ equipment. The measurement of
in—situ equipment is used to assess the quality of the tensioning quality over time in [133]
by measurement of the contact wire accelerations during train passage. Monitoring of the
overhead equipment on UK lines is performed by Mentor and New Measurement Train
(NMT).

2.5 Wind loading

2.5.1 Aerodynamics of the pantograph

Aerodynamic effects due to pantograph and overhead line dynamics are noted for their effect
on the dynamic contact force between the pantograph and overhead line, with regards to both
the average contact forces and the dynamic variation [134, 135]. Dynamic effects due to
aerodynamic loading acting on the pantograph must be taken into account for train running
speeds above 200 km /h, where the dynamic effects are large. The mean drag and lift forces
can increase the mean contact force during train operation by acting to increase the uplift
force provided by the pantograph [136, 137]. This aerodynamic uplift is driven by the train
speed, pantograph working heights [138], and pantograph orientation [139]. Compared with
old pantograph configurations such as cross—arm pantographs [140], modern pantographs
are asymmetrical and operate with the pantograph knuckle orientation reversed. Operating
with the knuckle downstream acts to increase the vertical uplift force [141] due to “opening”
of the pantograph and extending the working height. In [142, 141], it was found that the
pantograph operation with the knuckle in the upstream orientation is predicted to give the

best dynamic performance.
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The aerodynamic uplift during train operation also increases during passage through
tunnels as the velocity of the air inside the tunnel increases [143]. Attempts at reducing the
effect of aerodynamics on the pantograph have included the addition of aerofoils mounted
on either side of the pantograph arms. The aerofoils act to increase pantograph stability
during operation, however are poorly optimised for both pantograph orientations. To improve
stability of the pantograph, in [39], the adoption of varying static preloads related to the
train speed and pantograph was found to compensate for the aerodynamic uplift, giving good
dynamic performance for a range of speeds and both pantograph orientations.

Poorer current collection quality is observed when steady aerodynamic loads act on
independent current collectors mounted on the pantograph head. The aerodynamic forces
cause an unbalanced contact load on each of the collector strips leading to non—uniform wear
regimes [134].

Aerodynamic effects are not limited to the pantograph however. The overhead line is
highly susceptible to wind loading due to the relatively large span lengths and the cable
flexibility. Considering aerodynamic loads as a combination of steady and stochastic wind
phenomena, behaviours such as vortex—induced vibrations and buffeting are possible [144].
Aerodynamic instability of a railway contact wire due to unsteady aerodynamic forces can
be divided into two groups, that of vortex—shedding and turbulence. Due to discontinuities
in train bodies such as carriage separation, electrical insulators, cabling, turbulent wakes
excite the pantograph, typically at low frequencies where assessment of the current collection
quality is made (i.e. in the 0-20 Hz range) [61]. Turbulent wakes are also possible due to
upstream pantograph components, thus placing the pantograph itself in the turbulent wake.

High frequency excitation of the pantograph due to vortex shedding in the wake of the
pantograph collector head [145] leads to increase likelihood of arcing events during train op-
eration [41], whilst also increasing aerodynamic noise [146]. Aeroacoustic issues relating to
flow around the pantograph are also considered in [147], where efforts to reduce aeroacoustic
effects during train operation were performed by optimization of the pantograph head shape.
In [148], the aeroacoustic are also considered due to aerodynamic interference between the
pantograph collector head and the pantograph frame using numerical techniques. Aerody-
namic noise also occurs due to the recesses in the train roof. The trailing vertical face of the
recesses are the major driver of aerodynamic noise during train operation [149], however
this can be overcome by moving the flow reattachment point downstream of the recess by
installing spoilers or alteration of the recess geometry. Movement of the reattachment point

outside the recesses reduced the aeroacoustic noise.
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Typically, research performed to investigate the aerodynamics during electric train opera-
tion have been to reduce the aerodynamic effects on the current collection quality [150, 151]
using average aerodynamic loads. Non—stationary phenomena is also considered, for exam-
ple, in [106], however in current technical standards, only average effects are considered
when performing evaluation of the contact force variability. Unsteady forces caused by vortex
shedding phenomena were investigated in [152] for train speeds up to 350 km /h and found
that the vortex shedding acts to increase the contact force variation during train operation.

Experimental efforts to understand aerodynamic effects require validation with track
tests, and have become more widely adopted to allow assessment of pantograph aerodynamic
behaviour for a range of test conditions. In [153], turbulent flow along the boundary of high
speed trains is considered, and it is noted that accurate representation of the boundary layer
across the train body is necessary to correctly estimate the dynamic uplift due to aerodynamic
loading. The accurate representation of the boundary layer behaviour necessitates validating
aerodynamic track testing. Experimental wind tunnel tests also serve as validation of
computational fluid dynamics (CFD) techniques, allowing for a much greater range of
configurations and test conditions than would be readily available with physical testing.
Full-scale testing of pantographs in a wind tunnel is performed in [154, 155] and comparison
between the measured and predicted aerodynamic forces is made. CFD techniques also make
calculation of drag and lift forces on pantograph components such as the collector strips and
pantograph head much more readily available [156] and these models have been extended
to full scale pantograph models in [157], where the dynamic effect of the train body close
to the pantograph mounting location is considered. Using full scale representations of train
bodies, in [158] the aerodynamic loads on a single pantograph are investigated, and in [141]
the mounting position for multiple pantograph operation indicates that the aerodynamic loads
on the trailing pantograph are greater than the leading pantograph, in expectance with the
degraded dynamic performance associated with trailing pantographs.

Optimization of the pantograph using both wind tunnel testing and CFD led to the
development of a new pantograph type [150], optimizing the aeroacoustic characteristics
[159] as well as the development of active pantograph control techniques to control the
aerodynamic characteristics of the pantograph using blown air along the pantograph edge
[160].
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2.5.2 Aerodynamics of the overhead line

The long spans and high flexibility of overhead railway lines make the system very susceptible
to aerodynamic loading, and aerodynamic forces can decrease the contact wire sag [161] and
potentially increase wire uplifts in excess of double those in still air [162]. Typically research
into the aerodynamic effects on the overhead line have been separated into studies of steady
wind where vortex induced vibrations are likely and stochastic wind leading to buffeting.
A significant effect of aerodynamic loading of the overhead line is the increased risk of
dewirement [163-165], where the contact wire deflects away from the design position and
slides off the end of the pantograph. Typically the pantograph then rises above the contact

wire and hits the droppers causing damage to the overhead line and pantograph.

Fig. 2.17 Contact wire cross—section under steady wind with an angle of attack ¢. Only flow
in the FF plane is considered.

The aerodynamic drag and lift forces, denoted Fp and Fy, on a railway contact wire under

steady wind as shown in Figure 2.17, are given by
1 2

and .
Fif = EpUZDLCL, (2.4)

where p is the air density, U is the wind speed, A, the cross—sectional area of the contact
wire and L the length under consideration. Considering an angle of attack «, as shown in

Figure 2.17, Equations 2.3 and 2.4 can be expressed using a coordinate transformation as

F.\ [cosa —sina Fprag 2.5)
Fy ~ \sina  cosa Fift .
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where F; and F, correspond to the original coordinate axes in the untransformed coordinates
(i.e. when o = 0) and Fpy,g and Fypjf are the drag and lift forces parallel and perpendicular
to the flow respectively. The equations for the aerodynamic lift and drag are extended for

unsteady fluctuating wind in [166], and the aerodynamic forces can be expressed as

Foms = 5pUAL (20p(@uln) + | “2 -y win)) + JpvaLoe) 26
Fig = %pUAL (ZCD(OC)M(Z) + [dcééa) - CD(OC):| W(I)) + %pUzALCL(OC), (2.7)

where u(t) and w(t) are the fluctuating wind in the lift and drag directions. The fluctuating
aerodynamic load leads to large vibrations of the contact wire degrading the current collection
quality, however limited to horizontal crosswind flows, aerodynamic loading has little effect
on the current collection quality [135].

Symmetric cable aerodynamic instability has been well documented in the literature
due to extensive research on power transmission lines and cable stayed bridges [167-169].
Aerodynamic instability such as aeolian and vortex induced vibrations have been observed
and mitigation of aerodynamic induced vibration include the use of Stockbridge dampers
[170, 171]. Modern tuned mass dampers are effective for a range of frequency modes
corresponding to various wind speeds [172]. Compared with studies of symmetric conductors,
investigation of the dynamic response of asymmetric cables to wind loading such as railway
contact wires is limited. The asymmetric cross—section of a railway contact wire leads to
the aerodynamic instability known as conductor gallop [173]. This aerodynamic instability
becomes more likely as wear of the contact wire increases and during icing conditions

[174-176]. Icing of the contact wire occurs in three ways [177]:

1. Supercooled droplets hit cables at subzero temperatures and freeze. Accretion of ice in

this way is slow and depends on the liquid water content of the air.

2. Rain or snow precipitation freezing on contact with surfaces. Accretion in this manner

occurs more rapidly and has the potential to cause more damage.
3. Water vapour in the air freezes onto cool surfaces.

In [174], the stability condition for aerodynamic damping for a steady wind load derived

from a one—dimensional equation of motion

d%y dC; dy
(d 5 +2§w +co y) = ——pUA(da CD> 5 (2.8)
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which gives the damping coefficient for the one—dimensional oscillator as

1 [6/3
d=2 —pUA | — . 2.
m§w+2pU (da +CD) (2.9

Conductor gallop occurs when d < 0, which can only occur when

4mé o dc;
— < - | —4C 2.10

giving the Den Hartog coefficient requirement for conductor gallop

dCy,
—+C 0. 2.11
(da + D) < (2.11)

Equation 2.8 strictly considers aerodynamic load for a single degree of freedom. In [178],
an angle of attack o is introduced giving,
>y cdy k  pA

D7 e e U? (C(a)cos o+ Cp(a)sina). (2.12)

Introducing the linearization o < 1, the single degree of freedom oscillator is

d%y dy

@+2(§S+§a)wna+w,%y: 2E,@,v, (2.13)

where & and &, are the structural and aerodynamic damping coefficients respectively, @, is
the natural frequency and u and v are the velocity components of the relative wind speed U,
i.e. U = (u,v). The sign of the damping coefficient determines the possibility of conductor

gallop. Thus galloping occurs when

PAu
dma,

gs"‘éa = §s+ H(OC) < 0, (2~14)

where H(o) = ¢j(a) + cp(a) [179] with ¢}, the derivative of the linearized lift coeffi-
cient, and cp the linearized drag coefficient. This gives the conductor galloping condition
dmw, &,/ (pAu) < —H (o). That is H(ot) < 0 is required for galloping to occur consistent
with the den Hartog condition in Equation 2.10. In [176], the determination of the galloping
condition for an overhead line is extended using finite element and computational fluid
dynamics techniques. It is predicted that galloping of a 50 m contact wire under static wind
with speed 20 m/s occurs at angles of attack in the neighbourhood of 25°. Under icing

conditions, the angle of attack for which galloping is possible is highly sensitive to the icing
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angle, and that galloping can occur for angles of attack as high as 49°. In [180], the drag
coefficient is calculated for contact wires under a range of angles of attack and steady wind
conditions. Compared with the accepted drag coefficient of 1.0 [26], the drag coefficient for
a contact wire was predicted to be between 1 and 1.8, indicating that compared with a smooth
circular cylinder, the grooves of a contact wire have a large effect on the drag coefficient.

To counteract the galloping effects of wind loading, tuned mass dampers were deployed
on the East Coast Mainline in the UK in [173] to increase the effective mechanical damping
of the system. The wind speed at which galloping occurred was found to increase, however it
appears that this method to mitigate aerodynamic instability has not been adopted elsewhere.

Whilst the effect of aerodynamic phenomena on the current collection quality is limited,
the interaction between aerodynamic loading and rolling stock is better understood [181-183].
In [184], aerodynamic loads on rolling stock passing bridge towers were determined experi-
mentally. Bridge towers act to protect the rolling stock from crosswind effects thus reducing
the aerodynamic loads on the rolling stock. The decrease in the measured aerodynamic
drag on the train body is likely to occur on the pantograph as well. In [185], the coupling
of aerodynamic loading to moving train bodies predicted the increase in the instability of
the train body. Increased instability of the train body would likely cause degradation of the
catenary pantograph interaction. Whilst train movement due to vertical displacement on the
suspension is small relative to the working height of the pantograph, lateral deflections due to
crosswind increase the risk of dewirement. Current collection quality is predicted to decrease
due to crosswinds across bridge parapets [34, 186]. The parapets act to direct the crosswind
away from the bridge level to the overhead equipment, and lead to an increase in turbulent
aerodynamic effects at the contact wire height.

2.6 Modelling the catenary pantograph interaction

Numerical analysis of the catenary pantograph interaction is well documented and a range
of methods have been proposed throughout the literature, compared with experimental
investigations such as [187, 188], which are limited due to the large physical scales involved
in the catenary pantograph interaction. Advantages of numerical modelling of the catenary
pantograph interaction include the timely ability to optimise the dynamic contact force for
a range of system geometries and pantograph types. In [189, 190], line speed increases on
existing lines can be realised by optimizing the dynamic response to pantograph passage and
in [191], tuning of the pantograph models is used to determine improvements with regards

to the mechanical performance. Early approaches have adopted the use of undamped wave
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equations [192], or the damped Klein—Gordon equation in [193], and also those presented in
[162] where a 2D catenary model based on Euler—Bernoulli beam theory, such as the beam

shown in Figure 2.18 is used.

T« —>»T
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X x=0 q(x,t) x=L

Fig. 2.18 Simply supported beam model representing a 2D catenary model under tension T
and subject to a moving load ¢(x,1).

The contact line is assumed to be described by the equation

2%w 02w o*w ow
PAT s =T —ElG 7 —B5- +q(x.1), (2.15)

where pA is the wire self-weight, EI the bending stiffness, T the wire tension and 3 rep-
resents viscous damping of the system. External forces exerted by the pantograph are
represented by ¢g(x,¢) and the total deflection of the wire is given by w = w(x,7). Equa-
tion 2.15 is also adopted as a model of the overhead line in [194], with the damping of
the overhead line neglected. Approximating the uplift force due to the pantograph by
q(x,t) = Q0 (x— (L, +ct)), where &(-) is the Delta distribution, and L, is a point along the
beam of length L, Equation 2.15, when 8 = 0, admits the solution
mnu(L,+ct) 1 mme  mnc

w(x,t) = Z A (sin — L — — ——COS —— Sin Wyt
= L on L L

T T
—sin mre cos a)mt> sin n cx’ (2.16)
L L

where
Am:ZTQ {El(mT”>4+T<an>2—pA (me)z}l (2.17)
and
O = (pA),l/zan [T+ <an>2EI} " (2.18)

Neglecting the damping gives the critical wave speed for the contact wire as

1 (®’El
2
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For an overhead line, 72E1 / L2 is small compared to T [194], so the critical wave speed can
be approximated by ¢? ~ T /pAZ.
Including viscous damping, i.e. B # 0, the explicit two—step iteration finite difference
method
Y =2y — (D L AR (£ (37)), (2.20)

where n £ 1, denotes a time step, and y is the vertical displacement of the wire, was utilized
in [162, 195, 196], to solve Equation 2.15. The acceleration f approximated the contact
force and satisfied the equation j — Q?y = f(y), where y denotes a time derivative and Q is
the natural frequency of the contact wire.

If the mechanical wave speed given by Equation 2.19 is exceeded by the pantograph
speed, large deformations in the contact are similar to the shockwave experienced by aircraft
exceeding Mach 1. Approaching the mechanical wave propagation speed, large changes in
the contact wire strain are observed, which can be reduced by modification of the contact
wire tension or linear density. However, changes in the linear density of the contact wire
increase the transmission losses during operation. The speed limit for the train running speed
is considered in [197], using vibration measurements and the Gabor wavelet transform to
determine the wave velocity, building on preliminary experimental work on the mechanical
wave speed presented in [198]. The contact wire uplift contour is adopted in [194, 199]
to predict the mechanical wave propagation speed, however assuming the contact wire
to be a single string or beam in the adopted method overestimated the group velocity by
approximately 13%.

The magnitude of the reflected wave at supports was suppressed in [21] after installing a
tuned damper during multiple pantograph operation to improve the current collection quality
in overlap sections. In [200] the relationship between travelling waves and the periodic
dropper locations is studied using the Laplace transform, however is limited due to numerical
instability of the inverse Laplace transform. To minimise contact loss due to reflected waves,
[201] adopt the matrix transfer method to evaluate the vibrations in a contact wire and predict
that contact loss occurrence can be reduced with an increase in the contact wire tension thus
increasing the mechanical wave speed. In [202], a reduction in the dynamic impedance of
the messenger wire was found to favour an improved dynamic performance and propose
testing new shapes or materials with a reduced linear mass to achieve this.

Use of Euler—Bernoulli beam theory is advantageous to approximating simple instances

of the overhead line system as the existence of elementary solutions such as Equation 2.16 or

2For the Series 1 overhead line system, T = 16.5 kN and pA = 1.07 kg/m, thus, Equation 2.19 gives a
critical speed of 124 m/s ~2 446 km/h.



2.6 Modelling the catenary pantograph interaction 39

being amenable to simple time integration algorithms such as Equation 2.20 allow for rapid
analysis compared with full finite element or nodal coordinate solutions. However, the linear
model given by Equation 2.15 neglects the influence of droppers and the messenger wire on
the catenary pantograph interaction. Other early representations of the catenary pantograph

interaction include [203], where the forced, damped Mathieu equation

dzy dy _
@+2§a+(l+acost)y:f, (2.21)

is used and the contact wire is represented by a periodically supported infinite string. The
one—dimensional Mathieu equation is limited as an assessment of the catenary pantograph
interaction due to averaging the stiffness variations in the contact wire between droppers.
Adoption of visco—elastic string models, such as Equation 2.15, is still attractive in more
modern representations of the catenary pantograph interaction. In [204], the visco—elastic
string model is extended to multiple pantograph operation and a more sophisticated model
of damping (the Kelvin—Voigt model). Much like other works, the analytical model is still
limited by the lack of nonlinearities and use of uniform stiffness. Since the vertical stiffness
along a span varies [205], analytic procedures such as the those described here are insufficient
to accurately represent the catenary pantograph interaction particularly at high mean contact
force values.

More sophisticated techniques for modelling the catenary pantograph interaction include
finite element analysis, or the modal superposition method. In the modal superposition

method, such as in [206, 207], the deflections of an overhead line are expressed as
n
yo,) =Y 0j(x)u;(t), (2.22)
j=1

where the displacement y(x,7) is the sum of the product of the mode shapes ¢; and the
generalised coordinates u;. In an orthogonal basis for the modes ¢; (i.e. in the modal

coordinates), the equation of motion of can be written as

2,
du;

du; B

where &; is the damping ratio of the 7" mode, ¢ () is the force vector and M;; and w;; are
the modal masses and frequencies in the orthogonal basis respectively. Equation 2.23 can
be iterated using a Newmark process to determine the generalised coordinates u;, giving

the displacements by substituting the generalised coordinates into Equation 2.22. Modal
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superposition requires a significant number of modes, at least 180 [208], to give good
representation of the catenary pantograph interaction. In [209], the dynamic stress response
in the catenary under dynamic loading is calculated using the modal superposition method
and in [210, 119] a hybrid simulation between the modal representation of the catenary and a
pantograph using hardware—in—the loop techniques.

In any chosen method, simulating the catenary pantograph interaction typically involves
the realisation of a steady state catenary equilibrium and a transient simulation of the contact
between train mounted pantographs and the overhead line. Finding the initial catenary
configuration is not trivial [211, 212], however in general, the messenger wire is assumed
to be parabolic [13] to determine the length of droppers given a contact wire height, or
equivalently the height of the contact wire given the dropper lengths. Whilst in truth the

messenger wire under self weight forms a catenary (or hyperbolic cosine), since

Tmes och (;ﬂg (x—xo)) +C= Ties +1 ( T8 (x—x0)2+ 0 ((x—x0)4)> +C (2.24)

mg mes mg 2 \ Tyes
Tines = mg 2
~C+ + X—Xxp)°, (2.25)
mg 2T es ( )

for small argument?, approximating the vertical shape of the messenger wire as a parabola is
suitable.

Assuming the messenger wire shape limits the ultimate shape of the contact wire without
preset dropper lengths, as the parabolic messenger wire shape neglects presag of the contact
wire. This can be avoided if the height of the contact wire is set and the dropper lengths
are calculated to achieve the desired level of contact wire presag. In [213], the shape of the
catenary is derived from explicit expression for the contact and messenger wires, adopting an
iterative process to calculate the lengths and therefore the loads in the droppers to produce
the correct static equilibrium. Similarly, in [214, 215], an explicit expression for the length
of the droppers and presag of the contact wire is derived, giving the contact wire sag (s.) at

the j™ dropper location as

m
(sc); = T“’”g (= 1)(Lg —x; +1), (2.26)
con

where x; is the location of the 7 dropper, L is the span length and [ the distance between a

support and the first dropper in the span. With the contact wire sag and forces in the dropper

3For typical messenger wire tension 7', the argument of higher order terms in the expansion of the hyperbolic
cosine is of order 10*/102 = 1073,
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known, the messenger wire sag (s,,) at the droppers is therefore

1 1 i
(Sm>j = T_es (stj - Emmes)% - Z Fi(x; —xi)> ) (2.27)
i=1

m

where F; is the reaction force at the support and F; the force acting on the i dropper.

The method to generate the shape of the catenary derived using Equations 2.26 and 2.27,
is contrasted by the method in [216-219], where a 3D representation of the overhead line is
created using the absolute nodal coordinate formulation, which transforms the shape finding
problem to the problem of optimizing the shape of the catenary. The optimization of the
catenary system height is found to be more accurate in matching the desired catenary shape
based on benchmark geometries, however the requirement of higher order derivatives during
the optimization process makes the method undesirable compared with analytical techniques,
which are found to represent the catenary shape to a good level.

To consider the changes in the unloaded lengths of the contact and messenger wires,
[220] adopted a nonlinear model based on flexible cable and truss elements to achieve the
target configuration under dead load (TCUD). The TCUD corresponds to the desired static
equilibrium of the catenary. The equation of motion for the catenary is derived as

dF. = K.dX +KgdLy, (2.28)

where K. is the stiffness of the incremental coordinate, K¢, the stiffness of the initial lengths
and dX and dL are the incremental and initial lengths respectively. The unbalanced force
vector is given by F¢. The design constraints limit the size of the system in Equation 2.28,
and the Newton—Raphson iteration optimizes the initial catenary shape. Compared with
[215], the TCUD varied by 0.7 mm.

2.6.1 Finite element analysis

In the literature, a common technique for simulating the catenary pantograph interaction is
representing the overhead line geometry using finite elements [42, 40, 221, 222] and coupling
the resulting geometry with either a lumped—mass or multibody approach to the pantograph.

Solving the structural problem of the catenary pantograph interaction requires reducing
the continuum equation for infinitesimally small elements to a set of discrete finite elements
to approximate the resultant behaviour. With respect to the use of a commercial package such

as ANSYS as used in this thesis, the finite element method is programmed automatically
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without the need for user implementation of the method. As an example however, consider

the linear equation

d*i b
— == 2.29
2 . (2.29)
for 0 < x < 2L, with boundary conditions #(0) = 0 and #(2L) = 0. The exact solution is
given by
b , 1
i(x) = —— —(Ro+2bL)x. 2.30
(x) = — -+~ (Ro+2bL)x 2.30)

The Galerkin Method [223] provides a means of approximating the solution to Equa-

tion 2.29 using finite elements such as those shown in Figure 2.19.

1 2 3
O O O
|
L

| | x
0 2L
Fig. 2.19 One—dimensional linear elements used to approximate the solution u(x).

The solution #(x) is approximated with ii(x) ~ [N]{@} = [Ny N2]" {d it }, where N; are

the shape functions
AR VAN el 2.31)

N=1- :
X1 —X2 X2 — X1

The nodal values #; and ii; are unknown components of the solution ii(x). Substituting the
nodal values and the shape functions in Equation 2.29, the approximate solution satisfies the

equation,
2

a%[ﬂl]{ﬁ} p— (232)

where @ is the residual due to approximating the solution i(x). Premultiplying Equation 2.32

by [N], and integrating over the finite element, minimises the residual ® and

/:2 [N]adi—zz[N]T{ﬁ}dx%— /:2 (V)b dx = 0. (2.33)



2.6 Modelling the catenary pantograph interaction 43

Integrating the first term in Equation 2.33 by parts, transforms Equation 2.29 into the discrete

approximation,

/:2%[N]a%[N]de{ﬁ}—/j[N]bdx

0\ d{a} 1\ d{a}
— a——— + a——— =0. (2.34
(1) A ey <0> A e, =
From Equation 2.34, the stiffness matrix [K] is given by
d o d o
Kl= [ —[Nja—[N"dx 2.35
K= [ g Nlag 9" ax 2.35)
and the force vector F, is given by
X2 0\ d{a 1\ d{a
[F] = / [N]bdx + JHT (1) dia} (2.36)
1 1 dx X=X 0 dx x=x1

The global equation for the three nodes given in Figure 2.19 after application of the boundary

condition #(0) = 0, is therefore,

1 0 0 i 0 0
0 2 —1||a :%bLz 21+ o |. (2.37)
~1 1 i3 1 aR/L
. y

Premultiplying Equation 2.37, by K~! gives the solution for each of the ;. Figure 2.20
gives the exact solution and the finite element approximation whena =b =L =Ry = 1. The
piecewise linear approximation in Figure 2.20 is exact at nodal values for this problem, and
accuracy between the nodal points can be improved with increased order elements.

The Galerkin Method is one such method for discretizing the domain of a structural
problem. Another method is the variational formulation [224]. Again, considering Equa-
tion 2.29, where a is now the stress in a beam and b and R are distributed and concentrated
loads respectively. Considering the potential energy of the one dimensional bar with deflec-
tion described by Equation 2.29, the problem can be discretized by minimising the energy

functional )
1 dii
Jld = / L e R / biidx — Roii(x = 2L), (2.38)
L2 \dx L
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Fig. 2.20 Comparison between the exact solution and approximate finite element solution.

with the boundary condition u(0) = 0. The approximate solution for u(x) is again given by

u(x) ~ [N]{a} and the potential energy functional for an element is given by
%2 1 d . d _ 2 _ 0

Jﬁ:/ —aﬁT—N—NTﬁdx—/ i} [NJbdx — {ii}" . 2.39

)= [ Sela) LGS @ [T W@ () ). @39

Equation 2.39 is minimised when dJ[y]/dii; = 0 for i € [1,n]. Differentiating Equation 2.39
with respect to i; gives the equilibrium equation for the finite element formulation and is
equal to the discretized formulation given by the Galerkin Method in Equation 2.34. More
generally, the variational formulization for discretizing the structural dynamics of a body of

volume V and boundary Sy, is given by,
/ Gij6el~jdV —/ F,-6ﬁ,-dv —/ T,‘Sﬁids = 0, 611,‘ =0on S[i, (2.40)
1% Vv Si

where 0;; and g;; are the stress and strain due to displacements i; between the i and jth nodes
and F; and T; are the body forces and stress vector respectively.

In respect to modelling the overhead line using finite elements, again Euler—Bernoulli
beam theory is the prevalent choice. In [211], Timoshenko beam theory is used is place of
Euler—Bernoulli beams when modelling the overhead line geometry. Use of Timoshenko
beams includes the effects of shear deformation under loading, however in slender beams
such as those used to represent overhead line cables, the aspect ratio between the length and
diameter of a cable in a span is small (approximately 10™#), so the use of Timoshenko beam
elements appears unnecessary in modelling the catenary geometry. Using Euler—Bernoulli
beam theory, the global stiffness matrix K, =}, K., where m corresponds to the order of

the elements used in the finite element analysis and K, is the element stiffness matrix. For a
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third order beam element,
K, =K/ + K + K (2.41)

?

(1)

where K, /, ng) and K((33) are the linear stiffness, stress stiffness and large deformation

stiffness matrices respectively. The structural equation of motion can then be written as
MAG + CAg+ K Aq = F,, (2.42)

where M is the element mass matrix, C, the global damping matrix, F the external force
matrix and Ag, Ag and A are the displacement, velocity and acceleration vectors respec-
tively. This method of formulating the catenary is adopted in [225-227, 191] to study the
dynamics in combination with lumped—mass representations of the pantograph. Since the
vertical displacements of the contact wire relative to the span length are small, geometric
nonlinearities are typically ignored and Kgf) = (. Large deformations of the contact wire
such as under high wind load or high train speeds where geometric nonlinearities cannot be
neglected, are considered in [214, 217, 228, 229].

Similar to [228], the absolute nodal coordinate is adopted in [230] to effectively deal
with large deformations of beam elements, as is also used in [220]. For two points X and Yy,

the equilibrium lengths in the coordinate directions are given by,

b= filo Sy (VIS H T Ee 243

I_EA+pn — (2.43)
\/f1+f2+f3_f3

Pl B a1+ F >

2= a0 +En - - - (2.44)
\/f1+f2+f3_f3

1
63:15_2&(f”%)+;<\/ff+fsz+f§—\/f?+f§+f§>, (2.45)

where p is the self—-weight, Ly is the unloaded length and F; are the nodal forces. The stiffness
matrix is obtained by differentiation of the equilibrium lengths, to generate the flexibility

matrix G, then the stiffness matrix is given by

-1
dF, = [a{g"} } d{e} = G, ld{e}, (2.46)
af;
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where (i, j) € [1,2,3]. Equation 2.46 establishes the relationship between the stiffness matrix
Ge_1 and the nodal displacements, similar to the ANCF formulation. The nodal forces are
then calculated using the Newton—Raphson’s method [231].

In [12, 232], the dynamic performance of the catenary pantograph interaction is studied
with regards to the use of nonlinear droppers, whilst using the finite element formulation
of the messenger and contact wires discussed here. For a train speed that is 50% of the
mechanical wave propagation speed, given by Equation 2.19, stiffness variations due to a
nonlinear dropper decrease the contact force variation, however at speeds approaching 70%
of the wave propagation speed, the contact force variation rises to unacceptable levels due to
the reflection of the mechanical waves at supports.

Since the contact point between the pantograph and the contact wire is small, detailed
meshing of the contact neighbourhood is necessary for accurate determination of the contact
forces. In [233], a moving mesh is implemented to increase the resolution of the meshing
elements at the contact point, and compared with static element sizing across the geometry,
computational costs are decreased. A moving mesh is also utilised in [234], and a similar
reduction in the computation time was found compared with static meshing. Dynamic
meshing requires the solving of unbalanced forces at every time step due to changes in the
length of the mesh elements. This is not a required step in static mesh analysis.

In general, studies of the overhead line consider idealised conditions with the dynamics
of the train body neglected as movement of the base of the pantograph has only a small
effect on the contact force variation [235]. In [236], the effect of irregularities in the track are
included and found that the effects of wheel-rail dynamics had a small effect (approximately
5%) on the contact force but that a larger uplift in the contact wire height is possible for
low quality track. This is consistent with [237, 238], where it was found that due to high
frequency irregularities in the track being absorbed by the train body suspension, only low
frequency vehicle vibrations were transmitted to the pantograph and therefore had only a
slight effect on the contact force. In [239], the contact force was noted to increase due to
travel along curved tracks compared with straight track due to the lateral offset of the steady
arms located on the inner radius of the curved track.

The computational expense of finite element analysis largely outweighs the modal super-
position method, however the finite element approach is more versatile when considering

non—standard wire geometries or features such as overlaps.
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2.6.2 Modelling the pantograph

Modelling of the pantograph is largely divided into two groups: lumped—mass models
[30, 39, 209, 218, 232, 240-243, 20, 244] and general multibody models [135, 221, 225,
237, 245, 246] run in co—simulation with a finite element representation of the overhead
line geometry. Typically, lumped—-mass models adopt a two or three—mass representation
of the pantograph as required by BS EN 50318 [14] for validation purposes, however
[247] and [162] propose four or nine mass representations respectively. To account for the
transmission of vibrations through the pantograph knuckle, [248] recommend the three—
degrees—of—freedom model. Increasing the number of masses increases the fidelity of the
model representation, however the increase in computational expense becomes undesirable

for large models.

Fig. 2.21 Three degrees of freedom mass-spring representation of a pantograph.

Identification of the lumped—mass parameters are obtained from pantograph test rig ex-
periments such as [249], however the parameters typically do not correspond to specific parts
of the pantograph. In the lumped—mass representation, shown in Figure 2.21, the parameters
can be distributed and optimised in alternative ways to achieve similar dynamic performance

[227, 250]. Indeed, from the equation of motion for a lumped—body representation,

M{g}+C{q} +Kiq} = {F}, (2.47)

the dynamics of the pantograph are described completely by the eigenvalues and eigenvectors
of M, C and K. The lumped—-mass representation is attractive due to its simplicity compared
with the dynamic equation for the overhead line geometry. In the three—body case, the

equation of motion is given by,
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From Equation 2.48, it is clear that the eigenvectors are dominated by the leading diagonal
due to the zero entries, so changes in the element parameters in the leading diagonal can
be compensated for, ensuring similar dynamic performance. In [64], the contact force is
shown to be most sensitive to the plunger stiffness (given as k, in Figure 2.21) thus ensuring
kp variations are small, allows for comparison between different pantograph parameters.
Damping in the lumped—mass model of the pantograph is approximated by a linear damper,
thus only provides unidirectional damping. Real pantographs observe nonlinear damping
during raising and dropping of the pantograph to reduce the contact force between the
collector head and the contact wire. In [183], a nonlinear damping element is introduced
into the catenary pantograph interaction. The damping element observes a damping force
proportional to the displacement, giving a high damping when the pantograph reaches the
maximum working height, and then observes a low damping as the pantograph returns to the
equilibrium position. Use of the nonlinear damper lead to a reduction in the contact force
variation compared with a linear damper.

Multibody approaches to the pantograph can improve the fidelity of a catenary pantograph
interaction model. The multibody representation is also desirable at the design stage where
experimental identification of pantograph parameters for the lumped—mass representations are
not available. In the multibody formulation, such as in [135], the pantograph is formed of rigid
bodies, kinematic (spherical and revolute) joints, linear force elements and external forces.
The four—degree—of—freedom formulation, shown in Figure 2.22 as a 2D representation,
accounts for both the vertical displacement of the pantograph as well as angular deflections
of the pantograph frame. The 2D representation given in Figure 2.22 neglects the lateral
stiffness variation of the collector strips, however in implementing a multibody approach, the
model is 3D and as such would include the lateral variations of the collector strips. Physical
parameters of the pantograph are derived from the geometry and material properties of the

real pantograph and more accurately reflect the pantograph behaviour compared with the
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lumped—mass approach. The kinematic joints impose restrictions of the relative displacement
of the rigid bodies forming the pantograph components and are expressed as algebraic
constraints [251]. The revolute joints, denoted RJ in Figure 2.22 allow rotation between the
i and j" bodies, representing mechanical rollers, whilst the spherical joints, denoted SJ in

Figure 2.22 constrains the relative motion between the i and ;™ bodies to spherical rotations

[252].
TStatic uplift

Stabilising arm

Registration strip

Top arm
P SI-4

Top link

Lower arm
Lower link

S}—l Pantograph base RJ-1

Fig. 2.22 Multibody formulation of a single arm pantograph consisting of rigid bodies and
spherical (red circles) and revolute (blue circles) joints.

Linear spring elements placed between the pantograph base and the lower arm, and
between the stabilising arm and the collector head, depend on the displacements between
the bodies during operation. The undeformed length of the springs are calculated to ensure
the pantograph is in static equilibrium before interacting with the overhead line. During the
dynamic analysis, the horizontal displacement of the pantograph is described by a reference
path, constraining the pantograph motion to a desired path. This is in contrast to the lumped-
mass approach, where the horizontal displacement of the pantograph can be constrained by
the boundary conditions placed on the masses. The reference path prescribes the position
of each of the rigid bodies at each time step [253]. The constraints placed on the motion
of the rigid bodies is described by a set of differential algebraic equations. In [246], the
Udwadia—Kalaba [254] formulation is adopted to transform the algebraic constraints into
ordinary differential equations, reducing the computation complexity. Solver requirements
for implementation of multibody models are different from those required by FE/lumped—
mass models. Co—simulation between the finite element model and the multibody pantograph
is typically adopted in the literature [227].
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Analysis of pantograph behaviour is typically limited to behaviour in the 0 — 20 Hz range,
however a modal analysis in [255] shows that dynamic behaviours of the pantograph are
predicted at frequencies beyond this, that are not captured in existing pantograph models.
Excitation modes above the 20 Hz frequency should be considered for stiffer overhead lines,

required as train speeds are increased.

2.6.3 Contact methods

Sliding contact between the contact wire and the pantograph is typically considered with
respect to the normal component of the contact force with frictional forces neglected. In
the simulation of the catenary pantograph interaction, contact is typically approached using
two methods: the penalty method or with unilateral constraints applied using Lagrangian

multipliers introduced into the system’s equations of motion.

lref -¥-------- Yoo \—|_‘

Fig. 2.23 Penalty method formulation for the catenary pantograph sliding contact.

With regards to the penalty method, contact between the pantograph and the contact
wire is defined based on the interpenetration between the elements forming the contact wire
and pantograph surfaces. To utilise the penalty method, a high stiffness elastic element is
introduced between the pantograph head and the contact wire, as shown in Figure 2.23. The
stiffness of the elastic element is typically set as given in [14] and is defined as K; = 50 kN /m
in tension and zero otherwise, indicating contact loss. From the measure of interpenetration

and the contact stiffness, the contact force is then calculated as

K(z —Zc le > Zews
foo Kl zen) T (2.49)
0 if 21 < Zew,
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where z.,, is the contact wire height, z; is the vertical position of mass m; and z,.y is a refer-
ence height, typically taken to be the base of the pantograph. In the finite element formulation
in ANSYS adopted in this thesis, the contact force is calculated using Equation 2.49 and is
automatically generated at each timestep by the solver. In [256], the effect of an increased K
is considered, and found that for even large Kj, the amplitude of the contact force is reduced
in the 0-20 Hz range, but that the contact force variation increased when higher frequencies
were considered.

In the Lagrange formulation, the condition that no interpenetration between the pan-
tograph head and the contact wire is imposed, in contrast to the penalty method where

interpenetration is required. The no interpenetration condition is given by
Z(z) =271 — zew > 0, (2.50)
and to satisfy this condition, the Lagrangian constraint is defined by
L(2,2) =T (z)—V(z)— AZ(z), (2.51)

where z = z(z.y,21,22) are the generalised coordinates. The functions T and V represent the

kinetic and potential energies of the system and are defined by

1
T(z) = zmmzcwju Zm,z, (2.52)
1
V(2) = Skeonzon + 5 Zkiz? k1 Z %), (2.53)
i=1 i,j=1
i#J

where m;, k; and z; represent the mass, stiffness and vertical position of the i mass. Non—
conservative forces F, such as aerodynamic lift, are viscously damped and so the dissipation

of energy is given by

1

D(z) = 2cchcw‘|‘ Zc,z, ——lq Z 22, (2.54)

i,j=1

i#]

Then by Lagrange’s equation, the equations of motion are
d (0% ¢ dD

—\ =)+, =F 2.55
( Ji ) 9z | 0z (2.5)
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In [237], the contact force is represented by the Hertzian contact equation

N
1+3(1 ) 9 ] (2.56)

_ I Sn
Fy=K0 4 §0)

where ¢ is the restitution coefficient, 8 and §(~), the penetration and impact velocities
respectively and K’ a generalised stiffness coefficient determined by the contact between two
cylinders. If the penetration or impact velocity is taken to be zero, then Equation 2.56 reduces
to Equation 2.49. The calculation of the contact force during sliding contact was proposed
by [257] based on [258] and proposed as a model of the contact between a pantograph and
contact wire in [259]. Equation 2.56 includes damping during the contact time, compared
with Equation 2.49. In [221], the penalty method is extended to include damping in the

calculation of the contact force, given by

. K(21 — Zew) = Ceon(21 — Zew) ff 21 > Zews (2.57)
0 if Z1 S ZCW7

where Z.,, = Zew — Zwear 1S the worn radius of the contact (z,,..r = 0 When the wire is
intact) and C is the damping coefficient of a possible damper between the pantograph and
contact wire. The contact force given by Equation 2.57 is no longer proportional to the
interpenetration of the contact surfaces due to the addition of the velocity of the pantograph
and contact wire components, thus the contact force given by [221] is nonlinear.

Compared with the penalty method, the Lagrangian formulation includes the addition of
extra terms due to the Lagrange multiplier constraint. In large models, the addition of the
constraint can lead to an increased computation time, thus the penalty method appears to the

favoured option.

2.7 Damping

The overhead line is known to be lightly damped [240] and vibrates at low frequency (typi-
cally 1 Hz [13]), thus small effects are likely to degrade the current collection quality during
train operation. The lightly damped equipment allows transmission of oscillations across a
wide distance both in front of and behind the contact point between the contact wire and the
pantograph [162]. In the case of compound catenary systems, the damping of the overhead
line is reinforced by tuned dampers installed between the contact wire and the auxiliary

messenger wire. Since the magnitude of the structural damping determines the amplitude of
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equipment vibrations, the contact quality is highly sensitive to the damping of the system
[162]. Determination of the structural damping of the overhead line equipment has been
determined with both experimental and numerical techniques. In [260], the damping ratios
of the overhead equipment were found to be in the range 0.01 to 0.04 by applying wavelet
transforms to measured test track data. Wavelet transforms are also used in [199], estimat-
ing that the damping ratio for the overhead equipment is approximately 1%. Estimation
of the damping characteristics of the overhead line due to observed noise in acceleration
measurements of the equipment is given in [261]. The damping ratio is also sensitive to
stiffness changes in the equipment due to increasing train speed [203]. Modal analysis of
measured track data in [261] identified the damping ratios of the overhead line for both pre—
and post—train passage for three existing systems.

In modelling the catenary pantograph dynamics, Rayleigh damping [262] is a popular
choice for the application of viscous damping [211, 240, 221, 222, 241]. The viscous

damping is expressed as a linear combination of the mass and stiffness matrices, that is
C=vM+1K, (2.58)

for o and B real scalars. Using this form of structural damping, the structural equation of

motion given by Equation 2.42 can be written as,
MAG + (VM +nK)Ag+KAg = M (Aj+ vAG) + K (nAG+Ag) =F. (2.59)

Usage of frequency response functions applied to measured accelerations of the overhead
equipment in [263] allowed for determination of the damping coefficients. The scalars v and

1 are then related to the damping ratio of the " mode &, by

. \% nco,,
_2wn+ 2’

én (2.60)

Throughout the literature, various v and 1 are used to approximate the magnitude of the
viscous damping of the system. Table 2.3 gives examples of the coefficients identified in
the literature. The damping factors presented in [217] are distinct in that different damping
factors are identified for the contact and messenger wires compared with the others where
v and 7 are given and are equal for both the contact and messenger wires. Table 2.3 also
highlights the large spectrum of overhead line damping factors matched to the specific system

for which they are measured from or applied to in the case of dynamic models. This variation
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in the damping factors represents difficulty when optimising pantographs for interoperability

due to the requirement to satisfy a range of systems with varying damping properties.

Table 2.3 Scalar values for v and 1 presented in the literature where v and 1 correspond to
the mass and stiffness proportional damping factors, and & is the damping ratio. Subscripts
ew and ., correspond to contact and messenger wires respectively.

Study Vaw (1072) Vi (1072) My (1073 My (1073) &y En
Zhang et al. [209] 0.01 0.01
Jung et al. [214] 0.01 0.05
Cho [232] 0.01 0.05
Ambrésio et al. [227] 0 0 2.7-27 2.7-27

Seo et al. [217] 1 5 0.1 0.1

Bruni et al. [240] 1.125 1.25 1 1

Zou et al. [199] 2.2845 2.845 2.74 2.74

Navik et al. [261] 6.2 6.2 6.13x 1073 6.13x 1073

Beagles et al. [241] 0.55 0.55 11 11

More comprehensively the damping of the overhead line equipment can be described with
modal damping across a larger frequency range than would be valid for Rayleigh damping
[264]. In [264], the damping of a structure with complex mode shapes is identified by

C = [M®]y,  diag [2;0;] M}, (2.61)

NXNy,

where M is the mass matrix, §; and @; correspond to the damping and frequencies of the jh

mode and & gives the mode shapes solution to the eigenvalue problem
(K—oiM) @ = {0}. (2.62)

Equation 2.61 more accurately reflects the structural damping of the overhead equipment,
however is computationally expensive compared with linear viscous damping modelled by
Equation 2.58, thus Rayleigh damping has remained an attractive choice for modelling of

viscous effects during the catenary pantograph interaction.

2.8 Hybrid Simulation

Recent developments in the modelling of the interaction between a pantograph and the contact

wire is the adoption of hybrid simulations, whereby a physical pantograph rig interacts with
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a dynamic simulation of the overhead line geometry. The method has become attractive since
being proposed by [119, 210], with the advent of real-time simulation techniques. Figure 2.24
shows a schematic of the hybrid simulation methodology. In the hybrid simulation, the
displacement of the catenary geometry is applied to the pantograph head by actuators and
the resultant force caused by the displacement of the pantograph components is transmitted
back into the numerical simulation of the flexible catenary geometry. Hybrid simulations
are advantageous over pure numerical simulations as nonlinearities (e.g., friction, damping)
and flexibility in the pantograph are included in the analysis. Large scale adoption of the

technique is limited due to requirements of suitable apparatus.

Simu-
lation

Fig. 2.24 Hybrid simulation schematic.

The method of [210] was refined by [265] with the introduction of dropper slackening,
a significant cause of dynamic effects [232], before the method was refined even further
by [266] with the adoption of independently excited, sprung collector strips. In [81], the
hybrid simulation output is compared with purely numerical and line test data, and good
correlation between each data source was presented, validating the methodology. Similar to
real-time simulation hybrid simulations, [267] presents the “offline” and “online” method for
numerical integration of the catenary equations of motion. In the offline stage, the response
to unit loads of the contact and messenger wires is stored and used in the online stage to
reduce the order of the dynamic matrix, reducing computational time to that comparable
with real time simulations. Adoption of the “fast” simulation method in [267] into a hybrid
simulation has so far not been presented.

Hybrid simulation of the catenary pantograph interaction is adopted in [268] based on

the dynamically substructured system (DSS) presented in [269] utilising a multiple degree—
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of—freedom representation of the catenary to reduce the deviation between hybrid simulation
and pure numerical modelling.

Hybrid simulations have been adopted as the use of real-time simulations have become
more readily available. In [270], a modal method approach is used to generate a diagonal
matrix at each time step. Since the matrix is diagonal, computation time is reduced and has
been adopted in hardware—in—the—loop simulations for real-time simulations. A proposed
DSS in [271] is used as an alternative to traditional hybrid simulation, opting to represent the
overhead line as a linear system with time—dependent stiffness, coupled with a physical DSS

of the pantograph.

2.9 Review of the existing overhead line dynamic model

The model of the catenary pantograph interaction presented in [241] is a finite element
representation of an overhead line geometry coupled with a lumped—mass representation of a
pantograph. In this section a review of the existing model is presented, and the limitations of
the model are discussed and the work performed to enhance the model to answer the research

aim stated in Chapter 1.

Overhead line model

The simulation method implemented using the APDL language in ANSYS is defined using
tensioned Euler—Bernoulli beams to represent the messenger and contact wires, and con-
centrated masses representing the registration arms. Use of Euler—Bernoulli beam elements
neglect shear deformation which can be overcome by adopting Timoshenko beam elements.
However since the shear deformation of the contact and messenger wires is small [245], it
is appropriate to model the contact and messenger wires as Euler—Bernoulli beams. The
use of Euler—Bernoulli beam elements is similar to the methods adopted in other existing
catenary pantograph simulations such as [40]. In contrast to [40], discrete features such as
stitched catenaries or conductor bars are not included in the existing model. Nonlinear beam
elements are used to represent the messenger and contact wires with two degrees of freedom
at each nodal point of the element. The degrees of freedom of the elements are translations
in the horizontal and vertical deflections. Models such as [43] allow for rotations of the
beam elements, however since no rotations are expected to occur, in [241] this behaviour
is neglected for an improvement in the computational speed of the simulations. The model

representation is constrained to the 2D plane, as are the models presented in [42, 196, 221],
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however this restricts investigation of dynamics that occur only in the vertical plane of the
system, thus situations such as aerodynamic loading or transitions along curved track and
stagger are not possible. Models that adopt a 3D representation include [43, 212]. Nonlinear
deformation of the overhead line is assumed in accordance with other finite element models

Registration arms are represented by lumped-masses so that all of the mass of the regis-
tration arm is concentrated at the support location where they meet the contact and messenger
wires. Other models adopt this approach, however this has the effect of concentrating the
inertia of the registration arm at the point where the arm supports the contact wire, which
potentially leads to an increased contact force at this point, compared with the contact force
that occurs when a more complex representation of the registration arm is used.

Dropper behaviour is approximated using nonlinear spring—dampener models with stiff-
ness curves defined for both stiffness and compression of the droppers. As the pantograph
passes a dropper, the dropper is compressed and the relative displacement between the nodes
at each end of the dropper is negative and the stiffness of the dropper is zero. For a dropper
in tension due to supporting the contact wire, the stiffness value is non-zero as the relative
displacement between the nodes is positive. This accurately reflects the dropper behaviour of

a real system.

Pantograph model

The pantograph model is derived from experimental testing of in use mainline pantographs
with the mechanical parameters determined by the frequency response of the pantographs
tested [249]. The model is equipped with both 2— and 3—mass representations of pantographs
and the lumped—mass representation adopted in [241] is formed of spring—mass—damper
elements, consistent with the models adopted in [42, 196, 272], although unlike the panto-
graph model presented in [42], the existing pantograph model does not account for rolling
of the pantograph head, and constrains the pantograph elements to be in the vertical plane.
Removing this constraint allowed for the investigation of sidewinds in Chapter 7. The use of
a lumped—-mass representation is likely the most significant difference from other models
of the catenary pantograph interaction. Whilst the use of lumped—mass representations
is well documented and widely used, the adoption of more comprehensive 3D multibody
models is becoming increasingly popular. The more comprehensive representation of the
pantograph allows for the integration of nonlinear dynamics not readily available to equiva-
lent lumped—mass models. These include the use of bumpstops and the orientation of the

pantograph knuckles. Since the dynamic response of a multibody pantograph compared with
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a lumped-mass approach appears to have only a small effect on the contact force [273], the
pantograph model was not updated to a full multibody model.

A static uplift force is applied to the bottom pantograph mass to ensure good contact
between the pantograph collector head and contact wire and aerodynamic force is applied
to the pantograph collector head that is proportional to the square of the velocity applied to
the pantograph. Since the pantograph model does not account for the pantograph knuckle
direction, the model neglects the aerodynamic effects which are influenced by the knuckle
direction. In the knuckle trailing position, the aerodynamic uplift causes the pantograph to
“open” thus inducing a larger uplift at the contact point that is therefore, not measured in the

model.

Simulating the dynamic contact

Meshing of the overhead line model is performed prior to the application of gravitational and
tensioning loads with an element size of 0.5 m and the timestep of the model was set to 0.05 s,
or equivalently data collection was performed at 200 Hz. This was ten times the frequency
performed in the data analysis so all necessary behaviour was captured by this frequency.
The data collection frequency also matched the data collection frequency used during track
tests, thus behaviour captured by the test train would be accurately reflected in the simulation
output. Few models consider a frequency higher than this as high frequency dynamics such
as the effect of dropper clamps require a data collection frequency greater than 2 kHz, thus
for analysis of the bulk catenary pantograph behaviour, the considered frequencies are kept
below 200 Hz.

Initialisation of the model is performed in a static state. In this step, gravitational and
tensioning loads are applied, and the overhead line geometry deflects vertically. The geometry
after the loads have been applied is considered the static equilibrium of the overhead line.
The model in [241] requires the knowledge of the dropper lengths to calculate the contact
wire height based on the messenger wire height at supports. This differs from other models
where the dropper lengths are typically not known and an iterative procedure determines the
dropper lengths to ensure a correct overhead line geometry.

Using the static equilibrium geometry, the sliding contact between the contact wire and
pantograph is simulated. The finite element model and lumped—mass pantograph model are

run simultaneously in the time domain according to a Newmark—f3 method [274], where the
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discretised structural equation describing the dynamics is given by

Gn+1 = Gn+ (1 = W)Gn + WAL Gt 1, (2.63)

1
Gni1 =G+ Atg, — (Ar)? (ﬁN - E) G+ (A1) Bréins1, (2.64)

where Yy and By are the Newmark parameters. The Newmark method appears to be the
most widely adopted numerical procedure for simulating the catenary pantograph interaction,
though methods such as the Runge—Kutta method are also used.

The contact method adopted in [241] is the penalty method with a contact stiffness
between the contact wire and pantograph collector head of 50 kN, and based on the contact
stiffness, the contact force is calculated according to Equation 2.49. This contact method
is widely used, however differs from the penalty method in [221], where the velocity of
the penetration between the two contact surfaces is also considered. As the penalty method
is specified for the method of contact between the two surfaces in BS EN 50318, further
methods of contact were not investigated in this work.

Viscous damping is applied using a Rayleigh damping representation, given by Equa-
tion 2.58 with damping factors v = 0.55 s~! and 7 = 0.011 s. This form of damping is used
in a wide range of models of the catenary pantograph interaction, including the five given
in Table 2.3. For this reason, Rayleigh damping appears to be an appropriate method to
approximate the light damping of the overhead system and different methods of representing
the structural damping were not considered.

Further details of the geometry creation and the simulation process of the contact between

the overhead line and pantograph are presented in Chapter 3.

2.9.1 Limitations and model enhancements

The model presented in [241] is well suited to modelling cases where mechanical properties
of the overhead line are assumed to be identical across all spans modelled. To extend the
model to consider cases where the mechanical parameters may differ, such as individual
droppers having differing stiffnesses in tension, modular functions can be implemented in
the ANSYS framework. This allows for the separation of the spans and consider differences
beyond just the geometry. As an example, in the case of individual dropper stiffnesses, the

following pseudocode was implemented:

for i = l:number of spans

for j = 1l:number of droppers
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if j =amodn
k_T = k_(T,1)
elseif j = bmod n
kT =k _(T,2)
endif
end

end

This procedure can be iterated for each parameter under consideration using a vector of
each parameter value. Using the modular function, each element of the vector containing
the parameter values and be related to a component in the model in ANSYS. This procedure
was adopted when a distributed registration arm rather than a concentrated registration arm
was considered. The masses representing the registration arms were defined in the typical
manner, however using the modular approach, the mass at the location where a distributed
registration arm was implemented was set to zero and the mass was distributed along the
more comprehensive representation of the registration arm. That is, when the position of the
registration arm x = L,,/n (mod L,,), then meg = 0 and meg # 0 elsewhere, where 7 is the
number of the span in which the distributed registration arm occurs, mye, is the concentrated
mass of a registration arm and L,, is the wire run length.

A further limitation of the existing model is the lack of 3D behaviour as all dynamics
are constrained in the vertical plane. This makes the simulation of the catenary pantograph
interaction under aerodynamic loads out of the plane impossible to model. For this reason, the
model was extended to a fully 3D structure as described in Section 4.1, to consider dynamic
effects from loads beyond those of the sliding contact. To apply the aerodynamic loads the
constraints applied to the nodal coordinates corresponding to the messenger and contact
wires and droppers were relaxed to allow for deflections in the lateral plane, orthogonal to
the vertical plane of motion the system was originally constrained to. The use of a distributed
registration arm orthogonal to the plan of the overhead line geometry also extended the model
from a 2D representation to a fully 3D system. Stagger was not introduced when enhancing
the model to a 3D structure as the effects on the catenary pantograph interaction are expected
to be small as shown in Section 3.2.4.

The adopted pantograph model in [241] was initially a two—mass representation in
accordance with the validation process given in BS EN 50318. This was updated to a
three—mass representation for the validation process against the test track data and also to

investigate the dynamic effects due to large—scale wire height variations. Under contact wire
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height variations, a two—mass model is insufficiently sophisticated to represent the behaviour
that occurs as the pantograph is compressed.

Frictional behaviour between the pantograph and contact wire was not included in the
existing model, consistent with the models presented in [240], considering only the normal
component of the contact force. This was implemented to assess the sensitivity of the model
to frictional behaviour as discussed in Section 4.1.1. Coulomb friction was the model of
friction implemented in the model with a single coefficient of friction p. Whilst the frictional
forces are predicted to be small compared with the applied line tension of 16.5 kN (an uplift
of 200 N and a coefficient of friction of 0.5 would provide a force parallel to the contact wire
of 100 N), this addition enhances the model by considering the nonlinear effects due to the

sliding contact in a way that was previously neglected.

2.10 Conclusions

In this Chapter, a comprehensive overview of the current state of the art of the catenary

pantograph interaction has been presented, which can be summarised as

* The field of numerical simulations of the catenary pantograph interaction can be
considered to have matured in recent years, not least due to the large number of
commercial and academic simulation methodologies that currently exist [40, 42, 43,
196, 211, 212, 221, 222, 245, 272]. The existing numerical simulations have typically
focused on conventional catenary, largely without discrete irregularities or otherwise
abnormal features, thus future developments in the field should begin to adopt discrete
features such as overlaps. This is likely to become a focus with the addition of overlaps
to the numerical validation standard BS EN 50318 [14]. The majority of numerical
methodologies also neglect large scale height variations due to low clearances and
only consider the small-scale height changes due to wire sag. Thus a greater focus
on the variation due to large scale height changes is expected to develop, particularly
with respect to the pantograph vertical transitions, which thus far appears to have been

subject to very limited investigation.

» New approaches of the catenary pantograph interaction have been developed due to
progress in real-time simulations allowing for hybrid simulations between numerical
models of the overhead line and physical pantographs. Hybrid simulations have been
shown to provide accuracy comparable to purely numerical solutions and are likely to

become more prevalent with advances in real-time computing efficiency.
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» Damping of the overhead line is typically represented by proportional damping, largely

due to the attractiveness of linear damping in numerical simulations. Damping rep-
resentations have been advanced in [264], however the representation of damping
presented is not well suited to other simulation methodologies of the catenary panto-
graph interaction. Thus further research on the catenary damping will possibly provide
more accurate predictions of the dynamic contact force, particularly when discrete

features such as overlaps and conductor bars are included.

Aerodynamic effects on both the catenary and the pantograph are well-documented
in the literature, however validation between wind tunnel tests and computational
fluid dynamics (CFD) simulations is limited. The characteristics of the wind are
typically related to unidirectional flow and whilst static and turbulent wind conditions
are studied, further enhancements to CFD techniques are required and the adoption
of large—scale fluid interaction models are likely to be adopted as computing power
continues to increase. At present no fluid—structure interaction between aerodynamics
and the catenary pantograph interaction have been presented. Wind tunnel experiments
are often scaled to be viable in existing wind tunnels and full-scale aerodynamic
tests of pantographs are not yet a mature research focus, and much of the focus on
aerodynamics is related to the train body in the absence of either the pantograph or
the overhead line. With line speeds continuously increasing, the aerodynamic effects
become large, thus further research into the pantograph dynamics under aerodynamic

load is vital to understanding high speed contact dynamics.

Contact wire irregularity can be assessed in terms of its effects on the dynamic char-
acteristics of the catenary pantograph interaction, and the focus has largely been on
the characteristic effects of contact wire wear on the dynamic performance. Less well
assessed is the contact wire irregularity caused by variations in other components of
the overhead line equipment, e.g., the messenger wire tension. A more comprehensive
assessment of the effects of each of the system parameters will indicate failure modes

in measured contact forces.

The majority of focus on the catenary pantograph interaction has been performed on
straight track, with only a few presentations of work assessing the effects of track
dynamics and curved track. Given the increases in dynamic contact force predicted
in [239] due to registration arms on the inner radius of curved track, further research

requirements would include an assessment of the locations of supports or radius of
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curvature of the overhead line with respect of the track to highlight contact force

variations throughout the curve.

* Measurements of the contact force are currently limited to a frequency range of 0—
20 Hz. It has been demonstrated in [132] that vertical motion occurs at frequencies
above 20 Hz thus will directly affect the dynamic contact force. Measurement of the
contact force at higher frequencies will detect the dynamic behaviour. With respect
to condition monitoring, knowledge of high frequency behaviour allows for better

predictive maintenance compared with reactive maintenance.

* Active pantograph control has been shown to actively improve the catenary dynamics
during train operation, for example at higher line speeds than the existing systems are
optimized for, however few examples exist demonstrating that active pantographs have
moved past the design and prototyping stage, and into active usage on rail networks.
Going forward the research focus appears to be developing methods of pantograph

actuation and control strategies.

Based on the literature presented, Chapters 5-8 seek to answer four identified open
problems:

1. Experimental and computational determination of aerodynamic forces on railway
contact wire, using experimental measurements as validation of a numerical fluid

simulation,

2. The effects of contact wire irregularity not associated with the wear characteristics of
the contact wire such as messenger and contact wire tensions, missing droppers and

speed variations,

3. Dynamics of an overhead line under wind load considering cases where the aerody-

namic loading will change abruptly,

4. Effect of large—scale wire height changes on the dynamic contact force.






Chapter 3

Methodology

In the previous Chapter, four open problems were stated. In this Chapter, the methodological
approaches adopted to answer each of the research questions are presented. For each of the
Chapters 5-8, the corresponding experimental methodology and plan is discussed, and how

the approaches adopted seek to answer the open problems identified in Chapter 2.

3.1 Determining aerodynamic loads on a railway contact
wire

The interaction between an aerodynamic flow and a surface causes aerodynamic drag and lift
forces. For a railway contact wire, the aerodynamic loads on slender cables cause vibrations
of the system leading to damage and dewirement, as such quantifying these aerodynamic
forces is an important area of research. Here, experimental and computational approaches
have been used to determine the aerodynamic loads present on a single contact wire placed
in an incident flow. Both approaches were adopted as simulation methods are able to predict
aerodynamic forces at wind speeds well beyond those possible in a wind tunnel, whilst the
experimental approach provides a method of validation for the predicted aerodynamic forces.

The purpose of determining the aerodynamic loads on components of the overhead line
system is to provide input to an overhead line model to determine the effects aerodynamic
loads have on the catenary pantograph interaction. Drag forces contribute to excessive
blow—off, increasing the risk of dewirement. These events cause catastrophic damage to both
the pantograph and overhead line [89]. Similarly, lift forces alter the contact wire height away
from the design position increasing the variation in the contact force. Increased oscillations

in the contact wire also raise the risk of contact loss between the pantograph and contact wire.
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This separation leads to arcing at the contact interface degrading the surfaces and hastening
fatigue. By quantifying aerodynamic forces, the dynamic response of the overhead line can
be predicted, identifying areas of concern such as undesirable contact wire deflections and

contact force variation.

3.1.1 Experimental determination

The Large Scale Sheffield Wind Tunnel, described also in [275, 276], was used to determine
the aerodynamic forces acting on a 720 mm length of AC—120 railway contact wire. The air
flow was assumed to be without the dynamic effects of a passing train, thus turbulence caused
by the train body movement was neglected here. With respect to BS EN 50119, this situation
would be considered the static state due to no train passage. The wind tunnel schematic and
the experimental arrangement is given in Figure 3.1. The wind tunnel is an open-circuit wind
tunnel with an axial fan placed at the outlet. The fan generates negative pressure downstream
of the samples placed in the working section and the pressure gradient generates the air flow.
The wind tunnel is 8.5 m long and the working section is 3 m long with a cross—sectional
area of 1.2 m X 1.2 m. A honeycomb mesh straightens the inlet flow and dissipates any large
scale structures in the flow that would lead to turbulent flow upstream of the wire sample.
Further fine meshes dissipate any turbulence and non-uniformities in the flow before the
working section.

Fine mesh
Axial fan

: |
L Contact wire l
: |

Flow direction
: >

Load cell

Turbulence grid

Fig. 3.1 Wind tunnel schematic and experimental arrangement.
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During the experimental cases, consideration was given to the variations in the air pressure,
density and temperature. In comparison to the simulation cases where the atmospheric
conditions can be kept constant according to,

P=pR7, (3.1)

where p is the air density, .7, the air temperature, P, the air pressure and the ideal gas
constant R == 8.31446 J /Kmol, fluctuations in the air temperature were recorded during each
of the experimental cases. With repeated use, the air temperature inside the wind tunnel was
found to increase, for example during the first test, the recorded temperature was 18.5 °C and
for the final test, the recorded temperature was 22.6 °C. These fluctuations were taken into
account according to Equation 3.1 when calculating the aerodynamic coefficients.

Aerodynamic instability of railway overhead line conductors is driven by a combination
of wind speed, wire wear and the angle of attack [174], thus these were chosen as the
variables investigated during the experimental procedure. Table 5.1 gives the test cases used.
The air speed and pressure was measured using an FC0510 micromanometer, as shown in
Figure 3.3, connected to a pitot tube mounted in the wind tunnel. Due to fluctuations in the
air flow inside the wind tunnel, ten measurements were taken to give an average air speed for
each case. The air speed values given in Table 5.1 are the averaged air speeds.

In the cases where wear was considered, only substantial wear was considered rather than
surface defects such as scratches. The angle of attack was achieved through the use of a pivot
mounted at the base of the rod onto which the contact wire sample and load cell were affixed.

The arrangement of the contact wire and load cell atop the sting are shown in Figure 3.2.

Experiment parameters

The wind tunnel allows for the wind speed and angle of attack to be varied. The wind speed
is controlled by the axial fan at the outlet of the wind tunnel, whilst the angle of attack is
controlled by a pivot placed at the base of the sting upon which the contact wire and load cell
are mounted. This is shown in Figure 3.2. The angle of attack can be varied up a maximum of
+50°, however only angles up to £30° were considered as angles beyond this were assumed
to be unrealistic as rotations of the contact wire are restricted by the dropper clamps and
supports. Safety restrictions placed on the wind tunnel due to the wind tunnel being located
in a working laboratory restricted the magnitude of the air speeds considered, thus wind

speeds were kept below 10 m/s, despite the wind tunnel providing the possibility of wind
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Contact wire

Load cell

Load cell

Contact wire

Pivoted sting

Fig. 3.2 Contact wire experimental arrangement in the wind tunnel. The contact wire is
mounted on a pivoted sting that allows for variation of the angle of attack as shown.

speeds up to 22 m/s. Higher wind speeds are considered in the computational cases given in

Section 3.1.2. Table 3.1 show the experimental variables used throughout the experiments.

Table 3.1 Independent variables used during the experimental determination of aerodynamic
forces.

Air speed (m/s) Angle of attack (°) Wire wear (mm)

3.99 -30 0
4.93 -20 2
6.01 -10 4
7.02 0 6
8.15 10
9.11 20

30

Each of the experiment variables were chosen to reflect the environmental conditions that
occur during the lifetime of an overhead line system. Variations in the angle of attack were
considered to represent the directions of incident wind flows, and also to represent movement
in the supports over the lifetime of the equipment which would cause twisting of the contact

wire relative to the design position. Since the sliding contact between the pantograph and
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Fig. 3.3 FC0510 micromanometer used to measure the air speed and pressure inside the wind
tunnel.

contact wire induces wear, different wear states of contact wire were used to represent the
contact wire over its lifetime, to determine the effect of wear on the aerodynamic response of

the contact wire.

Data collection

The aerodynamic drag and lift forces due to the incident air flow were measured during each
experiment. Data was collected from the load cell at a frequency of 1 kHz for 10 s giving 10*
data points for each case. The forces were measured using a a load cell mounted beneath the
contact wire. The load cell used during the experiments is an ATI Nano 17 [277], a six—axis
transducer with a maximum loading force of 17 N. Table 3.2 gives the load cell specification

and measurement resolutions.

Table 3.2 Nano—17 load cell specification. The loading range and resolutions for the measured
force, F (N), and torques, T (Nmm), are given. Subscripts denote the measured axis with x
denoting the direction parallel to the flow and z denoting the direction perpendicular to the
flow.

anFy E Txs Ty, TZ

Load range 12 17 120
Resolution 1/320 1/320 1/64

The load call can exceed the load ranges given in Table 3.2, however the measurement
resolution drops accordingly. For each doubling of the load, the resolution drops by half,
i.e., for F; € (17,34] and 7 € (120, 140}, the measurement resolution is 1/160 and 1/32
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respectively. Initial numerical predictions indicated that the aerodynamic loads during the
wind tunnel experiments were not expected to exceed the 17 N load so the resolution was not
likely to be reduced below the initial 1/320.

As well as consideration given to fluctuations in the environmental conditions inside the
wind tunnel, variations in the recorded measurements of the load cell were also considered.
Before each test, the force on the load cell was recorded and if non-zero, was subtracted from
the measured results. For example, during the case of the contact wire sample with 4 mm
wear, the load cell recorded a lift force of -0.01 N before the wind tunnel was switched on
and so this measurement was deducted from each of the tests. This check was performed for
each respective test.

To ensure a steady state had been achieved due to the steady load, measurements of
the aerodynamic loads were recorded only after 10 s had elapsed. This ensured transient
behaviour due to the aerodynamic loads being first applied to the contact wire were not

recorded and only the steady state behaviour was measured.

3.1.2 Computational determination

Restrictions placed on wind velocity in the wind tunnel, required the use of a computational
method to investigate the aerodynamic forces at wind velocities greater than 10 m/s. The
simulations were performed using the ANSY'S Fluent 17.0 package and generation of the
geometry and mesh was performed using the packages provided by ANSYS 17.1. The use of
simulations of the fluid flow around the contact wire also allow for greater reproducibility
of each experiment. In the experimental case, each wire has to be machined to achieve the
desired wear amount. The machining process can lead to small surface defects that affect the
air flow. Computational efforts also offer greater granularity of the independent variables
that are not easily achieved in the experimental case. For example the angle of attack was set
according to +2°, whilst the angle of attack can be chosen arbitrarily in the computational
case. Since validation of the modelling predictions was required, the independent variables

in the simulations were chosen to match those of the wind tunnel.

Model setup

Initial conditions such as air density, pressure and temperature were be kept constant through-
out each simulation. This was in contrast to the wind tunnel experiments, where the pressure
and temperature varied as detailed in Section 3.1.1. The simulation environmental conditions

WEre:
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* air density, p = 1.225 kg/m?,

* temperature, 77 = 15 °C,

e pressure, p = 101.325 kPa, and

* viscosity, tp = 1.7894 x 107> kg/ms.

The computational domain for the simulation of air flow around a railway contact wire
is given in Figure 3.4. The contact wire centre, represented by a circle in the schematic,
was placed at the origin of the domain, and the domain height Lgom, was taken to be 20D to
ensure boundary effects did not influence the fluid regime around the contact wire. Similarly,
the longitudinal domain was split into L; = 20D, giving sufficient longitudinal distance for
the flow regime to be fully established and L, = 30D, allowing sufficient distance for the
effect of the contact wire boundary on the flow to be fully realised.

The characteristic length of the domain is the contact wire diameter D = 13.2 mm, giving
a characteristic Reynolds number (Rey) of

UD
Re, = P77 ~ 904U, (3.2)
Ho
where U is the flow speed given in Table 3.3. At the inlet, the free stream Reynolds number
(Re) is given by
UL 20pUD
Re = P75 PYE 18 % 10U, (3.3)
Ho Ho

where Lyom = 20D, as in Figure 3.4.

For the velocities considered, Equation 3.2 gives 9 x 10> < Rey < 4 x 10 and Equation
3.3 gives 1.8 x 10* < Re < 5.5 x 10° . From [278], it is expected that since the contact wire
boundary is approximately circular, the flow regime will involve a laminar boundary layer
and a turbulent wake.

The boundary of the contact wire is shown in Figure 3.5a and the entire domain is shown
in Figure 3.5c. The boundary of the contact wire was taken to be fixed in the flow, allowing
for the determination of solely the aerodynamic forces on the contact wire, rather than
changes in the fluid due to motion of the contact wire itself.

Table 3.3 gives the different cases considered during the simulation process. The fluid
speed U given in Table 3.3 is the free stream velocity. For simplicity, to achieve an angle
of attack, the free stream velocity was decomposed into horizontal and vertical components

corresponding to the required angle rather than rotating the geometry and leaving the velocity
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«— L1 =20D L, =30D

Inlet Ldom = 20D

\— No slip Outlet

Fig. 3.4 (Not to scale) Schematic of the computational domain. The boundaries of the
domain are scalar multiples of the contact wire diameter (also the characteristic length scale)
D = 13.2 mm, shown here by the orange circle. The fluid flows through the domain from
left to right.

unchanged. For example, to achieve an angle of attack of 0, the free stream velocity U = (u, v)

was decomposed into the components
(u,v) = (JU|cos 0,|U|sin0), (3.4)

and by the parity of the circular functions, an angle of attack —0 is achieved with velocity
components
(u,v) = (JU|cosB,—|U|sin0). (3.5)

The fluid velocity components given by Equations 3.4 and 3.5 correspond to the orienta-
tions of the contact wire given in Figure 5.2a for a positive angle of attack and Figure 5.2b
for a negative angle of attack respectively.

The wear parameter was achieved by reducing the vertical diameter of the contact wire.
The maximum reduction was 6 mm, giving a contact wire vertical diameter of 7.2 mm. This
case is shown in Figure 3.5b and the other wear cases are similar.

The mesh was divided into discrete sections allowing for a greater mesh density around
the contact wire boundary without a large increase in computational time. Figure 3.6 shows
the mesh used throughout the simulation process. The mesh is split into different regions
of varying mesh density: A denotes the coarse mesh used in regions away from the contact
wire boundary where the fluid behaviour is of little interest, B a denser mesh directly in the
path of the contact wire. This region has an increased density to properly resolve the fluid

flow prior to the interaction with the contact wire boundary and also to accurately resolve the
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(a) Cross-sectional geometry of an AC-120 (b) Contact wire profile with a vertical wear
railway contact wire. of 6 mm applied.

o 100,00 200,00 ()
[ EE— [ ES—

(c) Flow domain showing the geometry of the model when the wire wear is zero.

Fig. 3.5 Contact wire boundary and the flow domains generated in the ANSYS software.

wake downstream from the contact wire. The region C is the region with the highest mesh
density, surrounding the contact wire where the fluid behaviour is most of interest.

Along the contact wire boundary, a boundary layer will form and so the dense mesh
is extended beyond the boundary layer thickness to properly capture the behaviour within
this layer. Along the leading edge of the contact wire, for small lengths, the boundary layer
thickness can be approximated by

S5x 0.37x
o= —— d 6= —— 3.6
(4 Rex’ an t \S/ITCX, ( )

where §; and &, correspond to laminar [279, pg. 140] and turbulent [279, pg. 638] boundary
layer thicknesses respectively and x is the length along the leading edge of the boundary as

shown in Figure 3.6b. For the minimum free stream Reynolds number considered (Re =
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Table 3.3 Flow conditions used in the simulation cases. For each velocity in column 1, each
of the angles and wear amounts in columns 3 and 4 respectively, were considered.

Fluid speed (m/s)  Rex  Angle of attack (°) Wire wear (mm)

1 904 -30 0
2 1,807 -20 2
3 2,711 -10 4
4 3,615 0 6
5 4,518 10

6 5,422 20

7 6,326 30

8 7,229

9 8,133

10 9,037

15 13,555

20 18,073

25 22,591

30 31,628

1.8 x 10%), the hydrodynamic entry length [280] L., given by,
L. =4.4vRe~23m, (3.7)

indicates that the fluid flow is laminar when it reaches the leading edge of the contact wire.
Thus, we can take the boundary layer thickness to be given by §;. Since L, is monotonically
increasing, the flow is always laminar when reaching the contact wire for the cases considered
here.

Mesh independence was achieved with a mesh independence study until the variation
in the drag and lift coefficients was below 0.5%. The initial number of elements used was
approximately 250,000 and Figure 3.7 shows the number of elements required to achieve the
mesh independence. The large number of elements required is in contrast to studies focusing
on a circular boundary in a flow such as [281], where only approximately 436,000 elements
were required. This is likely due to the significant number of smaller elements with length
scales of 107 m needed to mesh around the grooves of the contact wire on each side.

Since the time step size and the mesh size are related through the one-dimensional
Courant number [282],

C,=—, (3.8)
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0.00 100.00 200.00 (mm)
I 4 S0
50.00 150.00

(a) Mesh generated for the fluid domain.

(b) Meshing applied to the domain close to the contact wire boundary indicating the large number of
elements.

Fig. 3.6 Meshed domain used throughout the simulation process achieved using the mesh
independence study shown in Figure 3.7. Letters used in the figures are referred to in the text
and the scale indicates the size of the elements required when meshing in a neighbourhood
of the contact wire boundary.
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where Ar and Ax are the time and spatial element sizes respectively, the time step size was
chosen such that C,, < 1 to ensure the information encoding the behaviour of the fluid in each
time step was strictly constrained to an individual element size during that time step. For
the case where the simulation was found to be independent of the mesh sizing, the smallest
mesh element was found to have a length scale of approximately 4 x 10~* m. This meant the
smallest time step size required to satisfy C, < 1 was
—4

Ar < % ~ % = % x 107, (3.9)
when a wind speed of U = 30 m/s was used. However, in order to correctly resolve the
boundary layer which becomes increasingly thin as the characteristic Reynolds number
increases, a smaller time step than the one given by Equation 3.9 is required. To achieve
a dimensionless wall distance y© < 1, a time step of approximately 9 x 10~° was required.
Since 9 x 107° < 4/3 x 107>, the condition imposed by C,, is still satisfied.

T
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0 1 2 3 4
Number of elements 100

Fig. 3.7 Mesh independence study demonstrating that mesh independence is achieved with
less than 0.5% change in the drag (Cd) and lift (Cl) coefficients with 2,101,041 elements.

Throughout the simulation process, the flow was taken to be incompressible, as the
maximum serviceable wind speed for UK railway overhead lines is 37 m/s [283], giving a
maximum Mach number Mp,x of 0.109. As M« < 0.3, application of the incompressibility
condition was valid [284]. In fact, for the wind velocities considered here, the variation

in the density of the fluid is approximately 1%. The flow was also taken to be isothermal
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throughout in contrast to the experimental case (the air temperature in the experimental case
varied due to changes in air pressure caused by the rotating fan) and to ensure a pressure
gradient across the contact wire, viscous flow was used. Single phase flow was appropriate
since the only fluid in the domain was air.

In the computational cases, the flow was considered to be 2D. This gave the idealised
flow regime under the assumption that the fluid flowed parallel to the boundaries of the
domain rather than replicating the exact cases in the wind tunnel where 3D effects would
be encountered. This in particular discounted any torque on the contact wire length due
to pressure from the air flow that would have occurred in the experimental case. Transient
effects due to changes in the fluid velocity were considered to capture the vortex shedding
behaviour downstream of the contact wire.

The no slip condition was applied to the contact wire boundary which was defined as
a static wall. The no slip condition specified that fluid at the solid boundary would have
zero velocity. Since only single phase fluids were considered, this was considered a valid
condition. The static wall condition specified that the contact wire was fixed in the domain
and only the effect of the fluid interaction on the wall was recorded in the calculation of the
aerodynamic forces rather than the response to a moving boundary affecting the flow regime.
The leftmost region of the computational domain was designated the inlet and similarly the
rightmost region of the domain was specified as an outlet. These are shown in Figure 3.4.
The horizontal extremes of the domain were set as pressure outlets to correctly represent
the free air surrounding a contact wire, particularly when non-zero angles of attack were
considered. Setting the horizontal edges of the domain as walls would have introduced
undesirable reflections in the fluid.

The data collected in each of the simulations was the same as the data collected in the
experimental case, that is the aerodynamic drag and lift forces. Since the required time step
of the simulations was 9 x 107° s, each simulation case provided approximately 100 times

more data points than the experimental case.

3.1.3 Data analysis methods

The maximum drag forces in each case was recorded and the arithmetic mean of the lift
forces were chosen to highlight the core aerodynamic loads on the contact wire in both the
experimental and simulation cases. This allowed for prediction of the dynamic response of
the overhead line in Chapter 7. To determine the frequency of the oscillating aerodynamic lift

force, a discrete Fourier Transform was applied to the data. In each case, the first fundamental
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frequency was identified as the dominant driver of oscillatory behaviour. Lower fundamental
frequencies indicate the possibility of conductor gallop, whilst high frequency behaviour is
characteristic of contact wire resonance. From either the time—varying or static aerodynamic

forces the drag and lift ratios can be determined according to

1
Forag = 5CapU”A, (3.10)

1
Flis = EClpUZD. (3.11)

From the drag and lift ratios, a comparison across all the independent variables used can
be made to quantify the aerodynamic response as the wear state and the angle of attack is

varied.

3.2 Sensitivity of the catenary pantograph interaction to

mechanical parameter variation

In Chapter 2, it was identified that much focus has been given to contact wire irregularity
with respect to the contact wire wear. The work presented in this thesis considers contact wire
irregularity beyond the wear state of the contact wire. By considering mechanical parameters
of the system such as line tension, or contact wire mass, the effects of alterations to the
system can be predicted and quantified potentially leading to cost effective improvements
of the catenary-pantograph dynamics, for example, avoiding the need for expensive system
redesigns to achieve increases in the line speed. In this section, the modelling methodology
for analysis of the catenary pantograph interaction is presented, with focus given to the
creation of a finite element representation of the overhead line equipment. The output
provided by numerical modelling of the catenary pantograph interaction is also discussed,

with the methods used to analyse the output given.

3.2.1 Modelling process — Inputs

The modelling process to simulate the catenary pantograph interaction is shown in Figure 3.8.

Creation of the input file from which simulation of the interaction between the contact
wire and pantograph can be investigated is handled with a user—defined interface. The
required geometry and pantograph inputs are exported using this to a text file that can be read
using the ANSY'S scripts.
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Generates the inputs file based on user in-
{ Inputs Generator } putted data as a column of numbers for AN-

SYS to read. Exports to Inputs.txt.
/ Inputs.txt /
ANSYS command file reads the Inputs.txt file
[ Read the input file } using the VREAD function and imports the

data into an ANSYS array assigning data to
named variables in ANSYS.

ANSYS calculates the desired overhead line

[ Generate coordinates } coordinates based on the catenary equation.

Determines the length of messenger wire re-
quired in each span, whilst the overhead line
is in static equilibrium. Exports the calcu-
lated parameters to DynamicParams.txt.

{ Static simulation stage }

/ DynamicParams.txt /
Uses static OLE geometry and pantograph
[ Dynamic simulation stage } model to simulate the dynamic interaction at
user defined velocity.

Extracts the pantograph position, uplift and
contact force at each time step. Exports
the data to GenericOutputs.dat for post-
processing using inbuilt MATLAB functions.

[ Creation of useful output }

/ GenericOutputs.dat /

Fig. 3.8 Flowchart of the modelling process.

The input processing file is separated into seven packages, four allowing for data input
and three for processing the data into an exportable format. The data input packages are

comprised of:
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* Overhead line parameter inputs,
* Overhead line geometry inputs,

» Pantograph parameter inputs, and

ANSYS modelling inputs.

The data processing packages are comprised of:

* A compilation of the data inputs from the previous four packages,
* asingle column of all modelling inputs ready for exporting, and

* a count of the number of inputs to be exported.

Physical parameters of the overhead line geometry

Inputs required in this package include the physical properties of the overhead line consisting
of the messenger and contact wires and the droppers. As such the required properties for the

messenger and droppers wires are:
e wire tension,
e cross—sectional area,
* mass per unit length, and
* Young’s modulus and Poisson’s ratio.
For the droppers, the following parameters are required:
* the mass per unit length,

* the masses of the clamps at each end connecting the droppers to the messenger and

contact wires, and

* the dropper stiffness in both tension and compression.

The final two parameters required here are the mass of the registration arms and the
required amount of pre-sag as a fraction of the span length if chosen, otherwise pre-calculated
dropper lengths are used. The registration arms are presented by point masses capturing the
total mass of the registration arms as point additions to the overhead line geometry at the

mast locations.
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Span geometry

To represent the overhead line geometry, inputs required include the mast locations, the span
lengths and the number of droppers in each span. To calculate the contact wire height in
each span, the messenger wire height at each support is required. From the messenger wire
height, the inclusion of the dropper lengths and positions determine the contact wire height.
The adopted method for determining the contact wire geometry differs from conventional
methods for designing the equipment geometry during electrification projects. In design
projects, the contact wire height is given and the messenger wire height is determined by the
available vertical space, i.e., at bridges or tunnels, the messenger wire height is dropped. The
dropper lengths are then determined based on the desired presag of the contact wire and the

messenger wire vertical profile.

Lumped-mass pantograph inputs

Options available with respect to pantograph modelling include the option to investigate the
dynamics of two— and three—lumped mass pantographs, including the mass, stiffness, viscous

damping and horizontal velocity of the associated pantograph components.

Simulation parameters

Simulation parameters set by the user input directly affecting the performance of the ANSYS

simulations include:
* messenger wire tensioning spring length (Section 3.2.3),
» overhead wire mesh lengths,

* contact stiffness for use in the penalty method during contact between the contact wire

and pantograph, and

» damping coefficients o and 3 used to apply global Rayleigh damping to the system.

3.2.2 Functionality options

The work packages that generate the input files required by the ANSYS scripts, allow for

different functionality options to be built into the model easily and efficiently.
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Pantograph type

Generic two- and three-lumped mass models as discussed in Chapter 2.6.2 are functional
within the model. The full set of parameters are required for these models, including
the static and aerodynamic uplift forces acting on them. The included models do not
support nonlinearities such as frictional elements or bump-stops designed to limit pantograph

component displacement.

Wear/Ice loading

Ice loading of wires can be introduced into the simulation by introducing a mass addition.
This mass addition requires the cross—sectional area of the wire to be altered in turn. To
calculate the resultant cross-sectional area of a wire, A jce, consider a mass addition m;ce to

the original wire mass, then the resultant cross—sectional area is simply

Ac,ice = —mcon + Mice , (3.12)

p con
where pcon is the wire density.

Contact wire wear is typically considered in terms of vertical wear depth, relative to the
edge of an unworn contact wire, as shown in Figure 3.9. By adjusting the cross—sectional
area of the contact wire, wear can also be introduced into the simulation. Reducing the
cross—sectional area to create an equivalent mass per unit length to a worn contact wire
decreases the contact wire sag. The contact force statistical output shown in Table 3.4 shows
that altering the contact wire mass or area to create a contact wire with an equivalent density

achieves the same dynamic response.

Table 3.4 Statistical output for the catenary pantograph interaction when either the contact
wire cross—sectional area of mass per unit length are changed to achieve equivalent dynamic
performances. All results in N.

Fm o FDmax FDmin FSmax FSmin
Increased cross—sectional area 105 12.6 149 83 143 67.2
Increased mass per unit length 104 13.1 149 82 143 64.7

The resultant cross-sectional area of a worn wire can be calculated from the original wire

2

con.0° the area of the worn contact

cross-sectional area. Given the unworn area is A¢on 0 = TR

wire is given by

Ac,wear(‘z)) = R(z:on,O (75 — % + sin (Z)) , (3.13)
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Fig. 3.9 Wire cross section approximated as a circle with a wear flat.

where ¢ € [0, 7] is the angle A’OB’ in Figure 3.9 and is given by

¢ = 2arccos (1 3 h ) . (3.14)

con,0
Multiple pantographs

The interaction between multiple pantographs and the overhead line is frequently of interest
when investigating catenary dynamics as the performance of the trailing pantograph is
typically worse than that of the leading pantograph [68, 69], particularly as the train speed is
increased. As such this option is included in the model allowing for up to three pantographs to
be included. Both the pantograph types and spacing between can be changed independently
allowing for a large range of system setups to be considered.

Implementation of trailing pantographs is the same as for the leading pantograph with the
input processing and solution files being replicated from the files for the leading pantograph
with the boundary conditions for the trailing pantographs applied by the user. The use of

multiple pantographs in this model as thus far not been validated and is left to further work.
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Variable wire heights

The implementation of varying wire heights in simulations of the catenary pantograph
interaction can be achieved by altering the wire support heights and the length of the
droppers. Alteration of these two parameters effects a change in the contact wire height and
thus any configuration of a standard overhead line can be investigated. Using this method is
the core to the investigation of the effects of wire height changes in Chapter 8. In this study,
the dropper lengths used were taken from measurements of the overhead line geometry at
Network Rail’s Rail Innovation & Development Centre (RIDC) [285, 286].

3.2.3 Modelling process — Creation of the wire geometry

To generate the overhead line geometry, the wire heights at supports and span lengths are
typically the only known parameters and the full geometry is otherwise unknown. In this
section, the methodology for creating the overhead line geometry is described and shown in
Figure 3.10.

The messenger wire geometry can be predicted using the catenary equation [13, p. 276]

given by,

y(x) = Lmes cosh( s (x—xo)) +C, (3.15)

mes
where the height y(x) at location x, as shown in Figure 3.11, is a function of the messenger
wire tension, Tyes and the total mass supported by the messenger wire per unit length,
m = Mmes + Mcon-

Equation 3.15 gives the general shape of the messenger wire when the support heights
are not constant and thus the low point of the catenary is offset by xo. When the support

height is constant, xy vanishes and Equation 3.15 becomes

T,
y(x) = mes cosh( 8 x) +C. (3.16)

mes
The constants xo and C are uniquely determined by the wire heights at supports at either
end of a span. Given the two coordinates at the end of each span, this gives two catenary

equations in two unknowns which give,

1 T,
Xp = E(xl +x2) + migls arcsinh (2l;1g

mes

mg
— h
(2

mes

(XZ_XI)))v (3.17)
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{ Inputs.txt }

/ Messenger wire heights at supports /

Unloaded line segments lengths are calculated}

[Load in the droppers are calculated}

[Determine the coordinates of the messenger wire line segments

[Calculate the length of the tensioning springs in each span

{Calculation of loaded line segment lengths}

/ OLE geometry coordinates /

Fig. 3.10 Flowchart of the process to create the overhead line coordinates.

and

(x1 —x2)

(y1 —y2)csch [zl;fes (x2 —xl)} )) .

T;
C=y — IneScosh( e
mg

mes

—arcsinh mg
2T,

mes

(3.18)
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Fig. 3.11 Typical messenger wire height due to self-weight mg, and horizontal tension Tiyes.

In the absence of non-uniform loads and droppers, Equation 3.15 describes the shape
of a tensioned messenger wire, however in reality this is an approximation to an installed

messenger wire as the addition of droppers and non-uniform loads distort this shape.

Pre-tensioned coordinates

An initial geometry is created using Equation 3.15 together with the constants given by
Equations 3.17 and 3.18. This geometry is used as a ‘pre-tensioned’ geometry as an input for
the static simulation.

Considering the overhead line geometry as a system of straight lines between the masts
and droppers of the tensioned geometry, as shown in Figure 3.12, the tensioned lengths L; of

each of the straight lines are given by

L= \/(xz—xl)2+(Y2—y1)2- (3.19)

This length L;, consists of the unloaded natural length Ly and the extension due to the
load forces 6L;.
In the case of the contact and messenger wires, the material properties and cross-sectional

areas are known, and an application of Hooke’s Law,

o, = E¢g;, (3.20)
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Messenger wire
height (m)
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Position (m)

Fig. 3.12 Straight line segments L forming the messenger wire.

gives the initial unloaded length of each line segment. To determine the unloaded length,
replace the tensile stress 6 with Tjnes /A, and strain € with 8L, /L. Then the unloaded length

is given by
LEA,

Tmes + EAC '

Gravitational effects act to increase the axial tension on sections of wire not parallel to the

Lo= (3.21)

ground, however these effects are small compared with the applied tension and are neglected.
Axial loads in the wires are assumed to be constant and equal to that off the applied tension
at the end of the wire runs.

As the droppers are represented in the model by nonlinear spring elements, specific
material properties are not defined. The extension of the droppers under loading is governed
by the tension stiffness k7. The unloaded length of the droppers can therefore be found by
the alternative form of Hooke’s Law, Fr = k7 0L, = kr (L — Ly), giving

Ly :L—&. (3.22)
kr

The tensile force Fr in each of the droppers varies in contrast to the messenger and
contact wires, where the tensile force is constant. It is assumed that each dropper supports the
contact wire load from halfway between the preceding and successive droppers as shown in
Figure 3.13 as well as the weight of the dropper clamp connecting the droppers to the contact
wire. The first and last droppers in each span also support half the mass of the registration
arm between them.

Thus the approximation to tensile load Fr in the i dropper can be written as

Xi—Xi—1  Xip] —Xi Xitl — Xi—
FT,i = mcong< l = + s l) + Mg = meong (%) + Mg, (3.23)

2 2
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Dropperi—1 Dropper i Dropper i+ 1

[TTTITITT

Fig. 3.13 Approximating the tensile force in each dropper supporting the contact wire from
half way between the preceding and successive dropper. The load in each dropper due to
supporting the contact wire is indicated by the colour arrows.

where Mj is the mass of the clamps and the registration arm where appropriate. Substituting

the approximation Fr; into Equation 3.22, the unloaded dropper lengths can be written as

Ly=L— i [Meong(Xis1 — xi—1) + 2krMig]. (3.24)
From Equations 3.21 and 3.24, the unloaded lengths of the messenger and contact wires
and droppers are known and from these, the unloaded overhead line geometry can be created.
To generate the coordinates required to create the overhead line geometry, in each span, a
quadrilateral can be formed between two successive droppers and the contact and messenger
wires. To do this, the contact wire is fixed in a straight line, this need not be horizontal in the
case of unequal support heights for the required span, and an unloaded dropper at the centre of
the span is also fixed, as shown in Figure 3.14a. Then the dropper preceding the one already
fixed is centred on the next point in the contact wire determined by the dropper horizontal
location. Given the stated length of the dropper, a circle can be formed with dropper length as
the radius. In a similar way, the length of the next section of messenger wire forms a radius
of a second circle. The coordinate locating the intersection of the dropper and messenger
wire is the intersection of these two circles. This is demonstrated in Figures 3.14b and 3.14c.
This process is repeated for all droppers in the span to create the unloaded geometry as in
Figure 3.14d.
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e

(a) Step 1 in establishing the ‘pre-tensioned’ coordinates. The contact wire is fixed in a straight line
and a dropper in the centre of the span is fixed.

New coordinate

(b) Step 2 in establishing the ‘pre-tensioned’ coordinates. The next messenger wire coordinate is
calculated from the intersection of two circles with radii equal to the next dropper length and next
messenger wire segment length respectively.

New coordinate

(c) Step 3 in establishing the ‘pre-tensioned’ coordinates. The previous step is iterated for the
remaining droppers until the entire span is completed.

(d) Step 3 in establishing the ‘pre-tensioned’ coordinates. The previous step is iterated for the
remaining droppers until the entire span is completed.

Fig. 3.14 Steps in creating the unloaded overhead line geometry.

In the global coordinate system the intercept of the two circles and thus the next geometry

coordinate is the solution to

(x—x1)*+(y—y1)* =Ry, (3.25)
(x—x2)*+ (y—y2)* = R3, (3.26)
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however, a translation of the coordinate axes to centre the origin on one of the known

coordinates simplifies finding the next coordinate to solving

X2+v?=R?, (3.27)
(X —%)?+Y>=R>. (3.28)

Thus the successive coordinates are given by,

R2_R21 2 R2_R24+ 2 2
(X,Y) = —L—g}—ﬂi R%—(J—E%——> , (3.29)

where the sign of the Y coordinate is determined by the orientation of the translated coordinate
axes relative to the global coordinate system. Transforming back into the global coordinate
system gives the unloaded overhead line geometry for each span.

Whilst the unloaded geometry has been created, each geometry is specific to the span in
which it was created as the coordinates are relative to the central dropper. In each individual
span, this presents no issues. However, since the lengths calculated are unloaded, they are
shorter than the tensioned coordinates and shift towards the fixed dropper at the centre of each
span when under tension and gravitational loads. Since a continuous wire is required, a node
is shared between each span. To overcome this, introducing a linear spring element ensures
the messenger wire is the correct length when tensioned at the mast location, ensuring a
continuous wire at the support nodes.

To determine the spring length, ¢, consider

t=(Z L), (3.30)

| =

where .Z is the required length of the messenger wire after loads are applied, and Ly,
the unloaded lengths, calculated using Equation 3.21. Then the loaded lengths .’ can be
calculated numerically. The numerical calculation is chosen over using the catenary equation
in Equation 3.15, as due to non-uniform loading of the messenger wire at dropper locations,
‘pinching’ of the wire profile occurs. These deviations from a true catenary are large enough
that arc lengths calculated from the catenary equation are significantly inaccurate.

Using the unloaded coordinates generated using Equations 3.21, 3.24 and 3.29, beam
elements are created in straight lines between mast locations. Loads at the dropper locations
are applied as well as gravitational and tensile loads deforming the straight lines forming

the messenger wire into the loaded catenary shape. This deformation changes the span
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length, displacing the sections of the messenger wire away from the mast locations. These
displacements are shown in Figure 3.15. With each subsequent span, these displacements
grow larger, thatis 0 =d| <d) < d3 < ... < d,.

- —d - — d3 - — dy

/

Contact wire

Fig. 3.15 Displacements of the support locations due to a shortening of the messenger wire
due to loading. Diagram not to scale and displacements are exaggerated. Mast locations
indicated by the vertical lines.

The displacement d; of the i mast point and the unloaded length Ly, of the i span, is

used to calculate the strain in the x-direction for each span using
Lo i€ =diy1 —d;, i € [1,number of spans]. (3.31)

From the strain, calculated in Equation 3.31, the tensioned lengths L calculated using

Equation 3.19 and the mast coordinates, the loaded length .Z is given by

B L
Cl+eg]

(3.32)

which can be substituted into Equation 3.30 to determine the initial spring length £.

Once the spring length is known, the spring stiffness is fixed to match the material
properties of the messenger wire that the spring element is representing. Considering
Hooke’s Law once again, the spring stiffness k is given by EA./{, where / is given by
Equation 3.30. Given each ¢ varies from span to span, the spring constant in each span varies
in the same way.

This completes the process required to generate the correct coordinates and line lengths
to create the overhead line geometry, an example of which is shown in Figure 3.16.

Once the geometry discussed in this section has been created, the interaction between
them and a moving train pantograph can be studied. The process used to do this is discussed

in the following Section.
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Fig. 3.16 Overhead line geometry example generated using the described method.

3.2.4 Modelling process — Simulating the catenary pantograph interac-
tion

Throughout the simulation of the catenary pantograph interaction, the simulation is split into
distinct stages so as to allow for the manipulation of the forces and boundary conditions
applied to the model. At the end of each load step, the forces and boundary conditions
are retained to act as the initial state for the subsequent load step. As well as the forces
and boundary conditions, the initial conditions retained also include the nodal positions,

velocities and accelerations. In this instance, the model is split into three load steps:

1. The static load step where the wires are tensioned, and gravity is applied, pulling the
OLE into the correct geometry.

2. The ‘settling’ step whereby all vibrations caused by applying tension and gravity to
the OLE are allowed to decay, leaving the geometry in static equilibrium.

3. The dynamic load step where the catenary pantograph interaction is simulated.

Within each load step, a number of sub—steps are used to apply external forces to the
OLE. This aids in the convergence of the model as changes between each sub—step are small.

Static wire equilibrium and imposition of the boundary conditions

Using the coordinates generated using the process described in Section 3.2.3, the OLE
geometry is created and meshed based on the element size chosen during the data input
process.

Tension and gravitational loads are applied to the OLE during this load step, giving
the OLE the correct shape. The result of this load step is an OLE geometry in static
equilibrium. As well as gravitational and tensile loads being applied to the overhead line,

sufficient boundary conditions are also applied to the OLE to constrain the system. Whilst



3.2 Sensitivity of the catenary pantograph interaction to mechanical parameter variation 93

the boundary conditions and constraints are also applied to the pantograph in this load step,
discussion of those is given in Section 3.2.4.

Globally, the system is constrained against any displacements in the lateral z-direction
and rotations about the horizontal x- and vertical y-directions are also constrained. These
constraints result in a 2D representation of the overhead line, and also reduces the degrees
of freedom of the system, significantly reducing the number of calculations required. By
constraining the OLE geometry to the xy-plane, the length of the contact wire in each span
has been shortened relative to the true wire length when the wire is staggered. In the xy-plane,

the difference between the contact wire length and the true staggered length is small and can

F(x:s0) = <\/1+ (S;O)z— 1) , (3.33)

where x is the span length and s is the stagger amount. Since the derivative

be calculated using

2
F'(x;50) = ——=0 (3.34)

)
x21/x2+s(2)

is negative definite away from the origin, this difference decreases with the cube of the span
length. The magnitude of the difference can be seen in Figure 3.17 when a maximum stagger
of 400 mm is used.

The messenger wire is constrained against all displacements at the first mast location
and displacements in the vertical direction at subsequent mast locations are constrained,
replicating support provided by the registration arms at each mast. The transmission of
mechanical waves between spans is permitted by leaving the wire at the subsequent supports
free. Tension is applied in the longitudinal x-direction at the final messenger wire node.

The contact wire is constrained against x-direction displacements at the first node only,
in contrast to the messenger wire and is constrained against rotations about the z-axis at the

end points. Tension is applied in the x-direction in the same manner as the messenger wire.

Settling step

Once the first load step is complete, nodal positions and applied boundary conditions are
retained as the initial conditions for the settling step. During the first load step, nodal accelera-
tions are incurred during the sagging of the overhead line. This is rectified by maintaining the
boundary conditions from the previous load step and the residual accelerations are allowed

to decay. Since this load is static, time integration effects are turned off ensuring the effects
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Fig. 3.17 Difference between the length of a contact wire in the plane and a staggered contact
wire with increasing span length.

of removing residual accelerations don’t affect the subsequent load step. No displacements
of the OLE geometry are applied in this load step so the desired geometry from the previous

load step is maintained.

Pantograph model

Once the overhead line geometry is created, the model of the pantograph is introduced. The
process to create the pantograph model is substantially more straightforward than creating
the overhead line geometry. A lumped—mass representation of the pantograph, shown in
Figure 3.18a and keypoints are created in a “T’—shape to represent each of the lumped masses
as shown in Figure 3.18b. A “T’-shape is used rather than a single vertical line of keypoints to
ensure contact between the pantograph and the contact wire in the lateral direction. A single
vertical line of keypoints would allow for the contact wire to ‘fall off’ the node representing
the pantograph. The parameter values used for each element of the pantograph are given in
Table 3.5.

The three-mass representation was chosen over the simpler two-mass to be able to
represent the pantograph arm opening and closing at the knuckle. Whilst the two-mass model

was sufficient for performing simulations with a level contact wire where the change in the
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Fig. 3.18 (a) Three degrees of freedom lumped mass-spring representation of the pantograph.
The displacement of mass i is given by ¢;, and the force Fj is the static uplift force taken to
be 70 N. The aerodynamic force F3 in this case is given by 0.01031\/%, N. (b) The element
representation of the lumped mass model created in ANSYS. Each of the keypoints kp;,
correspond to mass i of the lumped mass model with the bottom keypoint taking the place of
the train roof where the pantograph is mounted.

contact wire height due to presag (60 mm) is small relative to the span length (~ 0.1%),
the lack of a third mass caused breakdowns in the simulation when the contact wire height
change was much larger (~ 10% of the span length).

As with the overhead line model, constraints are applied to the pantograph model to
ensure the correct dynamic behaviour during the dynamic simulation. During the static load
step, all lines and keypoints of the pantograph are constrained against rotations in the lateral
z-direction ensuring the pantograph remains upright and all accelerations are in the vertical
direction. The bottom keypoint is constrained against displacements in the y-direction as
displacements of the pantograph mounting due to vibrations from the train suspension are
small relative to the vertical displacements of the pantograph head.

During this load step, gravity brings the contact wire into contact with the collector
head of the pantograph. Temporarily constraining the collector head keypoints against
displacements in the vertical direction allows the contact wire sag to bring the contact wire
into contact with the collector head rather than the uplift forces of the pantograph pushing
up against the contact wire reducing the initial contact force and pantograph uplift prior to

simulations of the dynamic interaction.
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Table 3.5 Parameter values for the lumped-mass model of the pantograph.

Mass (kg) Damping (Ns/m) Stiffness (kN/m)
mp =3.53 c; =326 ki1 =0

my=717.5 c=0 ky=25

WZ3:5.3 C3 =70 k3 =6.3

No changes are made to the constraints applied to the pantograph model during the
settling step and similar to the contact wire, no changes in the geometry are made during this
step. Once this step is complete all residual velocities and accelerations of the pantograph
caused by bringing it into contact with the contact wire have decayed to zero.

The outcome of the previous static and settling load steps are an overhead line geometry
correctly tensioned and fully settled, in contact with the pantograph collector head ready for

the dynamic load step.

Dynamic load step

The two previous steps generate a tensioned and settled overhead line system ready for a
velocity to be applied to the pantograph and for the interaction between the pantograph
and catenary to be simulated. The third load step occurs from the time the previous load
step finished to the time the pantograph reaches the final span in the working section, thus
each simulation had a different end point. This was chosen to avoid simulating an extensive
number of spans, such as those in Figure 3.23a, when the output from them would be unused.
Thus the time required is given by

Leon — P
Tiot = tend + ——"L (3.35)

Vp
where Lo, is the end of the working section of the model and vy, is the pantograph velocity.
In the case of multiple pantograph operation, Py, gives the pantograph separation.

A transient analysis of the catenary pantograph interaction is performed with a fixed time
step determined by the frequency of the data collection. Typically the frequency of interest is
20 Hz as required by BS EN 50318 [14], however to better understand the high frequency
dynamic effects, frequencies up to 80 Hz are considered in Chapter 8. Data collection was
performed at a frequency of 200 Hz giving a time step of 0.005 s, more than double the
frequency of interest, and was chosen to match the data collection frequency of the test track

measurements used in the validation step. Given the pantograph velocity was taken to be
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200 km/h, the time step size corresponded to a pantograph translation of 0.278 m during
each time step, smaller than the 0.5 m mesh element size. This was chosen to ensure that
during each time step, the elements forming the pantograph carbon followed the elements
forming the contact wire during the height transition. Figure 3.19 shows the displacement of

the pantograph during each time step relative to the mesh sizing of the contact wire.

<—— Mesh element size —

0O 01 02 03 04 05 06 0.7 08 09 1.0 1.1 1.2
fo 5] 1) 13 t4

~_

Pantograph displacement

Fig. 3.19 Mesh element sizing and pantograph displacement during each time step. During
each time step, the displacement of the pantograph is less than the mesh element size.

Damping of the overhead line is applied globally using Rayleigh damping of the form
C = vM+1K, (3.36)

where v = 0.0055 s~! and = 0.011 s, are the mass and stiffness proportional damping
factors respectively [241].
During the simulation of the catenary pantograph interaction, six of the pre-defined

element types in ANSYS are used. These are:

* BEAM189: A three-node Timoshenko beam element, used to represent the messenger
and contact wires. The three—node element is defined by a quadratic shape function
allowing for nonlinear deformation of the elements between nodal points. Two of these
elements are also used to model the contact strips on the collector head. By using a pair
of beam elements, contact between the contact wire and pantograph can be modelled

as the contact between two crossed beams.

Material properties required by the BEAM189 element include the Young’s Modulus,
E, Poisson’s ratio, v and the material density p. These are defined by the inputs
provided by the user in the inputs package. The contact strips on the collector head are
given the default values for £ and v, and the density is set to zero as lumped-masses

are used in the pantograph model.

* COMBIN14: A linear spring-damper, used for the tensioning springs applied to the

messenger wire at the ends of each span. The spring stiffness, k, and the initial length,
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¢, are defined by the process given in Section 3.2.3. As well as being used for the
tensioning springs in each of the overhead line spans, the COMBIN14 element is
also used to represent the spring-dampers in the pantograph where the required real

constants are the spring stiffnesses, k, and damping coefficients, ¢, given in Table 3.5.

COMBIN39: A nonlinear spring is used to model the droppers allowing for different
behaviours to be determined based on the dropper being in compression or under
tension. Typically a dropper is under tension due to the droppers supporting the weight
of the contact wire, but during train passage, uplift caused by the pantograph causes

the droppers to buckle thus the element is required to satisfy both these behaviours.

Real constants required include a pair of coordinates to define the force-extension curve.
Given the two different behaviours, two different dropper stiffnesses are required, kiens
and kcomp. Under compressive load, a dropper provides no resistance to vertical uplift
and buckles. This behaviour can be represented using the COMBIN39 element option

to set the dropper compressive stiffness to zero.

MASS21: Structural mass elements are used for all elements of the model represented
by lumped masses. These include the registration arms, dropper clamps and the
lumped-masses of the pantograph model. The material properties required by the

element are given by the initial data inputs.

CONTA176/TARGE170: Line-to-line 3D contact elements and 3D target elements are
paired together to allow for the interaction between the contact wire and pantograph to
be modelled. The elements are used to detect contact between the respective surfaces
and are overlaid onto the BEAM 189 elements sharing the same nodes. Contact is
defined using the penalty function algorithm with a contact stiffness of 50 kN [14]
between the CONTA176 and TARGE170 elements. They are also given a common

radius which is taken to be the contact wire radius for simplicity.

The full list of physical constants (referred to as ‘real constants’ in the ANSYS literature)

given for the element types described above are given in Table 3.6.

Having defined the element types and the required physical constants for each of them,

the ‘pre-tensioned’ coordinates generated in Section 3.2.3 are used as coordinates for the

keypoints in ANSYS. Beginning with the messenger wire, and then the contact wire, the

keypoints are ordered sequentially in the positive x-direction, with a keypoint located at

each end of a dropper and for the registration arms between each span. Further keypoints

are created between the messenger wire and the messenger wire tensioning springs. The
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Table 3.6 Parameter values for the finite element representation of the overhead line equip-
ment.

Application Element type Physical constant

Contact wire BEAMI189 Young’s Modulus, E = 117 GPa, Pois-
son’s ratio, 0.33, Mass per unit length,
1.07 kg/m

Messenger wire BEAM189 Young’s Modulus, E = 100 GPa, Pois-
son’s ratio, 0.34, Mass per unit length,
0.6 kg/m

Droppers COMBIN39 Stiffness in tension, 1260 kN /m

Clamps MASS21 Dropper mass, 0.093 kg/m, Contact and
messenger wire clamps, 0.15 kg, Registra-
tion arms 0.924 kg

Contact elements CONTA176, Contact radius, 13.2 mm

TARGE170

pantograph keypoints are created in the positive y-direction after the overhead line keypoints
are created.

Connecting the keypoints of the contact wire and messenger wire are straight lines, that
are also numbered sequentially beginning with the messenger wire, the contact wire, the
droppers and finally the pantograph. These nominally straight lines under load deform
quadratically according to the defined behaviour of the BEAM189 element, generating
the correct overhead line curvature. Each of the straight lines represents a single element.
Meshing of the created straight lines is performed and the element types and physical
constants are assigned to the appropriate lines and lumped-masses and CONTA176 elements
are overlaid on the pantograph collector head, whilst TARGE170 elements are overlaid on
the contact wire.

The boundary conditions maintained from the previous load step are altered to allow
for the interaction between the pantograph and contact wire. To allow this, the constraint
against y-direction displacements of the collector head is removed and the constraint against
x-direction displacements of all pantograph keypoints is removed. Finally an x-direction
velocity is applied to each of the pantograph nodes.

The outcome of this load step is a transient analysis of the catenary pantograph interaction
for a given train velocity. Dynamic behaviour is recorded at each sub-step and the nodal and

element data for both the pantograph and overhead line is retained for data post-processing.
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Mechanical parameters investigated

To investigate the dynamic response of the catenary pantograph interaction to mechanical
parameter variation, the varied parameters were split between those of the overhead line
equipment and those of the pantograph. With respect to the overhead line equipment, the

chosen parameters were:

* Messenger and contact wire tensions, to assess the effects of either increased wire
sag when the tension is reduced (this situation represents thermal expansion or loss of
effective tension over the system life), or decreased wire sag as an approach to improve

the dynamic performance.

» Contact wire mass, to represent (i) the wear state of the contact wire over the lifetime of
the equipment, and (ii) the response to an increase in the contact wire mass to increase

the system resilience to wear, thus prolonging the system life.
Parameters varied with respect to the pantograph include:

* The mass of the pantograph collector head to demonstrate the requirement that the

pantograph head should be minimised to ensure good dynamic performance.
* The mass of the frame supporting the pantograph collector head.

* The stiffness of the bar connecting the pantograph collector head to the pantograph
collector frame.

* The static uplift applied at the base of the pantograph necessary to ensure good contact

at the contact interface.

Parameters such as the dropper clamp mass can be investigated, however to correctly
assess the dynamic response for a train speed of 200 km/h, the required simulation time step
would be approximately 0.5 ms, or equivalently a data collection frequency of approximately
2 kHz. Since the mass of the clamps is small (150 g) relative to the mass of the contact wire
and the pantograph collector head, it is unlikely that the mass of the dropper clamps has a
significant effect on the dynamic response of the system. As such, dropper clamp mass was
not investigated here.

The geometry of the overhead line can also be configured. In this regard, a dropper was
removed to represent the system response to a dropper failure (either due to the dropper
buckling or breakage), and also the number of droppers in each span was increased to
determine if the contact force variation as the line speed increases can be improved by

reducing the unsupported contact wire lengths.
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Data post-processing and generation of outputs

Due to recording the nodal and element solutions at each sub-step during the dynamic step, a
substantial results file is created, typically of order 300 GB. Outputs were generated from
this data file using the ANSYS GUI or through the use of a macro to generate useful outputs
such as the contact force at each time step.

Data towards the end of a wire run is not included in the data analysis due to end effects.
At the beginning of a simulation, due to the change in the pantograph boundary conditions
as the dynamic load step begins, settling occurs between the pantograph and contact wire
before the interaction becomes fully realised. Towards the end of the simulation, mechanical
waves reflected back from the final support interact with the waves sent out from the point of
contact. To avoid this, the substantial number of spans after the working section, as shown in
each of the geometries in Figure 3.23 for example, are used to allow the pantograph to reach
the end of the working section before the reflected wave. This differs from a real system
where the length of the wire run is limited and therefore the catenary pantograph interaction
would be affected by the reflected wave from the support at the end of the wire run. The
calculation to determine the required number of spans depends on the wave propagation

speed in the contact wire given by

5= : (3.37)

where T¢op 1s the contact wire tension and m, the mass per unit length.

Manual post—processing of the results was initially performed using the ANSYS GUI.
The results displayed using this method allow for the results of the full finite element model
to be displayed at each time step. Whilst this method is useful for considering the results in
each time step, given the significantly large number of time steps used during each simulation,
it came apparent that traversing each time step and recording the necessary data to predict

the dynamics over time is prohibitively time consuming.

Collecting useful data from the results file

To generate data outputs for the entire time of the simulation, macro—based post—processing
was used to export useful results such as the contact force and pantograph uplift at each time
step. The contact force can be derived from the penetration between the CONTA176 and
TARGE170 elements at each time step, which together with the contact stiffness between
the elements gives the contact force using Hooke’s Law. Whilst ANSYS records the contact

force at each time step despite the contact force equalling zero everywhere away from the
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point of contact, the maximum contact pressure, at the contact point, can be extracted from
the data and recorded using an Element Table. The vertical position of the pantograph head
was recorded at each time step, and was extracted during the post—processing step to allow
the contact wire uplift to be observed. At each time step, the vertical nodal displacements of
the nodes representing the contact wire supports were extracted to examine the contact wire

support uplifts as the pantograph passed each location.

Filtering the data

Data collection during the simulation is performed at a frequency of 200 Hz. This is done to
keep the simulation sub-steps small and to aid in the convergence of the simulation at each
time step. Collecting data at a high frequency also captures high frequency behaviour in the
model such as sudden shocks due to overly stiff registration arms for example. Typically
however, the data is filtered using a low-pass filter with a cut-off frequency of 20 Hz,
during the validation process. This attenuation of higher frequencies causes high frequency
behaviour to be lost during the filtering process, so analysis of the contact force at frequencies
up to 80 Hz is performed in Chapter 8.

To perform the low-pass filter, a digital finite impulse response (FIR) filter is implemented
in MATLAB using the ‘designfilt’ procedure. Alternative methods including the use of the
Fast Fourier Transform in Excel were considered however the Excel procedure limits the
number of datum points to be transformed to a power of two. This restricts the amount of
data to be considered. For example, a contact force output with, say 3000 entries, only the
first 211 = 2048, or 68.3% of the data can be transformed. The filter procedure in MATLAB
does not have this limitation and also requires less user input during the filtering process.

The sampling frequency used was 200 Hz to match the frequency of the data collection
and the cutoff frequency was 20 Hz. To achieve the required level of performance, a filter
order of 300 was used and the filter length was 301 samples. Since the filter order was 300,
this corresponded to a group delay of 150 samples which was accounted for by a shift of the
transformed data. The linear group delay was a major factor in the choice of a FIR filter over
an infinite impulse response filter (IIR) which display nonlinear group delay. The magnitude

response for the low-pass filter is given in Figure 3.20.
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Fig. 3.20 Magnitude response function for the low-pass filter used.

3.3 Aerodynamic loading of a railway overhead line sys-

tem

In Section 3.1, a description of the methodology to determine the aerodynamic forces on a
contact wire in an incident flow was described. In this section, the methodology to apply
those aerodynamic loads to a model of the overhead line system is discussed. The proposed
method also seeks to predict what effects may be caused by an incident wind flow on the
catenary pantograph interaction. Identification of the possibility of unwanted dynamic effects
would suggest more research is necessary in this area as it currently a not well researched
topic.

To allow for the effects of aerodynamic loading on an overhead line system to be
investigated, building upon the finite element model presented in the previous section,
modifications are made to allow for 3D behaviour. To allow for this behaviour, constraints
applied to the pantograph and overhead line that fix the dynamics in the plane are removed.
This allows for displacement of the contact wire and pantograph components in the lateral
direction orthogonal to the motion of the pantograph. Since lateral displacements of a train

are small relative to the lateral deflections of the contact wire, the boundary condition placed
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on the base of the pantograph is maintained, as are the boundary conditions fixing the lateral
position of the overhead line supports. This was done as lateral deflection of a rigid support
is similarly small to the deflection of the train body under sidewinds.

On open areas of the network, the entire system can be considered to be under the
influence of the aerodynamic flow. However, sections of the network are protected from
sidewinds, either by tunnels, embankments or bridges. For this reason, two cases studies are
considered: the effect of sudden aerodynamic loads on an overhead line leaving a tunnel, and
when a small section of an overhead line is protected by the supports of an overbridge. Both
of these cases are considered to extend the applicability of the predicted dynamics, as well as
to identify what effects and degradation of the catenary pantograph interaction, if any, may

occur due to sidewinds.

3.3.1 Simulation parameters

To assess the effect due to aerodynamic loads on the catenary pantograph interaction, the
geometry and mechanical parameters of the overhead line and pantograph are fixed in each

simulation whilst the variables altered are:
* The magnitude of the aerodynamic load, and
* The frequency of the oscillations of the aerodynamic lift force.

Each of the these were calculated from the simulations of the flow around a contact wire.
The magnitude of the aerodynamic load was considered to predict the dynamic response
of the system as the wind speed increases. With increasing wind speed, the aerodynamic
pressure on the contact wire increases, thus increasing the magnitude of the resultant force on
the system. A larger drag force is predicted to increase the contact wire deflection, and lead
to a larger risk of dewirement. Similarly, the increased wind speed increases the magnitude of
the aerodynamic lift which is likely to cause high frequency oscillations of the contact wire
resulting in contact loss. This contact loss causes arcing at the contact interface degrading
the contact surfaces hastening the onset of fatigue.

To apply the wind load to the overhead line, a sinusoidal function is applied to the
nodal points of the model components representing the contact wire, messenger wires and
the pantograph. This sinusoid has amplitude and frequency derived from the methodology
presented in Section 3.1, with the frequency taken to be zero in the case of aerodynamic drag,
1.e., aerodynamic drag was considered a static load on the system, whilst aerodynamic lift

was taken to be a dynamic behaviour.
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The output generated in the previous section, contact force and uplift of the contact
wire at supports, is also the generated output here. The resultant contact force of a catenary
pantograph interaction is predicted to experience a larger variation due to the incident flow,
degrading the contact performance of the system. The uplift at the supports is also of value
as an increase in the wire uplift risks breaching the electrical clearances between the contact
wire and civil structures such as bridges and tunnels. Breaching these clearances poses a
risk of arcing to structures. Since the model is also unconstrained to exhibit behaviour in
the lateral direction, the lateral displacements of the node corresponding to midspan is also

recorded to measure the greatest blow—off due to aerodynamic drag.

3.4 Effect of contact wire height variation on the catenary

pantograph interaction

The previous sections considered an overhead line with a constant wire height, that is the
wire height at the supports was constant, whilst height variations due to were wire sag were
small relative to the span length. In this section the methodology with respect to investigating
the effect of introducing large scale wire height changes, and thus inducing a gradient in the

contact wire, is presented.

3.4.1 Overhead line geometries used

Three models are adopted to assess the effect of wire height changes on the dynamic catenary
pantograph interaction, whilst a level wire height model with a varying system height is used
to highlight core effects due to dropper height changes. In this section, the models used are

presented.

Model 1

Before investigating the influence of gradients on the catenary pantograph interaction, vali-
dation of the model for changing wire heights was performed. This was performed using
data provided by track tests using a British Rail Class 395 high speed electric multiple unit at
Network Rail’s Melton Rail Innovation and Development Centre (RIDC).

Using data provided from track tests at the RIDC was advantageous as the full overhead
line geometry is known in contrast to OLE installed on the mainline where typically wire

heights and locations are only known at supports. As such a finite element representation of
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the overhead line was created using the method described in the Section 3.2.3 and is shown

in Figure 3.21.
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Fig. 3.21 Vertically exaggerated and horizontally compressed test track overhead line geome-
try created in ANSYS. Here, 1 m vertically corresponds to 120 m horizontally. The dashed
box indicates the section of overhead line data analysis was performed over. The spans not
included in the box were included to account for end effects.

The wire run used in the validation consisted of 22 spans over a length of 826 m and the
contact wire height ranged from a maximum of 4.46 m down to 4.08 m. As evident from
Figure 3.21, span lengths were inconsistent with the longest a span of 65 m (location 2) and
a smallest of 9 m (location 1) where registration arms were fixed either side of a bridge to
better resist dynamic uplift in the wire during train passage.

Given the nature of the overhead line being used primarily as a test line, dropper spacing
is also inconsistent, most evident before the second bridge location, shown as location 3 in
Figure 3.21. Here, a dropper had been removed to investigate the effect of missing droppers
in an otherwise conventional overhead line, thus causing the contact wire to sag further than
usual. This had the advantage of providing a larger change in contact wire height than would
otherwise have been expected, useful for validating the model over bigger changes in contact

wire height.

Model 2

Whilst model 1 was used only for the validation case against test track data, model 2 was
used to investigate a range of different wire gradients in otherwise identical spans of overhead
line. In this model, the span length was taken to be 60 m, and the total wire height change
was 1.2 m. To achieve the wire height change, only the messenger wire support height was
changed, and the lengths of the droppers were unaltered. The lengths and dropper spacings
are given in Table 3.7. The aim was to allow study of the core dynamic effects due to different
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wire gradients while avoiding the complexity of the more realistic geometries in models 3
and 4.

Table 3.7 Dropper locations and their lengths used in model 2. All entries given in m.

Dropper 1 2 3 4 5
Location from start of span 5.5 17.75 30 4225 54.5
Length 1.09 094 0.845 094 1.09

In this model, the messenger wire support height was chosen to induce a gradient in the
contact wire exceeding the current maximum permitted wire gradient of 1:500 according
to BS EN 50119 [26]. A schematic showing the contact wire height in the case of a wire
gradient of 1:100, is shown in Figure 3.22 indicating the level, and gradient spans. In each
gradient case, the schematic is similar, but with the ‘gradient studied’ section extended over

sufficient spans to achieve the required height change of 1.2 m.
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Fig. 3.22 Wire schematic indicating the contact wire height when the wire gradient is 1:100.
Mast locations are indicated by dashed vertical lines, and the contact wire gradient in each
span is given. Each of the gradients studied has a similar schematic, with an increased
number of ‘Gradient studied’ spans used in each case. Sharp transitions are exaggerated by
the scaling (120:1 between horizontal and vertical scales) and were not present in reality.

Within each wire run, a transition span between the level spans and the maximum gradient
span is used. In these spans, the wire gradient is half that of the maximum wire gradient as
required by BS EN 50119 [26], e.g., when the maximum wire gradient was 1:200, the gradient
in the transition span was 1:400. In each simulation, there are four of these transitions, as
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shown in Figure 3.22. Table 3.8 gives the gradients used throughout as well as the total

length of each wire run for each simulation.
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(a) Wire geometry when the wire gradient is 1:500.
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(b) Wire geometry when the wire gradient is 1:100.
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Fig. 3.23 Two of the wire geometries used representative of the different geometries consid-
ered. The vertical scale is exaggerated relative to the horizontal scale with 1 m vertically
corresponding to 120 m vertically.

Figures 3.23a and 3.23b show the geometries for the cases where the wire gradient was
1:500 and 1:100 respectively. The necessary spans following the height variation to account
for any end effects are clearly shown to become significant as the gradient is increased. Due
to these spans only being included to avoid unwanted boundary effects caused by wave
reflections at the end of the wire run, simulations were halted once the height change section

had been completed to avoid unnecessary computational time.
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Table 3.8 Maximum gradient, number of spans, total wire length, and working section ends
used for model 2. The working section begins at 300 m in each case.

Maximum gra- Number of Number of Total length of Working section
dient spans at maxi- spans used in wire run (km) end (m)
mum gradient simulation
1:500 9 46 2.76 1800
1:400 7 40 2.40 1560
1:300 5 34 2.04 1320
1:200 3 28 1.68 1080
1:100 1 22 1.32 840
Model 3

Model 2 introduced variable wire heights in otherwise identical spans of overhead line.
In model 3, a reduction in the dropper lengths and thus the system height is introduced.
Figure 3.24 shows the wire profile when the contact wire gradient is 1:100 and is designed
to be consistent with the contact wire profile presented in model 2. The dropper lengths
are reduced to allow the messenger wire to drop down further than the contact wire. The
reduced dropper lengths in the central level span are approximately 50% of those in the
corresponding level span in model 2 and represent a more realistic installation where best

use of the available space is made by using appropriately sized droppers.
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Fig. 3.24 Overhead line geometry with a reduction in the system and contact wire heights.
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Model 4

The final overhead line geometry considered here is a reduction in the system height but
maintaining the contact wire height. Using the geometry shown in Figure 3.25, the influence

of the dropper lengths can be determined.
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Fig. 3.25 Overhead line geometry with a reduction in the system height only.

Aside from the lengths of the droppers in models 3 and 4, the parameters from model 2

such as wire tension or material properties were left unchanged.

Data analysis

Data analysis of the output generated for each of the four models presented in this section is
performed in the same manner as that discussed in Section 3.2.4, however a new technique
is introduced to study the dynamics due to wire gradients. Since a large number of spans
are required to achieve the necessary gradients, core dynamic behaviours are masked when
applying the usual statistical analysis. As such, a windowing technique is adopted. The
windowing technique is used to analyse the data over smaller lengths than used in the previous
analysis. Since the length of all of the spans used in models 2,3 and 4 was 60 m, the window
length was set to cover the corresponding number of data samples. This was 216, since
each time step corresponded to a pantograph travel distance of 0.278 m. The window was
also allowed to ‘slide’ over every datum point rather than just consider each individual span
allowing for closer analysis of the behaviour of discrete sections of the overhead line. The
windowing technique is demonstrated in Figure 3.26 using a data set containing 7 elements

and a window of length 3.
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Fig. 3.26 Example of the windowing technique with window length 3. The window averages
the data set A; over three datum points to create the data set M. The method is used to
analyse discrete behaviours during the catenary pantograph interaction.

3.5 Research work flow

Figure 3.27 gives the workstream adopted throughout this project.
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Methodology

Research aim: Quantify the dynamic behaviours of the
catenary pantograph interaction as a response to mechanical
parameter variation and aerodynamic effects with a view to
identifying potential failure modes and routes to cost

effective electrification.
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Fig. 3.27 Workstream highlighting the key areas of work performed.




Chapter 4

Dynamic overhead line modelling

4.1 Model development

The research in this thesis builds upon a previously validated and published model in [241]

and extends the model in two way:

1. New wire configurations are explored, particularly inclines, using the originally adopted

physics model of the pantograph to overhead line system.

2. The model is transitioned from a 2D to a 3D system with the addition of side loading

from the wind.

This Chapter describes the addition of specific new features. In addition, some of the
original modelling assumptions such as neglection frictional forces at the contact interface

are explored to ensure their validity for the more demanding modelling reported in this thesis.

4.1.1 Addition of friction between the pantograph and contact wire

The previous model, developed in [241], included no friction between the contact wire and
pantograph. Friction may have a greater effect on the inclined wires explored in the current
research than in the previous level wire configurations, so to determine the effect friction has
the on the catenary pantograph interaction, the model was updated to allow for this. The
frictional model adopted represents Coulomb friction with a single coefficient of friction u
as the friction is assumed to be isotropic, that is friction between the contact surfaces would
be equal irrespective of the direction of travel. Implementation of the model in ANSYS is

provided using the TB command along with specification of the coefficient of friction after
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the contact surfaces have been specified. Section 4.3.3 discusses the sensitivity of the finite

element model to various non-zero friction coefficients.

4.1.2 Aerodynamic load input to a dynamic finite element model

The aerodynamic load on an overhead line is quantified in Chapter 5 and to implement
the aerodynamic forces into the overhead line model in Chapter 7, the existing model was
developed to allow for this functionality extending it from consideration of pantograph loads
alone.

The aerodynamic force was applied using a transient function, given by Equation 4.1,
which defines a value at each time step of the simulation based on the mean aerodynamic lift
and drag forces and the relevant frequency of the aerodynamic oscillations as calculated in
Chapter 5. This method was adopted to avoid requiring the definition of individual aerody-
namic loads at each time step of the simulation in the model input file. The aerodynamic load
function can then be applied to the desired nodal coordinates of the model before the transient
simulation of catenary pantograph interaction is performed. The function can also define
different regimes with different behaviour, for example gusting can be implemented with a
Gaussian of small variance superimposed on the sinusoid approximating the aerodynamic

force, given by

where Uaero Was the mean aerodynamic force and f is the oscillation frequency for the
corresponding lift force, as calculated in Chapter 5. The form of Equation 4.1 was chosen to
represent the sinusoidal lift force shown in Figure 5.14 in Chapter 5. In the case of the drag
force, the oscillation frequency was zero and the drag load can be taken to be static.

To reduce the number of degrees of freedom in the previous simulations, lateral deflections
of the overhead line in the original model were constrained so that all motion occurred in
the vertical plane. To account for deflections due to aerodynamic drag, the constraints are
relaxed and away from the supports at mast locations, the geometry is now free to displace
in all directions as a fully 3D structure. The aerodynamic force was modelled in this way
using the function editor application in ANSYS rather than creating a load step for a new
aerodynamic load to be applied at every time step, drastically reducing the computation time.
The aerodynamic force is applied to the contact wire nodes in the lateral z—direction across
the track in the case of the drag force and in the vertical y—direction in the case of the lift
force, as shown in Figure 4.1. No aerodynamic loads along the track (i.e., in the x—direction)

were considered.
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Fig. 4.1 Schematic of aerodynamic loads applied to the contact wire nodes to represent the
lift and drag forces calculated in Chapter 5.

4.2 Validation process

Model validation is performed in accordance with the methodology described in BS EN
50318 [287]. According to BS EN 50318, model validation is performed in two steps:

Step 1: Analysis of the predicted overhead line dynamics of a reference model with a given

overhead line geometry and pantograph model.

Step 2: Comparison of modelling predictions against test track data measured in accordance
with BS EN 50317 [10].

60 m

I I | D

4.8 m

Fig. 4.2 A representative span of the reference geometry used for Step 1 of model validation
where the dropper positions and lengths are given in Table 4.1. Components such as
registration arms and supports are omitted here for clarity.

The validation reference model used in Step 1 considers an idealised overhead line
geometry consisting of ten identical 60 m spans under which a single pantograph passes, and
statistical analysis is then performed over the central two spans to discount unwanted end
effects, such as reflected wave behaviour. Figure 4.2 gives the idealised geometry used for
each span in the reference model. Each of the ten spans are identical, and the positioning of

the droppers in each span are given in Table 4.1.
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Table 4.1 Dropper positions and lengths as described in the reference model in BS EN 50318.
All values given in m.

Dropper 1 2 3 4 5 6 7 8 9

Position 5 10.5 17 235 30 36.5 43 49.5 55
Length 0986 0.805 0.648 0.554 0.523 0.554 0.648 0.805 0.986

Throughout the reference case, the standard specifies that the contact wire has a mass
per unit length of 1.35 kg/m and is tensioned with an axial load of 20 kN. Similarly, the
messenger wire has a mass per unit length of 1.07 kg/m and is tensioned with a load of
16.5 kN. Self—weight of the droppers and clamps connecting the droppers to the messenger
and contact wires is neglected, however the droppers do have a stiffness of 100 kN/m in
tension and has zero stiffness in compression, to accurately represent dropper buckling during
pantograph passage.

To assess the accuracy of the modelling predictions, the following statistical parameters

are compared between the BS EN 50318 reference model and the model predictions:
e The arithmetic mean of the contact force, F,.
* The contact force standard deviation, ©.

* Discrete maxima and minima of the contact force, Fp_, ., and Fp_. respectively.

e Statistical maxima, Fy,  , and minima, Fy_. , of the contact force given by F,, -30.

For each of the above quantities, BS EN 50318 defines an acceptable range of for which
the output can be considered valid when the train speeds are either 250 or 300 km/h. The
raw modelling output is then passed through a minimum sixth—order 20 Hz low—pass filter
to remove high the high frequency behaviour. To ensure that end effects due to reflected
mechanical waves and the pantograph coming into contact with the contact wire are not
included in the analysed data, only the fifth and sixth spans are used for data analysis.

For comparison against the reference model, the specifications for the pantograph model
are also given in BS EN 50318. In this case, the pantograph is represented by a mass—spring—
damper system, given in Figure 4.3. The standard specifies that aerodynamic loads on the
pantograph are assumed to be zero and the uplift force applied by the pneumatic actuator at
the base of the real pantograph is represented by the 120 N load applied to the bottom mass.
The base of the pantograph is assumed to be fixed and that vertical vibrations caused by

movement of the train body on its suspension is small relative to the available displacement
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of the pantograph (typically 2 m) and thus has little effect on the dynamics of the pantograph,
as discussed in Section 2.6.1. The contact stiffness between the pantograph and the contact
wire is 50 kN /m as specified in the reference model. For work with significant wire height

variation, the alternative pantograph model shown in Chapter 2.6.2 is adopted.

? 50 kN/m

7.2 kg

4.2 KN/m % Ll_| 10 Ns/m

15 kg

50 N/m I | 90 Ns/m
120N

Fig. 4.3 Lumped—mass representation of the pantograph used to compare modelling predic-
tions against the BS EN 50318 reference model. The value of the physical characteristic of
each of the pantograph element’s are also given.

For Step 2 of the validation, the measured data required was obtained from line tests
performed at Network Rail’s Innovation and Development Centre (RIDC) using a British
Rail Class 395 train. The test track overhead line geometry consisted of 12 non—identical
spans with spans ranging between 46 and 65 m, with four or five droppers in each span.
Mechanical properties of the overhead line system were given as: messenger and contact
wire tensions of 13 and 16.5 kN respectively, and cross—sectional areas of 65 and 120 mm?.
The train speed used during the test was 185 km/h.

From both the test track data and the modelling predictions BS EN 50318 requires that,

1. the standard deviation of the contact force,
2. the maximum wire uplift at the supports, and
3. the range between the wire uplift maxima and minima,

are compared before a model can be considered validated. The standard allows a validated
model to show up to £20% variation between the modelling output and test track data. This
band for which comparisons between test track data and modelling predictions can be made
is due to the difficulty in completely capturing the environment in which the test data was

collected in a simulated model. Two examples would be,

1. Ground movements over time (e.g, due to unstable embankments) cause shifting of

the position of the masts with respect to the track, altering the overhead line geometry
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from the original installed design contributing to variations in the contact force during

operation, and

2. Poor quantification of the wear state of the contact wire, leading to reductions in the

effective inertia of the contact wire during train operation.

In the reference cases used in the validation methodology provided by BS EN 50318,
the contact wire can be considered level, that is the height of the supports at each and of a
span is equal and the only height variation in the contact wire is due to a designed pre—sag or
the natural sag of the wire under gravitational loading. In the test track case, the changes in
the support heights were small (the root—-mean square height change between supports was
20 mm with the largest, a decrease of 56 mm) and therefore could be considered to be a good

approximation to a level contact wire.

4.2.1 Validation of a flat wire arrangement

Validation of the flat level wire arrangement was performed in [241], however was repeated
as a test case to assess the model viability after the development process as described in
Section 4.1. The statistical comparison between the model predictions and the acceptable
ranges of pantograph to wire contact force in BS EN 50318 are provided in Table 4.2 and
Figure 4.4 shows the maximum wire uplift at a support for the two reference cases when
the train speeds were 250 and 300 km /h. The permissible range for the contact wire uplift
prediction when a train speed of 250 km /h is given as 48—55 mm, and the maximum uplift
predicted by the model is 51 mm. For a train speed of 300 km/h, the permissible range is

55-65 mm, whilst the maximum simulated uplift is 60 mm.

Table 4.2 Model statistical output for the two references cases and the allowable range
provided by BS EN 50318. All values given in N.

(a) 250 km/h (b) 300 km/h
Parameter EN 50318 Model Parameter EN 50318 Model
E, 110-120 115 E, 110-120 116
(e} 26 - 131 29.8 c 32-40 37.9
Fp... 175-210 188 Fp,.. 190 -225 207
Fp,.. 50-175 52.7 Fp_. 30-55 33.9
Fs . 190 -210 204 Fs 210-230 230
Fs . 20-40 25.8 Fs . —-5-20 2.27
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Fig. 4.4 Predicted maximum contact wire uplift at a support for the overhead line geometry
specified in standard BS EN 50318. Zero time corresponds to the time the pantograph
passed the support. Legend indicates the train speed used in each case. These are modelling
predictions for each of the two train speeds, not comparisons with measured wire uplifts.

The contact force trace comparison is not required according to BS EN 50318, however
the force trace was compared with the published force trace in [241] and was identical
indicating that the model development described in Section 4.1 left the previous modelling
predictions unchanged. The required output is given in Table 4.3 and it is noted that each of
the outputs is typically towards the lower bound of acceptable output. This is likely due to
the noise inherent in the measured data that is not included in the ‘idealised’ overhead line

model e.g. localised wear of the contact wire.

Table 4.3 Comparison between test track data and model predictions.

Measured -20% Model Measured +20%

Contact force standard deviation (N) 18.5 18.6 27.8
Maximum wire uplift (mm) 37 41 56
Range of vertical displacement (mm) 57 61 85

4.2.2 Validation of a model with large scale height variations

Since no reference models exist for non—level wires, comparison with test track data is the

method adopted for validating extensions of the existing model when large—scale height
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changes such as those considered in Chapter 8 are introduced. Two comparisons against test

track data have been adopted in this validation process:

1. Comparison between the test track data from Network Rail RIDC as in the methodology
given in BS EN 50318, and

2. Comparison against a range of pantograph height variations with measured contact

force data obtained from tests performed on the Great Western Mainline.

Validation of the updated model was achieved using measured data from the Network
Rail RIDC, previously described in Section 3.4.1. The test track overhead line geometry
used is presented in Figure 3.21 and the pantograph model parameters are those given in
Table 3.5.

The output required by BS EN 50318 is given in Table 4.4. All of the results were within
the allowable +£20% band, however the vertical displacement of the contact point was only
marginally lower than the allowable maximum. The larger range of vertical displacement was
due the contact wire model sagging further than the corresponding section of the installed
overhead line. Since the wear state of the contact wire was poorly quantified, it is likely that
since the corresponding location was under an overbridge, localised wear may have reduced
the sag of the installed system, thus reducing the range of vertical displacements. As can
be seen from Table 4.5, statistical output for the simulated data fell within the allowable
420% band defined by BS EN 50318 [287] and the simulated output was in good agreement
with the measured data. The largest outlier was peak contact force, which was predicted
to be 14.3% higher than measured during the track tests. The peaks in the contact force
are observed when the pantograph moves from an upward sloping section to a level contact
wire and reflects the necessary force required to generate the acceleration to change the
pantograph’s direction.

Comparison was made between the force traces of both the simulated and measured
catenary pantograph interactions. There was considerable variation in the span lengths used
in the test track case, ranging between 9 and 65 m. This variation in the span lengths causes
the repeating contact force pattern found on more uniform installations to be lost. Despite
this, the modelling predicted the peak forces typical of support locations due to the increased
vertical stiffness caused by registration arms, and large scale patterns such as lower contact
forces at midspan where the vertical stiffness is reduced were also observed.

Deviations between the modelling predictions and the measured data were likely as the
model did not attempt to model every feature of the real world installation. For example,

whilst the condition of the wire wear was known from the test track measurements, to
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generate a tractable computational model, its variation along the line was not included. For

reasons such as this the large +20% band of allowable statistical output is given.

Table 4.4 Comparison between test track data and model predictions for a model considering
large scale contact wire height variations.

Measured -20% Model Measured +20%

Contact force standard deviation (N) 19.6 27.0 294
Maximum wire uplift (mm) 40 54 60
Range of vertical displacement (mm) 256 383 384

Table 4.5 Model results for the test track and model predictions for the entire OLE length.
All values in Newtons. See nomenclature for definition of statistical terms.

Statistical pa- Measured con- Measured con- Simulated con- Measured con-

rameter tact force -20%  tact force tact force tact force +20%
E, 82.5 103 105 124
Fp,.. 140 175 200 210
Fp_. 23.9 29.8 29.2 35.8
Fs, .. 141 177 186 212
S 23.8 29.8 24.3 35.7

Figure 4.5 show the histograms for the measured and simulated contact force respectively.
Both the measured and simulated data show similar distributions with the contact force mean
varying by approximately 2% and the standard distributions differing by less than 10%. The
largest deviation between the measured and simulated data occurs at the extremes of the
distributions, where the model predicts 1.2% of the contact force is below 70 N compared
with the measured data where 3.3% of the measured contact force was below 70 N. The
model also overpredicts the contact force maxima compared with the measured data. For the
simulated case, approximately 7% of the contact force was above 160 N compared with 3%
of the measured data. Considering F;, = 20, into which approximately 95% of the data falls,
the variation between the measured and simulated data was approximately 5% indicating
good agreement for a majority of the data. For the remaining 5% where the variation was
greater, the data represents only a small proportion of the contact force.

The new adopted validation process for non—level contact wires makes comparison
between the measured and simulated contact force as the pantograph is compressed as the
contact wire height is reduced. In this way, the predictions using the lumped—mass model

can be assessed in a way that thus far has not been presented in the literature. The measured
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Fig. 4.5 Histogram of predicted and measured contact force for the validation case. The
normalised frequency indicates the percentage of data falling within each bin.

contact force from the Great Western Mainline corresponded to a track length of 80 km and
the compression of the pantograph due to decreasing wire heights was up to approximately
1.5 m. The pantograph height over the entire track length is given in Figure 4.6a, and
Figure 4.6b and Figure 4.6¢ show detailed views of the pantograph head height at locations 4
and 6 respectively.

For the test data obtained from the Great Western Mainline, the train speed varied with
a mean of 150 km/h compared with the 185 km/h used in the test cases performed at the
RIDC. To account for the variation in train speed, the mean contact force was normalised by
dividing the mean contact force by the square of the train speed to give mean contact force
per unit speed squared (i.e., Ns?/m?). The square of the train speed is used since the mean
contact force is proportional to the square of the train speed [61].

Figure 4.7, shows the comparison between the measured contact force data obtained

from the Great Western Mainline and the predicted contact force using the finite element
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Fig. 4.6 Pantograph height as measured on test runs on the Great Western Mainline. The
pantograph for the entire track length of 80 km is shown in (a), and (b) and (c) show a
detailed view of the pantograph height transition for selected sections of the track length.
Locations specified in Figure 4.7 are labelled in the figure.

representation of the Network Rail RIDC overhead line system. It can be seen that for

pantograph collector head heights between 4.4 and 4.7 m, the mean contact force grows

slowly as the pantograph is compressed due to a decreasing wire height. As the pantograph

head is compressed further, the growth of the mean contact force grows more rapidly, and

then grows most sharply for pantograph collector head heights below 4.2 m. Outliers are

Locations 5 and 7 compared with the other cases. At these locations, sharper wire gradients
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are observed indicating that the more rapid change in pantograph height induces a greater
force as the pantograph experiences a greater acceleration.

The predicted mean contact force follows the same trend as each of the each of the
measured cases in Figure 4.7. For small compressions of the pantograph from the level wire
working position, the predicted mean contact is also expected to see similar increases and as

the pantograph is compressed further, the rise in the mean contact force becomes greater.
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Fig. 4.7 Comparison between the the predicted mean contact force based on the Network Rail
RIDC overhead line geometry as the pantograph height is reduced, and the measured contact
force for a pantograph at the same operational height as measured on the Great Western
Mainline.

4.3 Modelling assumptions and their sensitivity

To generate a tractable model, assumptions to simplify the real system have been made. In
this section, those assumptions are discussed and the sensitivity of the modelling output to

these assumptions is assessed.
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4.3.1 Stranded messenger wires

For simplicity it is assumed that the stranded messenger wire can be approximated by a
cylinder of equal cross—sectional area, where the empty space between individual strands
can be neglected, with equivalent mechanical properties, e.g., Young’s modulus and linear
density. Compared with a truly solid wire such as the contact wire, for stranded cables,
each strand undergoes small displacements relative to each other under axial tensioning
[288-290]. Due to being composed of multiple strands, stranded wires of equivalent metal
cross—sectional areas to a single stranded wire demonstrate differing flexural rigidities. To
assess the effect of differing flexural rigidities, the cross—sectional area of the single stranded
messenger wire was varied. Table 4.6 gives the Young’s modulus and cross—sectional area
and the corresponding flexural rigidity in each case, where the flexural rigidity is calculated
using,
gEr“ - %EAZ. 4.2)
Visual inspection of the vertical deflection of the overhead line indicates that the mes-
senger wire deflection is smaller than the uplift of a contact wire due to the flexible dropper
buckling as the pantograph passes, thus dynamic behaviour of the messenger is unlikely to

have a large effect on the dynamics at the contact interface.

Table 4.6 Messenger wire flexural rigidities used to assess the effect on the overhead line
dynamics. The base case is when EI = 33.6 Pam*.

Cross—sectional area, [mm?] 71 69 68 65 61 52 40
Flexural rigidity, EI, [Pam*] 39.8 37.8 36.6 33.6 30.0 214 126

Figure 4.8 gives the mean contact force for the catenary pantograph interaction as the
messenger wire flexural rigidity varies and the fitted curve for each of the mean contact
forces. As EI increases, it can be seen that the mean contact force also increases, however this
increase is small. Compared with the mean contact force in the base case, for the maximum
EI =39.8 Pam®, the increase in the mean contact force was only 0.7%, compared to the
approximately 18% increase in the flexural rigidity. Similarly, as EI decreased, so too did
the mean contact force. When EJ was a minimum at 12.6 GPa, the mean contact force was
103 N. This was 1.1 % smaller than the base case of 104 N, despite the 63% decrease in the
flexural rigidity. The equation for the fitted curve in Figure 4.8 is given by,

gk, (EI) =2.86 x 1073(EN""7 +103, (4.3)
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where gr, denotes the fitted polynomial g for the mean contact force as a function of EJ.
Equation 4.3 indicates that the mean contact force grows slowly as a response to increasing
flexural rigidity. The small dependence of the mean contact force on the flexural rigidity of
the contact wire indicates that approximating the messenger wire as a single cylinder, rather
than a stranded conductor, has little overall effect on the dynamic behaviour of the system.

This was expected since the deflection of the messenger wire is small.
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Messenger wire flexural rigidity (Pa m4)

Fig. 4.8 Mean contact force in response to varying the flexural rigidity of the messenger wire.
The base case when EI = 33.6 Pam* is indicated and the dashed lines indicate values of
flexural rigidity up to +10% of the base case.

The contact force standard deviation is given in Figure 4.9, and the equation of the fitted

curve is given by,
go(El) =1.44 x 107 8(ED)>*# 4 11.6. (4.4)

In contrast to the mean contact force, the standard deviation grows faster due to the larger
exponent, suggesting that the reduced flexural rigidity contributes to a greater variation in
the contact force thus reducing the current collection quality. For small increases in the
flexural rigidity (i.e., less than 10% as shown in Figure 4.9), the increase in the contact
force variation is limited at approximately 8%. Similarly, a decrease in EI of approximately
10% leads to a predicted reduction in the contact force standard deviation of 6%, indicating
that for this range of input, the variation of the contact force with respect to changes in the
flexural rigidity is small. Increasing the flexural rigidity to the maximum investigated here,

the contact force standard deviation increased by approximately 47% and decreasing E1 to
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Fig. 4.9 Contact force standard deviation as the flexural rigidity is varied. The base case
when EI = 33.6 Pam* is indicated and the dashed lines indicate values of flexural rigidity
up to =10% of the base case.

its minimum decreased the contact force deviation by approximately 14%, however these

were the extreme cases considered.

4.3.2 Point-mass registration arms

In this work, the registration arms that support the contact wire at the end of each span are
assumed to act as point masses. In an installed system, the registration is arm is formed of a
cylindrical rod that is mounted to lineside masts and experiences vertical deflections during
pantograph passage. To assess the sensitivity of using point masses in contrast to a rod to
support the contact wire at masts, a more complex representation of the registration arm was
introduced at the central support in the overhead line geometry. The mechanical properties
of the registration arm used are given in [240] and are also given in Table 4.7.

To simulate the behaviour of the registration arm, the arm was represented using a
nonlinear beam element with properties corresponding to those given in Table 4.7 and the
boundary conditions were set such that the contact point between the registration arm was
allowed to deflect in the vertical direction during pantograph passage but was fixed in all
directions at the end point where the arm would be fixed to the mast. This correctly allowed
the registration arm to pivot under vertical loading. The registration arm arrangement with
respect to the contact wire is shown in Figure 4.10. The registration arm is orthogonal to the

contact wire and supports the wire at the design height.
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Table 4.7 Distributed mass registration arm material properties used to assess the effect of
using a concentrated mass to represent the registration arms.

Property Value Units
Linear density 0.73 kg/m
Axial stiffness 17000 kN
Bending stiffness 1100 Nm?
Length 1200 mm
Diameter 50 mm

Direction of travel

\ Registration arm

Fixed point
. representing

a rigid mast

Pantograph /

Clamp connecting the Contact wire
registration arm to the
contact wire

Fig. 4.10 Schematic of the arrangement used to support a contact wire using a registration
arm. For clarity the droppers have been omitted.

Figure 4.11 gives the force trace during the catenary pantograph interaction for both
the point mass registration arm and when the arm was more comprehensively represented.
The registration arm was placed at the mast at 180 m and from the force trace, it can be
seen that adopting a point mass representation of the registration arm has little effect on the
contact force during the catenary pantograph interaction. Towards the ends of the spans, the
concentrated mass causes a small increase in the contact force likely due to the point mass
concentrating the vertical stiffness caused by the registration arm at the contact point between
the pantograph, contact wire and contact wire support. By distributing the mass along the
length of the registration arm, the vertical stiffness created by the registration arm is also
distributed. In the centre of the spans, away from the supports, the deviation between the
force traces is minimal as the effect of the registration arm on the overhead line dynamics is
reduced. Table 4.8 gives the statistical output for each of the cases considered here. Coupled
with the force trace, the statistical output highlights the minimal effect distributing the mass

of the registration arm has on the dynamic behaviour. Since the mass of the registration
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arm relative to the total mass of the contact wire and tha pantograph is small (taking the
total mass of the contact wire 5 m either side of the support and the mass of the pantograph
head, the mass of the registration arm is approximately 5% of the combined contact wire and
pantograph head mass), the increased inertia placed at the support for the contact wire by
concentrating the mass has little overall effect. Considering that half the total mass of the
contact wire in the spans either side of the support are supported by the registration arm, the
ratio between the supported mass and the contact wire to the registration arm mass drops to

approximately 1%.

160 1 . .

Concentrated mass
Distributed mass
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o
(e}

Contact force (N)
to
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80 1 1 1
120 150 180 210 240

Position (m)

Fig. 4.11 Contact force trace for the cases where either a concentrated mass representation of
a registration arm is used or a distributed mass registration arm. The legend indicates which
type of mass was used.

Table 4.8 Statistical output comparing the concentrated and distributed mass representations
of an overhead line registration arm. All results in N.

Mass type Fy o Ip

max

FDmin FSmax FS

Lumped 104 127 148 80.7 142 66.3
Distributed 104 124 147 80.8 141 664
Difference (%) -0.6 -24 -0.7 +0.1 -0.7 +0.2

4.3.3 Friction

Previous experimental studies of the sliding contact between the pantograph carbons and

contact wire in [103, 291], indicate that the frictional coefficient varies relative to the train
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running speed and is given as 0.24 < u < 0.35 when the running speed is between 140 and
170 km/h. The coefficient is also estimated in [292] to be between 0.1 and 0.28. Given the
contact force is of the order of 100 N, this would correspond to an additional force parallel to
the wire of between 10 and 28 N (i.e., approximately 0.2% of the applied wire tension of
16.5 kN). To assess the sensitivity of the simulations to frictional behaviour, Coulomb friction
was implemented between the pantograph carbons and the contact wire with coefficients
given by

u € {0,0.01,0.5,0.1,0.2,0.3,0.4,0.5}. 4.5)

The mean and standard deviation of the contact force for each of the u; are shown in
Figure 4.12. In each of the cases, the static uplift force applied to the pantograph was 70 N
and the train running speed was 200 km/s. From Figure 4.12a, it can be seen that the
variation in the mean contact force is small despite the increasing friction between the two
contact surfaces. When friction is neglected, the mean contact force is approximately 104 N,
and increases to approximately 105 N when p = 0.5. This represents a less than 1% increase
in the mean contact force. The variation in the total contact force is given by the standard
deviation in Figure 4.12b. The standard deviation grows more as U increases compared
with the growth in the mean contact force. Comparing the cases when g =0 and u = 0.5,
the standard deviation of the contact force increased by less than 0.05 N (less than 0.3%),
indicating that the frictional contribution also has little greater effect on total force variation.
The range of contact force when friction is neglected is approximately 74.5 N whilst when
u = 0.5, the contact force range is approximately 75 N. Thus, the addition of frictional
behaviour increased the contact force range by just under 1%. These results indicate that
the effects of Coulomb friction on the dynamic characteristics of the catenary pantograph
interaction under consideration in this work are minimal and therefore the neglection of
friction (i.e., taking u = 0) will have little effect on the modelling output.

Since the variation in the contact force when frictional forces are included is minimal,
frictional behaviour for train speeds up to 200 km/h can be neglected. For train speeds above
this, for which no validation has been made as current UK test tracks are not capable of such
line speeds, the inclusion of friction may be necessary. In [293], the effect of friction on the
catenary pantograph interaction is analysed for a pantograph uplift force of 152 N and a train
running speed of 300 km/h. The frictional effects on the catenary pantograph interaction
were found to be larger than those described above. However, the model in [293] makes use
of a frame model of the pantograph, and includes the knuckle direction of the pantograph that
affects the dynamic uplift force. Thus, no direct comparison to the data presented here can
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the contact wire is increased.

Fig. 4.12 Statistical output for the catenary pantograph interaction for varying levels of
contact friction.

be made, however it highlights that at increased train speeds, the dynamic effects of friction

between the contact surfaces may become a significant.
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Fig. 4.13 Range of the contact force as the coefficient of friction is varied.

4.3.4 Neglecting reflected mechanical waves

Since the length of an installed wire run is limited, as discussed in Section 2.1.2, mechanical
waves caused by contact between the pantograph and the contact wire are reflected back from
the supports at the end of the wire and transmit back towards the contact point. The time the
pantograph meets the reflected wave is given by 7, = x/v,, and the time the reflected wave

meets the pantograph is

L, L,—
by = g2 (4.6)
Cs Cs
Since t, = t,,, it follows that
2L 1 1
W:x(——i——). 4.7)
Cs cs Vp
and the point at which the pantograph meets the reflected mechanical wave is given by,
2v,L
x= 2w (4.8)
Cg + Vp

where c; is given by Equation 2.19, v, is the pantograph speed and L,, is the length of the
wire run.

The reflected mechanical wave interferes with the dynamics at the contact point increasing
the contact force variation during operation [294] reducing the current collection quality. To
account for this, the wire run length adopted in the model with respect to the pantograph is
assumed to be an ‘infinite’ string, that is, the wire run length is chosen to be such that the

reflected wave cannot reach the contact point for any areas in which analysis is undertaken.
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If the desired pantograph translation length is given by x, then rearranging Equation 4.8 gives
the required wire run length necessary to ensure no wave interference at the contact point.

Thus the required wire run length is given by

ceil Bx (1 + C—)} <L, (4.9)

Vp

where ceil [-] is the ceiling function (i.e., the greatest integer less than or equal to L,).
From [294], the reflected wave can cause up to 25% variation in the contact force standard
deviation, thus to assess the core dynamic behaviours at the contact point, it is key to ensure

that reflected waves are neglected.

4.3.5 Lumped-mass pantograph representation

Throughout this work, it is assumed that the train—-mounted pantograph can be reasonably
well approximated by a lumped—mass representation with the dynamic behaviour of the
pantograph captured accurately as adopted in [191, 240, 295]. In [273], a comparison be-
tween lumped-mass representations of the pantograph and a 3D—multibody representation
was made. It was found that deviation between the mean contact force between the two
pantograph types was less than 1%, whilst the variation between the contact force standard
deviations was marginally higher at 1.3%. The largest deviation between the lumped—mass
and multibody models was predicted to occur for the predicted contact force maxima, where
the multibody formulation predicted a 3.9% lower contact force maxima. The comparisons
were performed using a train speed of 300 km/h and a static upload force of 120 N, suggest-
ing that variations between the two pantograph representations will be reduced for lower
train speeds. Throughout much of the work that follows, the static preload applied to the
pantograph is 70 N and the train speed is 200 km/h.

4.4 Mesh independence

To assess mesh independence of the finite element model of the overhead line dynamics, the

following procedure was used:

1. Fix element sizes for the contact and messenger wires given by (s¢,,Sm, ), Where s, and
s, denote the mesh element size of the contact wire and messenger wire respectively

in metres.
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2. Reduce sy, until the variation in the mean contact force is below 0.5% and denote this

element size as s,,,. The new size pair is then (s¢,, S, )

3. Fix s, and reduce s, until the variation in the mean contact force is again below 0.5%.

This gives another size pair (s¢,,Sm, )-

4. Tterate this procedure to generate the final size pair (s, Sm, ), so that no further reduc-

tions in either s, or s, generate a variation greater than 0.5%.

The initial mesh size pair was chosen as (s¢,,sm,) = (5,5) and Figure 4.14 shows the
reduction in the mesh element sizing required to establish mesh independence of the finite

element model. Using the iterative procedure the following size pairings were produced,

(Sco>Smy) = (5,5) = (5,2) = (1,2) — (1,0.5) = (0.75,0.5) — (0.5,0.5) = (5¢,Sm,) -
(4.10)
From the iterative procedure, a mesh element size of 0.5 m was adopted in the finite
element model. Figure 4.14 shows the mean contact force convergence as the mesh element
size is decreased. From the convergence plot, it is clear that since the messenger wire is away
from the contact point, the contact force variation convergence is largely dependent on the

mesh size of the contact wire.
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Fig. 4.14 Mesh independence study demonstrating that convergence of the mean contact
force is achieved when the mesh element size is 0.5 m.

4.5 Conclusions

In this Chapter, an overview of the modelling developments required to perform the work
in later chapters has been given. The critical model development was the introduction of
aerodynamic loads to an otherwise purely mechanical model. By adopting a functional
representation of the aerodynamic load, a convenient method of imposing transient loads has
been implemented in a finite element model. This method also has the advantage of being
able to represent further forms of aerodynamic effects such as gusting. An addition to the
conventional validation method for modelling overhead lines is proposed when considering
overhead lines that undergo large scale height changes. The proposed method allows for
the comparison of different system types and line speeds that undergo height variations by
assessing the resultant contact force as the pantograph collector height is reduced, i.e., when
the pantograph is compressed. From measured data from Network Rail’s RIDC and tests
performed on the Great Western Mainline, the modelling predictions have been validated
for both level wires where the support height remains constant, and also for cases where

there are large scale height transitions. The comparison against the two sets of measured data
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indicate that a lumped—mass representation of the pantograph is suitable for investigated the
effect of contact wire height changes on the dynamic catenary pantograph interaction.

This Chapter also presents the results of the sensitivity of the model to a range of
modelling assumptions. Assuming that the messenger wire was a solid cylinder rather than
a stranded conductor was found to have little effect on the dynamics (approximately 1%),
likely due to being away from the contact point with the pantograph, thus a cylinder of equal
mass to that of a stranded wire provided little variation in the contact force. Similarly, the
model was found to be mesh independent by iteratively determining a maximum element size.
The mesh elements after the iterative process have a length of 0.5 m for both the messenger
and contact wires. This element size was found to cause less than 0.5% variation in the
mean contact force. It was also found that the modelling assumptions directly affecting the
contact point had a greater sensitivity, however this sensitivity was still minor. Representing
the registration arms as point masses rather than distributed elements acted to increase the
variation in the contact force by up to 2.4%, whilst the implementation of friction caused a
less than 1% increase in the mean contact force, when a realistic value of u = 0.5 was used.
Since the variation due to the inclusion of friction was minimal, the computational expense
of its inclusion in further modelling for the speeds and static uplift forces of relevance to the
work in this thesis was not justified.

The largest sensitivity of the model is related to the pantograph representation chosen. In
[273], the contact force standard variation is predicted to increase by 3.6% when adopting a
lumped—mass model compared with a flexible multibody representation of the pantograph.
Since this variation was predicted for a train speed of 300 km/h, it is likely that this variation
is an upper bound when lower train speeds are used, such as those used in the majority of the
work in this study. From the various assumptions assessed in this Chapter, the worst case
is that the model will have a sensitivity that is of the order 10%. In [296], an accuracy of
15% is presented as an improvement over previous methods suggesting that the methods
presented here provide an accurate method for predicting the contact behaviour between the
pantograph and overhead line system.

Having assessed the sensitivity of the model, and determined that the results are inde-
pendent of the mesh sizing used, the following Chapters make use of the developed model
to quantify the catenary pantograph interaction under a range of different conditions such
as, mechanical parameter variation, aerodynamic loading and the effects of contact wire

gradients.



Chapter 5

Determination of aerodynamic forces on

a railway contact wire

5.1 Introduction

Knowledge of aerodynamic forces on a railway contact wire is important for the safe operation
of the railway. Lateral deflections due to sidewinds are a known cause of overhead line
dewirements leading to damage to both the overhead line and the train mounted pantograph.
This damage causes delays and disruption to the rest of the network. In the case of a railway
overhead contact line, Figure 5.1 gives the free stream direction around the contact wire
and the angle of attack and the aerodynamic drag and lift coordinates are denoted x and z

respectively. In this Chapter, only sidewinds are considered with no aerodynamic load along

Relative wind
Angle of attack w\ 13.2 mm

Free stream
Z I—

X

Contact wire

Fig. 5.1 A 2D representation of a typical contact wire cross section and the free stream
direction. The angle of attack 6 is shown and wear considerations will be made by reducing
the vertical diameter of the contact wire from 13.2 mm.

the direction of the track, reducing the region of interest to the 2D plane perpendicular to
the track level. Considering only the 2D behaviour neglects the flow parallel to the track,
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1.e. flow moves the around the contact wire boundary only, with no flow moving along the
length of the contact wire. The effect of the contact wire wear on the aerodynamic loads is
also considered by reducing the contact wire cross—sectional area, by reducing the vertical
diameter of the contact wire. This has the effect of changing the circular cross—section along
the bottom half of the contact wire, to become similar to an aerofoil.

To determine the aerodynamic forces present on a railway contact wire, both experimen-
tal and computational approaches have been developed and are described in this Chapter.
The influence of a range of parameters have been investigated in both experimental and

computational cases. These are:

* wind velocity,
* the angle of attack of the flow perpendicular to the contact wire, and

¢ the wear of the contact wire.

In Section 3.1.1, the experimental arrangement using the Large Scale Sheffield Wind
Tunnel is described, along with the experimentally determined aerodynamic drag forces
in Section 3.1.2, the simulation environment in ANSYS FLUENT is described along with
the results generated. Both simulation and experimental techniques have been adopted in
this Chapter due to the need to validate the numerical predictions of the aerodynamic loads
on a railway contact wire and due to safety limitations placed on operation of the wind
tunnel. Wind speeds in the wind tunnel are limited to 10 m/s, whilst wind speeds during train
operation can gust above 35 m/s [297]. For this reason, simulation techniques to predict the
aerodynamic forces on a contact wire are required to assess the aerodynamic effects on the

catenary pantograph interaction, as discussed in Chapter 7.

5.2 Experimental results

For each of the test cases, the aerodynamic loads were measured for 5 s with a frequency
of 10 kHz, giving 50,000 data points for each case. From these data points, the mean drag
and lift forces were extracted for each case given in Table 5.1. The plate between the contact
wire and load cell was accounted for in calculation of the aerodynamic forces for a cylinder

using the drag and lift equations,

1
Forag = 5CapU”A, (5.1)

1
Fiin = 5CipU*D, (5.2)
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respectively.

Table 5.1 Flow conditions used in the experimental cases. For each velocity in column 1, each
of the angles and wear amounts in columns 2 and 3 respectively, were considered. Therefore,
the total number of experimental cases was 168.

Air speed (m/s) Angle of attack (°) Wire wear (mm)

3.99 -30 0
4.93 -20 2
6.01 -10 4
7.02 0 6
8.15 10
9.11 20

30

The angles of attack given in Table 5.1 were chosen to consider a range of incident wind
directions as well as potential shifting in the contact wire rest position. For example, shifting
of supports over the lifetime of the equipment shifts the position of the contact wire at a
registration arm causing twisting of the contact wire relative to the track level. Angles of
attack up to +40° and +90° have been considered in [176] and [298] respectively.

The measured drag forces are shown in Figure 5.3. The actual aerodynamic drag, D,cqal,

that is the force parallel to the fluid flow, is calculated from the measured flow using,

Dacrual [ cos 6 sin6 Deas (5.3)
Lactual ~ \—sin® cos@ Lineas | '

where Dpeas and Lieas are the measured drag and lift forces respectively. This gives the
actual drag force as

Dactual = Dimeas €08 0 + Lieas Sin 0,

for the angle of attack 6. The orientation of the contact wire due to the angle of attack 6
is shown in Figure 5.2. Since the angle is altered by rotation of the pivot at the base of the
sting, this has the effect of rotating the axes in which the load cell measured the aerodynamic
loads. Thus, using the inverse rotation matrix given in Equation 5.3 gives the actual drag
force parallel to the direction of the flow and equivalently the lift force orthogonal to the
flow.

It can be seen from Figure 5.3a, that negative angles of attack had the effect to reduce
the aerodynamic drag compared with a contact wire with zero angle of attack. The clear

exception was when the angle of the attack was —30° since the measured load approximately
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(a) Contact wire orientation when a positive (b) Contact wire orientation when a negative
angle of attack 0 is applied. angle of attack —0 is applied.

Fig. 5.2 Contact wire orientations when angle of attack is applied.

doubled as the wind speed was increased from 7 m/s to 9 m/s. This is in comparison to
when 0 = 0 and the drag had only small variation as the wind speed increased. This is likely
due to the orientation of the contact wire giving the largest surface area facing the incoming
flow. When 6 = 30°, the aerodynamic drag also increased compared to when 6 = 0, likely
due to the grooves pointing into the incoming flow and eddies building up within the groove
generating an increased drag. Small angles of attack reduced the aerodynamic load compared
to when 8 = 0, as can be seen in Figure 5.3a, significantly so when 6 = —10° as the measured
drag force was 0.5 and 1 N lower than the 8 = O case.

When the contact wire wear was 2mm the large negative angle of attack 8 = —30° has
a smaller effect on the aerodynamic drag, causing only a 0.9 N increase, compared with
the 1.2 N increase when the contact wire was unworn. The most noticeable change is the
increase in the aerodynamic drag when 8 = 10°. When the wear was 2 mm, a 10° angle of
attack caused the largest measured drag force of 3.3 N compared with only 1.2 N when no
angle of attack was imposed.

For more severe wear, such as in Figures 5.3c and 5.3d, the aerodynamic drag is reduced
in magnitude, highlighted by the maximum measured drag force being 1.9 N and 1 N when
the wire was 4 and 6 mm respectively, compared with the maximum of 3.8 N when the
contact wire was unworn. Compared with the maximum aerodynamic drag measured for zero
wear which occurs when the angle of attack was —30°, the maximum aerodynamic drag for
a contact wire with 4 mm and a —30° angle of attack was only 0.97 N, a reduction of 75%.
By increasing the wear on the contact wire, the angle of attack causing the largest measured
drag has also changed to 8 = 30°. In this orientation, the contact wire groove is positioned
into the flow and the flat surface due to the wear is angled away from the flow. The groove
allows for eddies to build up generating a larger aerodynamic load compared with the contact

wire in the opposite orientation when 6 = —30°. Despite the large surface area due to the
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wear flat, the fluid is allowed to pass along the surface freely compared with the grooved
side, thus while increasing the drag compared with 6 = 0, this increase is smaller than when
0 = 30°. For a wire wear of 6 mm, a 30° angle of attack also gives the largest increase in the
aerodynamic drag compared to 6 = 0 as shown in Figure 5.3d. For lower angles of attack,
the variation between the aerodynamic drag compared with 8 = 0, is small, likely due to the
large reduction in the cross-sectional area of the contact wire compared with an unworn wire.
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Fig. 5.3 Measured aerodynamic drag due to an incident flow on a contact wire. The legend
indicates the amount of angle of attack used in each test case.

Figure 5.4 shows the measured aerodynamic drag due to wind speed and wear state of the
contact wire, where the colour of the contour denotes the magnitude of the drag force. The
contour plots indicate that the high angle of attack acts to increase the aerodynamic drag on
the contact wire by increasing the cross—sectional area presented to the flow. The increased
aerodynamic drag would have a corresponding increase in the contact wire blow off. At high

wind speeds, the increased blow off would increase the likelihood of a dewirement event.
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Since the angle of the incident wind on a contact wire cannot be controlled, this indicates
that ensuring that the correct contact wire position is maintained, for example by regular
inspection of lineside supports to ensure the correct contact wire geometry to prevent twisting
of the contact wire which would cause the contact wire to rotate relative to the track, is vital
to reduce the likelihood of dewirement.

The measured drag force was obtained using a sample of contact wire 720 mm long. If
the air flow along a typical 60 m overhead line span was uniform, i.e. no significant changes
in the air speed along the span length, the measured drag force can be extended to determine
the aerodynamic drag on a contact wire span length. The drag values for a single span of
railway contact wire are given in Table 5.2. In the wear cases, it is assumed the wear is
constant along the entire span length. In reality this is unlikely since variations in the contact
force between the contact wire and pantograph carbons will give uneven amounts of wear

across the entire span.

Table 5.2 Spanwise aerodynamic drag calculated using the measured drag using a 720 mm
contact wire sample. All entries given in N.

Airspeed (m/s) Omm 2mm 4mm 6mm

3.99 109 829 128 8.0
4.93 107 80.5 127 5.6
6.01 146 749 7.2 12.8
7.02 141 78.1 435 19.6
8.15 132 86.1 523 25.0
9.11 138 100 458 25.0

From Table 5.2, it can be seen that as the wind speed increases, the drag force becomes
comparable to the mean contact force between the pantograph carbons and contact wire.
The growing drag force will also contribute to excessive blow—off increasing the risk of
dewirements. The results in Table 5.2 represent the condition of a uniform steady wind acting
on a railway contact wire rather than the turbulent conditions that would be created during
train passage or discrete ground features that would change the wind direction.

The frequency of the variation in the air pressure around the contact wire can be deter-
mined by transforming the measured lift force into the frequency domain using the Fourier
Transform. The frequency variation for the cases when the wind speed was 3.99 m/s and
9.11 m/s are given in Figures 5.5a and 5.5b respectively. It can be seen that the measured
aerodynamic lift is influenced by a significant amount of noise due to fluctuations in the air in

the wind tunnel, evidenced by the large non-commensurate band of frequencies. Significant
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Fig. 5.4 Contour plots of measured aerodynamic drag due to wind speed and contact wire
wear for angles of attack 0 = 0° and 6 = +30°. Legend indicates the magnitude of the mean
measured drag.
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frequency components can be identified however. For the case when the air speed was 3.99
m/s, a peak is identified at approximately 20 Hz indicating the dominant frequency in the
oscillation of the aerodynamic lift. Further harmonics at the frequency can be identified at
37.8 Hz, 60 Hz, and so on. Small variations in the harmonic frequencies are likely due to
noise present in the measured lift force.

When the wind speed was increased to 9.11 m/s, the first dominant frequency after the
low frequency peak thought to be due to the rotation of the fan, is approximately 46 Hz.
Since the wind speed has slightly more than doubled, it follows that the frequency of the lift
oscillations has approximately doubled from 20 to 46 Hz. As with the previous case, further

harmonics of the dominant frequency can be identified.
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(a) Fourier Transform of the variation in the aero- (b) Fourier Transform of the variation in the aero-
dynamic lift when the wind speed was 3.99 m/s. dynamic lift when the wind speed was 9.11 m/s.

Fig. 5.5 Power spectra of the variation in the aerodynamic lift force for a contact wire with
zero wear and zero angle of attack.

To determine the effect of the angle of attack on the oscillation of the lift force, Figure 5.6
shows the power spectra for a contact wire with 2 mm wear, when the wind speed was 6.01
m/s and the angle of attack was +10°. As in Figure 5.5, a low frequency peak is observed
corresponding to the rotation of the fan and both cases demonstrate a frequency peak at
approximately 48 Hz. Whilst Figure 5.6a shows a frequency peak at 33 Hz, since both cases
have a wind speed of 6.01 m/s, it is likely that the frequency response to the wind speed is
given by the 48 Hz frequency component.

The power spectra indicate that at high wind speed, the lateral deflections of the contact
wire under aerodynamic load pose the largest risk to the safe operation of electric trains.
The increased aerodynamic drag due to the increased wind speed will cause larger lateral

deflections increasing the risk of dewirements. At low wind speeds however, the aerodynamic
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Fig. 5.6 Power spectra of the variation in the aerodynamic lift force for a contact wire with
zero wear and wind speed of 6.01 m/s.

lift force oscillates with low frequency. At low frequencies the oscillation amplitude may
cause the contact wire to uplift away from the pantograph causing arcing events due to contact
loss. This would degrade the current collection quality during train operation and shorten the
lifespan of the equipment due to melting of the contact interface. To mitigate the effects of
higher wind speeds, adoption of increased line tension would restrict the lateral deflections of
the contact wire under high speed aerodynamic loading, and reduce the oscillation amplitude

at low speeds, thereby reducing the chance of arcing.

5.3 Simulation results

The simulation output for each of the cases given in Table 3.3 is given in this section. The
variation in the drag force on the contact wire due to the air flow is given in Figure 5.8. In the
case of a zero angle of attack in Figure 5.7, the drag force grows as the wind speed increases.
The largest drag forces are predicted when the contact wire is intact and there is no vertical
wear as to be expected since the no wear case presents the largest cross—sectional area to the
flow. In all wear cases, the drag force was found to be well fit using a polynomial fit. For
example, in the case of zero wear, given by the red line in Figure 5.7, the drag force, Fprag(s),
is predicted by

Forag(s) = 0.0067s* +0.0547s, (5.4)
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where s is the wind speed. Equation 5.4 grows as expected since from the drag equation,
2
FDrag o« 5. (5.5)

From Figure 5.7 it can be seen that for 0 mm and 2 mm, the fitted curves grow more
quickly compared with the curves for the cases of 4 mm and 6 mm wear. It can be seen that as
the wind speed increases, the larger aerodynamic forces would induce a larger displacement
in the contact wire from the track centre line. However, due to the reduced lateral inertia
when a contact wire is severely worn, the larger forces predicted for new or almost new
contact wires would not necessarily induce larger displacements in the contact wire lateral

position. This will be explored in Chapter 7.

Drag force (N)

D W R N 3

0 5 10 15 20 25 30
Wind speed (m/s)

Fig. 5.7 Angle of attack 0°.

Fig. 5.8 Drag force due to an incident flow on a contact wire. Legend indicates the amount of
vertical wear applied to contact wear profile. Simulation results are represented by markers
in each figure and the lines with the corresponding colour show the polynomial fit to the
simulation output.

The fitted curves shown in Figure 5.7 indicate the larger variation in the aerodynamic drag
for increasing wind speeds. When the wire was intact with no wear, the largest deviation from
the fitted curve was 1.9 N, compared with 0.5 N when the wire wear was 6 mm. This suggests
that the increased boundary size when the contact wire cross—section is intact induces large
variations in the flow, and in the case of a contact wire, this variation is greatest when the
wind speed was 25 m/s. This increased variation at 25 m/s suggests that the contact wire

would possibly resonate at this wind speed.
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Fig. 5.9 Drag force due to an incident flow on a contact wire at angles of attack between +30°.
Legend indicates the amount of vertical wear applied to contact wear profile. Simulation
results are represented by markers in the figure and the lines with the corresponding colour

show the polynomial fit to the simulation output.
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The influence of the angle of attack on the aerodynamic drag is shown in Figure 5.9. The
orientation of the contact wire due to positive or negative angles is given in Figure 5.2. For
negative angles of attack, the contact wire grooves are oriented away from the flow and the
air can more easily flow around the smooth semi—spherical boundary along the bottom of the
contact wire compared with positive angles where, the grooves are oriented into the flow.

When the angle of attack was 10°, the maximum aerodynamic drag increased from 6 N
when the angle was 0° to 10 N. This is likely due to the wire orientation causing a larger
pressure on the contact wire in the contact wire grooves. For an angle of —10°, the maximum
aerodynamic drag increased also increased, but only to 8 N. When the angle of attack was
+30°, the maximum aerodynamic drag was 9 N in both cases. In the case of a positive angle,
the increased drag was likely due to a greater pressure buildup due to an eddy forming in the
contact wire grooves, whereas for a negative angle, the orientation of the boundary allows
the fluid to move more easily around the boundary, however the larger surface area in the
path of the fluid yields an increased aerodynamic force. The largest predicted drag force
occurred for a contact wire with no wear

In a similar way to the case of a zero angle of attack, increasing the wear on the contact
wire reduced the aerodynamic drag. For severe wear (4 mm and 6 mm), the variation in the
aerodynamic drag was small compared to the variation for O and 2 mm wear. When the angle
of attack was 10°, the largest variation in the drag between the cases of 4 mm and 6 mm wear
was 0.7 N. This increased to 2 N for an angle of attack of —10° and wind speed of 30 m/s.

The aerodynamic lift due to the airflow is shown in Figure 5.11 and Figure 5.12 and each
of the curves show the polynomial fit for each of the wear cases. For the 6 mm wear case,

the fitted curve has equation
Fis(s) = —0.1395% +0.0757s, (5.6)

which as with the fitted curve for the drag force, is as expected since like the drag equation,
from the lift equation Fq jg o< 2.

It can be seen that as the wind speed increases, the lift force on the contact wire increases
in magnitude. For a contact wire with no wear, the contact wire profile is approximately
circular, and so experiences a near—symmetric change in the lift force direction compared
with the wear cases. This “switching” of the direction of the aerodynamic lift force leads to
the large variation in the fitted curves for the aerodynamic lift in Figure 5.12. As the contact
wire is worn, there is a trend for the lift force to become negative, most clearly shown in the

4 and 6 mm wear cases. For a contact wire with 2 mm wear, the lift force drops faster than
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Fig. 5.11 Lift force due to an incident flow on a contact wire. Legend indicates the amount of
vertical wear applied to contact wear profile. Simulation results are represented by markers
in each figure and the lines with the corresponding colour show the polynomial fit to the
simulation output.

the lift in the other wear cases, however for a wind speed of 30 m/s, the lift force is smaller
in magnitude compared with the other wear cases. From Figure 5.11, for wind speeds less
than 10 m/s, the lift force variation due to wear is small, but as the wind speed increases,
the wear has a larger effect on the lift of the contact wire. For a wear of 6 mm, the lift force
grows more rapidly as the wind speed increases, compared to the 2 mm and 4 mm cases.

The drag and lift coefficients for a contact wire in an incident flow for each of the angles
of attack and wear cases given in Table 3.3 are given in Figure 5.13 when the wind speed was
10 m/s. An accepted drag coefficient for a contact wire is given in BS EN 50119 [26] as 1.0
and in [299], the coefficient is given as 0.8. However, the modelling presented here predicts
the drag coefficient for a null angle of attack is approximately 1.5 and in [176], the drag
coefficient is calculated as approximately 1.4. Both of these results indicate that the expected
aerodynamic loads will be underpredicted when calculating the wind load on conductors
thus underpredicting the size of the contact wire blow off in windy conditions. This raises
the potential for dewirement events that would otherwise be unexpected as the calculated
drag forces on the contact wire would be too low.

Due to the oscillations in the pressure caused by the contact wire in the airflow, vortices

are shed downstream of the contact wire, generating the classic Von Karman vortex street.
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Fig. 5.12 Lift force due to an incident flow on a contact wire. Legend indicates the amount of
vertical wear applied to contact wear profile. Simulation results are represented by markers
in each figure and the lines with the corresponding colour show the polynomial fit to the

simulation output.

The vortex street when the wind speed was 1 m/s and no wear or angle of attack is imposed,

can be seen downstream of the contact wire in Figure 5.15a. The asymmetrical contact
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Fig. 5.13 Drag and lift coefficient predictions for each of the considered angles of attack and
wear cases given in the legend.

wire boundary causes asymmetrical pressure gradients in the flow resulting in the shedding
of the vortices seen in Figure 5.15a. Under aerodynamic load the vortex shedding causes
wind-induced vibrations of the contact wire and two types are typically seen with respect to
railway overhead lines: buffeting caused by stochastic wind loads and galloping. The onset
of galloping is caused by time varying wind loads causing self—excited vibrations of the
contact wire with characteristic large amplitudes. The large amplitude vibrations significantly
degrade the dynamic performance of the catenary pantograph interaction and severely limit
the system’s ability to transmit electrical power from the overhead equipment to trains. These
large amplitude vibrations cause disruption to the normal operation of electric trains and have
the potential to cause large scale damage to the overhead equipment. To assess the likelihood
of galloping phenomena, an assessment of the vortex shedding frequencies of the contact
wire under aerodynamic load is required, which can be calculated from the time history of
the aerodynamic lift, shown in Figure 5.14. The calculated vortex shedding frequencies are
then given in Figure 5.16a.

The vortex shedding frequencies for each contact wire wear case is given in Figure 5.16.
For a contact wire with 0 mm wear, it is clear that the vortex shedding frequency increases
as the fluid velocity is increased. In fact, the vortex shedding frequency for a contact wire
with zero wear is well approximated by a logarithmic function f,(s) = Alog(s) + B. As an

example, for a zero angle of attack, the vortex frequency can be approximated by the function

fo(s) = 18.531og(s) + 16.98.
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Fig. 5.14 Time varying lift force due to an incident wind load with wind speed 1 m/s and 0°
angle of attack on a contact wire with no wear.

From Figure 5.16a, it can be seen that the vortex shedding frequency grows rapidly
for wind speeds up to approximately 5 m/s, but then this growth slows as the wind speed
increases further. Taking the case of an angle of attack of 30°, the vortex shedding frequency
fv was 14 Hz when the wind speed was 1 m/s and rose to 49 Hz for a wind speed of 5 m/s,
compared with an increase in the frequency to 75 Hz when the wind speed was 25 m/s. The
increases in the vortex shedding frequency were 250% and 53% respectively, despite the
wind speed increase of 400% in both cases.

When the contact wire cross—sectional area is reduced, it can be seen that the vortex shed-
ding frequency increases in magnitude compared with the zero wear case. From Figure 5.16,
it can be seen that the maximum frequency increase was relatively small between the zero
and 2 mm wear cases as the predicted frequency for zero wear was 88 Hz when the angle of
attack was 20°, and for 2 mm wear, the maximum was 107 Hz with a 30° angle of attack. For
more severe wear, the increase in the maximum frequency was much larger as the maximum
frequencies predicted when the wear was 4 and 6 mm was 262 and 225 Hz respectively.
At these higher frequencies, vortices are being shed approximately every 1073 s. Since
the timestep used during the simulations was approximately 107> s, the vortex shedding
behaviour was accurately captured.

Figures 5.16¢ and 5.16d show that as the wind speed increased, at approximately 15 m/s,
the vortex shedding frequency increased significantly when the contact wire was severely
worn. This behaviour was not predicted for an intact contact wire, as shown in Figure 5.16a.
Figure 5.16b suggests that a contact wear of 2 mm is a transition zone for this change in the
vortex shedding behaviour, as the predicted frequencies are much less distinctly grouped

compared to the 4 and 6 mm wear cases.



5.3 Simulation results 153

Velocity
Contour 1 [m s*-1] AN%%%

/(_ I
INPAY
| Lﬁtafo

<

L

0 0.03 0.060 (m)
]

0.015 0.045

(a) Velocity contour map demonstrating the vortex street developing downstream of the contact wire.

Velocity ANSYS

Contour 1 [m s”-1] —— R19.1
s B

N
RN P o o o P AP AP WX WO

0 0.005 001 (m)

0.0025 0.0075

(b) Velocity contour maps in the neighbourhood of the contact wire boundary showing the boundary
layer separation.

Fig. 5.15 Velocity contours demonstrating the vortex street and boundary layer separation
when a contact wire with zero wear is in a horizontal flow with velocity 1 m/s.

For a given angle of attack 6, from [176], the aerodynamic lift force can be written as

1 dCr(6
Fiie(s;0) = FLift,0 — EPSA (CD(G) + %) u+ 0 (u?) (5.7
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Fig. 5.16 The vortex shedding frequencies for a contact wire in an incident flow. The legend
indicates the angle of attack of the contact wire in the flow.

where p is the fluid density, A is the cross-sectional area of the contact wire, Cp(8) and

C1(0) are the drag and lift coefficients respectively, which now depend on 0 and U, is the

velocity component of the flow perpendicular to the contact wire. Since the vibration of the

contact wire is driven by non-constant terms, the aerodynamic damping of the contact wire
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Chuig 18 given by the linear term in Equation 5.7. That is,

1 dcL(0)\ 1
Chuid = 2PSA (CD(G) o ) U= 2PSADhMa (5.8)
where JC (6
D), = Cp(0) + ;e() ), (5.9)

is the classic den Hartog coefficient [300]. Typically Cyqyiq is positive and suppresses large
vibrations in the contact wire, however changes in the cross-sectional area of the contact
wire due to wear or ice loading can lead to negative Cqyig. This change in the sign of the
aerodynamic damping leads to the onset of large amplitude vibrations known as conductor
gallop [301]. For Cgyigq < 0, it follows that this can only be achieved when D, < 0.

The den Hartog coefficient can be calculated from the drag and lift coefficients predicted
during the simulations by way of fitting a polynomial to the output, as in Figure 5.7 and
others. Assuming Dg; and Lg; are fitted polynomials of order N corresponding to Cp and C,
respectively, D, can be written as,

dLi Al

N
Z apx" + Z %bnx” = Z (anx” —l—nbnxnfl) . (5.10)
n=0

Dy, = D+ =
dx n=0 n=0

In general, the choice of N can lead to differing results in calculation of D;, [302], however
the choice of N can be reduced. Since seven data points are provided for both the drag and
lift coefficients and from the drag and lift equations, the growth in the aerodynamic force is
nonlinear, the polynomials satisfying Equation 5.10 have order 1 < N < 8. Supposing the
lift and drag forces are well fitted by the quadratic polynomials given in Equation 5.4 and
Equation 5.6, the polynomials used for the calculation of the den Hartog coefficient can also

be taken to be quadratic. Thus, Dy, takes the form,
Dh:ao+b1+(a1+2b2)x+a2x2, (5.11)

where the coefficients in Equation 5.11 are calculated from Dg; and Lg,. Using the form of
Dy, given by Equation 5.11, it follows that the galloping condition Dy, < 0 is satisfied when

Equation 5.11 has real and distinct roots. That is, when

(a1 +2b2)* > 4ay (ag+by) . (5.12)
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Negating the inequality in Equation 5.12 gives the condition for D;, > 0 when galloping
cannot occur.

As an example, for the case where the contact wire has zero wear and the angle of attack
is 30°, the fitted polynomial for Dy, is given by

D, =3.9x107x% +4.3 x 10 3x. (5.13)

Since Equation 5.13 has real distinct roots x; = 0 and x, = —43/39, it follows that D;, < 0
and galloping can occur.

Equation 5.11 gives no indication for what wind speed the galloping will occur, only that
for a the given contact wire wear and angle, if it is possible. To calculate the wind speeds
that indicate when galloping is possible, the polynomial Equation 5.11 can be constructed
as a function of the wind speed, that is x € [0,30], for each angle of attack. Then for each
discrete wind speed x; € x, create the function x;(0) so that x; is a function of the angle of
attack. The graph of each discrete x;(0) is shown in Figure 5.17.

Figure 5.17 gives the den Hartog coefficient Dy, against the angle of attack for each of the
wear and wind speed cases described in Table 3.3 and the region where D;, < 0, known as
the galloping region has been highlighted in each case. From Figure 5.17a, it can be seen
that galloping can occur most often for angles of attack greater than 15°. In this region,
the contact wire is positively oriented as in Figure 5.2a and the build up of eddies within
the contact wire groove coupled with the increased air speed around the bottom half of the
contact wire is likely to be the driver of the onset of galloping behaviour. Table 5.3 gives
the maximum predicted wind speeds for galloping to occur, and it can be seen that when the
angle of attack was 20°, the den Hartog coefficient indicated that galloping can occur for
wind speeds up to 3.12 m/s. This then drops to 1.56 m/s when the angle of attack is further
increased to 30°. For wind speeds beyond these, it is likely that the contact wire resonates and
the oscillations are high frequency with low amplitude compared to the low frequency, high
amplitude oscillations characteristic of galloping. The small amplitude vibrations however,
may lead to an increased number of micro—arcing events as the contact wire is uplifted by
the oscillating lift force. Whilst the contact separation between the pantograph head and
the contact wire will be small, accumulation of a large number of minor separations will
occur for a wire oscillating at high frequency. The large number of micro—arcs at the contact
interface will cause melting of the contact surface, shortening the lifetime of the equipment.
For negative angles of attack when the contact wire cross—section is intact, Dj, indicates

that galloping is less likely to occur. As in Figure 5.17a, galloping is predicted only when
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the angle of attack is —20° for wind speeds up to 1.65 m/s. For this angle of attack, the
contact wire is negatively oriented as in Figure 5.2b and the bottom of the contact wire is
oriented into the flow. Since Figure 5.17a indicates galloping is less likely to occur with this
contact wire orientation, it follows that this positioning of the contact wire is more resilient to
perturbations caused by a steady airflow and will be stable for a larger range of wind speeds
and angles of attack. In contrast, as the vertical wear approaches 2 mm, it can be seen from
Figure 5.17b that the contact wire is unstable for a much larger range of angles of attack. For
a contact wire wear of 2 mm, D, indicates that galloping is most likely to occur for angles of
attack 6 € (—15°,25°). For positive angles of attack, galloping is possible for wind speeds
up to 3.12 m/s and for a wind speed of 4.05 m/s when the angle of attack is 0°.

Table 5.3 Maximum wind speed for galloping to occur using the den Hartog coefficient.
Dashes indicate that galloping is not predicted to occur for any wind speed. All entries given
inm/s.

Wear (mm) -30° -20° —-10° 0° 10° 20° 30°

0 - 1.65 - 1.62 - 312 1.56
2 3.24 - 219 405 3.12 216 -
4 - - - 0.66 - - -
6 7.21 - 3.99 - 3.6 - -

The wind speeds at which galloping can occur according to Equation 5.12 are asymmetric
with respect to the angle of attack. From the contact wire orientations in Figure 5.2, the
contact wire is asymmetric about a vertical axis when rotated. This leads to the asymmetric
galloping wind speeds given in Table 5.3. Figure 5.17c shows that galloping is unlikely for
a contact wire wear with 4 mm wear. In fact from Table 5.3, it can be seen that galloping
behaviour is only possible for a wind speed up to 0.66 m/s. For wear of 6 mm, the onset of
galloping occurs over a larger range of angles of attack compared with a contact wire with
4 mm wear, and from Table 5.3, galloping can occur for the greatest possible wind speeds.
For a —30° angle of attack, D;, indicates that galloping can occur up to 7.21 m/s. As the
angle magnitude is reduced, the maximum wind speed decreases, indicating that galloping
becomes less likely for shallower angles of attack in the case of severely worn wires.

The predicted wind speeds for the onset of galloping are consistent with vortex shedding
frequencies shown in Figure 5.16. For low wind speeds (less than 5 m/s), the vortex shedding
frequencies are approximately less than 20 Hz, indicating that lower frequency behaviour
such as galloping is possible. For higher wind speeds (greater than 15 m/s), the vortex

shedding frequencies are much higher indicating that resonant behaviour is likely. From
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the results in Table 5.3, as the contact wire is worn throughout its service life, the range
of wind speeds for which galloping is possible increases. The large amplitude vibrations
characteristic of galloping will shorten the lifespan of the equipment due to an increase in
cyclic loading, hastening the onset of contact wire fatigue. In the case of a heavily worn
contact wire, the yield stress of the equipment is reduced due to the reduced cross—sectional
area, thus the galloping phenomena has the potential to cause equipment failures due to

exceeding the yield point of the contact wire.
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Fig. 5.17 Regions where contact wire galloping may occur using the den Hartog coefficient
Dy, for 1000 wind speeds between 0 and 30 m/s.
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5.4 Comparison between computational and simulated cases

Figure 5.18 gives the comparison between the measured and predicted aerodynamic drag for
a contact wire with zero angle of attack. It can be seen that the modelling predictions are in
good agreement for the wind speeds considered here. The modelling predictions typically
underestimated the drag force on a contact wire, likely due to the idealised nature of the flow
compared with the real flow in the wind tunnel. The difference between the measured and
simulated drag forces on average are shown in Table 5.4 with largest deviation in the 2 mm

wear casc.

Table 5.4 Difference between measured and predicted drag values for each of the considered
wear cases.

Wear case (mm)
0 2 4 6

Difference (%) 4.1 7.7 13 3.7

The differences between the simulated and measured drag forces indicate very good
agreement between the two methods showing that the modelling method has been validated
giving confidence in the predicted drag forces at wind speeds higher than those permitted in
the wind tunnel.

Small deviations between the experimental and simulated cases are likely due to the
environmental fluctuations in the wind tunnel, particularly with regards to the wind speed
where variation in the wind speed measured at the pitot tube was +0.2 m/s. Small variations
between the drag values shown in Figure 5.18 may be due to neglecting the effect of vortices
that form at the ends of the contact wire sample. In Fluent, these vortices are neglected
since the geometry is 2D. Neglecting these vortices requires the vortex drag which occurs
when high pressure passes over the end of the contact wire into the low pressure region
and dissipates energy from the sample due to fluid viscosity to be neglected. This creates
an additional drag that is not captured within a 2D model. The smallness of the variation
between the experimental and predicted aerodynamic drag is likely due to the large aspect
ratio. Since the length of the contact wire sample was 720 mm long with diameter at most
13.2 mm, this gives an aspect ratio of 55, so the vortex drag, whilst not captured in the 2D

model, will only have a small effect on the aerodynamic drag of the contact wire.
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Fig. 5.18 Comparisons between the aerodynamic drag force measured experimentally and
those predicted by the simulations for a contact wire with zero angle of attack and the wear
cases given.

5.5 Conclusions

Using both experimental and simulation approaches, the aerodynamic loads on a railway
contact wire have been determined. With samples of an AC-120 railway contact wire,
aerodynamic forces have been measured for a range of test cases using the Sheffield Large

Scale Wind Tunnel for a range of wind speeds between 4 and 10 m/s. It was found that the
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aerodynamic drag increased as a response to increasing wind speed for each of the four wear
cases considered in this study. The test cases identified that the angle of attack can have a
significant effect on the aerodynamic drag as the amount of wear is increased. This was most
clearly seen when the wear was increased to 4 mm. At this wear rate, the largest aerodynamic
drag is due to an angle of attack of 30° compared to —30° when there was no wear applied.

The study was limited to steady sidewinds acting on a railway contact wire in the absence
of turbulent effects such as train passage, pressure waves at tunnels or discrete ground features
causing changes in the wind direction. Whilst the turbulent effects of train passage have been
neglected, the aerodynamic forces on a contact wire in the intervening periods between trains
have been considered to determine the wire condition upon the arrival of a train.

From the experimentally derived drag forces, the spanwise drag for a typical span of
railway line contact wire has been calculated indicating that as the wind speed increases, the
aerodynamic forces are comparable to the contact force between the train and overhead line.
Since the forces are comparable it is expected that there will be a significant impact on the
current collection quality during train operation. The high frequency behaviour caused by
the aerodynamic lift predicted at high wind speeds has the potential to cause micro—arcing
between the contact wire and pantograph carbons. Individual micro—arcs are themselves
little danger to the catenary pantograph interaction, however at high wind speeds, the high
frequency oscillating contact wire will cause a rapid accumulation of micro-arcing events.
The sum of each event will deteriorate the contact interface increasing the wear rate during
train operation. In contrast, the low frequency phenomena of galloping can lead to damage
of the overhead contact system over short timescales due to the large amplitude oscillations
of the contact wire.

To overcome the practical limitations of the wind tunnel, a 2D representation of a contact
wire in a flow was created in a commercial software to investigate a larger range of air speeds,
up to 30 m/s. It was found that the aerodynamic drag decreased with contact wire wear as
expected and also that positive angles of attack typically increased the predicted drag, likely
due to the orientation of the contact wire placing the contact wire grooves rather than the
smooth semi—circular base into the flow.

Aerodynamic lift predicted by the simulations was found to increase in magnitude with
increasing wear. For the severe wear cases of 4 and 6 mm, there was small variation between
each of the predicted aerodynamic lifts and the magnitude typically grew quadratically.
However for the zero and 2 mm wear cases, the lift variation was approximately cubic. As
the angle of attack was varied, when the wind speed was approximately 20 m/s, the growth

of the lift force changed sign, indicating that flow separation occurs.
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The simulations also identified the downstream behaviour due to the flow around the
contact wire. Beyond the contact wire, a classic von Karman vortex street develops due
to shedding of vortices from the edges of the contact wire. The frequency at which these
vortices were shed was determined using the oscillations in the lift coefficient and it was
found that wear is a significant driver for changes in the vortex shedding frequency. For
an intact contact wire, the angle of attack had little effect on the shedding frequency and
the dominant driver was the wind speed. As the wear was increased however, the vortex
shedding transitioned into two clear defined groups. Below wind speeds of 15 m/s, the
shedding frequency was less than 50 Hz and for speeds greater than 15 m/s, the frequency
significantly increased to approximately 250 Hz. This was most clear for wear greater than
2 mm, with the 2 mm indicating a transition stage. Whilst the amplitude of the oscillations
is small for such high frequency, as discussed before, micro—arcing between the contact
surfaces would degrade the contact wire surface.

From the drag and lift coefficients generated during the simulation process, calculation
of the classic den Hartog coefficient was performed. With this, the onset of galloping of
a railway contact wire was established. From the den Hartog coefficient, galloping was
indicated to occur most often for positive angles of attack, particularly for mildly worn
contact wire. The wind speeds for which it is possible for the contact wire to gallop were also
determined. For increasingly worn contact wire, the likelihood of galloping was increased
due to a larger range of angles of attack and wind speeds for which it is possible. For a contact
wire with 2 mm wear, conductor gallop is possible for almost all angles of attack between
—15° and 25° and for wind speeds up to 4 m/s. The calculation of the wind speeds for which
galloping is possible was consistent with the change in the vortex shedding frequencies as the
wind speed increased. Since conductor gallop was indicated to occur for low wind speeds,
this corresponded to low shedding frequencies which were found to occur for speeds less
than 15 m/s.

Comparison between the measured and predicted aerodynamic forces was made and there
was good agreement between the measured and predicted aerodynamic drag forces for the
wind speeds considered during the wind tunnel tests. Variation between the results is thought
to be due to 3D effects such as vortex drag that is not captured in the 2D model, however the
variation is small. Since the variation between the drag forces was small, the experimental
tests performed as a validation of the computational cases, suggesting that the modelling
assumptions made are valid for the higher wind speeds considered. With the validation of
the numerical methodology, the aerodynamic loads on a range of equipment types can be

established, allowing for the prediction of blow off when installed on the rail network, or
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for the prediction of conductor gallop situations. With wind speeds expected to increase due
to climate change, existing equipment may become susceptible to failure due to increases
in wind speed outside of current design limits. The methodology presented here provides a
method for predicting the behaviours of existing equipment at those higher wind speeds.

The work performed here has demonstrated the aerodynamic loads on a railway contact
wire and serve as input for modelling the effect of wind loading on overhead line equipment
and the effect on the current collection quality between a pantograph and catenary system.
This will be discussed in the Chapter 7.



Chapter 6

Sensitivity of the catenary pantograph

interaction

6.1 Introduction

The catenary pantograph interaction is affected by numerous physical parameters which
can be separated into those related to the overhead line and those related to the pantograph.
Largely, the overhead line parameters ensure a good vertical wire profile to reduce occurrences
of contact loss during train operation. The pantograph parameters ensure a good dynamic
response to the sliding contact with the contact wire. This Chapter presents the results of the
investigation into a range of the physical parameters of the catenary pantograph interaction
using a nonlinear finite element model developed using a commercial package, ANSYS.
The modelling methodology was described in Sections 3.2.1 — 3.2.4 and the model is then
used both to gain insight into the dynamic response to a change in a parameter but also as a
generalisation of the model presented in [241]. In Section 6.2, the effect of alteration of the
overhead line is considered with all the pantograph parameters fixed. The parameters varied

are:
* the contact wire tension,
* the messenger wire tension,
* the absence of a dropper,
* the contact wire mass per unit length,

and then in Section 6.3, the pantograph parameters altered are:
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* the pantograph head collector strip mass,

* the pantograph head frame mass,

* the stiffness of the bar connecting the pantograph head and collector strip, and
* the static uplift applied to the pantograph.

Finally, Section 6.4 considers the effect on the contact force as a response to increasing
train speed. Mitigation of the effects of an increased train speed are also discussed with
respect to the number of droppers in a span and conclusions based on the results are given in
Section 6.5.

Throughout this Chapter the overhead line geometry with respect to the longitudinal
positions of the droppers and masts are kept constant except where specified. Twelve identical
spans were used, and the support masts are located every 60 m. This allowed a working
section between 300 m and 420 m with five spans either side to be used allowing for end
effects to be discounted. The number of and length of the droppers was maintained from an
as fitted span used as part of the overhead line at Network Rail’s Melton Rail Innovation and
Development Centre (RIDC) [285]. The physical parameters of the overhead line equipment
are given in Table 6.1 and the dropper lengths and their positions within each span are given
in Table 6.2.

Table 6.1 Overhead line base case parameters based on UK Series 1 overhead line equipment
installed at Network Rail’s RIDC.

Component Parameter Value Unit
Contact wire Tension 16.5 kN
Mass 1.07  kg/m
CSA 120  mm?
Messenger wire ~ Tension 13 kN
Mass 0.6 kg/m
CSA 65 mm?
Dropper clamps ~ Mass 0.15 kg
Dropper stiffness Tension 1260 kN/m

Compression 0 kN/m
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Table 6.2 Dropper locations and their lengths used in the sensitivity analysis.

Dropper 1 2 3 4 5
Location from start of span (m) 5.5 17.75 30 4225 545
Length (m) 1.09 094 0.845 094 1.09

6.2 Influence of overhead line parameters

6.2.1 Contact wire tension

The contact wire tension directly influences the vertical geometry of the overhead line and is
crucial to good current collection quality during operation. The wire tension also affects the
mechanical wave speed c;, in the contact wire given by

T,
g =-""=" (6.1)

S )
Mcon

where T,,, is the contact wire tension and mico, the mass per unit length. The maximum
operating speed for a given overhead line is given as 70% of the mechanical wave speed [13,
pg. 155] to ensure no contact losses due the pantograph catching up to the mechanical wave,
as discussed in Chapter 2.6. Thus, for the train speed considered, 200 km /h, the minimum
contact wire tension required is 6.74 kN.

From Figure 6.1, when the contact wire tension was reduced by 25% to 12.4 kN, a greater
variation in the contact force in between the first and last droppers is predicted. The minimum
contact force predicted just after the droppers at 318 and 378 m is 18% lower when the
contact wire tension is reduced when compared with the base case of 16.5 kN. There is a
similarly sized increase at the fourth dropper, where a 15% increase in the contact force
was predicted. The largest peak at the last dropper only increased by 3 N in comparison.
Since the unsupported length between intermediate droppers is 12.25 m compared to 5.5 m
between the supports and first and last droppers, the greater sag due to the reduced contact
has a detrimental effect on the dynamic performance.

In contrast, increasing the wire tension lead to predicted smaller force peaks at inter-
mediate droppers in comparison to the base case. The peak force at the last dropper was
unchanged when the wire tension was increased by 25%, and only saw a small decrease of
2 N when the tension was increased further. Since the force peak was largely unchanged, it
suggests that the droppers remained in tension in the absence of the pantograph uplift even

for a 50% higher wire tension. Too high a tension would reduce the contact wire sag for the
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Fig. 6.1 Contact force variation due to different contact wire tensions. Legend indicates the
amount the contact wire tension has been varied from the baseline tension of 16.5 kN.

given dropper length leading to dropper buckling giving zero resistance to wire uplift during
pantograph passage.

The statistical output for the modelling predictions is presented in Table 6.3 and shows
the increased standard deviation of the contact force as a result of the reduced contact wire
tension. Whilst the standard variation was within 0.3 N of the base standard deviation
when the contact wire tension was increased, in the case of a reduced wire tension, the
standard deviation increased by just under 5 N. The significant variation in the contact force
at intermediate droppers compared with higher wire tensions is likely responsible for this
43% increase in the standard deviation, despite the mean only changing by 2%. The small
change in the mean indicates that the increase in the magnitude of the forces predicted at the
intermediate droppers was similar. This is consistent with the changes in the contact force
noted above. As the wire tension was increased, the contact force was increasingly positively
skewed indicating that the contact force was more consistently below the mean and the peak
force at the final dropper was the significant outlier.

As the contact wire tension was increased, the contact wire uplift at the support at 360m

decreased. For a wire tension of 12.4 N, the maximum wire uplift at the support was 53
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Table 6.3 Contact force statistical output for a level contact wire as the contact wire tension
is varied. All results in N.

Tension Fy, c Fp, ... Fp,_.. Fs, .. Fg Skew Kurtosis

(kN) min

12.4 110 16.9 158 76.0 161 59.6 0.502  0.217
16.5 112 11.8 155 93.2 147 76.4 1.31 242
20.6 113 12.1 155 93.5 149 76.2 1.31 2.11
24.8 112 11.5 153 95.6 147 78.0 1.51 2.38

mm, and this decreased to a maximum wire uplift of 38 mm when the contact wire tension
was 24.8 N. The wire uplifts at the support can be seen in Figure 6.2. Changes in the
contact wire tension from the base tension of 16.5 kN had little effect on the frequency of the
oscillations after the pantograph had passed the support, however a phase shift can be seen.
From Equation 2.18, the oscillation frequency of the wire @, o< T'/2, where T is the wire
tension. Thus as the wire tension varies, so to does the frequency. The increased frequency as
a response to the increased wire tension can be seen from the wire uplift traces in Figure 6.2.
Since the amplitude of the wire uplift oscillations was reduced by increasing the contact wire
tension this would open up opportunities for reduced clearances under bridges and tunnels
when installing overhead line equipment. The increased tension also appears to have little
effect on the peak contact forces suggesting that they would not cause significant issues
during height transitions where larger forces are predicted due to the pantograph accelerations
when changing heights. The increased mechanical wave speed as a response to the increased
wire tension would also allow for an increase in the line speed opening up extra line capacity
without the need for large scale investment in new lines.

The results show that if the effective wire tension drops, often caused over the lifetime
of the equipment as the tensioning equipment becomes less effective, a larger variation
in the contact force is predicted which leads to a poorer dynamic performance due to the
wire deviating from the vertical profile design due to an increased sag. The same is also
true for higher ambient temperatures. Thermal expansion of the contact wire causing an
increased contact wire sag leads to a similar contact force variation degrading the catenary
pantograph interaction. In contrast, increases the contact wire tension can be implemented to
improve the dynamic performance by reducing the peak forces at droppers. This may lead to
potential increases in the line speed without the need for a complete redesign of the overhead

equipment.
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Fig. 6.2 Wire uplift at the support between spans six and seven. Legend indicates the amount
the contact wire tension has been varied from the baseline tension of 16.5 kN. Zero time is
the moment the pantograph passes the support.

6.2.2 Messenger wire tension

Whilst the contact wire tension largely affects the vertical position of the contact wire and
prevents undesired sagging, the messenger wire tension affects the whole vertical geometry
of the system due to the droppers coupling the messenger and contact wire geometries. High
ambient temperatures or a reduction in the tension effectiveness over the lifetime of the
equipment causes extra sagging in the contact wire whilst negative sag occurs if the tension
is too high. Naturally, the dropper lengths are chosen to ensure the correct amount of contact
wire sag irrespective of the messenger wire tension, however to investigate the influence of
the messenger wire tension of the catenary pantograph dynamics, the dropper lengths have
been left unchanged throughout.

Figure 6.3 gives the change in the contact force for the catenary pantograph interaction
due to the change in the messenger wire tension. It can be seen that reducing the messenger
wire tension leads to an increase in the peak forces predicted at the first and last droppers.
For wire tensions of 9.8 and 6.5 kN, the peak force increased by 18% and 37% respectively.
This likely due to the increased sag in the contact wire due to increased sag in the messenger
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Fig. 6.3 Contact force variation due to different messenger wire tensions. Legend indicates
the amount the messenger wire tension has been varied from the baseline tension of 13 kN.

wire as a result of the reduced tension. Since the contact wire height has been reduced, the
pantograph head has a larger variation in the operating height when compared with the base
case. This larger range of operation requires larger forces to accelerate the pantograph head
and change its direction in order to follow the contact wire profile. In contrast, increasing the
messenger wire tension has the effect of reducing the sag of the contact wire and leads to
reduced peak force. The benefit of increasing the contact wire tension to reduce the peak
forces predicted at the first and last dropper appears to be self-limiting for the overhead line
geometry used during the simulation however. This is likely due to the increased tension
causing an uplift in the contact wire height removing the desired presag. As can be seen in
Figure 6.3, increasing the messenger wire tension reduces the peak force at the first and last
droppers in a span compared with the base case. However, at other droppers, the local force
maxima increased compared to the base case.

Considering the contact force at each time step for the given messenger wire tensions, and
plotting the contact force as a function of messenger wire tension rather than time, Figure 6.4
shows that there is a large variation in the contact force at each time step as a function of the

wire tension. However, when the messenger wire tension was 16.25 kN, this variation is at a
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Fig. 6.4 Contact force as a function of the messenger wire tension. The contact force at each
time step is plotted for the five messenger wire tensions considered.

minimum suggesting that matching of the contact and messenger wire tensions is beneficial
to the catenary pantograph interaction. Since the increased tension is below the breaking load
of 35 kN [303], the messenger wire tension could be increased to match that of the contact
wire to give a better dynamic performance as indicated by the reduced contact force standard
deviation in Table 6.4.

From the statistical output in Table 6.4, the best performing case was when the messenger
wire tension was increased by 25% to 16.3 kN, almost to the contact wire tension. The
reduced peak forces when compared with the base case would indicate a reduced mechanical
wear regime potentially extending the service life of the equipment. The reduced standard
deviation also suggests an improved dynamic performance during the catenary pantograph
interaction. This is consistent with the decreasing skewness of the contact force.

The effect of the reduced messenger wire tension is most pronounced on the contact
wire uplift. The wire uplift at the support at 360 m is given in Figure 6.5, where it can be
seen that reducing the messenger wire tension leads to an greater wire uplift. By halving the
messenger wire tension, the wire uplift at the support was 60 mm, which was 15 mm greater

than in the base case. The reduced tension also lead to a large increase in the amplitude of the
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Table 6.4 Contact force statistical output for a level contact wire as the messenger wire

tension is varied. All results apart from skewness and kurtosis in N.

Tension Fy,

c Fp, ... Fp,_.. Fs, .. Fs . Skew Kurtosis
(kN)
6.5 110 36.2 234 58.8 219 1.55 1.32 1.75
9.8 110 25.5 202 77.9 187 33.7 1.42 2.25
13 110 15.9 171 86.5 158 62.5 1.58 3.30
16.3 110 14.2 148 87.0 153 67.4 0.675 -0.182
19.5 110 18.4 161 73.8 165 54.9 0.371 -0.232
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Fig. 6.5 Wire uplift at the support between spans six and seven. Legend indicates the amount
the messenger wire tension has been varied from the baseline tension of 13 kN.

oscillations in the wire caused by the mechanical wave before the passage of the pantograph.
This greater variation in the oscillations in the contact wire would see a reduced quality
in the contact between the contact wire and the pantograph collector strips. The increased
cyclic loading of the contact wire due to sustained oscillations would also see a reduction in
service life due to an earlier onset of wire fatigue. Increasing the tension in the messenger
wire reduced the wire uplift at the support. A 25% increase in the wire tension lead to a

10 mm reduction in the wire uplift and a further increase in the wire tension reduced the wire
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uplift even further to 29 mm. The effect on the contact wire oscillation after the pantograph
passed was greater when the messenger wire tension was changed compared with the change
in the contact wire tension as can be seen in Figure 6.2 and Figure 6.5 where a change in
the messenger wire tension allowed for greater amplitude oscillations in the contact wire
before the pantograph reached the support in contrast to a change in the contact wire tension
where the oscillation amplitude remained small compared with the wire uplift. The larger
amplitude oscillations could lead to a shortening of the service life due to an earlier onset of
fatigue if the equipment damping was maintained. Increasing the effective damping of the
messenger wire using dampers installed at the supports would reduce the transient period
after train passage, reducing the number of load cycles thus maintaining the service life while
also promoting a better dynamic performance. The variation in the messenger wire tension
also lead to a phase shift in the wire oscillations, however the phase shift was greater than
that seen as the contact wire tension varied. The larger phase shift is likely due to the factor
PA in Equation 2.18. Since pA is smaller for a messenger wire compared with a contact wire,
it follows that (pA)_l/ 2 is larger, thus leads to an increase variation in the wire oscillation

frequency compared with the contact wire variation.

6.2.3 Dynamic response to a missing dropper

The droppers are used suspend the contact wire from the messenger wire at the correct height
to ensure good dynamic performance during operation. Over the lifetime of the equipment
the droppers can become ineffective due to a shift in the equipment due to settlement of the
embankment causing movement of the supports or due to damage. Shifting of the equipment
can lead to buckling of the droppers whilst damage to the droppers can be minor if the
damage occurs away from the contact interface or catastrophic if the dropper hangs down in
the path of the pantograph. Removal of the droppers, say due to breakage, is likely to have
a detrimental effect on the dynamic performance of the overhead line due to the improper
vertical geometry of the contact wire. Thus it is prudent to study the effect a missing dropper
has on the catenary pantograph interaction: that effect is presented here and Figure 6.6 shows
the overhead line geometry used.

The contact force variation due to the removal of a dropper is shown in Figure 6.7. It
can be seen that in the spans before and after the span containing the missing dropper, the
contact force is unchanged indicating that the effect of an absent dropper is restricted only
to the span without the dropper. In the span where the dropper is missing, the contact wire

sags below the normal height as the unsupported length is 24.5 m compared with the usual
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Fig. 6.7 Contact force variation due to a missing dropper. Legend indicates the base case
with all droppers present and the case when a dropper had been removed. Locations referred
to in the text are labelled A, B and C.

12.25 m. Due to the extra sag in the contact wire at location C in Figure 6.7, an acceleration

of the pantograph is required to ensure it follows the new vertical geometry. The required

peak forces to accelerate the pantograph are predicted at the droppers at locations A and B.

The force peak at location B is 130 N compared with 120 N and the force peak at location A

is 135 N compared with 121 N when the dropper is in place. The lack of a dropper at location
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C results in a reduced contact force when compared with the normal geometry. Whereas a
peak force of 114 N would be predicted at the dropper at location C, the absence of a dropper

causes a predicted force of 81 N, a reduction of 29%.
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Fig. 6.8 Contact wire uplift at (a) the supports at either end of the span with the missing
dropper, and (b) midspan. Span 7 is the span with the missing dropper and spans 6 and 8 are
the preceding and subsequent spans respectively. Zero time corresponds to the time when the
pantograph passed the location the wire uplift was measured.

The contact wire uplift is given in Figure 6.8. In Figure 6.8a the wire uplifts at the
supports at either end of the span with the missing dropper are given. At the support at the
start of the span, the wire uplift was 45 mm whilst at the support at the end of the span, the
wire uplift was 44 mm. Since the change in the contact wire uplift between the supports
was 1 mm, it suggests that the wire uplift away from the missing dropper was unaffected.
By comparison, the contact wire uplift at midspan, given in Figure 6.8b, shows the greater
available wire height increase due to the larger amount of wire sag in the unsupported wire
length. At midspan in span 6, the maximum uplift was 65 mm and in span 8, the uplift at
midspan was 66 mm, however at midspan in span 7 where the dropper was removed, the
uplift was 84 mm. Since the wire mass and tension was unchanged, the wire oscillation
frequency after the pantograph had passed was unchanged. The dynamic contact force shown
in Figure 6.7 indicates that the effect is localised to the neighbourhood of the dropper and

does not have a significant effect. If the dropper was damaged and hung down in the path
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of the pantograph however, the damage would be catastrophic and cause severe damage
to both the pantograph and the overhead line equipment. The contact force predictions
shown in Figure 6.7 indicate that monitoring of the state of the equipment by achieved by
detecting the localised force increases in the droppers either side of the missing dropper.
Adopting condition monitoring equipment on passenger trains would allow for the detection
of abnormal contact forces or wire uplifts in the neighbourhood of the ineffective dropper
(either missing or buckled so providing no support to the contact wire). Detecting the changes
in the contact force over longer time scales allows for assessment of the equipment condition

outside of scheduled inspection visits or when the equipment fails.

6.2.4 Contact wire mass

Environmental factors typically lead to temporary variations in the contact wire mass during
its lifetime. Buildup of ice temporarily increases the total mass supported by the droppers
and messenger wire, whilst sliding contact between the contact wire and pantograph induces
mechanical wear on the system leading to permanent removal of material, reducing the total
supported mass. In both these cases, variations in the total supported mass leads to variations
in the vertical geometry of the overhead line affecting the dynamic performance of the total
system.

During the lifetime of the equipment, variations in the supported contact mass may be
localised to certain parts of the contact wire e.g. localised wear at supports due to increased
vertical stiffness compared with the overall system, however for simplicity in the modelling
process, it is assumed in this section that the changes in the contact wire mass are global.

The dynamic force response to a change in the contact wire mass per unit length is given
in Figure 6.9 respectively. Increasing the contact wire mass from a baseline of 1.07 kg/m
lead to a large increase in the predicted peak forces at the first and last droppers in the
considered spans. Increasing the contact wire mass by 25% and 50%, increased the peak
force by 20% and 40% respectively. Due to these increased forces, the contact wire would
see increased mechanical wear according to the Archard wear equation [304]. Increasing
the contact wire mass lead to a predicted increase in the dynamic contact force and reducing
the contact wire mass was predicted to lead to an improved dynamic performance due to the
lower peak predicted forces as well as the reduced standard deviation compared with the
base case of 1.07 kg/m. The increased dynamic force due to the increased contact wire mass
would be mitigated if the mechanical wear remained mild. The increased mass would serve

to maintain the service life since the shortening of the equipment lifetime due to the increased
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Fig. 6.9 Contact force variation due to different mass per unit length. Legend indicates the

amount the contact wire mass per unit length has been varied from the baseline mass per unit
length of 1.07 kg/m.

forces would be offset by the increased mass available to wear before the equipment required
replacement or failed.

By reducing the contact wire mass to 0.8 kg/m the peak contact force was reduced by
9.7% whilst the mean contact force was unchanged, however reducing the contact wire mass
further led to peak force similar to the base case (156 vs. 155 N). A 50% reduction in the
contact wire mass also led to predicted increased forces at the third and fourth droppers
compared with the other contact wire masses considered. When the contact wire mass was
0.54 kg/m, this increased force was 29% at the fourth dropper when compared with the base
case force peak of 121 N. A 50% smaller contact wire mass also led to a reduced contact
force around support locations, likely due to the reduced contact wire inertia despite the
increase in the vertical stiffness present at supports. A small reduction in the contact wire
mass would have an improved dynamic performance as shown in the results here, and would
represent a cost saving to infrastructure owners due to the reduced material costs both during
the initial capital investment and over the lifetime of the equipment during maintenance.

The lower mass would also require a reduced tensioning force to maintain the vertical wire
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profile, or the existing wire tension could be maintained to improve the dynamic performance

further as shown in Section 6.2.1. The results cannot be extrapolated to further and further

reductions of the contact wire mass however, since the size of the contact wire is set by the

electrical transmission requirements for train operation. If the mass is reduced too far, Joule

heating would cause failures of the contact wire.

Table 6.5 Contact force statistical output for a level contact wire as the mass per unit length
is varied. All results in N except skewness and kurtosis.

Mass  Fy, (o] FD oo Fp .. Fs, .. Fs Skew  Kurtosis
(kg/m)
0.54 112 17.4 156 87.8 164 59.8 0.532 -0.478
0.80 112 10.5 140 88.7 143 80.7 0.322 -0.105
1.07 112 12.9 155 87.4 150 73.1 1.08 1.68
1.34 112 21.7 186 83.4 177 46.6 1.42 1.97
1.61 111 31.7 217 63.7 206 16.3 1.30 1.55
057
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Fig. 6.10 Contact force histogram comparing the distribution of the contact forces of the base
case of 1.07 kg/m with the £50% cases. Legend indicates the change in the contact wire
mass per unit length in each case.
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Table 6.5 gives the relevant statistical output when varying the contact wire mass per
unit length. It can be seen from the statistical output that increasing the contact wire mass
would lead to a undesirable overhead line dynamic performance highlighted by the increased
standard deviation which was 146% larger for a contact wire mass of 1.605 kg/m compared
to a mass of 1.07 kg/m, and large peak force of 217 N. The skewness of the contact force,
shown in Figure 6.10 for the base and +=50% cases indicates that the contact force is typically
below the mean contact force but the peak forces are significant outliers. This is consistent
with the larger kurtosis for increased contact wire mass compared with the reduced cases.
This is most clear when the contact wire mass per unit length was increased by 50%. The
majority of the contact force is skewed below 110 N, however there is a significant number
of occurrences in the region of high contact forces. When the mass per unit length was
0.8 kg/m, the predicted contact force was nearly symmetrical and the kurtosis was -0.105
indicating few outliers. The close to zero kurtosis is due to the lack of sharp peak forces
predicted in other cases. The increased contact force standard deviation when the contact
wire mass was reduced by 50% can be used as a predictor of significantly worn contact wire
requiring replacement. Considering a condition monitoring approach, detection of larger
variations in the contact force compared with surrounding regions indicate a significantly
worn contact wire. This may indicate the equipment deviating from the design position
inducing greater contact forces during train operation leading to an increased in the wear
rate.

The contact wire uplift variation due to changes in the contact wire mass is shown in
Figure 6.11. The maximum uplift at the support in the base case was 45 mm. For a 25%
decrease in the contact wire mass, the wire uplift change was small (0.2 mm) and when the
wire mass was decreased further, the wire uplift was reduced to 37.2 mm consistent with the
predicted reduction in contact force at supports. As the contact wire mass was increased,
there was also a predicted increase in the wire uplift. For a 50% increase in the contact wire
mass, the wire uplift at the support was 48.3 mm. Since the increase in the contact force at
supports was small as can be seen in Figure 6.9, the only 8% increase in the contact wire
uplift is consistent despite the 40% increase in the contact force maxima predicted at the fifth
dropper.

It can be seen in Figure 6.11 that when the contact wire mass per unit length was
0.54 kg/m, the amplitude of the oscillations had decayed to a similar magnitude as those
prior to the pantograph passage in contrast to the other masses consider. The reduction in
the contact wire mass contributes to a reduction in the contact wire kinetic energy due to the

passage of the pantograph, and since the wire tension was maintained in each case, the energy



6.3 Influence of pantograph parameters 181

o
<)

Wire uplift (mm)
S

Fig. 6.11 Wire uplift at the support between spans six and seven. Legend indicates the amount
the contact wire mass per unit length has been varied from the baseline of 1.07 kg/m. Zero
time is the moment the pantograph passes the support.

losses due to friction were maintained thus reducing the time period for the wire oscillations
to decay. As discussed earlier, the contact wire mass cannot be reduced indefinitely since
the high tension applied to the contact wire to maintain the vertical profile would exceed
the yield point of the material, for this and electrical transmission considerations, the results

cannot be extrapolated to micron sized wires for example.

6.3 Influence of pantograph parameters

By its very nature, the pantograph catenary interaction is a coupled system with the contact
force coupling the dynamics of the overhead line to the dynamics of the pantograph. Thus
a study of the effect of the pantograph parameters on the dynamic performance is of value
both for the insight into parameter effects and as a generalisation of the model used in this
study. As with the key overhead line parameters in the previous section, key parameters of

the pantograph are changed here to understand their influence on both the dynamic contact
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force between the contact wire and pantograph but also changes in the contact wire uplift.

The parameters studied in this section are:
* the pantograph head collector strip mass,
* the pantograph head frame mass,
* the stiffness of the bar connecting the pantograph head and collector strip, and
* the static uplift applied to the pantograph.

The effect of varying the pantograph parameters is determined using the original overhead
line geometry described in Section 6.1 with messenger and contact wire tensions of 13 and

16.5 kN respectively.

6.3.1 Pantograph head collector mass

The pantograph collector head is the most important element of the pantograph during the
catenary pantograph interaction as maintaining good contact between the collector and the
contact wire is key to ensuring good electrical conductivity between the overhead line and the
train. Since the collector strips are the only part of the pantograph in contact with the overhead
line, optimising the collector mass is important to ensure good dynamic performance, for
example, a pantograph head with too great a mass would damage the overhead line at supports
and droppers. The pantograph collector strip mass is given as m3 in Figure 3.18a.

Figure 6.12 shows the contact force trace as the pantograph collector mass is varied. The
baseline head mass is 5.3 kg as in [249] and the mass was varied by 25% increments. It can
be seen from Figure 6.12, that the largest effect due to a change in the collector head mass is
an increase in the peak forces. By increasing the collector head mass by 50%, the peak force
increased by 6%. There was a also a 3% reduction in the contact force minimum when the
pantograph collector mass was increased by 50%. The increase in contact force at the final
dropper is expected due to the increased pantograph inertia. Between the fourth and final
dropper, the unsupported length is 12.25 m compared with the unsupported length between
the final dropper and the support of 5.5 m. The longer unsupported length leads to a greater
contact wire sag in between the droppers and coupled with the sudden increased vertical
stiffness at the droppers, a larger force is required to accelerate the pantograph head. This
effect is particularly pronounced when the collector head mass is increased. The converse is
also true, and predicted by the modelling results. As the collector head mass was decreased

by 50%, the predicted peak force at the same location was 8% smaller.
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Fig. 6.12 Variation in the contact force due to varying the mass of the pantograph collector
head. Legend indicates the change in the mass of the pantograph collector from a base mass
of 5.3 kg. The inset figure highlights the discrete contact force maxima.

The statistical output for each of the simulations is given in Table 6.6. Whilst the mean
contact force remained unchanged for each of the pantograph masses considered, the growing
peak forces contribute to the increase in the contact force standard deviation. The increasing
peak forces predicted at the final dropper in the span also indicate the increased force required

to accelerate the pantograph to follow the direction of the contact wire. The 6% increase in
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Fig. 6.13 Contact force histogram comparing the distribution of the contact forces during the
catenary pantograph interaction for the base pantograph head mass of 5.3 kg and the £50%
cases. Legend indicates the pantograph head mass in each case.

the predicted peak contact force when the collector head mass was doubled results in the
increasing kurtosis as the number of outlying force occurrences increased compared with
the base case. This can be seen in the distribution of the contact force given in Figure 6.13.
The converse is also true since the reduction in the peak force when reducing the collector
mass also lead to a reduced kurtosis. The results show that the pantograph head mass should
be minimised to achieve good dynamic performance, however this limits the adoption of
condition monitoring equipment at the pantograph head. The minimization of the pantograph
collector head is also limited by the electrical transmission requirements. The pantograph
carbons cannot be reduced to 1 mm cylinders for example, without a significant reduction
in the electrical current as Joule heating would melt the equipment. The carbon mass could
be reduced with an increase in the transmission voltage above 25 kV, however the electrical
clearances would have to be extended to satisfy the air gaps required to prevent arcing
occurrences between the live equipment and civil structures (and indeed people at stations

for example).
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Table 6.6 Contact force statistical output for a level contact wire as the pantograph collector
head mass is varied. All results in N.

Mass

Fn c Fp, ... Fp,_.. Fs, .. Fs . Skew Kurtosis
(kg)
2.65 110 13.5 157 89.1 151 69.6 1.14 1.48
3.98 110 14.7 165 87.8 154 66.1 1.40 2.54
53 110 159 171 86.5 158 62.5 1.58 3.30
6.63 110 17.0 176 85.3 164 56.1 1.68 3.73
7.95 110 18.0 181 84.0 165 54.9 1.73 3.91
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Fig. 6.14 Variation in the wire uplift at the support between spans six and seven due to changes
in the mass of the pantograph collector head. Zero time is the moment the pantograph passes

the support and the legend indicates the change in the magnitude of the pantograph head
collector mass in each case.

The skewness of the contact force, given in Table 6.6, was positive for all of the panto-
graph collector head masses considered and indicated that the predicted contact force was

skewed below the mean with the peak force outliers the dominant drivers of contact force

above the mean. The monotonically increasing skew is due to the increasing peak force since

the predicted force away from the first and final dropper only showed small variation. The
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histogram in Figure 6.13 highlights the skew of the contact force with a significant proportion
of the contact force grouped to the left of the mean at 110 N, with only a relatively small
(less than 15%) number of force occurrences above the mean.

The wire uplift at the support between spans six and seven at 360 m is shown in Fig-
ure 6.14. There was approximately 1 mm variation from the base contact wire uplift of 45
mm in the predicted contact wire uplift at the support as a result of a change in the pantograph
collector head mass. The maximum uplift when the pantograph collector head mass was
reduced by 50% was 43.8 mm, whilst the maximum uplift when the mass was increased by
50% was 46.5 mm. From Figure 6.14, reducing the pantograph collector mass increased
the rate at which the contact wire mass rose during the passing of the pantograph and also
allowed the contact wire to drop further immediately after the pantograph had passed. After
the initial excitation of the contact wire due to the passing pantograph, the wire oscillated
with similar amplitude in all cases: the first uplift minima between 1 and 2 s showed small

variation in the amplitude of the oscillations, but no variation was predicted beyond this.

6.3.2 Pantograph collector frame mass

Here, the dynamic response to various pantograph collector frame masses, shown as m; in
Figure 3.18a, are considered. As in the previous section, the masses being considered were

changed in 25% increments with the base case being a collector frame mass of 7.5 kg.

Table 6.7 Contact force statistical output for a level contact wire as the mass of the pantograph
collector frame is varied. All results except skew and kurtosis in N.

Mass Fn c Fp, .. Fp_.. Fs, .. Fs . Skew Kurtosis
(kg)

3.75 110 15.0 169 90.5 155 65.1 1.87 4.44
5.63 110 15.4 170 88.4 156 63.8 1.71 3.82
1.5 110 15.9 171 86.5 158 62.5 1.58 3.30
9.38 110 16.4 172 84.8 159 61.0 1.45 2.82
11.3 110 16.9 173 83.3 161 59.5 1.33 241

The statistical output as a result of the variation in the collector head frame mass is given
in Table 6.7, where it can be seen that the mean contact force was unchanged. The peak
forces were predicted to increase as the head frame mass was increased, however this change
was small: the peak force increased by 2.4% despite the head frame mass increasing from
3.75 kg to 11.3 kg, an increase of 200%. In each case, the skewness of the predicted contact

force was positive indicating that the contact force was typically less than the mean with only
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Fig. 6.15 Contact force variation due to different collector frame masses. Legend gives the
collector frame mass considered in each case.

the outlying peak contact forces a substantial component of the force distribution above the
mean.

Whilst there is little effect on the peak forces due to a change in the collector frame mass,
deviations in the contact force trace can be seen at locations away from where peak forces
are predicted at the first and last droppers. Figure 6.15 shows these deviations occurring at
midspan where the contact wire sags due to the 60 mm presag. At midspan, the increase in
the collector frame mass leads to a predicted decrease in the contact force as due to the presag
the operating height of the pantograph is almost constant and so only a small acceleration
of the pantograph in the vertical direction will occur. The small change in acceleration
would result in a decreased contact force for a larger mass, consistent with the force traces in
Figure 6.15.

The reduced contact forces observed at midspan with an increased collector frame mass
are also consistent with the larger standard deviation. With each 25% increase in the mass of
the pantograph collector frame, the standard deviation was predicted to rise by 0.5 N aside

from the increase from 3.75 kg to 5.63 kg where the standard deviation rose by 0.4 N.
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Fig. 6.16 Wire uplift at the support between spans six and seven at 360 m as the stiffness of
the pantograph support arm is varied. Zero time is the moment the pantograph passes the

support and the legend indicates how much the stiffness has been varied from the base case
of 7.5 kN/m.

From Figure 6.16, it can be seen that the mass of the pantograph collector frame has little
effect on the wire uplift during operation. The predicted wire uplift was 43.4 mm when the
frame mass was 3.75 kg and 44.8 mm when the mass was 11.3 kg. The small 3% change
in the wire uplift is consistent with varying only the frame mass since no changes in the
nominal wire height were made. Thus, no requirements were made of the frame to provide
large changes in the pantograph operating height and so changes in the mass of the frame
would have only a small effect on subsequent dynamics. Since the change in the wire uplift

was small, the change in the amplitude of the contact wire oscillations were similarly small.

6.3.3 Varying the stiffness of the bar connecting the collector frame
and collector strips

Considering the component stiffness between the collector strips and the pantograph, given
as k3 in Figure 3.18a, the statistical output, given in Table 6.8, shows that the stiffness of the

connector between the pantograph collector strips and head frame only has a small effect on
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the dynamic performance of the catenary pantograph interaction for a nominally level contact
wire. The maximum variation in the peak contact force was when the stiffness was reduced
by 50% and a 3.2% decrease was predicted. The reduction in contact force is consistent with
the reduction in the component stiffness since a reduced force would be required to compress
the pantograph by the same amount. The increase in the contact force when the stiffness was
increased was similarly small. Increases in the component stiffness 25% and 50% led to peak
force rises of 0.6% and 1.3% respectively. The almost unchanged skewness of the contact
force is indicative of the smallness of the change in the predicted peak forces as there are no

increase in the frequency the contact force rising above the mean contact force of 112 N.
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Fig. 6.17 Contact force variation due to varying the stiffness between the pantograph head

frame and collector strip. Legend gives the amount the stiffness has changed from the base
stiffness of 6.3 kKN /m.

The variation in the contact force with respect to position is given in Figure 6.17 for each
of the component stiffnesses considered. It can be seen that by reducing the stiffness by 50%
to 3.2 kN/m, the force peak that occurs near the third dropper at midspan is reduced by 4.1%,
whilst the force just after the supports is increased by 4.4%.

Varying the stiffness of the arm between the collector strip and the collector frame had

little effect on the maximum uplift at the supports, as shown in Figure 6.18. The maximum
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Table 6.8 Contact force statistical output for a level contact wire as the stiffness between the
pantograph head frame and strips is varied. All results except skew and kurtosis in N.

Stiffness Fy, c Fp, ... Fp_.. Fs, .. Fs . Skew Kurtosis
(kN/m)

3.2 112 11.5 151 89.0 146 71.1 1.08 1.91
4.7 112 12.1 154 88.0 148 75.1 1.10 1.88
6.3 112 12.9 156 87.5 150 73.0 1.10 1.73
7.9 112 13.5 157 87.1 152 71.3 1.10 1.59

9.5 112 13.9 158 86.8 153 70.0 1.09 1.50

uplift for the baseline stiffness of 6.3 kN/m was 45.4 mm, whilst a 50% reduction in the
stifftness resulted in a predicted wire uplift of 44.2 mm and a 50% increase lead to a wire
uplift of 45.9 mm. The small variation in the wire uplift height was as expected since there
were no large scale height variations imposed on the contact wire’s vertical geometry, thus
there were no requirements for the pantograph to be compressed or extended during the
modelling. At midspan where the contact wire is allowed to sag by 60 mm, the wire uplift
was 65 mm, thus the pantograph head was raised by only 5 mm above the nominal operating
height.

6.3.4 Static uplift

The static uplift is the contact force exerted by the pantograph on the overhead line at
standstill and is used to ensure good contact between the pantograph collector head and
overhead line during operation. Minimum uplift forces vary depending on the pantograph
type, but in the UK, the minimum static uplift is 70 N [61] as was used in the majority of this
work. Here the results obtained by varying the static uplift are presented. Figure 6.19 gives
the contact force response to an increase in the static uplift. It can be seen that characteristic
peak forces at dropper locations increase with increasing static uplift and the contact force
pattern within a span is maintained. The largest of these peaks are predicted to occur at the
first at last droppers in the span where the vertical stiffness is increased due to the proximity
to a support.

Table 6.9 gives the statistical output for the catenary pantograph interaction with increas-
ing static uplift. The mean contact force increased in line with the increase in the static upift
force, that is for each 10 N increase in the static uplift, a corresponding 10 N increase in
the mean contact force was observed. The contact force standard deviation was larger for
a 70 N static uplift than for static uplifts of 80 and 90 N. This is likely due to the higher
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Fig. 6.18 Wire uplift at the support between spans six and seven at 360 m as the stiffness of
the collector strips is varied. Zero time is the moment the pantograph passes the support and
the legend indicates how much the stiffness has been varied from a base case of 6.3 kN/m.

static uplifts being able to counteract the lower contact forces at midspan where there is a
reduced vertical stiffness rather than effects due to the increased peak forces. This can be
seen from Table 6.9 as the change in peak forces between 70 and 80 N static uplifts was
only 7 N compared with the increase in the minimum force at midspan which was 8.2 N.
Whilst the difference between the increases in force maxima and minima is only 17%, since
the mean contact force is 10 N lower when using a 70 N static uplift, the consistently lower
contact force taken with similar peak forces leads to a greater standard deviation.

The histogram of contact forces given in Figure 6.20 shows the distribution of contact
force for each of the considered static uplifts. It can be seen that the contact force distribution
when the static uplift was 70 N is dominated by forces in the 100 — 119 N range, consistent
with the positive kurtosis of 3.3. From the measure of skewness of 1.58, the contact force
was positively skewed so the contact force was largely below the mean contact force of
100 N. As the static uplift was increased, the contact force become less positively skewed

indicating that occurrences of forces above the mean become more prevalent as the static
uplift increases.
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Fig. 6.19 Contact force variation due to increased static uplift force. The baseline case is an
uplift of 70 N and this is increased up to 120 N.

From Table 6.9, the kurtosis is decreasing with increasing static uplift, indicating that
the predicted contact force has a reduced number of outliers when the uplift is increased.
This can be seen in the histogram in Figure 6.20 from the height of the bar showing the
distribution of forces below 100 N when a 70 N uplift is used compared with the height of the
bar indicating the distribution of forces greater than 200 N when the static uplift was 120 N.
Table 6.9 also shows that the kurtosis of the contact force changes sign as the static uplift is
increased from 100 N to 110 N which is consistent with the reduced number of contact force
outliers predicted when a higher static uplift is used.

Figure 6.22a gives the contact wire uplift at a support between the sixth and seventh
spans of the overhead line and Figure 6.22b shows the wire uplift at the support 0.5 s before
and after the passing pantograph. The maximum uplift was 45 mm when a static uplift of 70
N was used and this increased to a maximum wire uplift of 60 mm when a static uplift of 120
N was used. This was a 33% increase in the wire uplift compared with a 71% increase in the
static uplift force. The increased static uplift force also causes a larger amplitude oscillation
in the contact wire once the pantograph has passed. The frequency of the oscillations was
unchanged as no changes to the overhead line parameters were made. Figure 6.22a shows
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Table 6.9 Contact force statistical output for a level contact wire as the static uplift force is
increased. All results except skew and kurtosis in N.

Uplift  F, (o} Fp,.. Fp .. Fs,_ .. Fs_ . Skew Kurtosis
(N)
70 110 15.9 171 86.5 158 62.5 1.58 3.30
80 120 15.6 178 94.7 167 73.3 1.27 2.36
90 130 15.7 184 103 177 83 0.95 1.34
100 140 16.2 191 111 189 91.6 0.69 0.51
110 150 17 199 119 201 99 0.54 -0.02
120 160 18 209 127 214 106 0.45 -0.3
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Fig. 6.20 Histogram of contact force for each of the pantograph static uplifts considered. The
normalised frequency indicates the percentage of data falling within each bin.
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Fig. 6.21 Probability density corresponding to the histogram in Figure 6.20. Legend indicates
the static uplift force applied in each case and the curves are derived from the Gaussian

Gauss(x) = (27[62)_1/2 exp (—(x— Fn)?/(20?)), where F,, and o are given in Table 6.9.

the contact wire is already oscillating before the pantograph reaches the support due to the
mechanical wave caused by the contact between the pantograph collector head and contact
wire. Figure 6.22b shows that the wire uplift 0.5 s before the pantograph passes the support
is between 10 and 15 mm.

The wire uplift at midspan where there is a reduced vertical stiffness was 65 mm for a 70
N static uplift, greater than the presag of 60 mm and the wire uplift increased to 95 mm when
the static uplift was 120 N. Given the presag of the contact wire was 60 mm, that is 0.1%
of the span length [13, pg. 158], when the pantograph moved along the contact wire with a
static uplift of 70 N, the operating height was almost constant as only a 5 mm increase above
the nominal contact wire height was predicted whilst a static uplift would see the contact

wire rise 35 mm above the nominal wire height.
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Fig. 6.22 Wire uplift at the support between spans 5 and 6 at 360 m, for each of the static
uplifts considered. (a) The uplift and the resulting wire oscillations due to the moving panto-
graph. (b) The wire uplift 0.5 seconds before and after the pantograph passing highlighting
the change in wire uplift due to the static uplift and is a detailed excerpt of (a), i.e., the graph
corresponds to the time interval [—0.5,0.5] in (a). The legend indicates the static uplift being
considered in each case and zero time corresponds to the pantograph passing the support.

6.4 Train running speed

The train running speed is a significant contributor to the dynamic performance of the
overhead line system. As the train speed increases, the contact force due to the sliding contact
between the pantograph collector strip and contact wire is likely to increase. Here, the results
of a range of speeds from 40 to 300 km/h are presented using a level overhead line geometry
as described in Section 6.1.

The mean contact force growth is shown in Figure 6.23 and it can be seen that the growth

of the mean contact force is well approximated by the polynomial curve
M(s) =99 x 1075 4553 x 105+ 69.6. (6.2)

The quadratic growth in the mean contact force is consistent with the growth allowed by

BS EN 50367 [61], where the mean contact force grows according to the equation

M(s) =97 x 107°5% +70. (6.3)
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Table 6.10 Contact force statistical output with respect to train running speed for a level
contact wire. All results in N.

Speed Fm (e} FDmax FDmin FSmax Smin
(km/h)

40 71.1 2.1 82.6 68.8 77.4 64.8
60 73.6 4.1 96 67.9 85.8 61.5
80 76.4 5.9 107 69.4 94.2 58.6
100 80 7.6 117 69.2 103 57.1
120 85.5 9.2 128 71.3 113 579
140 89.7 10.9 139 74.6 122 57
160 95.7 12.4 151 74.3 133 58.5
180 103 14.9 160 82.1 148 58.3
200 110 15.9 171 86.5 158 62.5
220 118 18.7 182 84.7 174 61.9
240 128 21.6 193 90.6 193 63.2
260 138 25.8 212 96.7 215 60.6
280 150 31.5 245 100 245 55.5
300 160 36.8 269 107 270 49.6

At 300 km/h, the highest speed considered, the mean contact force prediction given by
Equation 6.2 deviated from Equation 6.3 by only 2.1%. The very good agreement between
the design and predicted mean contact force represents a validation of the model predictions
beyond the expected validation provided by BS EN 50318 [287].

Figure 6.24 shows the variation of the contact force in a single span along with the
corresponding overhead line geometry. The characteristic peak contact forces at dropper
locations are observed. At these locations, the additional mass due to the dropper clamps
and increased vertical stiffness. At the first and last droppers, the total vertical stiffness is
increased due to the relatively short distance (5.5 m) to the registration arms whereas between
intermediate droppers, the unsupported length is 12.25 m. The larger unsupported lengths
causes a reduction in the vertical stiffness thus the decrease in the contact force as predicted
in Figure 6.24. The dropper clamp masses at dropper locations give rise to the observed peak
forces, but due to the reduced stiffness, these peaks are smaller than observed elsewhere.
Typically the major force peak occurs at or just after the dropper and are well aligned in
position irrespective of the speed, as can be seen in Figure 6.24. However at train speeds of
260 km/h and above, the peak force shifts and occurs before the dropper.

Figure 6.24 demonstrates that speed is a significant driver in the variation of the contact

force and the statistical output for each of the speeds considered is given in Table 6.10. At
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