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Abstract

Wear condition modelling is a research topic which lately has increased in popularity
due to its significance to the railway industry. Large sums are spent on maintenance
of the network every year, which has generated a demand for understanding and pre-
dicting wear mechanisms in a multitude of components within both railway vehicles
and infrastructure. To acquire this knowledge, using a simulation software to predict
wear and maintenance needs, is a cheap and dependable option. This thesis sets out
to create a wear modelling software for the catenary-pantograph interaction, which in
theory could enlighten railway operators of the condition of their infrastructure.

This research contains an extensive literature review on the subject of wear modelling,
analysing different strategies and theories of the wear mechanism and desired model
properties. Thereafter, an attempt to recreate a model for a representative Swedish
case was conducted; implementing parameters of a typical Swedish rail vehicle to a
wear rate formula, recreating a passage of a pantograph sliding along the catenary.
The output was a wear rate as a function of time, a determination of life expectancy
for the infrastructure and a worn profile of the catenary wire after one year of opera-
tion.

The model, named AWEAR, was deemed functional for determining wear mechanism
tendencies and behaviour for a few cases of alternating parameters. However, since
no validation could be performed due to a lack of resources, the validity of the output
values could not be confirmed - thus leaving calibration of the model to future work.
In conclusion, AWEAR needs to be calibrated for future research but does contain a
multitude of enhancement opportunities proposed in this thesis. While not completely
functional, the software was deemed a useful foundation for future projects and might
result in a product that aids operators maintaining their infrastructure.

Keywords: Wear modelling, catenary pantograph interaction, mechanism, condi-
tional, railway
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Sammanfattning

Slitagemodellering &r ett forskningsomrade som den senaste tiden har dkat i popular-
itet pa grund av dess betydelse till jirnvidgsindustrin. Stora summor spenderas pa un-
derhdll av nitverket varje ér, vilket har genererat en efterfigan p4 att forsté och forut-
spé slitage i en mingd olika komponenter inom bade sparfordon och infrastruktur.
For att uppna vetskapen, dr att anvinda simulering till att forutspa slitage och under-
hallsbehov, ett billigt och tillitsfullt alternativ. Detta arbete soker att skapa ett slitage-
modelleringsprogram for interaktionen mellan pantograf och kontaktledning, vilket i
teorin skulle kunna upplysa jarnviagsoperatorer om skicket pa deras infrastruktur.

Denna forskning innehéller en genomgéende litteraturstudie inom dmnet slitagemod-
ellering, dér det olika strategier och teorier analyseras om slitagemekanism och 6n-
skade modellegenskaper. Direfter gors ett forsok pa att aterskapa en modell for ett
representativt svenskt fall; dar parametrar for svenska jiarnvéigsfordon och svensk in-
frastruktur implementeras i en ekvaktion for att simulera en passage av en pantograf
glidandes ldangst med en kontaktledning. Resultatet var en slitageniva som funktion
av tiden, ett faststdllande av forvintad livsldngd pa infrastrukturen och en modellerad
profil av kontaktledningen efter ett ar i tjénst.

Modellen, dopt till AWEAR, ansdgs funktionabel till att identifiera tendenser inom
slitagemekanism och beteende for ett fatal fall av alternerande parametrar. Da ingen
jamforelse med resultat och data frén riktiga scenarion genomfordes pa grund utav en
brist pa resurser, kunde resultaten frin modellen inte bekriftas och dirmed limnades
kalibreringen &t framtida arbete. Sammanfattningsvis behover AWEAR kalibreras
for framtida forskning men innehéller dértill en méngd olika forbéttringsmajligheter
foreslagna i denna rapport. Aven om modellen hitills inte #r fullkomligt funktionabel,
kan den skapade mjukvaran anses vara nyttigt grundmaterial for framtida projekt. I
slutdndan kan detta ddrmed resultera i en produkt som hjélper operatorer att under-
hélla sin infrastruktur.

Keywords: slitgemodellering, kontaktledning pantograf interaktion, mekanism, kondi-
tionell, jarnvig



iii

Preface

Firstly, I want to direct my sincerest apologies to my grandfather that I did not become
something cooler like an astronaut.

This thesis is the final chapter of a highly significant education for me. It is signif-
icant, not only because of the things that I have learnt here, but also because this
school is responsible for some of the best experiences, friends and moments of my
lifetime. I therefore want to write my thanks to KTH Royal Institute of Technology for
taking care of me over all these years. For helping me develop as a student, an engi-
neer and as a person. Thank you to my supervisors Zhendong and Bastian for helping
me find my footing in this project and guiding me toward the end goal. Sacrificing
your time over something so vague and undefined must have truly challenged your
patience.

This thesis is dedicated to my parents Matilda and Jesper, who never underestimated
my desire to learn and continued to provide me with opportunities to pursue my goals.
This is a product of 19 continuous years of education, which all started with them
teaching me how to read. Thank you, I love you both.

Gaston W. Holmstrom
March 8, 2022



v



Contents

I TIntroduction|

II.1 " Background| . . . . ... ... ...
[1.1.1 ~ Common types of wear for a Pantograph-Catenary| . . . . . .
(I.1.2 Recent improvements of CaPaSIM|. . . . . ... ... .. ..

2.1~ Wear mechanism between pantograph and catenary| . . . . . . .. ..
2.2 Modelling software| . . . . ... ... ... ... ... ... ...
221 CaPaSIM2013] . . .. ... .. ...
222 OSCAR201. . . .. ...
2.3 Condition modellingl . . .. ... ... ... ... ........
[2.3.1  Catenary damping| . . . . . . ... ... ... ... ...
232 Icecoatingl . . ... ... ... ... ..

3 Methodology|

4

3.1 Workprocess| . . . ... .. ... ...

Viod o
4.1 Implementation of a model of pantograph-catenary wear| . . . . . . .
4.2 Identification of a representative track section| . . . . . . . . .. ...

4.3 Inmitial setupof themodel| . . . . . . ... ... ... ... ... ..

5.1 Theforce separation|. . . . . . . .. ... ... ... ... ...
9.2 Current separation|. . . . . . . . . . . . ...t e e e

9.4 lLifeexpectancy| . . . . . . . .. ...

U N NG,

el

11
11

13
13
20
21
21
22
23
25
26

29
29

31
31
33
35
36
37



vi CONTENTS

A AWEAR CODE! 65



Chapter 1

Introduction

Railway transport is a growing industry in the fields of transit and freight services. To
decrease emissions and aid the environmental concerns of the future, increasing the
railway industry’s share of the transport market is one of the most effective ways of
achieving global goals. Despite this, only about 7% of passengers and 11% of goods
travel by rail within the EU nations. Almost 55% of the network was electrified as

of 2018 (14% of the world in 2012) but that number clearly must increase in order to
reach the EU target of a 90% reduction in transport-related greenhouse gas emissions
by 2050. Sweden has one of the most electrified networks within EU-28 with 95%

of its traffic conducted by electric rail. In addition to its environmental advantages,
electric rolling stock also generates higher traction, lower maintenance costs and the
ability to recycle energy through regenerative breaking as opposed to diesel-powered
trains. Seeking to replace diesel- with electric units is one of the most effective ways
to reach a sustainable and more efficient transportation market throughout the world.
Electric propulsion systems can be divided into the two most common types of con-
ductors: overhead line and third-rail, see figure[I.1] The third rail is mainly used in
underground- or tunnel plenteous systems like the Swedish metro network, but can
also be found in older overground systems like London commuter routes. A third rail
runs along the track, where a metal "shoe" on the trains acts as a pantograph to collect
current and supply the traction systems. The installation costs are lower as opposed to
the overhead line, but sets limits on the top speed and highly affects the safety of peo-
ple trespassing on the tracks. The overhead line is the most widely used electrification
system in the world, with a catenary line running above the tracks and a pantograph
mounted on the roof of the rolling stock. This is a safer and more valuable system in
terms of speed, but comes at a higher installation and maintenance cost. As of today,
an overhead line is the only system that can handle high-speed trains running over
200km/h, while the third rail is more suited for lower speeds. The British Class 395
"Javelin" - a high speed commuter train installed with both a metal shoe and overhead
pantograph, is limited to 160km/h using the third rail and can reach 225km/h using
the overhead line. [1},/3,4]

The overhead line system works under certain requirements. The pantograph

1



2 CHAPTER 1. INTRODUCTION

(a) Overhead line. (b) Third rail.

Figure 1.1: The two different types of conductors. IEL

must maintain contact with the catenary during operation to gather current and sub-
sequently supply the power unit of the train. However, since the pantograph is slid-
ing along the catenary, this subjects both components to significant mechanical wear.
This spurs a balancing act where the pantograph must apply enough force upon the
catenary to function as an effective power supply, but not enough to significantly af-
fect the life span of either component. Additionally, the contact wire is placed in a
zig zag pattern to even out the mechanical wear on the pantograph. The catenary is
usually made of copper alloys due to its high conductivity, tensile strength and low
corrosiveness. Since this component is significantly more difficult to replace and
maintain than a pantograph, the wear of the wire is built to be slow - generally be-
ing designed to last more than twenty years, even though it is constantly subjected

to extremely high voltage and recurrent rapid sliding contact. Additionally, the max-
imum permissible wear of a wire is usually between 20-30%, since exceeding that
limit risks significantly increasing the electric resistance, or even breaking the wire
completely [[1]. The more observable wear occurs on the contact area of the panto-
graph, called "collector strip" or "carbon strip". As the name entails, this component
generally consists of carbon and graphite which is a low wear material with good con-
ductivity and even self-lubricant properties. As it is more easy to replace, its lifespan
is significantly shorter than a catenary wire, usually lasting for only a few weeks. This
brittleness however helps maintain the quality of the catenary wire. Figure[1.2]
illustrates extreme cases of wear on said components.

(a) Collector strip. (b) Catenary wire.

Figure 1.2: Extreme cases of wear on the a) carbon strip and the b) catenary wire.

To combat the wear and ensure qualitative power transfer during high speed
operation, it is important to understand the pantograph-catenary interaction. A cost
efficient way of researching all aspects is to simulate the interaction and deduce areas



of potential improvements, adjustments or other maintenance related topics. At KTH
there is a simulation model called CaPaSIM, on which multiple enhancements has
been incorporated recently. This thesis sets to research ways of conducting simula-
tions, cover the international progress to improve computational results and conclude
whether one of those strategies is applicable to CaPaSIM.
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1.1 Background

As the demand for faster trains increase, and the high speed network of Europe con-
tinues to grow, so does the demand for functioning and reliable pantograph-catenary
interaction. To compliment this goal, higher standards of simulation software must
be implemented to save cost and limit design flaws. The faster the vehicles, the more
complex the computations of the simulation software becomes. While there are ways
to directly measure the wear of catenary and carbon strips, for instance by using laser
scanners to measure height, residual thickness and stagger with high precision, this
process only occurs a few times a year depending on the operator. This strategy is re-
active, and can help operators maintain the catenary by knowing its weakest points -
thereby extending the life span of the entire system. However, to fully anticipate and
understand the exact cause of the wear, a simulation can save both cost and time. By
measuring the wear as a function of sliding speed, current and pressure, one can with
the help of models theoretically simulate an entire life cycle of a component, proac-
tively notifying the operator of needed maintenance actions. Before observing how

a typical simulation model works, one must study the main causes of wear for the
pantograph-catenary interaction. [1}2]]

1.1.1 Common types of wear for a Pantograph-Catenary

Being a both mechanical and electrical interaction, the quantified wear of the system
comes from widely different parameters. The literature study of this report, found in
chapter 2] indicated that measured wear should be divided into three contributors:
mechanical wear, electrical wear, and arcing wear.

Mechanichal Wear
Firstly and perhaps most intuitively, the friction wear caused by the pantograph slid-
ing along the catenary is the most prominent source. In a study conducted by the
Journal of Wear, researchers Zhao, Barber and Liu constructed a machine that would
simulate high speed sliding friction of a catenary without the influence of current. [_]]
Observing the friction wear, they could conclude that the wear rate is highly depen-
dant on the sliding velocity of the interaction as well as the force put upon the com-
ponents. Figure [I.3]illustrates the relationship between the wear rate of a carbon strip
when subjected to different loads and sliding velocity. However, the study also ob-
served that the friction coefficient fluctuated incomprehensibly as a function of sliding
speed before presenting a decreasing trend as the normal load increased. This trend
was concluded to be caused by the fact that the friction force did not increase pro-
portionally as the normal load increased, most likely due to the layered structure of
the carbon/graphite material. Figure[T.4]illustrates this phenomenon. Mechanical
wear is not significantly affected by the climate i.e. the wear is relatively consistent
throughout the year, even with changing seasons [27]. Aiming to reduce the mechani-
cal wear, one should consider lowering the contact load of the friction area if lowering
the speed of the operation is unpreferable. This solution would however affect the
electric transmission properties of the system, including an increase of electric wear.
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Figure 1.4: Friction coefficient as a function of sliding speed and contact load. [8]]

Electrical Wear
Electrical wear is more complex than its mechanical counterpart. In an issue of Jour-
nal of Rail and Rapid Transit from 2011, researchers Bucca, Collina, Manigrasspo
Manipello and Tarsitano found that a higher contact force between a carbon strip and
catenary results in a lower electrical resistance - which in turn results in lower electri-
cal wear on the pantograph [9]. Plotting the relationship however, one can see that it
is far from a linear correlation, see figure @ Another conclusion was reached when
the experimental machine of Zhao, Barber and Liu was equipped with different levels
of current. Like the increase of contact load lowered the friction coefficient, the in-
crease of current produced a similar outcome. This phenomenon was contributed to
an oxidation layer caused by electrical heat on the sliding interface as well as reports
of micro-melting being more common at higher current levels, also known as electric
lubrication [g]].

Arcing Wear
Arcing was stated by [9]] to be a main contributor of the total wear mechanism and
differentiates itself from electrical wear. Arcing is an electrical discharge that typ-
ically occurs at sudden low contact loads between the pantograph and catenary. It
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Figure 1.6: a) Arcing between pantograph and catenary; b) Wear volume as a function
of arcing intensity and frequency. [10]

can be observed as sparks between the catenary and pantograph, see figure[I.6a] Ad-
ditionally, as the peak of figure[I.5a reveals, this sudden spike of low contact force
causes critically high electrical resistance, severely damaging both the carbon strip
and catenary. When a large arc discharge occurs, arc erosion and high temperature
wear, lead to crumbling of the carbon strip and an amount of wear debris is accu-
mulated. The debris leads to a higher friction coefficient which in turn causes more
wear on the components. The arcing plasma can reach temperatures of 3500-4000 K,
additionally causing the carbon strip to be continuously burnt during operation. In
summary, the effect of arcing wear is more significant than thermal electromechanical
wear, and its quantity is based on the thermal intensity and frequency of the arcing ef-
fect, as seen by figure[I.6b] Additionally, the difference between summer and winter
operation are crucial in terms of electric wear. During winter time, an ice layer can
accumulate on the catenary, significantly disturbing the contact interaction to the car-
bon strip. This leads to an increase of arcing occurrences which in turn heavily affects
the life span of especially the carbon strips. [1,[10]
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1.1.2 Recent improvements of CaPaSIM

The pantograph-catenary interaction simulation software at KTH CaPaSIM, has as

of 2021 been validated for a top speed of 270km/h. Since the Transportation min-
istry of Sweden has planned to implement high speed traffic of 300km/h in 2040, the
simulation software will have to be upgraded to completely fulfil its purpose [11].
Recent studies based on other pantograph simulation tools have been able to apply
functioning enhancements, which has resulted in significant improvements of accu-
racy to determine contact load and its properties. The catenary model of CaPaSIM
consists of finite beam elements meshed together in a 3D-pattern in the finite element
analysis software ANSYS, see figure The pantograph is a similar combination

of suspension elements, with the input parameters of the spring- and damper compo-
nents depending on the researched vehicle of interest. A more detailed description of
the complete model can be found in section[2.2] Recent studies conducted by Bastian
Schick of KTH, found three different possible enhancements Firstly, separating the
contact strip into two elements (most pantographs uses two contact strips), halving the
vertical forces on the area collecting current, considerably reduced the standard devi-
ation of the contact forces. This heavily decreased the error rate of the measurements.
The second strategy was doubling the contact stiffness between the catenary and pan-
tograph, to minimize the resonance frequency produced by the spring elements in the
system. This refinement managed, in combination with the separation of the contact
strips, to additionally reduce error rate with 3%. Finally, by increasing the number of
beam elements between two droppers (figure shows 8 beam elements between
every dropper), the numerical precision is naturally improved at the expense of com-
putational effort. Results showed that using 8-24 beam elements, as opposed to the
original 4-6, reduced the error rate by 8-10%. While these strategies improved the
measurement data, some of the errors still occur. Further studies are therefore needed
to upgrade CaPaSIM to the performance required of being applied to very high speed
operation. By conducting an extensive literature study, one can find new manners of
improving the model. Implementing the new strategies, one must compare the simula-
tion to real life data, truly proving that the level of error has decreased. [2}12]
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1.2 Purpose

This thesis has several purposes in continuous steps to consider. The main purpose

is to extend the CaPaSIM simulation software to further approach the target of high
speed simulation with an acceptable error rate as described above. A well designed
simulation software is crucial for proactively serving the network of Sweden, possibly
eliminating unexpected wear-related maintenance assignments. Simulation is a much
cheaper alternative to physical inspection, which could therefore increase the quan-
tity of examinations conducted on the lines of Sweden. It could also reveal structural
issues to the planned high speed line, warning the contractors in advance of areas of
significant wear. With the main goal established, the purposes can be divided into
several aspects.

Firstly, this thesis aims to inspect the international progress made on the matter.
Multiple studies have found different types of strategies to form a more accurate sim-
ulation software, and researching its results is of high importance to the main goal.
One could value the different strategies in terms of work effort and improvements
gained, which could separate the information into two categories: "applicable but not
worthwhile", or "applicable and prioritised". This study could therefore help future
research on the matter and possibly aid whenever anyone plans to improve their simu-
lation software.

Secondly, this project aims to successfully extend the function of CaPaSIM and
validate the quality of the upgrade similarly to [2]. Hopefully, the results will perma-
nently change CaPaSIM for the better and be used for future research of higher speed
traffic.

Finally, this thesis last purpose is to complete the author’s final chapter of his
education. This thesis will demonstrate his ability to work in the field of engineer-
ing sciences. Using the previous knowledge gained during his education, the author
must prove to himself and his peers that he can extract new information, demonstrate
results properly and reach a satisfying conclusion based on facts, research and calcu-
lations.
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1.3 Goals

The goals of this thesis are built around the topics of the background section[I.T} and
a combination of the purposes discussed in section[I.2]and delimitations of section
The goals are limited with time constraints, resources and general priority of in-
terest. Below there is a concretely described list of goals, which are sorted continu-
ously in completion order.

* Conduct an extensive literature review on international research towards mod-
elling wear of the pantograph-catenary interaction; Understanding its theory
and effectiveness in practice.

* Validate the strategies found in the literature review, rejecting the ones that are
not considered applicable given the time frame and deciding which one to im-
plement in CaPaSIM.

* Successfully extend the function of CaPaSIM.

* Identify a representative track section in Sweden, upon which one can validate
the effectiveness of the strategy. This includes gathering input parameters from
the traffic situation in terms of vehicle type, vehicle quantity, pantograph type
and its properties.

Calculate wear levels of the example case.

Conclude the effectiveness of the implemented model, and discuss possible
future work.

The first two points of the list above are related to the first purpose stated in
section[I.2] summarizing different studies from around the world to further aid fu-
ture research on the matter. The following points are related to the second purpose,
where successfully implementing a functioning model will hopefully extend the func-
tionality of CaPaSim. Completing all of the points above will fulfil the third purpose,
proving the author’s ability of independent research and engineering endeavor. Con-
ducting the literature review for this thesis and implementing the strategy correctly,
is planned to be the most time consuming activity but also the most crucial step in fi-
nalizing this thesis. The overarching main goal is to validate the effectiveness of the
implemented wear model, quantifying the eventual reduction of error rate by compar-
ing the measured data to the simulation results.
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1.4 Delimitations

The delimitations of this thesis are heavily based on its time- and resource constraints.
Roughly 20 weeks will be spent on research, calculation, and thesis writing, which

will put high demand on planning and consistent execution. This section is devoted to
prematurely constraint the work so that the goals will remain realistic and the conclu-
sions satisfactory. With that in mind, listed below are the delimitations for this thesis.

Firstly, since Trafikverket is an authority which owns tracks and does not work
in the field of maintaining vehicles, the measured wear data is only from the catenary
infrastructure and not the contact strip upon the pantograph. This means that the data
provided by Trafikverket will only describe the wear of the catenary of a track sec-
tion, which in turn limits the research greatly. The strategies found in the literature
review will therefore be fully or partly measurable in terms of catenary wear, and the
implementations and observations will also be presented as such. Secondly, the se-
lection of a representative track section for the research will seek to find as ideal of
an environment as possible. This means that the track section will not be subjected
to significant curvature, harsh variations of current, or inconsistent traffic operation.
Since the wear, especially the electrical contribution, is heavily dependent on weather
conditions and temperature, the research will also reject a highly significant factor
of the wear amount. While the literature review might seek to simply understand the
climate significance of the wear, the results of the simulations will not take it into ac-
count. The same goes for the wear irregularities caused by acceleration, deceleration
or current variation. Lastly, the research will be limited to 6-7 weeks of literature re-
view, meaning that a full scope of the subject might not be reachable. The goal is to
understand the catenary-pantograph interaction and find a suitable and not previously
implemented model enhancement, and possibly important topics might be missed or
even left out.

1.5 Structure of the Thesis

The thesis is conducted orderly with the following chapters. Firstly, a review of liter-
ature, methods and strategies the author came across during his research is explained
in chapter[2] secondly a presentation of the study’s planned method is given in chapter
Thirdly, acting as the story of how the experiment was conducted, a section is de-
voted to the modelling process and its inputs in chapter[d] In the following sections,
the results of the simulation will be presented along with a discussion regarding the
outputs in chapter 5] as well as a section devoted to further discussions, conclusions
and future possible work in chapter[6] This structure will be continuous and follow
the author’s discoveries in order of the experiment.
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Chapter 2

Literature Review

This section is dedicated to the extensive literature review conducted by the author.
The three chapters of interest; Wear mechanism, Wear modelling software, and
Conditional modelling, are based on the goals and delimitations stated in chapters
[[.3|and[T.4] The first chapter is dedicated to quantifying the wear, representing the
interaction and wear mechanism using equations. The second chapter explains using
these equations in simulation models, and how to implement them. The third chapter
is dedicated to other types of wear influences; like weather, wind and temperature,
and how one can model them. The research referenced in this chapter is collected
from all over the world, but is focused on countries with high speed rail operation like
China and Italy, or similar countries to Sweden like Norway or The Netherlands.

2.1 Wear mechanism between pantograph and cate-
nary

If one wishes to model a mechanical phenomenon, one has to quantify its compo-
nents in equation form. Mechanical wear, like the pantograph-catenary interaction is
commonly quantified by observing a sped-up life cycle of the materials using a test
rig. At the Department of Mechanics of Politechnico di Milano, a specific test rig was
developed and used to reproduce the wear upon a catenary, using different types of
pantograph contact strip materials. The test rig consists of a fibre-glass wheel rotat-
ing around a vertical axis with a copper contact wire connected around its perimeter.
The "contact strip" is pushed at various vertical forces onto the rotating wheel, repro-
ducing a sped up version of the wear effect. The wear of the contact wire is further
determined by the difference of thickness of the wire before and after an experiment.
Furthermore, the test rig can be equipped with a current source, accurately mimick-
ing the actual electromechanical interaction of the components. Figure [2.1]illustrates
the setup. A study using this rig, found that a graphite-carbon contact strip was fa-
vorable in terms of friction at all tested levels of current. This is because the material
has self lubricant properties, and deteriorates in favour of maintaining the contact
wire [[13]]. In some countries like Japan, a steel or copper contact strip is used instead

13
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to combat the brittleness, creating a more sustained contact upon the wire. This how-
ever, severely limits the service life of both the contact wire and contact strip, since
the friction coeflicient is much higher using steel or copper [1]]. Since wear is influ-
enced by various parameters, researchers Lim and Ashby formed a concept called
wear mechanism maps to fully grasp the relation between different types of wear,
pressure and velocity. By normalising variables such the equations listed below and

compiling them together.
— W
w=— 2.1
A, 2.0
Normalised wear rate w as ratio between lost material volume per sliding distance and

the nominal contact area A,,.
P

F =
A, Ho

2.2)

The normalised pressure on sliding interface P where P is normalised pressure and
Hj the hardness of the material at room temperature.
~ vr
V=2 (2.3)
a
Normalised sliding velocity v as the fraction of the sliding velocity v, the equivalent
radius of the normal contact area ry and a the thermal diffusivity of the material.

Compiling them together creates a map that describes the different types of
wear at different velocities and pressures for a material. Figure[2.2]illustrates how
copper behaves in different conditions. This is interesting in regards of observing the
catenary wire and how the pantograph affects its wear. In different conditions, a dom-
inant type of wear is defined. This type of wear in turn constitutes an equation that
accurately describes the wear mechanism as a whole. For instance, at high pressure
values (where normalised pressure is greater than 1) the seizure domain is operating
upon the material, producing high plastic deformation on the contact surface. At high
sliding speeds, the oxidational wear domain is activated, where the vast majority of
the wear comes for oxidation of the bulk material. Increasing the pressure from that
domain, melt wear begins to be the dominating factor etc. For any given scenario of
pressure and velocity, a realm from the map is selected and the equation that repre-
sents it, gets used for further accurate wear calculation. From the map of figure[2.2]
Bucca and Collina were able to further implement the influence of current, by consid-
ering the friction- and Joule effect on the electro-mechanical contact. Introducing the
new equivalent force P, containing the normal force as well as the electrical contri-
bution as an equivalent normal force.

Peg =P+ Peyel 24
P being the normal force and P, representing the electrical normal force where:

Rel,c
Hv

I (2.5)

Peq,el =
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Rel, c being the electrical resistance at the contact, u the friction coefficient, / the
current intensity and v the sliding speed. Since electrical resistance is now intro-
duced, the wear map should yield a more accurate representation of what type of wear
is dominant at a given working condition. Using this model, Bucca and Collina found
that copper contact strips produce a wire wear ten times greater than graphite strips in
almost all cases. They also found a clear correlation between contact force and worn
area, where low contact force yielded a high electrical resistance (and low current
flow), which in turn contributed to extensive wear on the contact wire, further sug-
gesting that electrical influence on wear is greater than the mechanical counterpart.
Lastly, they found that applying mechanical tension to the contact wire from 17kN to
20kN could decrease wear on the contact wire with about 50% [/13]].

Moreover, further experiments with the test rig strengthened the claim that wear
of the contact wire is mainly due to three contributions: mechanical friction wear,
electrical contact resistance and electrical arcs generated during contact losses. Using
these three main contributors, a new model for worn volume per sliding distance was
developed in 2015 by Bucca and Collina and tested throughout various speeds and
current levels.

1. I Fpm sF, (Re)(Fn) 12 Vol
NWR=ki(=(1+ ) ()2 j j,— 2 T2 (1= k ac
1(2( +10)) (FO) 7ty (1I—u)+ MY

2.6)

The normal wear rate (NWR) is the volume of removed material per distance
unit (mm3/km) and uses ki, k>, k3 as weighting factors for mechanical, electrical and
arcing contribution in an experimental setup. See table [2.T] for an explaination of all
parameters within equation[2.6] They found that arcing, while destructive in terms of
wear, was not as contributive due to its low typical occurrence in normal operating
conditions. The graphs in figure 2.3|summarize the main findings of the research. As
one can observe, the electrical arcs are indeed not as weighted in the total wear per
kilometer measurement. As imagined, the electrical wear per kilometer increase as
the current increase, however, at low currents (with high electrical resistance) wear
can still be quite severe. Mechanical wear is decreased as the current increases due
to the current lubrication phenomenon. In summary, to minimize wear per kilometer,
one would seek low contact pressure, at mid-range current level and operation at high
speeds [14].

Through experiments conducted by Kubo and Kato, electric arcs where found to
equally distribute temperature levels around 4000K upon both the catenary and con-
tact strip. The intensity and the time duration of the arc is higher as current increases,
which in turn causes higher levels of melting, evaporation, wear copper particles and
carbon oxidation [16]].

In a study from 1998, researchers Nagasawa and Kato found that there were
three types of shapes on wear particles; flake, roll and block. Flake type is most com-
mon where heat of current can be negligible i.e. where neither current intensity or
sliding speed is particularly high. Roll type is observed where all factors are higher,
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18 CHAPTER 2. LITERATURE REVIEW

Symbol Meaning
ki Weight of mechanical contribution
ko Weight of electrical contribution
ks Weight of arcing contribution
F,, Mean value of contact force [N]
Fo Reference value of contact force [N]
H Hardness of material [N /mm?]
H,, Latent heat of fusion for copper [kJ/kg]
Iy Reference value of electrical current [A]
I. Nominal electrical current during tests [A]
R, Electrical resistance between strip and wire [ohm]
Vv Sliding speeds during tests [m/s]
Vo Reference value for sliding speeds [m/s]
V., Electrical arc voltage [V]
u Decimal fraction value of percentage of contact loss
1% Coeft for the mechanical contribution on the electrical current
B Coeff of mechanical contribution on the mean value of contact force
e Density of copper [kg/m>]

Table 2.1: List of variables and the parameters used in

where current flows without arcing. Finally, block type is observed where arcing

is occurring. They developed a model for calculating wear, which alike [|13}14], is
grounded in the heat generated by the friction of the sliding motion. The following
equations are based on the same metallurgical research from [/15]], while using an iron
based contact strip.

h=1t(q: +qr+qa) 2.7

The heat parameter is compiled with the sum of the frictional heat ¢,, the joule
effect heat ¢, and the arcing heat g, times the sliding time per unit length of a wire.

qi = pF @.8)
Where u is the friction coefficient and F is the normal load.
1—€)RI?
qr = % 2.9)

Where € is the contact loss ratio and v the sliding speed.

eV,l
v

Ga = (2.10)
Where V,, is the electrical potential between the contact wire and strip. The heat pa-
rameter / of equation [2.7)is afterwards used as a wear volume unit. Upon this model
the three types of particles could be defined onto different regions of a wear map. Al-
though these equations are simpler than[2.6] similar results in terms of the wear mech-
anism were reached. They could for instance conclude that in order to decrease wear
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rate of a wire, the overall heat generation and the contact pressure have to decrease
without contact loss occurrence [[17].

Splitting the the wear results between the contact strip and wire has been found
to be beneficial. This is because the properties of the wear can vary widely between
the two components, and some effects, like current lubrication for instance, can ben-
efit the wire but not the contact strip. At the Norwegian University of Science and
Technology, Névik et al. developed a separated model using equation [2.6] for both the
catenary wire and the contact strip. Furthermore, it was built around the usage AC
feeding at 15kV 16.67Hz, and not DC [13}|14]]. AC feeding is the system used in both
Norway and Sweden, which therefore makes this study more aligned with the purpose
of this report. Through a sensitivity analysis, he was able to find the weighing param-
eters from table @] (k1, k2, k3, @, B) and create a model which showed the wear de-
pendency of contact force and current intensity. While the model for the contact wire
in figure looks similar to the results in figures one may notice the difference
of wear behaviour between the separated components. The mechanical wear of the
wire for instance, has a peak at low current intensities which gradually decreases as
the current increase due to current lubrication. Additionally this leads to a low peak
in the total wear around the lower current intensity levels 250A-350A depending on
the contact force. On the contact strip however, the mechanical wear seems to remain
constant throughout the current increase and not be affected by current lubrication,
while the electrical resistance wear steers the total wear upwards. In summary, the
wear of low force and high current operation is mainly electrical, while the opposite
is mainly mechanical. In addition, there is a minimum point of low wear between
the two domains. For the contact strip however, this is not the case, where solely low
current and high force seems to be ideal in terms of wear. In all the tested cases of
the study, a high contact force is desirable since the mechanical wear gain is not as
weighted as the decrease of electrical wear. According to the report, the wear model
developed from equation [2.6]is only applicable to the contact wire, and the contact
strip model had to be developed and tuned for the specific experimental case [18]].

In conclusion, there has been an increasing number of research surrounding the
subject in the last decade [5]. The demand for wear modelling and accurate simula-
tion software is a crucial aspect in maintaining the railway industry as a competitive
means of transportation. Using test rigs, researchers have been able to compile equa-
tions that explain the interaction between the catenary wire and contact strip [[13].
Using these or similar equations, modelling software has been created in order to find
optimal operating conditions for existing or future railway lines. Observing the cor-
relation between contact force and current intensity, with electrical resistance and
level of wear, a vision of the mechanism has been successfully formed and applied to
various hypotheses [14]]. The equations are grounded in the heat generated through
friction and current intensity between the wire and contact strip. The equations can be
simple like equation [[17] that work for laboratory experiments, or using weighted
variables that increase accuracy to specific real life operating cases like[2.6] from [14]].
Splitting the two components in wear simulation have revealed some new aspects
concerning wear behaviour, where some effects are found to benefit one component
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Figure 2.4: a) NWR of the contact wire for three values of contact force and; b) NWR
of the contact strip for three values of contact force [18]].

but not the other [[18]]. Some conclusions to be drawn from this literature review is
firstly that heat generation can be modeled using different levels of complexity. To

be able to simulate realistic environments, one should look into using weighting fac-
tors to achieve better results. Secondly, modelling a contact strip might be a more
time consuming effort, since wear is distributed over its area, and its material is not
as straight forward as the copper contact wire. Thirdly, the speeds simulated only
reached 210km/h in this literature review. A main goal of this report is to find ways
to simulate wear in operating speeds of 300km/h or above to accommodate for future
high speed traffic. The results in this research might therefore not reach the accuracy
levels of the reports from the literature review. Lastly, it is important to remember that
wear cannot be eliminated completely, but that the research surrounding the subject is
a matter of limiting it to a satisfactory level. As stated in the Navik et al. report from
2020: "Wear cannot be avoided, but it can be controlled in a way that potentially sat-
isfies the train operators and infrastructure owners" [18]].

2.2 Modelling software

This section is devoted to explain current relevant modelling software, its components
and functionality. Understanding how the software works is crucial in terms of apply-
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ing new enhancements as well as comprehending its delimitations. Since no simula-
tion is perfectly mimicking real life scenarios, the software has to simplify the situ-
ations to save computational power. These shortcuts are either considered rejectable
in terms of weighting of the final results, or they are combated using other formulas.
Firstly, there will be a thorough explanation of the KTH software CaPaSIM and after-
wards the similar software OSCAR. This way, one might find interesting similarities
or differences between the two, where methods can inspire each other for the same
purpose.

2.2.1 CaPaSIM 2015

CaPaSim is a software created by the Royal Institute of Technology (KTH) and the
National Swedish Transportation and Traffic Authority (Trafikverket) for catenary/-
pantograph interaction analysis. The software is based on the Finite Element program
ANSYS, where the geometry of the catenary and pantograph is translated from a pre-
processor owned by Trafikverket called BARTRAD (swe: "Dropper"). After the data
has run through ANSYS, a post-processor is activated in MATLAB for evaluating the
results. The mesh of the ansys model is illustrated in figure where four elements
are placed between a pair of droppers to form the messenger wire and eight elements
form the contact wire. Adding more elements between every dropper increases ac-
curacy rate as tested by [2], but does also increase computational power which limits
production of results. The droppers are unlike the element-based wires, modelled
with 2-node elastic truss elements that may deform under significant force. The con-
nection points between all wires are lumped masses. As illustrated by figure [T.7c] the
pantograph is built up using lumped masses connected through various and exchange-
able springs and dampers. The contact strip is modelled using eight individual beam
elements. The contact is simulated as a penetration of the wire elements with the con-
tact strip elements. The force is set to O if no penetration is occurring and Fy = gKn
when it is, where K, is the stiffness and g the level of penetration. Since the model is
an ANSYS code, it is flexible to change variables to simulate various working condi-
tions. One could for instance simulate mechanical failures by removing droppers or
how track curvature influences the interaction. The software was of 2015 validated
for speeds up to 250km/h, much higher than the current maximum operation speed of
200km/h in Sweden. Validation is conducted by comparing real life data to the simu-
lation results and evaluating the deviation. During specific projects, the software has
however been able to simulate speeds up to 280km/h. The main missing component
of this software, is the lack of wear measurement. The output of the model is defined
in contact force F'(t) over time at each contact element, and future research is needed
to fully utilize its function [[12].

2.2.2 OSCAR 2015

OSCAR is a pantograph/catenary dynamic simulation software developed by Société
Nationale des Chemins de fer Francais (SNCF) which became three dimensional in
2004. This software was used as preparation for the rail speed world record in April
2007 by SNCF, Réseau Ferré de France (fr: Rail Network of France) and Alstom.
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This means that the maximum theoretical operation speed for the simulations can
reach almost 580km/h. The fundamentals of OSCAR depends on 10 modelled "cen-
tral spans" which collects information, and surrounding spans to ensure stabilisation
before entering and exiting the central spans. The contact modelling is similar to Ca-
PaSIM, but takes a few new things into account. Where CaPaSIM measured the "level
of penetration" that the contact strip applied to the wire elements, OSCAR uses the
vertical coordinates of the models to calculate the total contact force.

dZcontact = Zwire = Y'wire — Zpantograph (2.11)

Where r,, ;e is the radius of the contact wire. To measure force, a contact stiffness
Kcontacr 18 introduced as well as an eventual damping stiffness Cconract:

FContact = dZContact(CCnntact - KContact) (212)

Equation@]only applies if dzcontacr < 0. If not, the contact force is set to zero,
similarly to CaPaSIM. A highlighted aspect of simulation is the initiation of the solv-
ing procedure, where a steady state of the catenary coordinates has to be reached be-
fore commencing. Two methods to achieve this has been developed; either gravity is
slowly applied to the geometry to stabilize the mesh, or the contact wire position at
each dropper location is imposed, iteratively adjusting the dropper lengths to obtain
equilibrium. Lastly, a damping maneuver has to be applied to the first sets of cate-
nary spans, since the instant velocity of the modelled train causes an unrealistic wave
propagation in the wire. This effect is of course removed from the final analysable
data. [|19]

In conclusion, CaPaSIM and OSCAR have similar strategies in determining
catenary/pantograph interaction. While CaPaSIM is still developing and hoping to be
validated for higher speeds, OSCAR has already achieved astounding results. There
are multiple issues in using a simulation software, and foreign unrealistic phenomena
can disrupt its data. Therefore, strategies to delete or account for these disruptions has
to be continuously implemented to maintain accuracy rate, but deviations from real
life scenarios might never be completely removed [2,/12}/19].

2.3 Condition modelling

This section is devoted to explaining other phenomena that affects the catenary/panto-
graph interaction other than the sliding friction and electric current. According to [[1]],
the most profound effects include ice coating on the catenary, temperature and wind.
These effects are difficult to include in a simulation, but are crucial in terms of real
life wear especially in cooler climates. Listed below are attempts to improve simu-
lation models by implementing realistic enhancements. In this way, researchers has
tried to more accurately determine wear for real life situations.
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2.3.1 Catenary damping

An issue that becomes larger at higher speeds is the fluctuation of contact force be-
tween the pantograph and catenary. Unstable contact between the components can
cause serious wear or even derailment caused by fluctuating collection of electric en-
ergy. From a modelling perspective, the hangers in the catenary system is of high in-
terest. In a study conducted by Lee et al. [20] a slackness versus non-slackness model
was tested at various speeds and contact forces. The slack version of the hanger,
could be envisioned as a thread that only sustained tensile and ignored compressive
force. The non-slackness had axial stiffness for both tensile and compressive force.
The catenary itself was modelled as a beam subjected to a moving mass with vertical
spring force, as well as a lateral tension, see figure
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Figure 2.5: The setup for the experiment with nine hangers equally distributed along
the beam, subjected to the moving vertical force F [20].

They concluded that a slackness model effectively reduced the fluctuation of
contact forces between the tensioned beam and the moving mass. They also observed
large fluctuations in both models whenever the speed of the pantograph reached the
wave propagation speed of the beam, which proves the difficulty of maintaining ef-
fective contact at higher speeds. While the study did not report any conclusions in
regards to error rate reduction, it found concrete parallels between hanger stiffness
and contact force dynamics [20]].

The structural behaviour of pantograph geometry is well documented, how-
ever Névik et. al. [21] found that the catenary system and its damping characteristics
are not. In an attempt to assist development of numerical models describing the pan-
tograph/catenary interaction, an experiment was conducted in Norway where three-
axis accelerometers were installed to three similar catenary sections. Since catenary
systems are considered lightly damped structures, oscillations appear both in front of
and behind the actual contact point of the interaction. Environmental disturbances
such as snow, wind or ice can also, especially in colder climates, affect the damp-
ing characteristics. With this information the experiment was set up so that both the
"ambient" frequency i.e. the oscillations caused by the natural environment was mea-
sured, as well as the "post passage" frequency i.e. the frequency caused by a passing
vehicle. The aim of this study was to determine the Rayleigh parameters, which are
used to describe the damping ratio in accordance with equation[2.13] These parame-
ters can then be implemented in numerical models describing the catenary architec-
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ture.

M ==—+=wy (2.13)

The damping ratio for the nth mode, where 7,, is the damping ratio, @ and 8
are the Rayleigh parameters and w is the frequency. Extracting the damping ratio and
the frequency data from the accelerometers, they could compute the corresponding
Rayleigh parameters which, while different at separate catenary sections, led to a few
significant conclusions. Figure 2.6illustrates the differences and similarities of the
investigated cases.

(a) Ambient (b) Post-passage
0.015 0015

Rayleigh curve, Soknedal
o

e, Soknedal

0.01 |

Damping ratio
Damping ratio

0.005 0.005

= o =
0 5 10 15 20 0 5 10 15 20
Frequency [Hz| Frequency [Hz|

Figure 2.6: Rayleigh curves for the investigated cases a) ambient and b) post-passage

The researchers extracted a mean value for the Rayleigh parameters @ = 0.062
and 8 = 6.13e — 06 which they argued are recommended for modelling use if the
parameters of an investigated catenary section are unknown. That statement has not
yet been validated, but could bare an interesting base for a future experiment. Since
both the climate and railway infrastructure of Norway and Sweden are similar, using
the found parameters from this research could lead to an enhancement of CaPaSIM or
other modelling software [21].

Researcher Hayasaka studied the possibility of limiting the wave propagation
upon the catenary in 2004 [22]. At an overlap section between two catenary sections,
the first pantograph passing causes a shock wave upon the next catenary section which
both affects its current collection and generates a source of vibration which worsens
the current collection of the next pantograph. To solve this, he modelled a damper in-
stalled at the overlap section illustrated by figure[2.7]and calculated what wave ampli-
tude corresponded to which damper constant. To verify that the wave would be can-
celled out, a simulation was carried out using a typical Japanese train, equipped with
five pantographs running through multiple overlap sections with installed dampers.
The experiment was a success. Since the contact loss ratio dropped significantly, he
therefore concluded that such a damper should be installed to optimise current col-
lection. This of course, is not an issue of enhancing error-rate to simulation software,
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but could prove how significant modelling of the catenary wave is. Perhaps an appli-
cation of an accurate damper could assist CaPaSIM in determining current collection
properties. [22]]

Overhead contact line A -~ ~Overhead contact line B

B ——
Direction of train running

Overhead contact line B

Figure 2.7: Damper installation of overlap section [22].

2.3.2 Ice coating

Ice coating is, especially in Sweden, a large issue in terms of catenary/pantograph
wear. Often overnight, a humid cold environment can cause an accumulation of ice
layers upon the catenary. After morning traffic, this layer has often melted away or
been torn off, but the wear already caused on the infrastructure is a common occur-
rence during the winter months in colder countries. Researchers Yao et al. [23] at-
tempted to model ice coating layers in a simulation software in 2020. The visual
profile of this modelling is illustrated by figure[2.8] The thickness of the ice is deter-
mined by the proportion to the catenary radius, and the experiment was conducted on
a high speed (design max=400km/h) track section in Russia. To numerically model
ice coating, the researchers proposed three strategies:

1. Increased density method
2. Uniform load method

3. Combinatorial material method

Increased density method, is as the name entails a strategy consisting of treat-
ing the ice layer as a simple increase of density of the catenary and let gravity forces
simulate the phenomenon. This is done using a formula combining p,;re and p;ce
as variables changing depending on the proportion of ice applied in the experiment.
This increase of density also causes the kinetic- and strain energy of the catenary to
change, which will need to be recalculated including the new density. The uniform
load method applies ice as a uniform load upon the catenary. This method does not
account for the inertia or shape of the ice, but consists of less calculations since the
problem is treated as a displacement due to the load. Lastly, the combinatorial mate-
rial method is combining the materials causing a new elastic modulus, cross-sectional
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(a) (b) (3]

Figure 2.8: Profile visualisation of cables with different icing thickness; a) d=0 (No
ice); b) d=r/2; ¢) d=r [23].

area, moment of inertia and modulus of rigidity. this way the kinetic- and strain en-
ergy of the catenary is re-expressed. These methods are applied to the messenger,
contact and auxiliary messenger wire in the simulation software, since all geometry
are assumed to be covered in ice. Afterwards the new catenary is used in cases of a
pantograph passing at 150km/h and 400km/h. All methods showed that ice coating
leads to severe poor collection quality of the system, as the thickness of the ice coat-
ing increases, the quality decreases. They also found that at higher speeds ice coating
affects the collection quality more easily. The methods got different results but gener-
ally led to the same conclusions [23].

Since ice coating is common in Sweden, a model of the phenomenon could be
of great use for infrastructure and vehicle owners. Perhaps an attempt to try the strate-
gies presented in (23] for CaPaSIM, could increase accuracy rate between real life
scenario and simulation during the winter months.

2.3.3 Literature review conclusions

The main way to enhance the CaPaSIM model, seems to be to use the output of con-
tact force as a function of time at each contact element F(¢) as a manner to predict
wear. Luckily, multiple research papers have been produced on that subject, for in-
stance the statement of methods regarding OSCAR [19]], the wear prediction experi-
mental setup of Bucca et al. [13[14]] or the norwegian real life experiment of Névik
et al. [[18,/21]. In most of these reports, equation@ is used to predict the wear, and
its first component is reliant on the continuous measurement of force F(¢) and cur-
rent /(z). There also seems to be ways to simplify this equation observing the heat
generated from the interaction using the Nagasawa/Kato [17] method with equation
[277] This simplified equation does not use the weighting factors which makes 2.6 suit-
able for real life case analysis, but could save time and computational power is used
instead.

The next step would be to attempt translating the equations to the CaPaSIM
model, using F(¢) as input and generating a normal wear rate Wy w g () as output
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for instance. This also means trying to find a correlation between current and con-
tact force so that the electrical and arcing wear also can be successfully predicted.
This way, most methods and reports of enhancing the model, whether it be ice-coating
modelling [23] or frequency damping [21]] found in this chapter, could be left for fu-
ture research.
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Chapter 3

Methodology

This section is devoted to plan ahead of the modelling sequence in accordance with
the conclusions of chapter|Z|Literature review. From a flow chart, one can determine
exactly what parameters are missing and which are at the disposal of the author. The
modelling software CaPaSIM uses parameters already determined, and through the
study of other research one can find ways to reach a satisfying result.

3.1 Work process

The method of this research begins with the NWR equation[2.6} in which all variables
have to be determined accurately. Most of them are found by using data input from
other experiments with similar conditions like [21]], and others must be either calcu-

lated or determined with factual backup. Chapter @ Modelling will therefore initiate
an evaluation of table 2.1} its components and variables.

@ @
J NWR
||
Wear model

Figure 3.1: The flow chart of the methodology. Already existing data is represented
by blue shapes and new data by green.

Figure[3.1]illustrates the planned method of this report. From already existing
parameters, like the geometry and physics of the catenary, CaPaSIM is already capa-
ble of generating the contact force applied in the pantograph/catenary interaction as
explained in[2.2.1] From this contact force, one should be able to determine the elec-
trical resistance wear if one had access to information regarding the electrical current.

29
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Therefore, new parameters from the literature review have to be determined and ap-
plied to the CaPaSIM model, both so that the contact force is correctly influenced by
the electricity, and so that the electrical resistance can be extracted. If one has access
to this data, an NWR model can be used to finally determine the wear as a function
of time. After that, experiments regarding the input parameter’s influence on the wear
i.e. ice coating or tension of the catenary, can be conducted.

The detailed parameters of figure [3.1] refer to the input parameters that consti-
tute the simulation itself. These are for instance the positions of the nodes that consti-
tutes the catenary, the stiffness of the springs within the pantograph, the pantograph
type etc. The vehicle type and speed are part of the new parameters that go into Ca-
PaSIM. These will also be determined in chapter ] through a qualification study com-
paring different vehicle types for the purposes of this report. The vehicle type will
additionally determine the current intensity over time /(t), since the traction power of
rolling stock differs depending on its motors and the resistance of the scenario. From
CaPaSIM, one can extract a contact force as a function of position - but after using an
existing post processing software, this will be converted into contact force over time,
as illustrated by the F(r) block in figure[3.1} This force is an important variable in the
NWR function [2.6]and also affects the magnitude of the electrical contact resistance
R(t) which is also constituted by 7(¢). With all variables determined, one should to-
gether with material constants, weighting coeflicients and reference values, be able
to build a wear model that presents the wear rate over time w(t) for a given scenario.
With such a variable, one can create a life expectancy model that is able to predict
service life for the catenary wire and possibly give insight to the wear mechanism in
general.

One should mention that there is also easier ways to determine the wear and
therefore to conduct this research. Other wear models are much simpler in their de-
sign and structure, using less variables and are therefore a faster route for this report.
However, deciding to use these models would intuitively not yield as accurate results
as required for future research and would ultimately undermine the purpose and goals
of this report.



Chapter 4

Modelling

This section is the final planning step before tests are conducted. Here, the NWR
wear model from figure 3.1 should be determined, as well as its input parameters.
Furthermore, a representative track section must be identified for the validation step
of the report.

4.1 Implementation of a model of pantograph-catenary
wear

For this section, one should formulate the main equation again.

R.(F,,)I? v,I
2 C( m)c(l—u)+k3u atc
HV VH,.p

(X

1 I. Fp sF
NWR =k (z(1+ ) (Z)y 2 4k
1(5( +IO)) (FO) 7t

The equation is formulated in the dimension of mm?/10csp (or mm3 /km),
which means amount of removed material from the cross sectional area at a point of
the catenary after one million contact strip passages. Figure . T]illustrates this output.

—>

Removed area
100mm~2

Figure 4.1: A cross sectional area of the catenary wire and how the NWR output af-
fects it.
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The inputs of equation [2.6]could be separated into four categories:

Category Inputs
Weighting coefficients | k; k2 k3 @ B u
Reference values Fo Iy VoV,
Material constants HH,p
Variables F.I.R.

Table 4.1

The most simple inputs to determine are the material constants, which for both
[18]] and [[13]] are set in accordance with the same copper-infused catenary wire. Ca-
PaSIM is surely using a similar set of parameters for the determination of contact
force. Material hardness H, material latent heat of fusion H,,, and material density
p are set to 952N /m?, 205000J / kg and 8940kg/m> respectively. The variables are
also relatively easy to determine since the mean contact force F,, is an existing output
in CaPaSIM. Although, it should arguably be redefined for this thesis as F(¢), since
it is a continuous variable as a function of time (even though the means of measur-
ing at separate nodes are not continuous, see figure[I.7b). The other two variables are
dependent of F(¢) as defined by [18]] and altered to be continuous functions of time:

R(7) =0.3276 — 3.47-1073 - F(1) 4.1

This linear y=ax+b function is not completely accurate since the correlation be-
tween force and resistance is not linear but exponential. According to [18]], no such
function could be satisfactorily achieved over multiple data collection attempts. How-
ever, the area of interest behaved constantly enough for this linear function to reach
satisfying results. Figure [d.2]illustrates an experiment with the most commonly occur-
ring contact resistance values for three different contact force values.

2000

Force = 60 N Force = 70N

1500

1000

) M
. -

0 0.05 0.1 0 0.05 0.1 o
Contact Resistance [Ohms]

Occurrence

Figure 4.2: Experimental data for contact resistance occurrence over three different
contact force values which resulted in equationlzf;fl [18].

The function for the current intensity nominal value /. is dependent on what
type of vehicle being used, the power P = UI = RI? its producing and what amount
of wasted voltage one could assume. This must therefore be solved in the next subsec-
tion, identifying a representative track section. According to the literature however, it
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should be around 250 — 5004, and can produce different wear rates depending on how
it is set.

The reference values seem to be determined by what type of system is being
simulated or modelled, and represent how normal operation should look like. In the
case of [18]], the reference values for a 15kV 16.67 AC catenary system Fy, Iy and Vj
were set to 60N, 300A and 44.44m /s respectively. For this case, and for most cases
already simulated by CaPaSIM, Fy will initially be set to SON. Realistically how-
ever, this number should be raised at higher speeds, since common pantographs are
subjected to an updraft force. The speed Vj will most likely also be raised, but is com-
pletely dependant on the track section and vehicle properties in question. In table .1]
the arcing voltage V,, is defined as a reference value as well, since it will most likely
behave as a constant. This value will be set to 15V in accordance with [9]], and will
probably as the literature review have suggested not be particularly weighted in the
final results.

The last set of parameters are the weighting coefficients, which are the most dif-
ficult to determine. Through a sensitivity analysis one can find suitable parameters
by trial and error, preferably using the least square method. However, this requires
real life measurement data to be able to solve the equation, which could be difficult to
obtain. Another solution is to use the parameters found by [[18]], but since they used
slightly different values for the other parameters above, this may yield unwanted re-
sults. Due to time restraints and lack of resources, the weighting coefficients were
ultimately set to the same values as [|18].

4.2 Identification of a representative track section

For this study, the track section analysed needs to reach some criteria. The track sec-
tion should:

1. Be located in Sweden.

2. Be operated by a small selection of rail vehicles.
3. Be operated by rail vehicles at a constant power.

4. Not be subjected to significant weather conditions.

5. Be operated at a high speed.

The second and third criteria are set so that the power of the vehicle simulated
in CaPaSIM is as constant as possible. The power consists of the current and resis-
tance relevant for the wear equation The fourth criterion is set so that the exper-
iment will not be compromised by factors not measurable with the software, and the
last is set so that 1) the wear will be significant enough to measure effectively and 2)
lay a better ground work for future research of high speed rail using CaPaSIM.
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One could select the track section based on a vehicle of interest and find which
part of the Swedish network it is mainly used. For this project, a number of vehicle
types were considered. Firstly, the Bombardier Regina train was looked at. This ve-
hicle is a fairly new regional train manufactured between 2000-2013 in different vari-
ants depending on climate, demand and route operation distance proficiency. This
train was considered since it is one of few trains that can be operated at high speeds
(250km/h at certain parts of Botniabanan), and is currently experiencing some mid-
life evaluation. However, this train is mostly operated at routes which have high vari-
ety in its fleet, which does not fulfill the second criterion in the list above. To counter
this, the commuter train of Stockholm X60 was considered to be analysed instead.
The X60 was manufactured around the same time as the Bombardier Regina, and has
a more consistent operating life span. This train solely uses its rail on some partic-
ular sections, and does reach top speed at straight tracks in many areas. Upon fur-
ther consideration though, this train only reaches a speed of 160km/h, which can be
deemed too far away from the future desired research of high speed rail (5th criterion
in the list). Lastly, the Airport shuttle Arlanda Express (vehicle name: X3) was con-
sidered. This train partly uses a separate track from close-by routes, which means it
effectively fulfills criterion 2 being the only type of vehicle to use the track sections.
The X3 reaches a top speed of 200km/h, has a consistent time table and will during
some months not be subjected to significant weather conditions. The X3 could there-
fore be considered to fulfill all criteria in the list above, and was ultimately selected
for this research [7].

Criteria Regina [ X60 | X3

1. Loc. in Sweden Yes Yes | Yes

2. Small sel. of vehicles No Yes | Yes
3. Constant power ND ND | ND

4. Weather conditions ND ND | ND
5. High speed (km/h) 250 160 | 200

Table 4.2: A list of criteria comparing the considered vehicles. The track section has
not been decided and criteria 3 and 4 can therefore not be determined for either vehi-
cle type.

The X3 was built by Alstom between 1998-1999. It is a 228 seated, 187 ton,

four car vehicle with a top speed of 200km/h. 7 trains are currently used in traffic on a
regional track called Arlandabanan between Stockholm Central and Arlanda airport.
Around the terminating stations however, it operates on tracks which are solely used
by X3 vehicles. This will be crucial in determining a representative track section. The
key information for this research is its maximum effect 2240 kW and its pantograph
type Schunk WBL88 which both affect the input parameters of the contact force and
wear calculation [24].
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4.3 Initial setup of the model

The following section is devoted to explaining the model and its parameters. Some
variables are determined from the literature as mentioned in section[4.2] some from
the simulation software and some from computations used in the newly built wear
modelling software.

The main values from BARTRAD are the mean force F,,, and the contact force
over time F (). Although a better description might be "contact force as a function
of position" since the measuring is node based and non-linear. The contact force will
henceforth be referred to as F(¢) since it is used in continuous computations. From
F(t) one can compute the resistance over time R(t) using a version of [4.1| which will
take the place of R, in equation[2.6] R(r) represents the resistance of the electrical
contact loss and is therefore not part of the power output P. The power is calculated
using formulas from [25]] as follows.

P=F-v 4.2)
The power output is determined by the speed and the force needed to withhold

that speed. In optimal conditions with no acceleration, which is to be simulated, the
force can be determined using:

F=D=Dgr+Dc+Ds+Dg 4.3)
Where D is total drag force, Dr, D¢, D 4 and Dy is rolling-, curving-, air-
and gradient resistance respectively. D¢ and D¢ is immediately set to zero, in the
program however, an option to add gradient resistance is created for more simulation
opportunities in accordance with:

Dg =mrg 4.4

1000
Where G is gradient in per mill. The air resistance has a bit more components, but
through [25]], one can determine factors by type of vehicle. For this computation, the
X3 was determined a semi-high speed vehicle with a front area of (3.063m - 3.650m).

1
Dy = EpACDv2+(q+C0+LT)v 4.5)

Where Cj is set to zero due to the high speed properties of the X3 and Cp is a coef-
ficient determined by the length of the train. The rolling resistance D is built simi-
larly, with variables determined by [25]]. Furthermore, the equation shifts depending
type of car. For traction stock, which is 2/4 of the X3:

Nax Nax

DR~ apPpax+a- » (30+ag0:) + » (boQi)v (4.6)
i=1 i=1

And for passenger coaches, the other 2/4 of the train (with different weights):

Nax Nax

Dr~a- ) (30+agQ)+ ) (boQi)v (4.7)
i=1

i=1
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Designation Description Value
ki Weight of mechanical contribution 0.4921
ko Weight of electrical contribution 0.4626
k3 Weight of arcing contribution 29.6836
a Coeff for the mechanical contribution on the electrical current 17.1235
B Coeff of mechanical contribution on the mean value of contact force 0.2119

Priax Maximum power [kW] 2240
F, Mean value of contact force [N] From BARTRAD
F Reference value of contact force [N] 60
H Hardness of material [N/ m?] 952
H,, Latent heat of fusion for copper [kJ/kg] 205
Iy Reference value of electrical current [A] 300
1. Nominal electrical current during tests [A] From P
R, Electrical resistance between strip and wire [ohm] From F(t)
Vo Reference value for sliding speeds [km/h] 200
Va Electrical arc voltage [V] 15
u Decimal fraction value of percentage of contact loss 0.05
e Density of copper [kg/m?] 8940

Table 4.3: Initial inputs for equation through vehicle data from [24]).

The total drag added to roughly 22kN at 200km/h with regular wind and no gradient
according to[4.3] which translates to 1235kW output power according to .2} Now the
nominal current pulling the train can be calculated through the engineering electron-
ics equation [3|:

2P

I. = VCT(45°) (4.8)

4.3.1 Additional functionalities

A number of additional functionality was added to the wear model. This was to en-
hance the usability and understanding of the wear components, generating more de-
sired results. Firstly, an implementation of arcing occurrence was tested. The NWR
equation [2.6|relies for its arcing portion on the value u to determine the percentage of
arcing occurrences over time. This however, yields a consistent line which does cor-
respond to the mean NWR from arcing, but does not represent the real life scenario
where arcing occurs intermittently. Arcing is caused by low or no contact between
the pantograph and catenary. Therefore, a low limit value of contact force was set, so
that every time the contact force weakened, the arcing equation would activate. This
yielded a graph which better represented the arcing occurrence with zero-values and
peaks as opposed to a straight line representing the mean. This meant that the sum of
the peaks had to equal the mean value of the previous calculation, so not to compro-
mise the NWR total value. For the following experiments however, this functionality
was not activated to save computational power.
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Secondly, there was a need to implement a maximum power limit, since every
vehicle is limited in real life. The maximum power of the X3 is as previously stated
2240kW, which meant that if, during experiments, the power needed to overcome a
greater resistance reached the limit, it would instead limit the speed at which the vehi-
cle was running. This was done by simply including a fuse which rearranged equation
A2)to the following:

Pmax
= ax 4.9
V=" 4.9)
This fuse effectively only activates at high gradients, since the gradient resis-
tance D¢ is part of the total drag D, which affects the needed power P.

4.4 Delimitations of the model

The NWR model has as expected limitations to its functionality. This section is de-
voted to unraveling these limitations, so that it is optimized for the purposes of this
thesis. To truly get a good overview of how the NWR model works and reacts to dif-
ferent input values, a 3D plot can reveal its strengths and weaknesses. Simply recreat-
ing the formula from [18]] forms the following map:
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Figure 4.3: A 3D plot over varying contact forces and current intensities at Iy =
3004, Fp = 60N and v = 160km /h.

Figure[4.3]also includes a cut-off at z = 0 since wear should not be to reach
negative values. This is the first indication of the formula’s limitations. All cases in
which the wear level reaches a negative value is contributed to the electrical contact
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resistance, which using the formula[d.T|may reach negative values at higher forces
(=> 100N) and current intensities (x> 300A). This in turn yields negative values of
wear, since both the mechanical and electrical contribution of equation @ includes
the contact resistance R.. One could try to implement another formula for R, (F;,).
From [14], a study which measured wear as a combined interaction between panto-
graph and catenary in a DC setup used the following relationship gained from experi-
mental analysis:

R.(F) = 0.013 +0.09¢~ T (4.10)

This equation never allows R, to go below zero, which forms a more allowable
map as illustrated by figure [F.4] below:
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Figure 4.4: A 3D plot over varying contact forces and current intensities at Iy =
300A, Fy = 60N and v = 160km/h, using the R, formula from [[14].

Figure [d.4] should not be interpreted as a more realistic wear model as opposed
to[d.3] but more of an indication that the model is alterable to yield more suitable re-
sults.

Looking at the three components separately (derived from figure [4.3), one can
more clearly see where the problems arise in figure 4.5}

Consequently, the electrical wear is the contributor which pushes the total wear
below zero at high levels of force and current. What figure 3] reveals, what is not
clear observing the total of figure[d.3] is that only the force around 100N yields a neg-
ative wear rate. Focusing on altering the electrical resistance as function of force,
might be a crucial first step in creating a good model.



4.4. DELIMITATIONS OF THE MODEL 39
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Figure 4.5: The three contributing types of wear separated into 3D-plots at Iy =
300A, Fy = 60N and v = 160km/h, a) mechanical, b) electrical and c) arcing wear.

An explanation to this model not being able to handle higher forces, is that it is
modelled after a static contact force around 40-70N i.e. the force applied between the
contact strip and catenary without the influence of updraft at high velocities. A model
handling a dynamic contact force around 70-150N is more useful for the purposes of
CaPaSIM and future studies. However, a perhaps more prominent explanation to why
the force generated by BARTRAD is so much higher than what the formula is able to
handle, is that the initial simulation is only measuring with one contact strip, whereas
a pantograph normally uses two. Dividing the force onto two similar strips could put
the input force into an acceptable span.

Further delimitations, can for example be attributed to the lack of curving resis-
tance Dc. As equation [f.3|suggests, a vehicle taking a curve will require more power
compared to a running a straight track. Since only a specific track section will be sim-
ulated, this curving resistance will be left out. However, this component can easily be
added to the code for future studies of other types of vehicles and tracks. Another de-
limitation of the total resistance, is the uncertainty and imperfection of the wind- and
running resistance D 4 and Dg. These components where determined, as mentioned
in[4.3] by the theory stated in [25]], where types of trains yields different amounts of
wind and rolling resistance. Upon further analysis however, one realises that the mar-
gins of error are small, and that the resulting power requirement was both satisfactory
and realistic. For future development of the model, one should aim to find more ac-
curate representations of these components, but for the purpose of this thesis, they are
deemed of lower importance and urgency to perfect.

Furthermore, it should be stated that the lines where the X3 operates are also
run by other types of vehicles. The commuter train of Stockholm, goods traffic and
regional trains are a few examples which can additionally operate on Arlandabanan.
However, from an analysis of the timetable, it is revealed that the X3 runs on the track
around 83 trips/day, a big amount for any train line. One can therefore conclude, that
the X3 runs this track a significant majority of the time. Solely simulating the X3, is
therefore determined a good representation of the line’s life cycle, health and mainte-
nance demand. Though this does not yield a perfectly accurate representation of the
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real life scenario, it is deemed satisfactory for this thesis.

Lastly, the biggest delimitation can arguably be attributed to the formula[2.6]it-
self. This equation was sprung out of experimental data using a test rig, additionally
with a DC system at preposterous current levels. Applying it to a real life scenario,
is as revealed by this section, a matter of trial and error. The weighting factors and
input parameters were determined through experiments conducted on a Norwegian
line with access to real data. For this thesis, all proposed strategies to acquire favor-
able results can therefore only be observed as attempts to form a satisfactory Swedish
counterpart and not data that proves the state of the simulated train line. This thesis
will aim to formulate a model that closely represents a real life scenario.
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Results and Discussion

5.1 The force separation

The CaPaSIM simulation models one contact strip which gets pressed upon the cate-
nary. This results in the output force being significantly higher than its real life coun-
terpart. To correctly model this, one should aim to separate the contact points into
two separate components, linked by a solid frame upon a set of dampers and springs.
However, since this research cannot alter the simulation model, one must seek to cre-
ate another type of representation in the post-processing software. This will naturally
also be the case for any following attempts to enhance the model.

The reason for why this dual pantograph has not yet been implemented, is be-
cause the issue is rather complex. On the real life counterpart two contact strips are
connected with a frame which through a complicated damping system, manages to ap-
ply similar pressure to the strips. In the simulation software however, the leading strip
absorbs an unnatural amount of force, while the trailing strip barely maintains contact
with the catenary at all. A simple way to solve this, could be to divide the output force
in two before entering it into the NWR formula. This means that the NWR formula
would calculate the wear rate of a single contact strip instead of two. Thereafter, a
summation of the singular contact strips is performed which hopefully yields a more
realistic wear map.

From figure[5.1] one can clearly see that the wear rate is suddenly in an accept-
able range, which bodes well for the next step.

To correctly achieve the wear rate of the catenary, the wear rate should be dou-
bled since the pantograph actually has two contact strips. To model this more realis-
tically, the leading pantograph should additionally be subjected to a slightly higher
amount of the total force, since the shock wave of running along a stabilized cate-
nary along with its subjection to higher uplift force yields more pressure [2]. For the
purposes of a quick result, it was estimated that the leading and trailing contact strip

41
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Figure 5.1: A comparison between a) the total force upon one contact strip and b) half
the total force upon one contact strip.

would constitute 60% and 40% of the total force respectively. This in turn yields sep-
arate contact resistances, as well as currents and inductance contribution. This will
be explored in more detail in the following sections. Figure[5.2] inspired by theory
from [/14]], illustrates how to separate contact strips creates separate wear modelling.

() D)

Figure 5.2: Scheme used for the mechanical and electrical model of the interaction
between two contact strips and catenary.

With the total force being separated into | = Fy,p - 0.4 and F, = Fypy - 0.6,
the contact resistance follows with R, (F) and R.,(F>). Since these components
are part of the mechanical and electrical wear, one would have to separate the wear
into W1, Wy and W, 1, W, which together in W;,; should constitute an new wear
map which distinguishes itself from figure[5.1[a). For this case, arcing wear is kept
the same for both separate wear models, since its small magnitude difference could
be deemed negligible and to save computational power by not calculating double the
amount of arcing equations.
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Wiot = Wil + Wy + Wy +W92+2Wa (5.1)
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Figure 5.3: A wear map using two separate force inputs, yielding two surfaces, to-
gether with a combined resulting surface.

The resulting map is a smoother span with peaks at high current/low force and
high current/high force interaction. This coincides well with the theory presented
in chapter 2] with the influence of current lubrication being less prominent than in
previous models. The next step is solving the issue of a separate current input.

5.2 Current separation

Observing the scheme of figure[5.2] one realizes that treating the total current as one,
simply is not the most detailed solution to the NWR model. In [14], the entire electri-
cal interaction between power supply and vehicle, is summarized by formulating the
following equations:

I =i +i, =const
diy din . .
LCE - LLE + Rcl(Fl)ll - RCZ(FZ)IZ =0
The first equation of [5.4]refers to Kirchoff’s current law, where the current input

must equal the current output, regardless of how complexly the current might flow.
For this case, the current input only splits in two. The second refers to Kirchoff’s volt-
age law, where in any closed loop network, the total voltage around the loop is equal
to the sum of all the voltage drops within the same loop i.e. all voltage drops within

(5.2)
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the loop of figure[5.2] must equal zero. This generates another way to correctly for-
mulate the current components, taking into account the inductance and the contact
resistance.

The first attempt at enhancing the model through current separation should fol-
low the force separation of section[5.1} where the force representing 60% of the total
yields 60% of the current. This basically means only the first equation of [5.4] deter-
mines the current intensity. Formulating i1 = 0.4 and i, = 0.61 one creates a new
wear map:

Wear rate of X3 @ 200 km/h
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Figure 5.4: A comparison between a) splitting the force in two and b) splitting both
the force and current in two.

The separation of the current as portrayed by figure [5.4p) reveals some inter-
esting conclusions. Firstly, it seems that the wear rate is significantly higher than pre-
viously calculated, going from a peak of 0.9mm? to 18mm? per million passages in
diverse combinations of current and force. This is contributed to the lack of current
lubrication activating and reducing the mechanical wear, even though the electrical
wear is almost halved (through 0.6% + 0.42 = 0.52 in the electrical wear portion). This
is why the maximum values of severe wear has shifted. Secondly, it seems that the
difference of wear distribution between the two contact strips is significantly larger.
The leading pantograph absorbing a higher contact force, generates almost 4-5 times
more wear than its trailing counterpart.

The second step is implementing the second equation of [5.4] Although, the in-
ductance influence cannot be measured due to a lack of resources and information, a
simpler representation is solely relying on the contact resistance part:

I =i +iy =const

5.3
Re1(F1)i1t — Reo(Fa)in =0 63

Solving the system, with known I and R;(F;):
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I =i +i =const
Rea(F2) : Re1(F1) (5.4)
= ip=1
Rci(F1) + Rea(F2) Re1(F1) + Rea(F2)
Combining the influence of the resistance altered by the separated force input,
as well as implementing Kirchoff’s laws, the finalized wear map is represented by

figure[5.3}
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Figure 5.5: Wear map influenced by separate force inputs and current determined by
the intensity of the contact resistance.

5.3 Influence of force distribution

For the calculations of section [5.T}5.2]it is estimated that the total contact force is split
up 60/40 between the two contact strips. Since there is currently no manner to extract
the exact distribution from the simulation software, one must intuitively decide how
to define the interaction. To fully comprehend the influence of the distribution, a com-
parison should be conducted, iteratively changing the intensity of either contact strip
and measuring the resulting wear.

As illustrated by figure[5.6] the separation of the total force, makes the domi-
nant contact force yield significantly more wear than its trailing counterpart. While a
50/50 distribution generates equal wear, a 70/30 distribution makes the total wear al-
most totally constituted by the dominant contact strip. The graph of figure 5.7 further
illustrates this point.
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Figure 5.7: The influence of distribution on wear, measured in peak wear (the maxi-
mum value of the 3D-graph) at a low current/high force interaction, and a normal case
of medium current/medium force.

The wear seems to be almost exponentially related to the distribution onto the
leading pantograph. This indicates that the pantograph should aim to even out the
applied force to minimize wear in the real life scenario. A 60/40 distribution should
according to the data, be deemed a maximum limit to avoid severe and excessive wear
since applying higher diversification generates outrageous wear rates. For the fol-
lowing experiments of model enhancement, the distribution should therefore be kept
between 50/50-40/60%.

5.4 Life expectancy
To achieve a concrete and tangible result from the model, there was an attempt to esti-

mate the life of the track section catenary wire. There are some assumptions that need
defining before tweaking the input parameters and model structure. Firstly one should
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determine what a "broken" wire is. According to Liu et. al at KTH Royal Institute of
Technology [1] the maximum permissible wear is between 20% and 30% for a cate-
nary wire. That means, for a 100mm? wire, it should only allow for a maximum of
20mm? wear. The model will output a NWR wear rate with the dimension of mm?
per million contact strip passages, which means one must look at how many passages
the X3 usually does. According to the time table of Arlanda Express [20], they deploy
approximately 3 vehicles and hour from early morning to late night in both direction,
resulting in 83 contact strip passages a day - almost 30000csp/year. The following
sets of equations [5.5]describes the reasoning behind the output management:

Output = Wyiean
Lim = 100mm? - 0.2 = 20mm?>
NWR,, = Winean - 83 - 365 (5.5)
Y 106
Lim

Tiife = ——m—
life NWRyr

The simulation of one passage is not enough to estimate the life expectancy of
the catenary wire. One specific run with BARTRAD has peaks, which over multiple
simulations would spread out evenly throughout the catenary span. This motivates
using Wyeqn as output for the following equations. The limit is set to 20% of the total
cross sectional area for a standard catenary wire, and the wear per year is estimated
by dividing the result with one million passages to gain the wear rate per passage,
and then multiplied by 83 runs a day and 365 days a year to gain the wear rate for one
year. Lastly the limit is divided by wear rate per year to reach the expected lifetime of
the catenary Tj; 7.

Although there is no available information on what life expectancy is reason-
able, a number between 20 and 80 years should be expected. As stated in [1]], the
catenary wire is designed to last for a significantly longer time than the contact strip,
usually over 20 years. This initial case however runs at a very high speed, which
could corrupt these expectations. Additionally, the X3 is not the only vehicle operat-
ing at Arlandabanan, even though its busy schedule should take up a sizeable portion
of the operation routine. Consequently, the measured life expectancy could reach high
above 20 years, since the X3 contribution is not solely responsible of the total wear of
the line.

For the output portion of the model, a function of wear rate over time was pre-
sented, together with a visualization of the worn catenary wire after one year. See

figure[5.8]

The top graph of [5.8]shows both the final calculated life expectancy of the sim-
ulated case, as well as the wear rate changing over time as the contact strips passes
along the catenary wire, with red representing the trailing contact strip and the blue
representing the leading. The bottom graph, shows the worn profile of the catenary
strip after one year of operation if the simulated case had generated the exact same
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Figure 5.8: The first output of the life expectancy model.

force. The hard black lines at y = 0 and y = 100 represent the silhouette of the wire,
the red dotted line the limit of worn material before deemed at the end of its life, and
the colored graph represents the worn area. As one can initially observe, the peaks

of the force pass well over the boundaries set, and as mentioned earlier in this sec-
tion, this is because the same simulation cant reasonably be multiplied by large fac-
tors, since they would appear at other locations over time, smoothing out the curve. A
way to fix this phenomenon, is by applying a filter on the contact force signal at 20Hz
which already is a feature in BARTRAD. Since simulations often generate unnatural
movements, applying a filter can aid in presenting a more natural looking curve. This
might ignore the peaks piercing the profile and produce a more natural graph. See

figure[5.9

As expected from figure[5.9] the graphs look more natural and the worn profile
is below the limit. The life time has additionally doubled with the application of the
filter. This can be contributed to the reduction of high- or low contact force peaks,
which severely affects the wear rate. With less occurrences of very low contact force,
the NWR formula stabilizes and produces this more natural looking worn wire profile.
Although the filter generates a life expectancy quite far off the expectations, it should
not be considered faulty since the formula needs to undergo a validation process to
truly work. This discussion will continue further in chapter 6| Conclusions and Future
Work.

From the graphs its clear that the way CaPaSIM and the wear model operates is
far from what a real life scenario would look life. While being an intense interaction
between two components at high relative speed, the force curve should look linear and
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Figure 5.9: The output after applying a 20Hz filter on the contact force signal.

smooth. The way CaPaSIM simulates is through connected nodes which measures
occurring through a distance step procedure F(position). This data gets processed
in a MATLAB program which presents this force curve in a time-step measurement
F(time). This means that the resulting force curve and thereafter wear curve, appears
in a more unlinear and rough fashion since the available points of measurement are
severely reduced. The program automatically interpolates between two measured val-
ues, while the real life scenario might look completely different. While simulating
and gathering results this is important to remember, and might be a future research
point of interest: changing the procedure of measuring for a crucial enhancement of
the modelled results.

To combat the unevenness of the wear (since over time the wear would spread
out more evenly across the wire) an optional for-loop was implemented that random-
ized the wear vector and summed it over the approximately 30000 runs/per year to
form a smoother wear profile. This resulted in a plot illustrated by figure[5.10] How-
ever, this is not either a fully correct assumption of the real life scenario, since the
catenary would yield some points of higher wear rate, which would produce a more
uneven wear profile. The reality is somewhere in between an even wear profile over
time and an uneven selective wear rate. An issue for future research would be finding
the most representative division between the two theories.

Finally, there is concrete output from the model. What remains, is tweaking of
the coefficients ki_3, @, 8, u or even perhaps the reference values Iy and Fj to gener-
ate real realistic output values applicable to real life usage. However, as mentioned in
earlier sections, this will demand a sizable benchmarking study, comparing the out-
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Figure 5.10: The result of summing up a randomized wear rate vector with the same
magnitude over 30000 times.

put values of the model to real life data. As no such data is avaliable for this study,
no complete validation can be reached. However, since the output of the standard
case reached a somewhat predictable value (62 and 120 years with and without the
filtered force input), one could argue the model is close to completion enough for fur-
ther studies to resume. Firstly, one could see how the model behaves in different se-
tups to predict what causes severe wear and give hints on how to avoid it. Secondly,
the further usage of the model will most likely reveal the limitations of the software
and in what span the NWR formula is relatively usable. Finally, a conclusion can be
reached on where to focus future research, what unpredicted phenomena occurred
using the model and lastly what the most crucial contributors of catenary wear are.

5.5 Wear mechanism case study

This section is devoted to finding indications of the wear mechanism - determining

what constitutes severe wear and how to minimize it during regular operation. The

two cases to analyse are: dependency on gradient and force distribution using unfil-
tered force input and non-randomized wear vectors. These two factors are alterable
in the wear model software and are able to use the same force input from a singular
simulation. The results will consequently use the setup that generated figure 5.9}

Firstly, one may observe the influence of gradient resistance. This resistance is
part of equation4.3]as D¢ represented by equation[4.4] This part of the wear model
activates in the wear calculation portion which means that the simulation software
itself does not apply a gradient on the train. The gradient is simply applied as a resis-
tance, which in turn affects the power usage and therefore electrical wear components
like electric lubrication. Below, figure[5.11]illustrates the gradient affecting the wear.

Figure [5.T1] depicts an interesting correlation between mechanical wear and
electricity. At the steepest downward gradient of -10 per mille there is almost no
power output present (138.2kW) since gravity does most of the work maintaining the
target velocity of 200km/h. This means that the electric lubrication component (11—0)
of the NWR equation[2.6] is so limited that it cannot successfully inhibit the mechan-
ical wear. Between -10 and -8, the life expectancy sums up at 1-5 years, which is way
off the predicted output. One should therefore consider this gradient functionality of
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Figure 5.11: The gradient between -10 and 10 per mille contribution on mechanical-
and electrical wear at 50/50 force distribution between contact strips and 200km /h.

the current model obsolete at higher gradients both up- and downwards. The electri-
cal wear is maintained small throughout the tested gradient span, with a slight expo-
nential increase as the gradient increases. The more power needed for maintaining the
speed of 200km [ h, the more electrical wear will accumulate. At 10 per mille gradi-
ent, the electrical wear staggers slightly, which is due to the limitation of the traction
system of the simulated vehicle at 2240kW. When the gradient overcomes this power,
the speed naturally cannot be held at the target velocity, thus compromising the rise of
electrical wear. Only by multiplying it by a factor of 10* is the wear visible in figure
[5.11] It seems that the electrical wear is not as weighted as its mechanical counter-
part. This is probably due to the weighting coefficients k;_3 being incorrectly set for
this model. However, the tendencies of wear behaviour can still be analysed. For in-
stance, it seems that a downward gradient can be just as severe in terms of wear accu-
mulation as upwards gradient, since the presence of high currents and power greatly
inhibits the mechanical friction. Electrical wear increases with the current intensity,
but is eventually damped by the capabilities of the traction motors.

Now, observing the wear as force distribution on the leading pantograph, one
can see similar tendencies. Figure [5.12]illustrates this correlation.

From the top graph of figure one notices a similar trend to the gradient
correlation on wear. As the distribution of the leading CS increases, so does the total
mechanical wear. Although, from the bottom graph of figure[5.12} one realizes that
its mainly the lack of contact force in the trailing CS that constitutes this wear, since it
takes up almost all of the total wear from 65% and onward. A lack of contact weakens
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Figure 5.12: Caption

the current flow in the interaction, which results in an absence of current lubrication

- something that usually inhibits the mechanical wear. Additionally, the decrease of
electrical wear as a function of increasing contact force can be contributed mostly

to the trailing pantograph. As predicted, a lack of contact worsens the current flow
which weakens the electrical wear. However, since a looser contact generates a higher
resistance, the electrical wear decrease is not as prominent nor immediate. This can
be attributed to the R.I> component in the electrical wear function of Arcing is
not present in these experiments since the model uses a percentage based activation
of the arcs and not a contact based. Furthermore, the arcs have continuously been
presented as obsolete to the total wear value throughout all experiments.

In conclusion, these final experiments have presented some tendencies of the
catenary-pantograph interaction in terms of wear. Firstly, the mechanical wear is
highly dependant on the presence of a steady current flow to maintain a healthy value.
In a real life scenario, one should therefore observe that a low contact load between
catenary and pantograph does not necessarily mean a smaller wear volume. The
model seems to heavily favor the current lubrication portion, which might be due to
some coefficients being uncalibrated. Presumably, the reference value Iy, needs to be
lower for a more realistic output. Electric wear increases with a higher presence of
current flow. This means for a higher gradient, or when the vehicle generally outputs
more power, the electrical wear will increase as well. The contact load influence of
electrical wear is not as easily determinable since both the contact resistance and cur-
rent constitutes the magnitude. More contact decreases the resistance but increases
the current and vice versa. This behaviour is also visible in the literature review of
section [2] where in figure [2.4]the contact load increases but the electrical contribution
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stays relatively unchanged.

5.6 Discussion

Wear modelling is a science which seeks to reduce maintenance costs and effort, en-
hancing the network health and customer satisfaction. If one knows the condition of a
track section and whether maintenance must be conducted or not, operators can save
large amounts of expenses while improving safety and customer experience in the
process. The difference between scheduling a catenary replacement every 10 to 20
years and pushing the components to the end of its life is so large, that multiple re-
search projects on the subject have surfaced over the last few years. This fact reveals
that wear modelling and condition analysis is the future of the railway industry, there
is value in conditional knowledge and the quality of the entire network depends on

it. The issue with this science is its complexity. Operation at high speeds (which will
only get faster in the future), with an electro-mechanical friction interaction, depends
on so many variables and parameters that widely different ways of measuring wear
have surfaced simultaneously. Modelling wear is therefore a science of getting close
to the real life scenario, reaching a dependable value upon which one can make an
informed decision of how to proceed. One aim of this thesis was to learn about what
wear modelling looks like, and what it has achieved so far. The conclusion of this is
that there is wide variety of methods when measuring wear, that there have been mul-
tiple attempts to enhance and implement it, and that no strategy is alike the other. No
theory is perfected and nothing is truly proved to be better, in general and for the case
of this thesis, than another option.

CaPaSIM is a software which measures the contact force in the pantograph-
catenary interaction though simulated beam elements. The software can be used for
measuring stress, mechanical issues or stiffness properties in the pantograph or cate-
nary i.e. phenomena which are directly correlated to position, stiffness and force.
When measuring wear, there is an added electrical component added which as of
now, is not part of the simulation itself. The contact strips have been separated into
two entities, but are still rigidly fixed together in a frame, which does not mimic the
real life scenario. This is usually no issue in measuring what CaPaSIM is developed
for, but does hinder the progress of this research. Both the mechanical, electrical and
arcing wear component in the selected formula, relies heavily in knowing the force
distribution upon the two contact strips. Furthermore, CaPaSIM uses the post pro-
cessing software BARTRAD, which converts the position based force vector into a
time-based force vector. This can make it harder to detect wear abnormalities in the
catenary structure and might compromise the final results. Lastly, for this research
there were cases where only the post processing parameters where altered and not the
simulation itself. For instance, whenever one wanted to apply a gradient, the simula-
tion was not changed but the gradient contribution was added in the wear modelling
software instead. Whether this is a problem or not cannot be determined, but intu-
itively the catenary structure in the simulation should be different at a gradient as op-
posed to a straight track - meaning the force vector output should behave differently.



54 CHAPTER 5. RESULTS AND DISCUSSION

The literature review revealed multiple strategies of determining wear, as well
as the process of generating the main formula used for this experiment; equation [2.6]
One way is determined by applying a separate equation for a certain amount of pres-
sure and velocity. Through this strategy, a wear map is formed which illustrates the
different scenarios of the interaction. An interesting future study could be to build a
modelling software using these premises, but that would certainly mean finding more
input parameters than this thesis contains. On the other hand, there are also simpli-
fied versions of the NWR formula like equation [2.7, where the output is based on the
heat generated by the friction and electricity. The components are similar to equation
[2.6] but do not use weighting coefficients which might result in a more general output.
This could mean that a model using this strategy is unsuitable to specific cases like
the Arlanda Express scenario. Another thing revealed by the literature review, is that
all modelling softwares can be built upon to enhance its functionality. For instance
there has been successful attempts to model ice coating upon the catenary wire. Ad-
ditionally, the weight of the catenary wire can mimic whether or not it has been worn
down already, and frequency analysis can better simulate wire behaviour. All these
fields are to some extent applicable to the created wear model software of this thesis,
which can spur a wide variety of future research.

One should also mention that there are completely other ways of defining the
wear mechanism. For this thesis, it has been repeatedly mentioned that the wear shall
be defined as a mechanical, electrical and arcing contribution forming the total wear
volume. However, the literature review revealed some other definitions like defining
the wear by the shapes of the particles [|15]], or considering the electrical wear and
arcing as one entity [27] - a singular DC discharge. The latter definition, therefore
observes the electrical counterpart as a more severe wear contribution which heavily
increases during winter months as a result of worsened catenary/pantograph contact.
In summary, there seem to be no universal standard in terms of measuring wear, but
the definitions used in this thesis are relatively modern and widely used in European
research. Therefore, one can argue that rejecting the other definitions are plausible in
terms of time management and resources.

The resulting wear model is a MATLAB program which uses the time step
force vector along with other input parameters like traction power, speed, gradient
and vehicle shape to calculate wear levels throughout the simulation. In addition, it
presents the distribution between mechanical, electrical and arcing wear and an ex-
pected life time for the catenary wire through the NWR formula[2.6] along with the
other functions described in chapter[d] Modelling. A change of input parameters can
detect tendencies in general wear behaviour as shown by section[5.3] and once cali-
brated, should be able to predict a correct life time of a catenary wire, as well as an
accurate wear profile. For now, the model solely performs calculations on the cate-
nary, but wear prediction on a contact strip can easily be implemented using the same
formula and input parameters inspired by the research of [18]]. There is a finished
model for a more accurate representation of arcing, where the spark activates when-
ever the contact is in the lower 5 percentile, instead of activating 5% of the entire time
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span. Additional functionality includes creation of general wear maps that show wear
as a 3D function of force and current intensity, shown by figure [5.5]for example.

The model is as mentioned previously limited by the uncalibrated coefficients.
Real life data is required to correctly alter every input parameter in the model. One
way to perform this calibration is through a sensitivity analysis, where one of the co-
efficients is set to a value, and the others calibrate themselves through matrix inverse
multiplication X = AB~! (where X is the coefficients, A the other input parameters
and B the real life data). Once calibrated, the model should perform better and pro-
duce accurate results on which one can base decisions. Additionally, it is desired that
the output wear profile of the catenary is produced by a multitude of simulations in-
stead of only iterating the same force vector a large number of times. As mentioned in
[5.4] areal life scenario would contain a mixture of peaks at certain points of the cate-
nary, and a smooth profile where the wear has spread out over time. Perhaps the first
step could be to invert the catenary profile and simulate a trip back for the vehicles in
question and analysing the true crucially worn positions for one round-trip. Generally,
an integration of the new wear model and the post processing program would be ideal,
since the data needs to travel between three different softwares to calculate wear. This
limits the availability and functionality of all simulating desires, which could make
future work more difficult. One should therefore seek to combine the post processing
softwares into one, thus increasing the usability as a research tool.
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Chapter 6

Conclusion and Future Work

This chapter contains conclusions, discussions and proposed fields of future work.
The aim of this section is to discuss whether the goals of chapter [I.3| where reached
and to what extent - finally concluding the thesis and research.

6.1 Conclusion

Observing the goals set in section[I.3] one can determine a thorough conclusion for
the thesis. Firstly, one main target of the research was to conduct an extensive liter-
ature review on the pantograph/catenary topic, investigating wear modelling theory,
practise and execution. Not only were multiple theories regarding catenary wear def-
inition determined, but also various ways of modelling it. Although there were no
attempts to determine their effectiveness over one another, one could still determine
which model would work best for this research. Before initiating this thesis, goals
were set in terms of "improving CaPaSIM". However, after comprehending the state
of the software [[12], the target changed into creating a wear model from scratch since
no such feature existed. Consequently, the goals set were assuming that one would be
able to implement strategies of enhancement to an existing wear model, rather than
creating one. All goals of strategy implementation, are therefore put into the future
work section

Another goal was to identify a track section, upon which one could validate the
effectiveness of the model. While a satisfactory track section was found, there were
some immediate issues that emerged. For instance, it was revealed that the selected
track section was often used by different types of vehicles, at least at the sections with
the target speed of 200km /h. Consequently, a few assumptions had to be made for the
wear model to function. However, the process of finding vehicular data exceeded ex-
pectations, since the tractive effort, aecrodynamic capabilities and energy consumption
could all be accurately modelled. This bodes well for future research, since one could
implement more types of vehicles to the code and thereafter simulate a track section
with multiple vehicle types operating on it daily.

57
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The final goals were to calculate wear levels of an example case and compare it
to measurement data. While the final wear model is functional, there could be no val-
idation process due to a lack of resources and data. The functionality and limitations
of the model are discussed thoroughly in section[5.6] Creating a wear model for Ca-
PaSIM, opens up opportunities for a wide variety of future research, and could even
aid operators in maintenance decision making. Additionally, the model was able to
detect wear mechanism tendencies, where it was clear how gradient and contact strip
force distribution altered its behaviour. In those regards, this research was a success.
Hopefully, the main faulty aspects of the model can easily be corrected in the future
by following the proposed procedure stated in section[5.6|and[6.2} There is certainly
room for improvements, but one can argue that a useful foundation has been laid.

6.2 Future Work

For future work it is clear that coefficient calibration is of highest priority. All weight-
ing parameters k-3, @, 8 and reference values Iy and Fjy must assume a correct mag-
nitude to produce useful results. The reference values used for this research were

not changed from the literature references. This was because there was no other data
present which would warrant an alteration. However, this meant that for the case stud-
ied in this thesis, especially with the contact strip split, the output results got increas-
ingly faulty and untrustworthy. To calibrate the model, one needs to gain access to
real life measurement data. For this case, data of worn volume after a known number
of contact strip passages is of interest. With this, one could recreate the parameters
for the real life scenario with the model and compare the results, either manually and
iteratively altering the weighting coefficients, or finding the correct corresponding
values through a sensitivity analysis. Naturally, the more scenarios and data one has
access to, the more functional the model becomes.

Secondly, one can attempt to improve the functionality of the model by adding
more features. For example, one can set to simplify the process of changing vehi-
cle type, either by implementing various vehicle types like the X2, X55 or X60 for
the user to quickly change in between, or to simplify the input of vehicle data. Ide-
ally, there should be more vehicle types present in the code, but also an easier input
window if one wishes to analyse a special case where the user inputs vehicle weight,
maximum tractive effort, aerodynamic capabilities etc. Other fields of improving the
model is adding curving resistance, the arcing phenomenon, acceleration and other
effects that constitutes more complex cases. Adding these functionalities is arguably
of high importance to complete the usability of the model for a wide variety of future
research. For now, only a small amount of simple cases can be measured using the
current model. Furthermore, one should aim to include a contact strip wear modelling
portion, since that would generate the most complete

The last proposal of future work is implementing improvement strategies to the
model. Some examples of this were found in chapter [2] Literature review, where at-



6.3. AUTHOR’S FINAL NOTE 59

tempts to improve wear modelling functionality were successfully performed. For
instance, the simulated catenary can both be altered and improved by conducting fre-
quency studies like [22]], or give interesting insights by changing its weight and ten-
sion like the research of [20]. Additionally, the case of ice coating can be modelled by
increasing weight and size of the catenary [23] and would be an interesting research
topic from a Swedish point of view.

6.3 Author’s final note

After some consideration, I would like to propose a name for the wear model. While
writing this thesis, I realized that it might be confusing to refer to the new wear mod-
elling software as "the wear model" or "the code". Since it is a separate entity from
both CaPaSIM and BARTRAD, it would seem only fitting to give it a individual
name for future reference. Multiple names were taken into consideration, but finally
"AWEAR" was selected. It is a name that both refers to the wear which it estimates,
but also to the fact that it makes us aware of the condition and life expectancy of a
catenary wire. Since I will not research using this model any further, the final deci-
sion regarding the name will be left to the science team at KTH Railway Group, or to
the next individual who seeks to conduct further research from this thesis.
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Appendix A

AWEAR CODE

%% Values

clc, close all

FO 60; % Mean Contact force reference value [N]

I0 = 300; % Current intensity reference value [A]

v = 200/3.6; % Sliding speed reference value [m/s]

P 2240e3; %Power of train 2.2 [MW]

g =9.82; G=0; m = 201e3; % Gravity, Gradient, mass.
V = 15e3; % Voltage in system 15kV
L

di

= 960; %Length of track [m] 120-1080m
ff = 0.5; % Force distribution upon leading pantograph

H = 952; % Material Hardness [N/mA2]

Hm = 205e3; % Material latent heat of fusion [J/kg]
rho = 8940; % Material density [kg/m73]

Va = 15; % Arcing voltage [V]

% WEIGHTING PARAMETERS

k1l = 0.4921; k2 = 0.4626; k3 = 29.6836; alpha = 17.1235;
beta = 0.2119; u = 0.05; %Weighting coefficients

load ('CFINAL') % Loading BARTRAD file

Fm = C; %Force from BARTRAD

F1 = [1; F2 = [1;
F1l = Fm(:,2)*(1-diff); F2 = Fm(:,2)*(diff); %Applying
difference

Fm(:,2) = Fm(:,2)/2;

Rcl = []; Rec2 = [];
for i=1:1length(Fm)
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Rcl(i) = 0.3276-F1(i)*3.47*10+(-3);

Rc2(i) = 0.3276-F2(1i)*3.47*10~(-3); %Bucca: Rc(i) =
0.013 + 0.09%exp-(Fm(i,2)-14)/11); Narvik:
0.3276-(3.47e-3)*F0;

end

figure (1)

plot(Fm(:,1),Rcl) %Plot the resistance as function of
force

hold on

plot(Fm(:,1),Rc2)

legend('Rcl',"Rc2")

title('Electrical contact resistance')

ylabel ('Resistance R_{c} [\Omegal]')

xlabel ('Time [s]')

% Running resistance
Da = 0.5%1.3%3.063%3.650*(0.3+0.005%¥93.084) *vr2; %Da =
1/2 rho*A*CD*vA2

%Running resistance formulas from Literatute:

Drm = 0.4%280%4+120+(0.7e-3*g*53.5e3)+(2e-5%g*53.5e3)*v;
Drc 120+(0.7e-3*%g*51e3)+(2e-5*g*51e3) *v;

Drs 120+(0.7e-3%g*49e3)+(2e-5*g*49e3) *v;

Dr = 2* Drm + Drc + Drs;

Dg =m * g * (G/1000); %Eventual gradient resistance

D = Da + Dr + Dg;

P =D * v;

if P >= 2240000 % Should not be able to go past the
maximum power
P = 2240000;
v = P/D; % And speed is therefore limited

end

%P=2240000; %Quick test max-effect

disp(['Hastighet: ',num2str(v*3.6, 3),'km/h']);
disp(['Effekt: ', num2str(P*10+4-3, 4), ' kW'])

Ic=(2*P)/(V*cosd(45)); Il=[1; I2=[1;

for i=1:1:1ength(Fm)
I1(1i) (Rc2(i)/(Rc2(i)+Rcl1(i)))*Ic;
I2(1) (Rc1(i)/(Rc2(i)+Rc1(i)))*Ic;

end
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disp(['Medelstr m: ' , num2str(Ic, 4), " A'])
disp(['I1 = ',num2str(mean(Il1),3),' I2 = ',num2str(mean(
I2),3), ' A']) %Display mean current and distribution

%% Validation
%%%%%% LIFE EXPECTANCY AND WEAR PROFILE %%%%%%%%

clc, close all
W_ml = []; W_m2 = []; W_el = []; W_e2 = []; W_al = [];
W_a2=[];

for i=1:1:1length(Fm)
W_ml(i) = k1*((0.5%(1+(I1(i)/I0)))*(-alpha))*(F1(i)/H
D*((F1(i)/F0)+(beta));
W_m2(i) = k1*((0.5%(1+(I2(i)/1I0)))*(-alpha))*(F2(i)/H
D*((F2(i)/F0)+(beta));

W_al(i) = u*(k3*((Va*I1(i))/(v*Hm*rho)));
W_a2(i) = u*(k3*((Va*I2(i))/(v*Hm*rho)));
W_el(i) = k2*((Rcl1(i)*I1(i)*2)/(H*V));
W_e2(i) = k2*((Rc2(i)*I2(i)*2)/(H*V));
end
W =W_ml + W_m2 + W_el + W_e2 + W_al + W_a2;
W_m = W_ml + W_m2; W_e = W_el + W_e2; W_a = W_al + W_a2;
Wl = W_ml + W_el + W_al; W2 = W_m2 + W_e2 + W_a2;

disp(['Mech = ' num2str(mean(W_m)), ' Elec = ' num2str(
mean(W_e)), '
W_mean = mean(W);

disp(['Total = ', num2str(W_mean), 'W2= ', num2str (mean(
W2)/(mean(W2)+mean(W1))) 1)

Arc = num2str (mean(W_a))])

%%%%%%%%%%%% LIFE EXPECTANCY %%%%%%%%%%%%

lim = 0.2*100;

yrspmill = 10e6/(83%365); %How many years to reach a
million

mmpyr = W_mean/yrspmill;

lifeex = lim/mmpyr;

disp(['Life expectancy: ', num2str(lifeex,3),

years'])

x = (0:((Fm(length(Fm),1))/16) :Fm(length(Fm))); % Span
markers in plots
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subplot(2,1,1);

plot(Fm(:,1), W, 'k');

hold on

plot(Fm(:,1), W1, 'r');

hold on

plot(Fm(:,1), W2,'b");

for i=1:1length(x)
xline(x(i), '--");

end

x1im ([0, max(Fm(:,1))])

xlabel ('Time [s]')

ylabel ('NWR [mmA2/1046 csp]l')

title(['Life expectancy: ', num2str(lifeex,3), ' years'])

Wpercsp= W/10e6; Wperyear=0;

% for c=1:30295

% rand = Wpercsp(randperm(length(Wpercsp)));

% Wperyear = Wperyear + rand; % Smooth even curve [See
report]

% end

Wperyear=(W*83*365) *10*~-6; %Unsmooth curve

%%%%%%%%%% WEAR PROFILE OF CATENARY %%%%%%%%%%%%%%
yh=zeros(1l,length(Fm));

yl=yh(1,:)+100;

redlim=yh(1,:)+20;

subplot(2,1,2)

plot(Fm(:,1), yh, 'k"');

hold on

plot(Fm(:,1),yl, 'k');

hold on

plot(Fm(:,1),redlim, 'r--")
area(Fm(:,1), Wperyear)

x1im ([0, max(Fm(:,1))])

ylim([-100 200])

title('Worn wire profile after 1 year')
ylabel (' [mm] ")

xlabel ('Time [s]')

%% Wear model
%%%%%%%%%%% MEASURING WEAR %%%%%%%%%%

W_ml = []; W_m2 = []; W_el = []; W_e2 = []; W_al = [];
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W_az2=[];
for i=1:1:1length(Fm)
W_ml(i) = k1*((0.5*(1+(I1(i)/I0)))*(-alpha))*(F1(i,h2)
/H)*((F1(i,2)/F0)*(beta));
W_m2(i) = k1*((0.5*(1+(I2(i)/I0)))*(-alpha))*(F2(i,h2)
/H)*((F2(i,2)/F0)*(beta));

% if F1(i,2) <= 83 % My model of contact loss for
better looking
% graphs. Same result as W_a(i) = u*(k3*((Va*Ic)/(v*

Hm*rho))) Change 83
to the lowest 5% of force in the vector
W_a(i) = k3*((Va*Ic)/(v*Hm*rho));

R R

% else

% W_a(i) = 0;

% end
W_al(i) = u*(k3*((Va*I1(i))/(v*Hm*rho)));
W_a2(i) = u*(k3*((Va*I2(i))/(v*Hm*rho)));
W_el(i) = k2*((Rcl1(id)*I1(i)A2)/(H*V))*(1-u);
W_e2(i) = k2*((Rc2(i)*I2(i)*2)/(H*Vv))*(1-u);

end

W= ((W_m+ W_e + W_a);
W_tot = sum(W); W_mtot = sum(W_m); W_etot = sum(W_e);
W_atot = sum(W_a);

disp([' ")
disp(['The total wear is ', num2str(mean(W)), ' mmA2 over
', num2str(L/1000), ' km'])
disp(['Mechanical: ', num2str(mean(W_m)), ' Electrical: '
, num2str(mean(W_e)), ' Arcing: ', num2str (mean(W_a)),

" [mmA3/km]"'])

x = (0:((Fm(length(Fm),1))/16) :Fm(length(Fm)));
arc = W_a;

arc(arc==0) = nan;
figure(2)

plot(Fm(:,1), W, 'k")
hold on

plot(Fm(:,1), W_.m, 'r')
hold on

plot(Fm(:,1), W_e, 'g')
hold on
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plot(Fm(:,1), arc, 'mo')
for i=1:1length(x)

xline(x(i), '--');

end

legend('Total', 'Mechanical', 'Electrical', 'Arcing', '
Span')

title(['Wear rate of X3 @ ', num2str(v*3.6),' km/h and ',

num2str (G), char(8240),' gradient'])
xlabel ('Time [s]')
ylabel ('NWR [mmA3/km]")

%% NWR graphs
%%%%%%USED TO CREATE 3D MAPS FOR UNDERSTANDING WEAR
MECHANISM %%%%%%%%%

inp = 0;
if inp == 1
[F,I] = meshgrid(50:1:150,250:2:450); %mean(Fm(:,2));
Fm = meshgrid(min(Fm(:,2)):(max(Fm(:,2))-min(Fm(:,2))
)/100:max(Fm(:,2)));
Fl = Fm*0.4; F2 = Fm*0.6; %F2 r den starkare
FO 60; I0 = 300;
%1 (250:((450-250) /3000) :450) ; %normal case
%I1 = I*0.4; I2 = I*0.6; % split according il+i2
W_ml = []; W_el = []; W_a = [1; W_m2 = []; W_e2 = [];
Rcl = []; Re2 = [];
for i = 1:1:1length(F)
for j=1:1:1length(F)
Rcl(i,j) = 0.3276-F1(i,j)*3.47*10~2(-3); %Rc(i
,3) = 0.3276-F(i,j)*3.47%10~-3; %Rc(i,j) =
0.013 + 0.09%exp(-(F(i,j)-14)/11)
Rc2(i,j) = 0.3276-F2(i,j)*3.47*10+(-3);

end
end
I1 = (Rc2./(Rc2+Rcl)).*I;
I2 = (Rcl./(Rc2+Rcl)).*I;
v = 200/3.6;

for i=1:1:1length(I)
for j = 1:1:1ength(F)
W_ml(i,j) = k1*C(0.5*C1+(I1(i,3j)/I0))).r(-
alpha))*(F1(i,j)/H)*((F1(i,j)/F0)*(beta));
W_m2(i,j) = k1*(C(0.5*C1+(I2(i,j)/I0))).A(-
alpha))*(F2(i,j)/H)*((F2(i,j)/F0)*(beta));
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W_a(i,j) = u*(k3*((50*I(i,j))/(v¥Hm*rho)));

W_el(i,j) = (1-u)*k2*((Rcl(i,jd)*I1(i,j)>*2)/(H
*v));
W_e2(i,j) = (1-u)*k2*((Rc2(i,j)*I2(i,jH)*2)/(H
*v));
end
end
limz= zeros(101,101);
figure (4)

Wl = W_ml + W_el + W_a;
W2 = W_m2 + W_e2 + W_a;

W =Wl + W2;
surf(I, Fm, W1)
hold on
surf(I,Fm, W2)
hold on

surf(I,Fm, W)

title(['Wear rate of X3 @ ', num2str(v*3.6),"' km/h"'])
; xlabel('Current intensity [A]'); ylabel('Contact
force [N]'); zlabel('NWR [mm”*2/1046 cspl')

figure (5)

surf(I,F,W_m)

hold on

surf(I,F,limz)

title(['Mech wear rate of X3 @ ', num2str(v*3.6),"
km/h']); xlabel('Current intensity [A]'); ylabel('
Contact force [N]'); zlabel('NWR [mm7*2/1046 csp]l')

figure (6)

surf(I,F,W_e)

hold on

surf(I,F,limz)

title(['Elec wear rate of X3 @ ', num2str(v+*3.6),"'
km/h']); xlabel('Current intensity [A]'); ylabel('
Contact force [N]'); zlabel('NWR [mm?*2/1046 cspl')

figure(7)

surf(I,F,W_a)

hold on

surf(I,F,limz)

title(['Arcing wear rate of X3 @ ', num2str(v*3.6)
," km/h']); xlabel('Current intensity [A]'); ylabel('
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Contact force [N]'); zlabel('NWR [mm*2/1046 csp]l')

%plot3(I, F, W_m, 'r'")

%hold on

%plot3(I, F, W_e, 'g")

%hold on

%plot3(I, F, W_a, 'm")

%legend('Total', 'Mechanical', 'Electrical', 'Arcing
D)

end
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