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ABSTRACT

Railway transport is becoming popular due to efficiency in long distances also being an
environment-friendly solution when it is compared to other transportation methods. Thus, more
innovative solutions to existing problems are essential. Roller-rigs are very efficient testing tools
which are widely prevalent around the world for researchers studying on the railway industry
directly or indirectly. They are being used for validating, testing, improving the railway vehicles
or related components from many years. Hence, demanding to the roller-rigs are also increasing
parallel to the development of the railway industry. In this study, a full-scale vertical plane tram
wheel roller-rig has been investigated from several aspects in order to provide improvement of its
measurement capabilities and dynamic behaviour. Firstly, the issues related to the measurements
and behaviour have been determined. Followingly, the possible hypothesis of the reasons for the
issues proposed and these hypotheses have been tested in a systematically order to verify or falsify.
From the general aspect the system divided into two components; Mechanical parts, Electric parts.
From the mechanical aspect, the whole system considered as two sub-systems which are steady
parts and moving parts. In order to define their behaviour and influence on the measurement
quality, several numerical and experimental studies have been performed in order. Steady parts of
the system (Frame) has been investigated by an FE solution, and the obtained values have been
verified via experimental study. Moving parts (Wheel, Rotating Rail and Motors) have been
modelled on MATLAB environment and results of the simulation has been verified by
experimental studies. After verification of the simulation, several parametric studies have been
performed, and two main solutions have been generated in order to eliminate the issues regarding
the measurement quality and dynamic behaviour. From the data acquisition aspect, a smoothing
filter has been generated in order to provide better measurement results. Two main solutions have
been provided and simulated on verified models. Also, the generated filter has been tried for a
variety of speeds. With the generated solutions, the measurement issues have been eliminated, and

dynamic behaviour has been improved.
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ANOTACE

wevr

Zelezniéni doprava se stava stale popularngjsi vzhledem k jeji efektivité pti delsich vzdalenostech
a také proto, ze poskytuje environmentalné piiznivéjsi alternativu k dalSim piepravnim modim.
To je divodem, proc€ je nutné hledat inovativni feSeni stavajicich problému. Experimentalni stavy
kolo-kolejnice jsou velmi u¢innym testovacim nastrojem, ktery je rozsifen po celém svété mezi
védci, ktefi studuji problémy zelezni¢niho primyslu at’ pfimo ¢i nepfimo. Jsou pouzivany pro
oveérovani, testovani a vylepSovani Zelezni¢nich vozidel a ptidruzenych soucasti jiz mnoho let.
Z toho dtivodu se naroky na experimentalni stav kolo-kolejnice rok od roku zvySuji, stejné jak se
vyviji Zelezni¢ni primysl. V této praci jsou zkoumdany rizné aspekty vertikalniho
experimentélniho stavu tramvajové kolo-kolejnice za G¢elem zlepSeni jeho méficich schopnosti a
dynamického chovani. Uvodem jsou stanoveny problémy, které se vztahuji k méfenim a chovani
stavu. Dale jsou formulovany hypotézy adresujici divody uvedenych problémi a tyto hypotézy
jsou systematicky testovany za ucelem jejich ovéteni ¢i zamitnuti. Obecné lze fici, ze systém je
rozdélen do dvou soucasti: mechanicka ¢ast, elektricka ¢ast. V ramci mechanické Casti je cely
systém povazovan za systém tvofeny dvéma subsystémy, kterymi jsou statickd ¢éast a pohybliva
¢ast. Aby bylo mozno definovat jejich chovéni a vliv na kvalitu méfeni, bylo nutno provést fadu
numerickych a experimentalnich studii. Statické ¢asti systému (ram) byly zkoumany metodou
kone¢nych prvki a ziskané hodnoty byly experimentaln¢ ovéreny. Pohyblivé ¢asti (kolo, rotujici
kolejnice a motory) byly modelovany v MATLABu a vysledky simulace byly experimentalné
ovéfeny. Po ovéfeni simulace byla provedena fada parametrickych studii a z nich vysla dvé hlavni
feseni pro eliminaci problému tykajicich se kvality méfeni a dynamického chovani. Z pohledu
ziskavani dat byl vytvofen vyhlazovaci filtr, ktery poskytuje lepsi vysledky méteni. Dvé hlavni
méteni byla pouzita a simulovana na ovéfenych modelech. Vytvoteny filtr byl také vyzkousSen pfi
riznych rychlostech. Vytvoifena feSeni umoznila eliminovat problémy méfeni a zlepsit dynamické

chovani.

Kli¢ova slova: kolo-kolejnice, méteni adheze, simulace, dynamické chovéni, filtrovani dat
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Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Tram Wheel Roller Rig

1 INTRODUCTION

From the time of very first usage of railway vehicles, studying on wheel-rail contact
mechanics is a very popular area as it significantly affects the rolling properties and so the safety
of the passenger transportation and goods. Even though the importance of the contact
phenomenon is realized, it is not fully clear in terms of several aspects. Those are intended to
be clarified by many theories developed in the literature, but further studies are still desirable
to provide more detailed and more certain information about the contact mechanics. As also
mentioned above, forces acting in this contact pair are significantly important for safe
operations due to a most refrained situation which is stated as derailment. Those also result in
wear of wheels and rails, which can reach an extreme level and lead to serious operational
dangers. Understanding the rail-wheel contact phenomenon provides avoiding and/or

decreasing the effects of such undesired cases.

Studies about wheel-rail contact can be conducted both experimentally or theoretically.
Experimental studies can be carried out in the field or in laboratories that can simulate the field
scenarios. Various sizes and types of laboratories can be built but a practical and cost-effective
solution can be provided by using roller rigs. “Roller Rig” is a term, used in here, for
experimental equipment which is used to conduct studies about railway vehicles and

components regarding the railway vehicles.

Roller rigs are widely used in the literature as it brings several advantages. Those can

be grouped briefly as follows;

e No Field Needs: As known, railways are mostly designed for mass transportation
between long distances. So, testing of railway vehicles under all operational
conditions also need longer distances which would be extremely expensive and
non-cost-effective. However, roller rigs do not need a wide field for service, hence
they can be constructed and operated in many technical facilities.

e Construction Flexibility: Construction size, instrumentation, modularity can be
determined by experimental needs and available resources. This can provide,
energy efficiency, economical solution, multiple uses of components, non-

complexity, easy maintenance and repair, adding or excluding components, etc.
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Data Gathering: As known, obtaining data is the most significant part of
experimental studies. On a fixed system desired numbers of sensors, readers,
counters, etc. can be mounted/placed and this provides a large number and variety
of data for processing but on a moving system, it wouldn’t be easy to gather this
variety of data.

Parameter Control and Repeatability: On a roller rig setup, all experimental
parameters such as friction, contact angles, load, etc can be easily modified. In field
work, these cannot be done easily or maybe impossible. Moreover, extreme
parameters also can be investigated such as extreme load, friction especially

derailment which cannot be repeatable in a real field case.

With the use of roller rigs, many types of research activities can be performed. Some of

these main topics can be briefly listed as;

Investigation of traction and braking properties

Investigation of wear, damage and irregularities and their effects on the rolling
bodies

Investigation of contact mechanics

Investigation of vehicle dynamics

Investigation of operational safety

Investigation of lifetime

Investigation of efficiency

Testing of developed or existing concepts

Testing of manufactured components

Developing of control, monitoring and other software related concepts

Developing intelligent control system

Based on the above-mentioned statements, the measurement accuracy of the roller rigs

is vital for reliable studies, experiments, developments, etc. In order to increase the

measurement quality of a full-scale tram wheel roller-rig, in this study, several tasks performed

which are the determination of the issues regard to the dynamic behaviour and provide solutions

to eliminate the effects of them.
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Outline

Chapter 1 gives introductory information about the study.

Chapter 2 provides a comprehensive literature survey about roller-rigs. Their history, types,
general and specific purposes are briefly given. Also, several key information about

methodologies and conducted studies with roller-rigs are mentioned in this chapter.

Chapter 3 provides definitive information about the dissertation objectives and listing of

followed methodologies.

Chapter 4 provides the technical specification about the mentioned roller rig. Also, the
determination of the issues is stated in this chapter. Then, possible hypotheses for the
stated/determined issues are given and applied solution methodologies are explained in detail.
Detailed information on the numerical and experimental works was given in this chapter as
well. The results of conducted investigations are provided after each part of the study for both

experimental and numerical studies.

Chapter 5 deals with the interpretation of the obtained results and provides specific solutions to

the mentioned issues.
Chapter 6 summarizes the whole study.

Chapter 7 Recommendations about possible future works are mentioned in this chapter.
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2 LITERATURE REVIEW

This chapter contains an extensive literature survey on the usage of roller rigs and
technical information about known concepts. Roller rigs and their advantages/disadvantages
have been investigated as well. Additionally, an overview of several remarkable studies

conducted with roller rigs have been provided.

2.1 Background

Roller rigs are being used from steam-powered locomotives age to validate developed
theories, improvement or investigate the new designs/concepts regarding railway vehicles [1-
3]. Although, mostly roller rigs have been used for improving the rail vehicle performance,
there are also individual varieties developed for specific purposes. However, extensive
improvements have been done for simulating the real conditions of the rail vehicles, further
improvements are still anticipated. In 1904 Swindon, UK, one of the initial facility built by
Great Western Railway which was a full-scale roller rig with adjustable rollers, a braking
feature which is used for traction force at different speeds (Figure 1) [1,4]. Since then, both full-
scale [5-9] and scaled types [10-13] have been used. Roller rigs are being used for wide ranges
of studies including but not limited to, rail vehicle dynamics, adhesion/braking investigations,

contact mechanics, derailing, etc [2,12,14-17].

In a chronological aspect, Carter used a scaled test track for his studies in 1920s [2] and
in 1950s, in Japan, 1/10 and 1/5 scaled roller rigs are built by the Railway Technical Research
Institute. In 1960s, British Railways constructed scaled and full-scale roller rigs for
investigating the instabilities of rolling stock. A French company CAFL constructed a roller rig
which has hydraulic actuators controlling lateral and vertical motions for investigating lateral,
vertical and yaw vibrations. In 1967, Germany, a roller rig developed for studying traction and
braking equipment. In 1970, for investigating the derailments of three-piece trucks, 1/5 scaled
roller rig built by Princeton University [18]. A full-scale roller rig was constructed by Deutsche
Bahn in Munich in the year of 1977. It has vertical, lateral, inclination and rotation controls
provided by servo-hydraulic systems which can accurately simulate real track conditions of
operating vehicles and capable of reaching 500 km/h speed. This facility has a significant
contribution to the development of ICE high-speed trains [1,19]. Between 1984 and 1992, a

4
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particular roller rig operated which has a 13 meters diameter roller, and maximum speed with
250 km/h. With a quarter scaled test bogie, similar conditions to the tangent track is provided.
VOCO simulation software has developed by using the results of this roller-rig [19]. Also,
another type of roller rig is operated in Linz, Austria which has a 1.5-meter-long rail-part used
for rail-wheel contact fatigue. Also, there are scaled roller rigs used widely around the world
because of easy build, maintenance and operating costs which are subject to scaling strategies
[1,10-12,19-24]. Also, similar to scaled roller-rig concept twin-disc machines are used for
some researches [14,25-27]. More detailed information about roller rigs can be found in a study

performed by Zhang et al [28].

Figure 1. Roller rig for steam locomotives Swindon works Great Western Railway, UK [1]
2.2 Review of Concepts and Functionalities of Roller Rigs

The main criteria for classifying roller rigs can be briefly listed as scale, according to
tested specimen and design concept [19,29]. According to the scale, those can be divided into
two groups which are scaled roller rigs and full-scale roller rigs. In scaled roller rigs;
investment, power consumption, space requirements are lower than full-scale roller rigs and
this gives advantages to many institutions for conducting easier experiments. However, this
comes with a drawback (i.e. these systems are not fully capable of representing real field
operations so there is a need for scaling strategies) [1,29]. For tested specimen classification,

grouping can be made single wheel, wheelset, bogie or full car. The complexity of the systems

5
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increases to the given order also conducting experiments are getting complex in the same way
[29]. Moreover, conceptual classification can be listed as vertical plane, perpendicular plane,
internal roller, and oscillating rail roller rigs. Mentioned concepts are detailly given in the

following part. In this study, a full-scale vertical plane roller rig with a single wheel is used.

2.2.1 Single — Wheel Roller Rigs

Single rail test rigs are designed to perform tests for single wheels on a rail structure.
Vertical plane roller rig concept is the one of the most favourite type around the world due to
easy construction. This concept is also top scored concept in single wheel concepts in the point
of view of studying related wheel-rail interaction studies [19,30]. One of the most attractive
side of this concept is the cost efficiency. It can be manufactured and operated very cost
effectively. Also, on specific topics (i.e. interaction between wheel-rail) the additional parts
other than the wheel can create complexity. Additionally, due to small size and less complexity;
instrumentation of sensors, constraining and controlling the specimen is much easier compared
to other concepts. Nevertheless, there are some drawbacks comes with this concept. Due to
single wheel, studies concerning lateral movement (i.e. hunting) are limited. Also, real fielded
components such as load systems, rail, side frames, bearings, etc. cannot be used fully and/or

need modifications.

2.2.1.1 Vertical Plane Roller Rig

Vertical plane variation is the typical roller rig design with a roller rail and wheel
rotating over each other on a common vertical plane. This type is the simplest and most common
configuration in study of rail vehicles. Generally, this concept allows to simulate load, attack
of angle, rail cant. The roller rail is mostly used to create a steady roll in a specified speed for
the planned experiments. It’s been reported that some roller rigs are able to perform dynamic
vibration actuation while taking measurements using various sensors [30]. An illustration and
an example of this concept are given in Figure 2. These types can reach high speeds (in certain
cases real vehicle wheels can be used). Force controllers can be mounted easily. Overall, the
roller rig could be simply instrumented. As one major drawback of this type can be stated as
the rotating rail is not a perfect representation of the straight track. Thus, it can’t replicate the
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behaviour of straight track. It should be noted that in this study this type of roller rig has been
used.

Figure 2. lllustration and an example of vertical plane wheel roller rig

2.2.1.2 Perpendicular Plane Roller Rig

In this configuration, the wheel is placed on a horizontal circle rail. It offers to simulate
wheel load, cant angle some additional parameters. Conceptual advantage of this system is to
simulate curved track and from point of view contact. It is due to infinite radius on travel
direction contact which can be simulated more closely to real cases. Also, rail profile and sub-
rail can be modified according to needs. But, due to large horizontal radius of rail, the driving
arm and the other components creates a high moment. This limits the speed of the rolling part.
A visual illustration and example of perpendicular plane roller rig are given in Figure 3. Another

scaled example of this concept can be found in studies [15,31]
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Figure 3. Hlustration and an example of perpendicular plane wheel roller rig (Photo credit [32])

2.2.1.3 Internal Vertical Plane Roller Rig

This concept principally same with the Vertical Plane Roller Rig (see 2.2.1.1). This type
is used for transit rail and automotive industry [30]. The main difference lies over the radius
difference of the roller rail. With a scaled wheel over a high radius of roller rail, geometric
interaction can be replicated better than the typical roller rig. However, this comes with a
drawback of more demanding space and higher mass than typical one. Illustration and an

example can be found in Figure 4.

Figure 4. lllustration and an example of internal vertical plane roller rig (Photo credit [33])

2.2.1.4 Oscillating Rail Rig
The main aspect on this type of testing equipment is to perform repeating studies about
specific rail parts. Also, they have been used to investigate the rail strength and joint bar fatigue
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[30]. In addition to having a simple design, the main advantage of this concept is, fielded rails
can be used. Thereby, interaction between roller and rail can be obtained same as in the
operational interaction. But naturally it cannot be applied for high speeds or steady state

performances. Illustration of the concept and an example can be found in Figure 5.

Figure 5. Hlustration and an example of oscillating rail setup (Photo credit [34])
2.2.2 Wheelset Type Roller Rigs

This concept provides an experimental setup for investigating wheelset studies.
Compared to single wheelset concept, wheelset type has an increased complexity. However, it
provides additional studying areas such as suspension design, hunting motion studies, etc.
Mainly, it is been used for angle of attack, speed, adhesion-braking, validation of new designs.
Also, in this concept, using real field components is much more possible over single wheel

concept. (i.e. side frame, bearings, etc.)

It can be briefly described as the doubled version of single wheel concept with a
connecting shaft between wheels. The rollers can be independent or connected according to the
design and needed outputs. Drum type rollers can be given as an example for dependent roller
types [1]. Due to complexity of the system, optional configurations are widely various.
Illustrations and examples of both types are given in Figure 6 and Figure 7, respectively.
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Figure 6. lllustration of vertical wheelset concept design for both type

Figure 7. Examples of vertical plane wheelset roller rigs (Left [35], Right [36])

2.2.3 Full Truck Concept Rigs

Full truck rigs are designed for testing full car bodies or bogies. This type facility can
be considered as the most complex type in use of roller rigs. However, this complexity provides
deep analysis and experiment environment to the researchers especially studies concerning the
railway vehicle itself. Full truck rigs allow to investigate complete body dynamics, wheel-rail
interaction studies, hunting studies, etc. Moreover, due to possibility of placing a complete car
body on a testing rig, all components regarding to vehicle can also be tested. The advantages
can be briefly grouped as; (i) loading and constraining conditions may be simulated as field
conditions, (ii) bogie and wagon assemble can be tested for curvature conditions, (iii) it allows
studies about interaction between body/suspension, bogie/wheelset and combination of both,
(iv) it also allows investigation on fielded cars. Nevertheless, it is for sure that there are

10
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drawbacks about this concept. Cost for investment and operation is much higher than over other
concepts and sizes. Also, monitoring for specific studies and instrumentation for data gathering
are difficult due to physical complexity. One of the most complex full-scale testing facilities in
Chengdu, China is given Figure 8.

Although they have a lot of properties in common, it is not possible to make a certain
classification about existing full truck roller rigs. Each of them has been designed with different
technologies, traditions, budgets, aims, institutions, structures, etc. in order to satisfy different
goals. An extensive review study about existing full truck roller rigs may found in the reference
by Zhang et al [28].

Figure 8. Full car roller rig in Chengdu, China [28]

2.2.4 Scaled Roller Rigs

It is known that full-scale roller rigs can provide much closer simulations to real field
operations than scaled types [37]. However, for deeper investigations concerning specific topics
about railway vehicles (i.e. for wheel-rail contact studies using full-truck roller rigs are not
efficient tools). Mostly, due to smaller sizes, investment and operation costs are much lower
compared to the full-sized roller rigs. Additionally, modifying the parameters of experiments
are easier. However, it may be advantageous in some points, scaling factors can’t be neglected
[37].

Similarity laws, size effects, and correlated problem of scaling are of interest for the
transformation of experimental results from a scaled model to the full scale design [37].

11
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Deriving scaling factors from dimensional analysis can be pointed as an approach which were
conducted before some researchers [21,38-40]. Additional scaling approaches may be given
such as modifying equations of motion and materials. A detailed study about scaling can be

found in reference by Allen [37].

All above mentioned concepts exist in scaled versions designed according to the needs
of the facilities and capabilities. Scaled versions of above mentioned concepts are given in
Figure 8Figure 9; a twin disc machine (a), scaled vertical plane single wheel roller rig (b), scaled

vertical plane wheelset roller rig (c) and scaled bogie roller rig (d) are given in Figure 9.

(d)
Figure 9. Examples of scaled roller rigs (a [41], b [42], c [13], d [16] )

2.3 Review of Studies Performed on Roller Rigs

As mentioned above, the roller rigs are widely used tools around the world for studying
the matters related to railway applications. In this section, several prominent studies which are

conducted on roller rigs have been overviewed according to the topics.

12
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2.3.1 Studies Concerning Wheel — Rail Interaction

Wheel-rail contact is the one of the most popular topics in railway research due to its
influence on reliability, efficiency, safety, etc. Also, this interaction is affected by
environmental conditions significantly (i.e. rain, snow, leaves, temperature etc.) and the level
or duration is highly varying according to the yearly date, climate and geolocation. Thus, these
variabilities arise necessity of studies concerned about adhesion itself and characteristics. Some
experimental studies about adhesion characteristics conducted on roller rigs are given in
[3,23,43-46]. Moreover, theories concerning wheel-rail interaction still not able explain this
interaction fully, so it is still demanded study field in railway applications. Several studies
concerning wheel-rail contact can be found in [9,17,47-49]. In addition to them, some studies

can be found concerning directly about contact patch between wheel and rail [50-53].

Wear and rolling contact fatigue (RCF) are also among the popular topics studied [5,54].
The RCF mechanism is closely related to the wear [5,55]. Researchers have been working on
the effects of wear and RCF due to their effects on reliability and durability because of strict

relation to the maintenance and repair [56].

2.3.2 Testing of New Designs

It’s known that developed engineering products need to be tested before use. Roller rigs
are also being used in validating the new designs, developing innovative solutions. A wide-
spread spectrum of study topics is being performed about testing new designs. Several studies
about testing new designs can be found such as, guidance for running gears [57], a novel running
gear [58], new coatings [59], condition monitoring system [60], slip control system [61], friction

modifiers [41], traction control system [13].

2.3.3 Running Safety

Roller rigs are being used also for concerning safety of railway vehicles [28]. In railway
operations, one of the most avoided cases are derailments with no doubt. Additionally, critical
speed, lateral stability and curving dynamics can be included in safety topic. Several studies
about derailment can be found in [62-64]. Studies about lateral stability, critical speed and

curving dynamics can be found [65-67], respectively.
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2.4  Wheel — Rail Interaction

2.4.1 Normal Contact Problem

One of the earliest studies about contact problem is made by Redtenbacher in 1855. He
studied head-crack formation in rail [6,19,68]. In 1882, one of the most significant study about
contact has been published by Hertz [69]. In this theory, the contact patch arises around a point
and takes form according to the shape of the surfaces. Even so, true shape of the contact cannot
be represented with this theory because of the non-constant shape of surfaces but it provides
accurate results for continuously curved surfaces. Today it's still being used as a foundation in
wheel-rail contact analysis also many studies and developments are based on this theory
[1,70,71]. A review study of analytical methods is published by Piotrowski and Chollet [72].
Also; Kik and Piotrowski [73], Pombo et. al. [74], Linder [75] are proposed non-Hertzian
methods for contact analysis. Some of them are compared in the study of Sichani et al [76] and

compared results are shown in Figure 10.

Contact Patch

=

CONTACT
STRIPES
— — — Kik-Piotrowski

Long. [mm]

Lat. [mm]

Figure 10. Wheel-Rail contact area compared for different contact models [76]

Nowadays, thanks to the emerging technologies, it’s also possible to study the contact
problem with finite element method, which provides faster results [77]. Additionally, Boundary
Element Methods are also used [78]. One of the most popular method used in wheel-rail
interaction has been studied by Kalker [70]. However, FEM and BEM calculation times are
longer over analytical methods due to calculation complexity. Because of this reason, in the

further part of this study, contact size and shape calculated with Hertzian approach.
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2.4.2 Tangential Contact Problem

For an initial perspective of tangential contact problem, it can be presumed that applying
Coulomb’s friction law to contacting surfaces can be acceptable. However, it is not a fully
proper approach in wheel-rail contact due to defects, force distribution, wear, the strength of

materials, etc.

In 1926, Carter propounded a theory about continuous rolling of a wheel on a rail on a
bi-dimensional plane [71,79]. In this theory, he assumed that the wheel is cylindrical, and the
rail is infinite elastic medium. He defined creepage “as the ratio of the distance gained by one
surface over the other, to the traversed” [79]. According to his approach, creepage has a direct
relationship with the tangential forces. With increasing torque, the creep and the creep force are
also growing until the traction bound, which is roughly considered as the maximum frictional
force between surfaces according to Coulomb’s friction law. This is named “saturation” in the
related literature [1,70,79]. The three dimensional approach was proposed first time by Johnson
[80]. In this approach, an elastic sphere is rolling on an elastic plane. He investigated straight
rolling motion and the spin of elastic sphere which occurs on circular area of contact. In 1964,
Johnson and Vermeulen [81] extended his study to elliptic contact shape and they proposed a
saturation law for tangential forces but in their study the effect of spin wasn’t considered. In
1973 Kalker extended his work. On his former study, he proposed his famous Linear Theory.
With this study, he contributed to the literature a 100 times faster calculation method. Also, he
provided longitudinal and lateral forces. In 1982, he published another study which is defining
a connection between elastic displacement and traction by tangential flexibility [82] The latest
analytic approach to the tangential solution was contributed by Polach [45]. His study was an
extension of Freibauer [83]. Polach’s study was based on slip velocity depended friction and he
added two parameters for adhesion and slip part. Due to good approximation and simple
structure, Polach’s formula was implemented for tangential solution in this study and the details

are given in the related section.

2.5 Differences Between Tangent Rail and Roller Rail

For most of the roller rigs (full scale or scaled types), for the wheel-rail pair, the rail is

substituted by a rotating (roller) rail due to inherence of the laboratory conditions. To create a
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continuous motion in a laboratory environment an infinite rail must be employed. In this
context, a specific contrary example may be given for use of tangent rail can be seen in section
2.2.1.4. Another case for simulating curve track also may be given as the perpendicular plane
roller rig which is described in section 2.2.1.2. Apart from these concepts, the roller rigs contain
roller rail which is differs from a tangent rail. The main differences between roller rail and

tangent rail are geometric parameters.

In real case of wheel- tangent rail contact, the rail is almost flat in longitudinal direction.
In contrary, wheel-roller rail contact, the roller rail has a curvature in longitudinal direction.
Both situations sketched in Figure 11. This difference directly effects the contact area. So, one
of the main parameters which is used for determination of contact condition, change. In lateral
direction, maintaining the lateral curvature is mostly possible however, for higher scaled rigs
(e.g. 1/20 scaled roller rig, twin disc machine) may not be possible due to small sizes in every

direction.

Wheel Wheel

Contact plane

ftr=00
Tangent Rail

lw: Longitudinal Radius of Wheel
rr Longitudinal Radius of Roller Rail
rtr:LongitudinaI Radius of Tangent Rail

Roller Rail

Figure 11. Scheme of longitudinal radius difference between tangent rail and roller rail
A comparative study has been applied in order to see the change of the contact area
according to the radius change of the interacting bodies (wheel-rail). Due to easy application
and comparison, Hertz Theory employed for determining the contact radii and contact area.
Longitudinal wheel radius (r;,) kept constant (350 mm) and longitudinal rail () radius has
been increased from 350 mm to infinity in order to see the effect of the rail/roller radius change.

It is assumed that the radius of the roller rail should be higher than the wheel radius. Lateral
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radii were also kept constant and taken 300mm and 400mm for wheel and roller/rail,
respectively. Both of the bodies are assumed identical from the material properties aspect which
are 210GPa for elastic modulus and 0.3 Poisson ratio and the applied load selected as 20 kN.

e 285

_—

Contact Radius a [mm]
w w w w
%] B @ ®
T T
.
X
.
X
X,
AN
Contact Radius
F

w
TR

L—
ke

N
-
i
.
0

3 35 B (érm-] 25 5 55 35 3 - (Jim) , a5 5 55
(a) (b)
Figure 12. The effect of rail radius changes in longitudinal direction on contact ellipse radii
In Figure 12 the effect of rail radius change in longitudinal direction is given. Horizontal
axis is the logarithmic value of the radii. As it is seen in referred figure, the effect of radius
change is significantly small when the logarithmic value of the radius is bigger than 4, which

corresponds 10* mm (10 meters). The effect of the radius change on the contact area is given
Figure 12.
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Figure 13. The effect of rail radius changes in longitudinal direction on the contact area

According to the calculation results, the contact area for 10 meters radius is 30.9129

mm? and for tangent track is 31.1196 mm?. The difference between calculated values is %07

which is quite acceptable. However, in practical application, designing a roller rail with 10

meters radius non-preferable for most. In this context, to reach a closer contact area an
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acceptable solution can be applied by decreasing the wheel radius. However, reducing the radii
of rolling bodies brings another issue and in order to overcome this issue several scaling

strategies are being used.
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3 DEFINITION OF DISSERTATION OBJECTIVES

The overall objective of the dissertation is to improve the quality of the measured data
by analysing the dynamic behaviour of a full-scale tram wheel roller rig from the mechanical
aspect. In order to achieve this objective, several sub-objectives must be accomplished which

can be expressed,

1. The differences between the experimental results and expected results which
have been given according to existing well-known wheel-rail contact theories
must be identified.

2. Structure and characteristics of the experimental device must be understood and
examined in order to understand the weaknesses or possible issues which may
cause the inaccuracies.

3. Possible mechanisms of influences which causes the mentioned issues must be
formulated.

4. The formulated mechanisms must be tested and validated with experimental
procedures and computational tools.

5. Possible solutions for eliminating beforementioned inaccuracies must be
proposed.

6. Proposed solutions must be implemented, and their contributions must be

verified.

In order to test the accomplish beforementioned sub-objectives, the system is considered
as sub-systems. The sub-systems considered as composition of specific parts. A scheme of
considered parts and generated solutions are given in Figure 14. These parts must be analysed
and investigated with proper tools such as experimental procedures, structural analyses, etc. All
those components described under main system are analysed step by step. Possible weakness
in these individual components are intended to be revealed. Identification of issues, details of
abovementioned roller rig, used methodologies, experimental instruments and initial results

will be presented in regarding sections.
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Main system Roller Rig
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of roller rig
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Figure 14. Scheme of sub-systems of roller rig and investigation methods
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4 METHODOLOGY AND RESULTS

4.1 Experimental Setup

Before analysing the possible measurement issues in the roller rig, its experimental
setup must be examined in detail. The system which are the measurements conducted is a plane
type roller-rig placed in Educational Centre in Transport in Doubravice, Pardubice. The stand
has a reprofiled tram wheel after extensive using and the roller is a converted wagon-wheel. It
has been built by VUKV (Rail Vehicle Research Institute) and its modified according to needs
of researches. Roller rig gives the opportunity to conduct adhesion experiments also it’s been
used for the development of PMSM regulation systems. Several studies performed with this
roller rig can be found in [3,46,60,61,84-89]. The roller-rig is given in Figure 15.

Figure 15. Tram Wheel Roller-Rig
4.1.1 Mechanical Design

Wheel and roller are placed on a vertical plane while the roller is connected to the
bottom of the frame by two bearings and a plate. The wheel is connected to a single beam on
top by a pneumatic spring and swinging arm. Swinging arm is connected to side columns by a

journal bearing which does not permit the lateral and yaw movements. The normal force is
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applied with pressure control of air spring on top. Schematic representation of the tram-roller

rig is given in Figure 16.

Top Loading Frame

Air Spring

Swinging Arm

PMSM

Roller Wheel
~ | |

Roller Rail )
-~ |

T
Roller Bearin(gs\g

—_J —_J

L
LF

Figure 16. Illustration of tram roller-rig from both-sides
4.1.2 Electrical Design

Wheel of roller rig is driven by a PMSM (Permanent Magnet Synchronous Motor).
PMSM has a rotor with attached permanent magnets and rotation is provided by the magnetic
field created by the stator. It is controlled with a flux weakening method. The torque is
generated by torque request via controller. Electrical scheme of the roller rig is given in Figure
17. Details of the control method and PMSM are explained in other studies [85,90]. Technical
properties of PMSM are given in Table 1.
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Figure 17. Electrical scheme of the tram wheel roller rig [90].

Table 1. Parameters of PMSM

Power 58 kW
Speed 650 rpm
Nominal Torque | 852 Nm
Current 122 A
Flux 0.2 Wb
Number of poles | 44
Table 2. Parameters of AM
Power 55 kW
Frequency 50 Hz
Nominal Torque | 891 Nm
Current 133A
Voltage 3x380 V/A
Number of poles | 10

Roller is driven by AM which is placed out of main frame. Mainly, AM contains two
parts which are rotor and stator. The principle of this motor is creating a rotating magnetic field
over a squirrel-cage by a stator without any wire connection. The magnetic field of stator and
rotor don’t rotate synchronously, and the speed control is made by changing the frequency of
the current. Roller rail is connected to the motor via torque sensor, CV shaft. Technical

properties of AM are given in Table 2.
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4.1.3 Data Acquisition System

Controllers and data acquisition scheme is given in Figure 18. Normal force in the
system is provided by air-spring with pressure control. The pressure in the spring is monitored
with sensor - see element (1) in Figure 18- and stored in PC (9) via DAQ device (7). Wheel
torque is provided by PMSM (2) and controlled by PC via PMSM Controller (6). AM (5) is
controlled by an independent controller (8) via a converter (10). Angular speeds of the wheel
and roller are measured by rotary encoders (3) which are connected to shafts. A torque sensor
(4) is mounted on the shaft between the roller and AM for measuring torsional load. The
coefficient of adhesion and tangential force is calculated by PC based on the signal of the

torsional sensor.

1. Pressure Sensor

> PMSM G
3. Rotary Encoders
4. Torque Sensor
5. AM

6. PMSM Converter -
7. DAQ Device
8. Controller ]
9. PC
10. AM Converter —

—

Figure 18. Controllers and data acquisition scheme of Roller Rig
Pressure sensor is DMP331 model and the manufacturer of the sensor is BD SENSORS,
Germany. The rotary encoders are produced by LARM and type of encoder is IRC315. The
DAQ device is NI USB-6341 model of National Instruments, USA. The data resolution used in
the study is 250 Hz.
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4.1.4 Procedure of Adhesion Measurements

As mentioned before the main purpose of this roller rig is to conduct adhesion

experiments. The procedure during the experiments is summarized as follows;

e The normal force is applied by pressure controlled pneumatic spring.

e Theroller is brought to desired constant speed by AM controller so that the wheel starts
free rolling.

e Atorque request is sent to PMSM then wheel speed starts to increase (traction case) or
decrease (braking case).

e Due to the adhesion force between wheel-roller pair, the AM creates a reverse torque.

e System pushed until to the requested torque or a safe slip.

By above-mentioned procedure, the following quantities are obtained:;

e Pressure from pneumatic spring (Converted to Normal force).
e Rotary speeds of wheel and roller.

e Torque on the shaft between the roller and AM.
4.2 Determination of Inaccuracies

4.2.1 Dynamic Phenomenon

A dynamic phenomenon has been revealed in the adhesion measurement results which
occurs after loss of adhesion with a sudden decrease of requested torque. The phenomenon
appears as an oscillation around zero torque with significant overshoots before the system gets
the steady state. To identify the dynamic phenomenon, the torque patterns were repeated three
times in a test with identical conditions. Sudden increase and decrease of torque values, which
resulted in non-random oscillations, were found. Requested wheel torque pattern and measured
roller torque are shown in Figure 19. The oscillation around zero torque can also be seen in the

referred figure. Additionally, the influence of mentioned oscillation is given on Figure 20.

Additionally, with a closer look to the referred figure, a delay can be seen on the torque

values. Especially on the torque-decrease phase the time gap between requested wheel torque
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and measured roller torque is significant. Moreover, when the torque request increased to the

maximum, an overshoot is visible on the measured roller torque.

The primary objective of this study is to propose a possible explanation and solution for

mentioned oscillation, delay and overshoot.
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Figure 19. Requested wheel torque and measured roller torque for determining the phenomenon
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Figure 20. The influence of the torque signal oscillation on Creep-CoA graph

4.2.2 CoA-Creep Inconsistency

An inconsistency in the measured data revealed itself. It is observed that, when torque
request decreased after a certain creep level, creep-adhesion curve follows a different path when

returning to the steady state. It shows different adhesion levels for same creep values. Figure
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21 shows a comparison for dry and wet surface conditions between Polach’s theoretical creep-
adhesion curves and experimental creep-adhesion curves. (Theoretical curves are obtained with
estimated values and fitted to the measurements). Those include creep values corresponding to

adhesion.

It has been reported in some literature, after a certain slip, the CoA doesn’t follow the
same path as theoretical fit [8,87]. It is obvious that the exact match can’t be expected between
theoretical considerations and experimental results. However, in the dry surface case, the gap
between increasing slip curve and decreasing slip curve is relatively high (Figure 21).
Especially, on the decreasing slip, when the value gets closer to the zero the CoA drops
significantly. In Figure 21, same issue has revealed itself for wet surface condition also. This
leads to undesired creep-adhesion results which is an issue for the reliability of the

measurement. Providing an explanation and solution for this issue is another objective in this

study.
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Figure 21. Comparison of theoretical adhesion-creep curve and measurements.

4.2.3 Waving Torque Output Under Free Rolling

Moreover, another issue is found in steady state rolling where there is no traction. As

seen in Figure 22, the measured torque value before loading has a waving character around zero
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under free rolling. This undesired situation could be due to the out of roundness of one or more
rolling elements. It is believed that the out-of-roundness creates a dynamic effect on the global
behavior. Also, the mentioned signal may occur due to issues regarding electrical issues or

components. An explanation and solution will be searched also for this issue.

2000
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500 L L L L
12 14 16 18 20 22
Time [s]

Figure 22. Waving torque signal under free rolling

4.3 Possible Causes of Inaccuracies

4.3.1 Stationary Parts

As it’s seen in Figure 19 , there is an oscillation in measured torque signal ending with
damping where slip ends. It’s believed that one of the reasons of the oscillation may occur due
to roller-rig frame flexibility in longitudinal direction. A schematic representation of this
possible effect is given in Figure 23. Under traction case, the torque generated by PMSM
transfers to the roller rail via the wheel. The transferred force creates a horizontal load between
wheel and roller which results in a deflection on the longitudinal direction (8f). After releasing
the requested PMSM torque sharply, the load on the frame discharges. A sudden decrease of
the load would cause an oscillation on the roller rig frame (1). Oscillation of the frame would
create a horizontal oscillatory movement of the wheel in longitudinal direction (2). This may
be transferred to the torque sensor by the roller rail on over roller shaft (3). Possible reasons of

these effects may be low stiffness of the frame components or weak bonding in frame joints.
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Figure 23. Schematic representation of possible occurance of longitudinal oscillation of frame

4.3.2 Rolling Parts

Another possibility for the cause of the oscillations (Figure 19) can be issues regarding
to rolling parts of the system. The inertia of the roller rail is relatively larger compared to the
other rolling parts of the roller rig. As it can be seen in the Figure 18, the torque sensor has been
placed on the shaft between roller and AM rotor. The diameter of the cross-section of this shaft
relatively small compared to the roller size. As mentioned in the section of procedure of
adhesion measurements; when the requested wheel torque is decreased, the asynchronous motor
torque response is also decreased. Sharp change on the torque request might cause high
overshooting of AM torque response due to high inertia. This may be an explanation of the
before-mentioned oscillation around zero torque due to the relative motion difference between
roller and AM rotor. A schematic representation of the possible cause is given in Figure 24.
Another approach is; this relative motion can also occur due to the slow reaction of the overall

system to the torque changes. Both possibilities will be investigated in related section.

29



University of Pardubice, Faculty of Transport Engineering, Transport Means and Diagnostics
Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Tram Wheel Roller Rig

Roller Rail

Torque Sensor
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Figure 24. Schematic representation of torque oscillation signal in the roller shaft
When Figure 22 is investigated deeply, the wave signal is repeating under free rolling.
From the mechanical point of view, a possible explanation for the reason of the wave signal is
can be out-of-roundness of the rolling parts which may produce a signal varies according to the
speed. Furthermore, it can be related to the shaft eccentricity or bending due to incorrect

positioning of the shaft bearing.

4.3.3 Electric Motors, Control of the Electric Motors and Data Acquisition System

Another possibility for the cause of the oscillations (Figure 19) may be the motor and
controller responses. However, it is known fact that PMSMs are widely accepted electric motors
due to their robustness [91]. Moreover, field oriented control (FOC) provides great
improvement on dynamic response of the motor [92]. Because of the robust characteristic of
the PMSM and its control method, it is believed that the abovementioned issues are not

connected with PMSM nor control methodologies.

However, the AM in the roller-rig is controlled by open loop voltage frequency control
strategy. It is stated that, open loop voltage frequency is the most popular control strategy of
squirrel cage AC motors [93] due to less complexity and relatively lower cost. On the contrary,
the biggest disadvantages are the speed dependence on the external load torque, mainly for AM,
and reduced dynamic performance [94]. Thus, the abovementioned dynamic phenomenon may

occur due to the dynamic performance of the AM and/or its control strategy.
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Also, issues in the resultant data may be created by the data acquisition system, noises

in electronic parts and disturbing frequencies of moving parts.
4.4 Investigation of the Stationary Parts

4.4.1 Numerical Study

Stationary parts of the roller rig have been numerically modelled in Solidworks®
software environment in order to investigate the dynamic behaviour of roller-rig frame. As an
initial approach, a static solution has been generated. The frame is rigidly fixed in six directions
from bottom ends of all four columns. Bonding types were neglected in the initial model so, all
components were modelled as fully connected joints. Experiments are planned in two groups
which are aimed to measure the response of selected parts of the roller rig frame under vertical
and horizontal loads. In this regard, two loading cases have been simulated statically. These are
vertical-for normal load simulation, horizontal-for the tangential force simulation. 20 kN, which
is the maximum force generated by the pneumatic spring, is applied vertically. Simultaneously,
2 kN applied horizontally is estimated from past adhesion measurements for the initial model.
The vertical load has been applied over a plate from the bottom surface of the top beam which
is similar to loading plate between pneumatic spring and the top beam. The bottom plate is
loaded with reaction force from two sides with plates which are similar to the bottom of bearings

of the roller shaft. Statically loaded frame in FE software shown in Figure 25.
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Normal Load

PMSM Reaction

Tangential Force Reaction

Rigid Fix

Figure 25. Loading and fixtures scheme of roller rig in FEA software
As expected, under vertical loading, the top beam (loaded one) has a bending response.
Maximum stress has been found around the midpoint of the beam. FE model and response of

the roller rig frame under vertical loading shown in Figure 26.
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Figure 26. The response of frame under vertical load
The response of the model under horizontal and vertical load shown in Figure 27. The
locations near to swinging arm connection on the vertical beams had the maximum stress.
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Figure 27. Response of frame under horizontal and vertical load
4.4.2 Experimental Study
For validating the results of the initial FE analysis, a measurement procedure has been

applied. The locations of maximum stresses had been selected and measured with strain gauges.

Locations of the strain gages are given in Figure 28 (left) and application of strain gages are
given in Figure 28 (right).
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Figure 28. Determined strain gauge locations and instrumentation
4.4.3 Measured Data

In order to discard the noises from the results and obtain a smooth curve, a smoothing
filter (Loess method) has been applied to the measured data. An example is visually presented

with measured data and smoothed curve for 10 kN in Figure 29.
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Figure 29. Smoothing procedure of measured signal
Measured data and static FEM results were compared in order to verify the model
results. The mechanical stress generated by 20 kN vertical load has been measured from the
same place (i.e. top of the beam). The comparative results are provided in Figure 30. A close
relation was found between measurement and FEM result. The differences between monitored
stresses and calculated stresses were found relatively low which shows the efficiency of the FE

solution.

34



University of Pardubice, Faculty of Transport Engineering, Transport Means and Diagnostics
Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Tram Wheel Roller Rig

20 kN
T

25 T T

= N
o o

Stress [MPa]
IS

Measurement|
FEMResult

5 1 I 1 1 1
0 5 10 15 20 25 30

Time [s]

Figure 30. Comparison of FEM and Measurement

As seen in Figure 31, the three identical loading cases were applied for this particular
case (horizontal load under 30 km/h). Even though there is a small difference in the amplitude
of the measured data for repeated conditions, those have an insignificant impact on the global
response. As referred in depicted figures, the experimental response is compared with the one
obtained from the numerical solution. It should be noted that the stress corresponding to the
position of the strain gauge is estimated by averaging the surrounding nodes. In the FE
solutions, the results yield higher values for the right side of the frame (i.e., short braced side
in Figure 27) while a lower value was found for the opposite side. When the results are
investigated in depth, both experimental and numerical response is in close correlation. On the
other hand, the measured stress values are very low which adversely affect both model accuracy
and experimental measurement. Thus, each model and experimental result together with the
relation between experimental and numerical results should be interpreted heedfully for this
particular case. Since the measured stress value under normal force is higher than the one from
traction, comparing the model accuracy with the case with normal force could yield better

construal.
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Figure 31. Compared results of FEM and measurement under traction load

The measured and calculated stresses (i.e., experimental and FEM) for traction forces
were found quite low even for the most forced/stressed places. It can be, therefore, pretend that
the frame is not forced much during the motion of two rolling bodies or under traction state.
The horizontal deformation on the top of the roller-rig frame was not measured during traction
load. On the other hand, those can be obtained from the validated FE model. The deformation
values lie around 0.04 mm in the places where it deforms maximum (see Figure 27). Thus, as
the computed horizontal displacement at the top-end is ignorable it can be interpreted that the
frame exhibits a firm performance. Overall, the horizontal displacement value was found very
low, which has nearly no impact on the global response. It’s concluded that the dynamic
behaviour of the frame has no influence or negligible influence on the mentioned inaccuracies.

Therefore, the point of the view for investigating the solution is changed to rolling parts.
4.5 Investigation of Rolling Parts

4.5.1 Torsional Dynamic Model

Due to measured small forces in the frame, it’s concluded that its structure has no or
insignificant effects to stated problems mentioned in section 4.2. For investigating the responses

of rolling parts, a torsional dynamical model has been developed. This model simulates the
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adhesion experiments in MATLAB environment under different surface, loading and traction
conditions. The simulation consists of seven rotating elements which are a PMSM stator,
PMSM rotor, wheel disc, wheel tyre, rotating rail, AM rotor, AM stator. Mountings of the AM
and PMSM stators are modelled with a torsional element which have high torsional stiffness.
The rubber connector between wheel disc and wheel tyre were also modelled in order to obtain
more realistic response. An illustration of the generated model is given in Figure 32. The related

equations of the model are given in 4.1-4.14.

1. PMSM Stator
2. PMSM Rotor
3. Wheel Disc
4. Wheel Tyre
5. Roller

6. AM Rotor

7. AM Stator

’

~—o— Adhesion

< > Motor Torque

Torsional Element

Roller
Figure 32. Illustration of torsional dynamic model of roller rig
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ag = -2~ ']r”‘ —Ros 45
5
ag = —s e 46
J6
o = —_T67]6+ 1o 47
To1 = Ko1.001 + bo1. 001 4.8
Tys = Ky3.0,53 + bys. 0,5 4.9
Taq = Kg4.034 + b3y 034 4.10
Tse = Ksg. 056 + bsg. Os6 4.11
Tr0 = K70.070 + byg. 040 4.12
Ro3 = N=xf, 4.13
Ros = (W; + N) * f, 414

where, w4, w,, W3, Wy, Ws, Wg, W are rotational accelerations and /4, /5, /3, J4, Js, Jo, J7 inertias
of PMSM stator, PMSM rotor, wheel disc, wheel tyre, rotating rail, AM rotor and AM stator
respectively. Ty, and T, are reaction torques of PMSM and AM stator respectively. T,; and
Ts, are transmitted torques over shafts generated by PMSM and AM, respectively. T;,, Ty are
torques generated by AM and PMSM respectively. 7., 7;., are longitudinal radius of wheel and
roller and A, is adhesion force between wheel and roller. Ry; and R5 are the bearing resistances
of the wheel and rotating rail, respectively. ky,, k3, k34, ksg, k7o are torsional stiffnesses,
bo1, by3, bsa, bse, b7 are torsional damping ratios respectively. 8y, 053, O34, Oz4, 05, are
angular displacements and gy, 8,3, 634, 056, 65, angular speeds of PMSM mounting, wheel
shaft, rubber layer, roller shaft and AM mounting respectively. N is the normal force and W,. is
the weight of the rotating rail and its components. A flowchart of the torsional dynamic

simulation model with submodules is given in Figure 33.
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45.1.1 Wheel-Roller Contact Geometry and Normal Contact

As an initial step of obtaining the contact area and shape, contact parameters must be
found. Hertz theory [69] is widely used for calculating the shape of the contact area between
the wheel-rail pair. The calculation procedure of the Hertzian contact is given in the book by
Shabana et al. [95]. Also, a similar study can be found in the study of Onat et al.[96]. The
geometric parameters used in the calculation of the contact area between the wheel-roller pair
IS given in section 4.5.1.3.

Additionally, the Poisson ratio is taken as 0.3 and the tensile modulus is taken as 210
GPa. According to the abovementioned method and parameters, contact area and stress under
4300 kN are given in Figure 34.
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Figure 33. Block diagram of the torsional dynamic simulation model
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Figure 34. Stress and deflection plots for Hertzian contact under 4.3 kN

45.1.2 Creep Forces

In order to model the forces between wheel —roller pair under rolling conditions, a creep
model is needed. Relatively recent model proposed by Polach [45] is used in dynamic
simulation. For calculating the creep forces according to Polach’s model, Kalker’s coefficients
are needed. These coefficients are tabulated data with respect to combined Poisson’s ratios of
interacting bodies and semi-axes of contact patch. The tabulated data is given in Kalker’s study
[97] which should be mathematically fitted for using in the model. In this dynamic model,

polynomial fit used in reference by Onat [98].

The tangential creep force defined by Polach [45] is;

4.15

_ 2Q,u( &
T \1+4 ¢&?
where Q is the wheel load, u is the coefficient of friction and ¢ is the gradient of tangential

F + arctans)

stress in the area of adhesion and expressed as,

2
e :E Cra“b 4.16
3 Qu
where a and b are half-axis of contact ellipse and C is proportionality coefficient characterizing

the contact shear stiffness. This coefficient can be derived from Kalker’s linear theory [97].

_ 1 Crmabcy, 417

Ex 7 Qﬂ Sy

Then;
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s = /s§+s§ 4.18

where s is total creep and s, and s, are the components of creep in x and y directions,

respectively. It should be noted that in the model only longitudinal creep is considered.

The friction coefficient () mentioned in equation 4.19 is variable friction depended on
slip velocity. Details about variable friction depended on slip velocity can be found in related

literature [8,99]. This can be formulated as,

1= ol(1 = Ae™ + 4] 419
where B is the coefficient of exponential friction decrease and A is the ratio of limit friction
coefficient at infinity slip velocity (1) and maximum coefficient of friction (u,). Besides, in
the mentioned study, it’s been referred to the additional studies, there are such parameters that
affects the adhesion. (i.e. temperature, third layer between surfaces). To model these effects,
two additional parameters, k, and kg are used in the area of adhesion and in the area of slip,

respectively. With the addition of these two parameters the equation can be rewritten as,

= 4.20
F== (1+(kAs)2 + arctan(ksg)) ) ks <k, <1

Parameters of the creep model have been obtained by fitting the measurement results
from the roller rig. An example of fitting for the Creep-CoA model for non-contaminated

wheel/rail contact has been given in Figure 35.
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Figure 35. Fitted adhesion model (dry case) from experiments
As mentioned above, creep forces are depended on the slip and slip velocity. Slip ratio
and slip speed are implemented into the model by equations 4.21 and 4.22.

Wy Ty — Wp " Ty
s = 4.21

45.1.3 Model Parameters

The parameters used in the torsional dynamic model are given in Table 3. In this model,
the shaft stiffness is critical due to investigation of shaft oscillation (Section 4.3.2). The shaft
in the roller-rig is a multi-component shaft that is compiled with a CV shaft, torque sensor,
roller shaft and additional binding component. In order to determine the shaft stiffness, the
dimensions of the components were obtained. It was aimed to determine the part with lowest

stiffness and using that value as torsional stiffness of the roller shaft.
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Embedded Shaft of
Rotating Rail

Torque Sensor

i Binding Component

CV Shaft

Figure 36. Dimensions of the roller shaft components

CV shaft has been manufactured by GKN Automotive Limited with the model code
108/21 and its torsional stiffness is 43.5 kNm/rad [100]. CV shaft is the longest part of the
configuration with a small cross-section. The other possible weak sections were calculated also,
however, the CV shaft was found as the weakest part. Hence, the stiffness of the shaft between
roller and AM has been taken as CV shaft’s torsional stiffness. Some of the other physical

parameters have been provided by the facility and/or obtained from former studies.

45.1.4 Electric Motors
In order to simulate the behaviour of the electric motors, both permanent synchronous
motor and asynchronous motor which are driving the wheel and roller have been modelled and

implemented into the dynamic simulation.

4.5.1.4.1 Permanent Magnet Synchronous Motor Model
An equivalent dynamic model of permanent magnet synchronous motor has been
implemented to the simulation. Dynamic equivalent model on the rotor reference frame is given

as follows;
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Figure 37. The dynamic equivalent circuit of the PMSM
Dynamic equations of the stator currents are given the following equations,

d 1 R, Lys
— —_— V —_ + — 1 423
dt las Lds ds Lds las Lds pwlqs
d 1 R, Lgs Q
— . =—V. - 4+ P 4.24
dt lqs qu qs qu lqs qu pwigs qu pw

where i4s and i,  are d and g axes currents, Vggand Vs are d and g axes voltages, Lgs and Ly
are d and g axes inductances, R, is the resistance of stator windings, p is the number of pole
pairs, ¢ is the amplitude of the flux induced by permanent magnet of the rotor in the stator

phases and w is the angular velocity. Electromagnetic torque generated by PMSM can be
calculated from,

T, = 1.5p[@igs + (Las — Lgs)igsias) 4.25
The electrical speed and angular position of the rotor are calculated from,
d p
",
4, _ 4.27
e

(Tp — FxTw) 4.26
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4.5.1.4.2 Asynchronous Motor Model

As mentioned before, the AM creates an opposing torque against the PMSM torque
request in order to maintain a stable speed. For determining the opposing torque according to
the angular velocity, an equivalent circuit model should be obtained by some tests. Thevenin
equivalent circuit has been selected for the AM model. This method is used in the railway sector
and there are many studies concerning this matter [101]. In this study, parameters for the
equivalent circuit are obtained from another study [98]. On the roller rig, the AM is controlled
with an open-loop volts per Hertz. The principle of this control method is based on keeping the
flux constant. The line voltage must be decreased proportionally to a certain frequency so, the
V/f ratio can be kept constant [93]. The mathematical expression of the Thevenin equivalent
circuit is given in equation 4.28. In the study of Onat [98], it is stated that the Thevenin

equivalent circuit parameters are validated.

Rrp Xrh : X',
(0.0226Q)  (0.2007Q) ' (0.3010Q)
Y\

O

o —y
v ' (0.01810)
Th [ !
(212.3438V) : ﬁ
S

2

O
v AirGap

Figure 38. Thevenin equivalent circuit of the asynchronous motor (Redrawn from [98])

3 Vin R,
Tep = — — 4.28

) R s
o (RTh +ﬁ) + (X7 + X3)? "

where s,,, and wg,,,, is the slip and synchronous speed of the electrical motor, respectively. Ry,
Xrn, Vpp are the resistance of the rotor, reactance on the stator side and Thevenin voltage,
respectively. R; and X, are reflected resistance and reactance of the rotor, respectively. The
details of the Thevenin equivalent circuit and obtaining the values can be found in the related

work [93]. Torque-speed characteristic of a typical asynchronous motor is given in Figure 39.

In a simulation, it is impossible to reflect the mechanical characteristics of an actual

system completely. In real operations, the behavior of the mechanical systems, are open to being
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affected by environmental conditions, age of the components, non-exact material properties,
non-exact geometrical properties, non-exact characteristic, non-available measurements,
control sensitivity, etc. Hence, mostly it is needed to be the use of some additional methods in
order to obtain more realistic results. These additions may be a single parameter or a complex

equation which differs according to the needs.

It is reported in the literature, the voltage-frequency control method has a poor dynamic
performance which creates overshoots and response delays against the load changes [102-107].
Also, it is mentioned that the open-loop control method increases the effect of these handicaps
due to the inherent of the no-feedback system [108-110]. Delays, response characteristics and
other additional effects can not be modelled exactly. However, the response delay of the AM
can be implemented by a simplification. Hence, in order to represent the response delay of the

AM and controller, a discrete-time low-pass filter applied as;

T, = Clthh + (1 - ClP)TaP 429
where, c,,is time constant, T, is the previous torque value. A similar application of this method

can be found in the studies by Spriyagin et al. [111,112].

Pullout or breakdown torque

Pullup torque

E Rated torque, T, i Operating
'\ (( region
I
0
Rated speed 2 Speed
Sync. speed

Figure 39. Torque-speed characteristic of an induction motor. [113]
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4515 Model Parameters

Notation Definition Value

J1 Moment of Inertia of PMSM Stator 3 kgm?

J2 Moment of Inertia of PMSM Rotor 0.95 kgm?

I3 Moment of Inertia of Wheel Disc 5.1 kgm?

Ja Moment of Inertia of Wheel Tyre 11.6 kgm?

Is Moment of Inertia of Rotating Rail (Roller) 45 kgm?

Je Moment of Inertia of AM Rotor 6.6 kgm?

I Moment of Inertia of AM Stator 35 kgm?
Ko1 Torsional Stiffness of Mounting 5105 Nm/rad
kys Torsional Stiffness of Wheel Shaft 3.85-10° Nm/rad
ks, Torsional Stiffness of Rubber Between Wheel Disc and Tyre 3.70 - 10°Nm/rad
Kse Torsional Stiffness of Rotating Rail Shaft 0.435-10° Nm/rad
Ko Torsional Stiffness of AM Mounting 5-10° Nm/rad
by Torsional Damping of PMSM Mounting 105 Nms/rad
b, Torsional Damping of Wheel Shaft 1 Nms/rad
bz, Torsional Damping of Rubber Between Wheel Disc and Tyre 103 Nms/rad
bse Torsional Damping of Rotating Rail Shaft 1 Nms/rad
b Torsional Damping of AM Mounting 10° Nms/rad

v Poisson Ratio 0.3[]

fg Coefficient of Friction for Bearings 0.007 [-]
I'wx Longitudinal Radius of Wheel 348 mm
Tyy Lateral Radius of Wheel 291 mm

Iy Longitudinal Radius of Roller 452 mm

I'ry Lateral Radius of Roller 1890 mm

W Weight of the roller subsystem 5000 N

45.1.6 Simulation Results

In order to verify the mathematical model, simulations have been executed under the
same conditions as the experiments. The comparative results between simulation and
experiment are presented for both 30 km/h dry surface condition and 10 km/h wet surface
condition. Those related to 30 km/h dry surface condition are presented in Figure 40a-f. The
reference torque requested in the experiment and the generated torque by PMSM in the

simulation are given in Figure 40a. It should be noted that the reference (blue) is the same with

47



University of Pardubice, Faculty of Transport Engineering, Transport Means and Diagnostics
Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Tram Wheel Roller Rig

torque request in the experiment and the torque plot (orange) is generated torque by PMSM
model in the simulation. It can be seen that generated torque has oscillation around the reference
signal. This occurs due to the switching of the inverter of the PMSM. The Polach’s model
parameters were adapted from adhesion measurement for the Creep-CoA relationship (Figure
40Db). Note that, the existing noise in the experimental measurements were not eliminated in the
corresponding graph. Figure 40c and e present comparison the wheel and roller speeds with
simulated and experimental results, respectively. When the results are investigated in depth, a
good match can be seen between experimental and simulation results. Moreover, the oscillated
motion experienced in the tests was well captured by the simulations. This shows the efficacy
of the model in terms of prediction capability. The graphs of simulated and recorded data almost
overlap for creep velocity (Figure 40d). The predicted response in adhesion force including
ascending and descending branches is quite similar to the experimental values. By the
increasing torque request, a linear, steep increment in the adhesion force is followed by a
nonlinear response with several peak values. Those were well characterized by the simulated
model. In the place where the maximum adhesion force is monitored, the experimental response
was first descending nonlinearly up to certain value and then continued with increasing trend
under same torque request. After that, when the torque request becomes zero, a sudden
decrement in the adhesion force has been experienced. This can be seen in Figure 40f. The
oscillations which occur right after rapid torque change can be seen clearly in adhesion force
and roller speed measurement graphs. The adopted model was also capable of capturing the
oscillated response which occurs around zero. The repeatability of the measurement and
simulation was also provided. The test was repeated three times and similar responses in torque
requested/unrequested cases were monitored during measurement. The simulated results were

also capable of generating the same response.

Figure 41 compares the dynamic model results with experimental measurements at the
roller peripheral speed of 10 km/h and wet surface condition. Note that, the velocity and
requested torque in this particular case are lower than the previous one; moreover, the surface
condition is selected as water contaminant which decreases the coefficient of adhesion. As it
can be seen in Figure 41a-f, the simulation was able to predict closer values for response

variables (outcome variables). All of them were well characterized by the generated model.
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Overall, the match between the simulation and experimental results were found quite

satisfactory.
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Figure 40. Simulation results at 30 km/h dry condition
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The change in the ascending and descending branches of the curve, where the maximum
adhesion force is monitored, has been observed very rapidly and clearly. On the other hand, the
simulated response follows an almost constant path after reaching the maximum value (Figure
41f). The reason for this most likely seems to be cleaning effect, which increases the friction
coefficient [87]. This statement was also supported by the CoA-Creep plot (Figure 41b). As
seen in the corresponding figure, CoA value has increased gradually with the increase of creep
during the experiment. On the other hand, the model was not designed in order to predict such
a response which is unnecessary for this study, due to it does not have a relative impact on the
investigated response variables (outcomes of the study). Similar to the previous case, the
oscillated motion in the transition area of adhesion force (i.e., area around zero adhesion force)
has been predicted by the model (Figure 41f). However, the amplitude of the data is lower than
previous case (Figure 40f). The reason lies over the lower speed and less torque request. These

parameters significantly change the dynamic response in terms of amplitude.
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45.1.7 Effect of the Roller Shaft Torsional Stiffness

In order to determine the effect of the torsional stiffness of the roller shaft on the
behavior a parametric study has been performed. For this specific section, the dynamic
characteristics of the electric motors have been idealized and it has been assumed that their
control is fully robust in order to solely obtain the effect of the torsional stiffness. As mentioned
in previous section the torsional stiffness has been obtained as 43500 Nm/rad. The result of
adhesion force obtained from simulation and comparison of measurement has been given for
the obtained value of stiffness in Figure 42.
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Figure 42. Simulated adhesion force with obtained value of torsional stiffness (a), Specific
section of oscillation (b).

As seen in Figure 42b a small oscillation that occurs around zero adhesion force has
been obtained in simulation. Even it is a small oscillation, for avoiding possible undesired
dynamic influences, the effect of stiffer shafts has been examined. Starting from the original
value (43500 Nm/rad), the stiffness value has been increased by 20000 Nm/rad in every
simulation. The simulation results of the parametric study and the relative amplitude change
(torque request decrease section) according to the torsional stiffness change are given in Figure
43.a and b, respectively.
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Figure 43. Effect of shaft stiffness on dynamic phenomenon (a), Relative values of amplitudes

(b).

4.5.1.8 Effect of the Asynchronous Motor Response

In order to understand the effect of asynchronous motor torque characteristic on the
mentioned issue, the motor torque characteristic has been modified by the low-pass filter. In
this specific section, the torsional stiffness value has been taken as the original value and PMSM
characteristic is idealized in order to solely obtain the effect of the AM torque characteristic

change on the dynamic behavior of the roller.

In theory, from the torque-speed characteristic aspect, the induction motors operate in
an almost linear range (Figure 39) but, due to the inherent of the practical operations, it is not
completely possible to obtain the same theoretical operation range. Also, beside AM itself, there
are additional components which influences the dynamic behavior such as controller and

inverter.

Torque-speed characteristic of the AM has been obtained by the measured torque and
rotary encoder speed. The effect of the torsional stiffness of the roller shaft has been neglected
due to its small influence (Section 4.5.1.7.). Hence, it has been assumed that the roller speed
reflects the true rotational speed of the AM roller. In Figure 44, the measured torque-speed
characteristic of the AM is given for the same experiment in Figure 39. As seen on the Figure

44 the torque-speed characteristic of the AM is far from expected linear operating region.
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A linear torque-speed character has been fitted between the range of synchronous speed
and maximum torque and the fitted characteristic is given in Figure 45. Besides the linear
model, in order to create the realistic AM torque-speed characteristic, a response delay has been
applied via discrete low-pass filter. Best behavior has been searched by parametric study and
the possible realistic torque-speed characteristics have been investigated. The results of the

delayed characteristics have been given in Figure 46.
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Figure 46. Obtained torque-speed characteristics via response delay
The applied low-pass filter parameters are given in Figure 46. In this simulation
10~*step time has been used. Hence, with 10* control parameter, zero response delay has been
obtained. A close torque-speed characteristic has been obtained with a significantly lower
control parameter (2.75). Additionally, the influence of the same application on the adhesion

force is given in Figure 47.
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Figure 47. The influence of the response delay on the adhesion force
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It has been concluded that the main reason of the issue mentioned in section 4.2.1 is
response delay of the AM. Additionally, the stiffness of the shaft between roller and AM rotor
has an auxiliary effect on the mentioned issue. In order to provide an improvement on the
behavior of the roller rig, a simulation has been applied with no response delay and higher
torsional stiffness of the roller shaft. The results of the improved behavior are given in Figure
48. When the results are investigated in depth, it can be seen clearly, the mentioned dynamic
phenomenon has been eliminated with the increase of the torsional stiffness and zero value of
response delay. Additionally, in Figure 49, a quicker response can be seen in the both of the
transition areas (increase and decrease of torque request). It should be noted that, in the
corresponding figure, the blue line represents the torque request however its value is multiplied

with the wheel radius in order to make an easier comparison.
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Figure 48. Comparison of original simulation, experiment and improved simulation results
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Figure 49. Comparison of response delay
4.5.2 Analysis of Rolling Disorders
In order to generate a solution to the waving torque signal, the rolling parts have been

investigated for radial eccentricity. It’s been presumed the effect of the out-of-roundness of the

rolling parts may create a waving signal. lllustration of out-of-roundness is given in Figure 50.

Figure 50. Illustration of out-of-roundness
It is believed that the disturbing signals may be created by difference of the radiuses in
several points on the wheel, roller or shaft. In order to identify these differences, rolling radiuses

has been manually measured by displacement gauge (Figure 51).
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Figure 51. Manual measurement with displacement gauge

Deflection measurements with manual displacement gauge conducted on three different
locations on the roller-rig. Those are roller, wheel and in the place where torque sensor is
attached on the roller shaft. Measurement of the wheel and roller has been conducted from
several locations. The maximum value of out-of-roundness in the radius has been obtained as
0.02 and 0.03 mm for the wheel and roller, respectively. However, those obtained for torque
sensor lied around 0.17 mm which is relatively higher than the other values. Also, the vertical
movement during measurements due to the out-of-roundness of the shaft has been distinguished
easily by visual observation. It’s been considered that the wave signal may occur due to the
shaft eccentricity. Illustration of the possible effect of the above-mentioned deflection

phenomenon is visually presented in Figure 52.
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Torque _S-ensor Beéring
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Figure 52. Illustration of shaft eccentricity

Based on the initial measurements conducted by the manual displacement gauge, an

issue due to the deflection of the shaft was revealed. This may affect the reliability of the roller

rig measurement results. Thus, more detailed measurements are required to identify such an

adverse effect. For this reason, an experimental setup was designed to measure the vertical
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movement of bearings on both sides and torque sensor which is explained in the following

section.

45.2.1 Experimental Setup

Three laser displacement sensors have been positioned over the shaft connecting the
roller and AM. The illustration of the laser displacement sensors positioning is given in Figure
53. The LK-H 055 were used on bearings and LK-H 087 was used on the torque sensor. Both
of the sensors have been manufactured by the company Keyence. The maximum displacement
gauges of the sensors are 50 and 80 millimeters with an accuracy of +0.02% [114]. HBM
Quantum MX 840A universal data acquisition module with 19200 Hz speed has been used for
data gathering [115]. DAQ device, LK-H055 and LK-HO087 displacement sensors are given in
Figure 54 a, b and c, respectively. The measurements were conducted with a sampling rate of
600 Hz. The application of the displacement sensors on the roller-rig shaft is shown in Figure
42. Also, in order to verify the time consistency between the roller-rig and laser sensors, a

duplicate of the torque signal has been recorded parallel with laser displacements.
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Figure 53. The illustration of laser displacement positioning
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a) MX-840A-P DAQ device b) LK-H055 ¢) LK-H087
Figure 54. Used equipment in experiments (a [115], b [116], c [117])

Figure 55. Application of laser displacement sensors on roller shaft

45.2.2 Measurement Results

The measurements have been conducted under different speeds (5, 10, 20 and 30 km/h)
and under different loads (4.3, 10 and 20 kN) in order to obtain the behavior of the shaft under

different conditions. The measurement results for different speeds under 4.3 kN loads are given

in Figure 56-Figure 59. Relative movements of the measured positions are compared in each

graph. As seen in the corresponding figures, movement of the rear bearing is significantly small,

and the movement of the torque sensor and front bearing is relatively higher.
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Figure 56. Displacement measurement results for 5 km/h under 4.3 kN normal load.
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Figure 57. Displacement measurement results for 10 km/h under 4.3 kN normal load.
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Figure 58. Displacement measurement results for 20 km/h under 4.3 kN normal load.
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Figure 59. Displacement measurement results for 30 km/h under 4.3 kN normal load.

As it is seen in Figure 56 - Figure 59 the relative displacements for front bearing and
torque sensor are between 0.12 mm and 0.15 mm which are close to the manual measurement.
It is noticed that increasing the normal load doesn’t affect the vertical oscillation rate. However,
it relatively changes the amplitude of the oscillation. However, it was noticed that the trend is

quite small.

Also, as expected, the oscillation of the bearing and the torque sensor increased
proportionally to the speed. For more comparative results, the signal should be analyzed deeply.
This will provide a reliable assessment of the signal. Moreover, a relation between the rolling
disorder of the shaft and output signal of the roller rig measurement will be revealed. For this
reason, a frequency analysis has been applied to the displacement results so that the most
influential signal can be outlined. The details of the frequency analysis are given in the

following section.

4.5.2.3 Frequency Analysis of the Displacement Data

Discrete Fourier Transformation has been applied to the output data. The signal has been
converted from time the domain to the frequency domain and the dominant frequencies in the
signal were obtained. The frequency analysis of the data from laser sensors has been done in
MATLAB® environment. Results of frequency analysis are given in Figure 60 - Figure 63 for

different speeds.
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Figure 60. Frequency analysis of displacement sensors for 5 km/h in frequency domain
under different loads; (a) 4.3 kN, (b) 10 kN and (c) 20 kN.

For 5 km/h under different loads, frequency analysis of the laser displacement sensors
has been presented in the frequency domain (Figure 60), The dominant frequencies of the
vertical movement for front bearing and torque sensor are found 0.484 Hz. Also, it is seen that
the load increase did not affect the frequency of the oscillation remarkably. Higher-order

harmonics of 0.484 Hz was also noticed in small power. Measured raw signals are given in
appendix B.
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Figure 61. Frequency analysis of displacement sensors for 10 km/h in frequency domain
under 4.3 kN normal loading.

In Figure 61, frequency analysis of the laser displacement sensors has been presented in
the frequency domain for 10 km/h under normal load. The dominant frequency of the vertical
movement for front bearing and torque sensor are found 0.973 Hz. Due to load increase have
not affected the frequencies, other loading conditions have not been given. Higher-order
harmonics of the 0.973 Hz is also noticed in small power.
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Figure 62. Frequency analysis of displacement sensors for 20 km/h in frequency domain
under 4.3 kN normal loading

In Figure 62, frequency analysis of the laser displacement sensors has been presented in
the frequency domain for 20 km/h under 4.3 normal load. The frequency of the vertical
movement for front bearing and torque sensor was found 1.95 Hz. Yet again, the frequency
does not depend on the change in the load values.
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Figure 63. Frequency analysis of displacement sensors for 30 km/h in frequency domain
under 4.3 kN normal load.

In Figure 63, frequency analysis of the laser displacement sensors has been presented in
the frequency domain for 30 km/h under 4.3 kN normal load. The frequencies of the vertical
movement for front bearing and torque sensor were found at 2.99 Hz. Yet again, the other

loading conditions have not been given due to the independency of the frequencies in load
change.

4.5.2.4 Frequency Analysis of Roller-Rig Data from Torque Sensor
In order to compare the dominant frequencies between the displacement sensors and the
output signal of the roller-rig, a Discrete Fourier Transformation has been applied to roller-rig

output signal as well. Results of the frequency analysis are given in Figure 64 - Figure 67.
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Figure 64. Frequency analysis of the torque signals from the roller-rig for 5 km/h in
frequency domain under different loadings.

In Figure 64, frequency analysis of the torque signals measured from the roller-rig for
5 km/h and under different loads has been presented in the frequency domain. The comparison
of the results is presented in Figure 64d. It was noticed that increasing the normal load did not
change the dominant frequencies, however, the amplitudes of the oscillations were slightly

increased.

For 5 km/h, the mechanical frequency of the AM rotor is 0.487 Hz which corresponds
to 2.433 Hz for the electrical frequency of the AM. The observed frequencies are the higher
order harmonics of the asynchronous motor electrical frequency. The observed harmonics of

the AM electrical frequency are given in Table 3.

Table 3. Obtained frequencies from frequency analysis for 5 km/h

AM EL. Freq.
(Hz) Harmonics (Hz)
2433 4897 7299 9792 12215 14645 17095 1956 22.030 24460 26.839 29.312
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Figure 65. Frequency analysis of the torque signals from the roller-rig for 10 km/h in
frequency domain under different loads.

In Figure 65, frequency analysis of the torque signals measured from the roller-rig for
10 km/h and under different loads has been presented in the frequency domain. The comparison
of the results is presented in Figure 65d. It was noticed that increasing the normal load did not
change the dominant frequencies, however, the amplitudes of the oscillations were slightly

decreased.

For 10 km/h, the mechanical frequency of the AM rotor is 0.9728 Hz which corresponds
to 4.864 Hz for the electrical frequency of the AM. The observed frequencies are the higher-
order harmonics of the asynchronous motor electrical frequency except for 1.333 Hz. The

observed harmonics of the AM electrical frequency are given in Table 4.
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Figure 66. Frequency analysis of the torque signals from the roller-rig for 20 km/h in
frequency domain under different loads.
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Table 4. Observed frequencies from frequency analysis for 10 km/h

AM El. Freq.
(Hz) Harmonics (Hz)
4.864 9.732 14580 29.162

In Figure 66, frequency analysis of the torque signals measured from the roller-rig for
20 km/h and under different loads has been presented in the frequency domain. The comparison
of the results is presented in Figure 66d. It is noticed that increasing the normal load did not
change the dominant frequencies, however, the amplitudes of the oscillations were slightly
changed.

For 20 km/h, the mechanical frequency of the AM rotor is 1.7933 Hz which corresponds
to 8.9665 Hz for the electrical frequency of the AM. Unlike previous cases, there are no
harmonics observed in 20 km/h case. 1.333 Hz is also observed in this case.
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Figure 67. Frequency analysis of the torque signals from the roller-rig for 30 km/h in
frequency domain under different loads.

In Figure 67, frequency analysis of the torque signals measured from the roller-rig for
30 km/h and under different loads has been presented in the frequency domain. The comparison
of the results is presented in Figure 67d. It is noticed that increasing the normal load did not
change the dominant frequencies, however, the amplitudes of the oscillations were slightly
changed.

For 30 km/h, the mechanical frequency of the AM rotor is 2.9343 Hz which corresponds
to 14.6713 Hz for the electrical frequency of the AM. The other observed frequency is the 4th
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order harmonic of the asynchronous rotor frequency. 1.33 Hz is also observed in this case. It
should be noted that, in Figure 67d, the differences in the frequency around 15 Hz occurs due
to the speed setting of the roller rig. Maintaining the exact same speed for different cases at

high speeds is relatively hard.

When the torque signal, laser displacement sensor data and frequency analysis of both
were compared, no correlation has been found between the disturbing torque signals and shaft
oscillation. Also, amplitudes of the signals have been slightly changed under different vertical
loads however there was no correlation found between the vertical load and torque signals nor

shaft oscillation. All measured raw data is given in appendix A.

As a result of the conclusions reached, it was decided that filtering is the best solution
for eliminating the wave motion on the torque signal. Suitable filters have been examined and

a suitable filter method has been applied and optimized to solve the waving signal.

45.2.5 Filter Selection

The frequency analysis revealed that almost all of the disturbing frequencies in the
output signals were generated by the asynchronous motor. Other disturbing frequencies are
notably less than those produced by AM. The mentioned signals produced by AM vary
according to the operation speed. It is planned to design a filter in order to eliminate the
disturbing signals that change depending on this speed and to obtain a more useful and smoother
test result. In this section; considered filters, selection of filter type, selection of parameters and
method of application are explained. Common filters used in the literature has been analysed
from various aspects. Their contributions and handicaps have been examined and the most

suitable filter has been applied.

In its simplest form; the expectation from a filtering procedure is that it yields the best
output with minimal data loss. In this respect, how fast and frequently the data change in the
time domain is one of the most important factors affecting the outcome. When a filter is applied
to a high-frequency data group with low amplitude (noise) and a low-frequency data group with
high amplitude (spike), it is not possible to get the same level of successful result output.
Therefore, there is a need for a type of filter that can adapt to noise and spikes.
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In measurements, it has been observed that the signals have high-frequency oscillations
in steady and transient parts of the data. Also, according to the measurement scenario on the
roller-rig, there are various types of spikes with different sizes and repeats. In order to find a
suitable filter that provides a smooth output, various types of filters applied to the roller-rig
data. Common filter algorithms such as Butterworth, Moving Average, Gaussian, Savitzky-
Golay, Local Regression filters, have been selected for the application. Local Regression filters
have been applied with different versions such as 1%, 2" degree polynomials and different

weightings. Except for Butterworth filter all other filters are also known as smoothing filters.

Butterworth is a type of filter designed to obtain a frequency response as flat as possible
in the passband [118]. Designed Butterworth filter for 1st, 2nd and 3rd order is given in Figure
68. The selected cut-off frequency is 1.2 Hz which can be the minimum to eliminate noises and
keeping low-frequency data. As seen in Figure 68. the noises in the have been eliminated in the
steady part. A comparison of frequency analysis of filtered data and raw data is given in Figure
69. With a closer look, it can be seen that there is a significant difference between the filtered
data and the raw data in the transition regions. The filter with the 1st degree followed the spikes
slightly. The 2nd and 3rd order filters did not catch the spikes in the transition part and caused
their complete elimination. Moreover, there is a considerable delay in the filtered data. The
reason for this delay is the ratio of the derivative of the phase response to the frequency [118].
As a result, it is concluded that the Butterworth low-pass filter is not a suitable filter for this

application.
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Figure 69. Frequency analysis of applied Butterworth filters

Local regression is one of the most popular methods in statistics. Local regression
smoothing filters are the application of classical local regression method to the data by dividing
the data into specific parts. Also, robust types of these both versions exist, and they are designed
in order to be resistive against the extreme outlier data pieces. In Figure 70, the LOWESS
application on the selected data with various window lengths (data number) is given. Due to
the incapability of the filter, the application could not succeed in both of the data parts (steady
and spike) at the same time. However, the LOESS (2nd order polynomial) filter has performed

better on smoothing (Figure 71). With the 131-window length, it succeeded to eliminate the
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noises in the steady part, and it has managed to follow the spikes much better than the LOWESS

method in the transient parts.
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Figure 70. LOWESS filtering on the raw data for various window lengths
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Figure 71. LOESS filtering on the raw data for various window lengths
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Robust versions of both LOWESS and LOESS methods have been also applied. Both
results are given in Figure 72 and Figure 73, respectively. In the robust LOWESS filtering
application, due to the calculation method, window length kept much lower than the original
method (~%50). As it is seen in the related figures, the robust types of Local regression

smoothing filters were not able to provide an acceptable solution.
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Figure 72. Robust LOESS filtering on the raw data for various window lengths
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Figure 73. Robust LOWESS filtering on the raw data for various window lengths
Gaussian weighted average filter is a popular noise filter mostly preferred in image

processing. It is preferred mainly because of low group delay and calculation simplicity. The

results of the Gaussian filter are given in Figure 74. As it is seen in the related figure, the

filtering procedure was not successful to provide results for both data parts. With a wider

window length, it caused a lot of data losses in the transient parts and it was not able to follow

the spikes properly.
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Figure 74. Gaussian weighted average filtering on the raw data with various window lengths

Moving average filters are the most popular smoothing filter in data filtering. It has

an

easy procedure of calculation and in many cases, especially in steady data series, it provides

reliable solutions. As seen in Figure 75, it provided good results on the transient parts also,

acceptable results in the steady parts. However, when the results in the steady part tried to

be

improved by increasing the window length, it caused the removal of the spikes in the transient

areas. It is concluded that the moving average filter is acceptable for certain window lengths,

however, the search for a better solution has continued.
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Figure 75. Moving average filtering on the raw data with various window lengths
Savitzky-Golay filter considered one of the strongest filtering methods, due to the
preservation of important features of the original time series, like the relative widths and heights
which are usually flattened by other averaging techniques [117]. Figure 76 shows the results of
filtered data with 2nd degree of Savitzky-Golay with different window lengths. As it is seen
from the corresponding figure, the noise has been reduced to an acceptable level in the steady
part also the values in the transient parts (spikes) were preserved better than the other filters.
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Figure 76. 2" degree Savitzky-Golay filtering on the raw data with various window lengths

45.2.6 Savitzky-Golay Filter

Savitzky-Golay filter is suggested to reduce the effect of noise by suppressing the noise
component on the signals while retaining the salient features of the polynomials [119]. The
general filter equation Savitzky-Golay explained in [120] is given following. Considering for
the moment group of 2M + 1 samples centered at n = 0, the coefficients of a polynomial are

obtained as;

N

p(m) = ) ank

k=0

That minimizes the mean-squared approximation error for the group of input samples

centred onn = 0,
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Savitzky-Golay filter needs two additional inputs different from the raw data which are
the order of the polynomial and frame size (window length). The best fit values for order and
window length are generally estimated by trial and error [121]. Comparative graphs of Moving
Average and Savitzky-Golay filters are given in Figure 77. Both methods have been applied to
the raw data (top) with the same window length (33) and the S-G method (bottom) performed
noise filtering with keeping the spikes in the data better than MA (middle). It is noted that MA
performed better from the point of view of noise filtering. In S-G filtering, this drawback can
be eliminated by increasing window length for some cases. Additionally, increasing the order
number (degree) can provide better results on transient parts of the data. In Figure 78, 2M 4%
and 6" degree of filtering with 65 window length presented. It is noticed that increasing filter

order and window length provides better results in data smoothing.
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Figure 77. Comparison of S-G filter and Moving average filter. The x and y axes indicates the
number of data and value of the data, respectively. [122]
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Figure 78. Effect of window length and filter order. The x and y axes indicates the number of
data and value of the data, respectively. [122]

A Savitzky-Golay filter has been designed in MATLAB® environment. The designed
filter has been applied to various speed data (10, 20 and 60 km/h) in order to verify that it can
be applicable for different speeds. Also, normal load differences have not been taken into
account due to the insignificant effect on the disturbing frequencies (See section 4.5.2.3 and
4.5.2.4). In order to provide an optimized filter, different orders and window lengths have been
applied also. In all figures, steady and transient parts of the data are given in zoom at the bottom
of each figure.
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Figure 79. Application of 2" degree S-G filter to 10 km/h data
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Figure 80. Application of 3" degree S-G filter to 10 km/h data
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Figure 81. Application of 4™ degree S-G filter to 10 km/h data
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Figure 82. Application of 5" degree S-G filter to 10 km/h data
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Figure 83. Application of 6™ degree S-G filter to 10 km/h data
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Figure 84. Application of 7" degree S-G filter to 10 km/h data
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Figure 85. Application of 2" degree S-G filter to 30 km/h data
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Figure 86. Application of 3" degree S-G filter to 30 km/h data
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Figure 87. Application of 4™ degree S-G filter to 30 km/h data
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Figure 88. Application of 5" degree S-G filter to 30 km/h data
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Figure 89. Application of 6™ degree S-G filter to 30 km/h data
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Figure 90. Application of 7" degree S-G filter to 30 km/h data
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Figure 91. Application of 2" degree S-G filter to 60 km/h data
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Figure 92. Application of 3" degree S-G filter to 60 km/h data
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Figure 93. Application of 4™ degree S-G filter to 60 km/h data
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Figure 94. Application of 5" degree S-G filter to 60 km/h data
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Figure 95. Application of 6™ degree S-G filter to 60 km/h data
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Figure 96. Application of 7" degree S-G filter to 60 km/h data
Comparative results of applied S-G filter for different speeds (10, 20 and 60 km/h) are

given in Figure 79-Figure 96. Filter orders have been applied from 2" to 7*" order. The filter
characteristics after the 3™ order are same in every two degrees. (4" and 5" orders or 6™ and 7%
orders). When the filtered results investigated in-depth, it is seen that 4™ and 5" degree of
polynomial filters are provided better results than lower order filters. Less degree of filters (i.e.
2" or 3') were not capable to follow signal peaks in some cases (Figure 79 and Figure 80).
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Also, 6™ and 7" order filters were able to follow the peaks more often, which can lead undesired
results in the area of data jumps caused by measuring system. In Figure 83 and Figure 84,
mentioned data jumps can be seen. In Figure 85-Figure 90 and Figure 91-Figure 96, the data in
the steady part is less noised compared to Figure 79-Figure 84, which is occurred due to the
operation speed. Decrease of the noise amplitude was also mentioned in the frequency analysis
section (See section 4.5.2.3 and 4.5.2.4).

The window length (WL) is also a parameter must be determined. The window lengths
are marked on the corresponding figures as WL. In Figure 87 and Figure 88, in the steady part
lower window length couldn’t provide acceptable results. The reason of this outcome iS
connected with the amplitude and frequency of the noise signal. According to the mentioned
figures, it is concluded that, for a wide speed range (i.e. 10, 30, 60 km/h) a S-G filter with 4%
and 5" degrees of polynomials and 111 data window length produces satisfying noise reduction.
However, for each speed range, different orders and window lengths may be specified
according to the specific needs of the experimental results. As expected, lower window lengths

and lower polynomial orders were not able to provide useful results.
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5 DISCUSSION

5.1.1 Stationary Part of the Roller Rig

The stationary part (frame) of the roller rig has been investigated with numerical and
experimental procedures in order to identify the behavior under traction and normal loading. It
has been aimed to find a relation between the behavior of the roller-rig frame and the oscillation
of torque signal which occur during measurements. Normal load and traction load have been
applied to the FE model of the roller-rig frame. With this FE model, the most forced places
have been determined and the reaction of the frame against the loadings has been found. Also,
these places have been used for placing strain gauges and the experimental procedure has been
applied. The loading values have been selected according to the maximum forces which can be

created by pneumatic spring and adhesion.

In the FE analysis, the frame has performed a robust behavior against the applied loads
and the reliability of this performance has been verified by the experimental study (See 4.4.2
and 4.4.3). During the tests; the loading has been repeated three times and the frame performed
a robust behavior against the traction force. The findings from measured and model results
showed that there is no relation between the oscillation signal and frame behavior under
horizontal or vertical loading. Therefore, the hypothesis about the possibility of the dynamic

phenomenon related to the robustness of the roller-rig frame in section 4.3.1 is falsified.

5.1.2 Rolling Parts of the System

A mathematical model has been generated for simulating the rolling parts of the roller
rig. The dynamic model contains 7 rotating masses, which are PMSM mounting, PMSM rotor,
wheel disc, wheel tyre, rotating rail, AM rotor and AM mounting. Moreover, rolling contact
model, PMSM motor model and AM motor model have been implemented to the system (See
section 4.5.1). Rolling contact model has been fitted with measured parameters from simulated
cases. With the dynamic model, the system responses have been simulated well (See Figure 40,
Figure 41). With deeper analysis, it has been revealed that the AM response characteristic and
the low torsional stiffness of the shaft cause the dynamic phenomenon which is mentioned in

section 4.2.1. One of the main findings is that the effect of the low stiffness of roller shaft is
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smaller than the effect of the AM response characteristic. The effect of the AM response delay
is the main reason for the dynamic phenomenon: This delay has been simulated via a discrete-
time low-pass filter which has been used for simulating the systems which has response delays
in traction systems in railway studies [111,112]. The mentioned delay occurrence has been
verified by comparing the measured and simulated torque-speed characteristic of the AM.
Therefore, the hypothesis about the possibility of the dynamic phenomenon related to the AM
dynamic response and torsional robustness of the roller shaft has been verified.

It has been concluded that two significant improvements may be proposed in order to
improve the behavior of the roller-rig. The first one is to eliminate the response delay of AM
which is the main cause of the dynamic phenomenon in section 4.2.1. It is known from the
corresponding literature (4.5.1.4.2) the induction motors with voltage frequency control has a
poor dynamic behavior. The most simple approach in order to eliminate the oscillation, the AM
motor may be replaced with a servo motor which has a higher control sensitivity [123]. Another,
improvement may be achieved by using a familiar system which is speed controlled PMSM
[124]. Thus, the delayed response of the rotating rail motor may be eliminated or substantially
decreased. However, designing, simulating, applying such a motor with its characteristics and
control methodology is under the field of electrical/electronic engineering which is out of the
scope of this study.

The second one may be achieved by increasing the torsional stiffness of the roller shaft.
Due to the measurement of the adhesion has been obtained by the torque sensor on the roller
shaft, it is inevitable to make a measurement without the effect of dynamic responses of the
AM. However, increasing the torsional stiffness of the roller shaft slightly decreases the effect
of the dynamic responses. In order to provide improvement, simulations have been repeated for
increased stiffness values. It has been found by simulations, the amplitude of the dynamic
phenomenon has been decreased by increasing the torsional stiffness of the roller shaft (Section
4.5.1.7). Consequently, the shaft may be replaced a stiffer one. Nevertheless, the dynamic

phenomenon can not be fully eliminated by only replacing the shaft.

Additionally, rolling disorders of the system have been investigated (See section 4.5.2).

Initially, the out-of-roundness of the rolling parts investigated with a manual gauge and it has
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been observed that wheel and roller have not a rolling disorder. However, a movement has been
detected on the perpendicular plane to the cross-section of the roller shaft. A relation has been
searched between this movement and the issues in the torque signal of the roller-rig. In order to
investigate it, an experimental setup has been designed with laser displacement sensors such
that more precise measurements can be conducted. Both data from roller-rig and laser
displacement sensors compared with frequency analysis. The measured bundle of data from
laser sensors is given in Figure 56-Figure 59. Frequency analyses of displacement results are
also presented in Figure 60-Figure 63. Those related to the frequency analysis results of the
torque signals are illustrated as well (see Figure 64-Figure 67). After a detailed analysis of the
corresponding figures, it has been found that the dominant frequencies of the torque sensor
located on the roller rig and laser displacement sensors placed independently from the roller rig
do not overlap. The frequency of the displacement of the roller shaft quite lower than the torque
signal of the roller-rig. Thus, in the author’s opinion, there is no relationship between the stated
issue and the rolling disorder of the shaft. Therefore, the hypothesis about the possibility of the

wave motion mentioned in section 4.3.2 falsified.

With deeper analysis, it has been found that most of the noises on the torque signal are
related to the AM control frequency which is connected to the electrical parts of the system
(Voltage per frequency). Also, a constant frequency (1.33 Hz) for all speeds and conditions has
been observed in the frequency analysis of the roller-rig. Due to being constant for all
conditions, it has been concluded that, mentioned specific frequency does not occur due to
mechanical reasons. The weight of the constant frequency has been changed relatively in the
analysis results. Due to lower amplitudes of the signals at certain speeds, the constant frequency
reveals itself more dominant in the frequency analysis results. This occurs due to the frequency
analysis conducted exponentially. Because of this exponential method, high differences are also
observed in the power value (e.g. 10*-10°) between the results of different cases. Thus,
according to the author’s opinion, the noises in the torque signal are related to AM control or
electric/electronic components. Therefore, the hypothesis about the possibility of the wave

motion in section 4.3.3 has been verified.

In order to eliminate or minimize these noises, a proper smoothing filter has been

searched. Popular smoothing filters have been analyzed and a proper filtering method has been
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found with performing several studies. Thus, the Svaitzky-Golay filter has been found as the
most suitable filter which can perform well in different amplitudes and signal characteristics.
An optimization study has been performed in order to find proper parameters for the Savitzky-
Golay filter. Therefore, the Savitzky-Golay filter with specific parameters has been proposed

in order to provide a solution to the signal noise for a wide range of speeds (Section 4.5.2.6).

For the CoA-Creep inconsistency, it has been concluded that no need to find a solution.
The gap of the return curve occurs due to the second layer of filtering which is applied to the
system already. Also, the decreasing rounded oscillation around zero Creep-CoA plot has been

solved by the torsional stiffness and AM delay.

93



University of Pardubice, Faculty of Transport Engineering, Transport Means and Diagnostics
Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Tram Wheel Roller Rig

6 CONCLUSION

Roller rigs are widely used experimental types of equipment which are very crucial for
railway engineering. Thus, they have been attracting many researchers since the early 19th
century. The more robust designs have been pronounced by emerging technologies. However,
the assessment of the actual response of the railway vehicles or related components still remains
challenging due to certain issues during measurement. In this study, the main focus was first
given on finding measurement issues on a full-scale vertical plane tram wheel roller-rig. Then,
a solution for the stated issues is conceptually proposed so that the accuracy of the measurement
results is going to be improved. This has been achieved by analyzing both the static and
dynamic behavior of the system parts.

Current theoretical knowledge and experimental studies together with studies on roller
rigs have been extensively reviewed. Also, general information about contact phenomenon and
computation of wheel-rail forces has been presented. The technical specification of the roller-
rig has been detailly given in the related section. The problem formulation and methodological
solutions were also provided in an order. Particularly, it has been decided to investigate the
whole mechanical system in two main parts. For the first part, which is stationary part of the
roller rig, an FEA study has been performed. Several measurements taken from the roller rig
showed that there is a close correlation with the experimentally verified FEA results. The
gathered information from both FE analysis and experiments showed that the effect of the roller

rig frame has insignificant or no impact on the global response.

Therefore, the second part, which is rolling parts has been investigated from two
different points. The very first approach was generating a torsional model in MATLAB
environment for simulating the dynamic behavior under different experimental conditions. The
comparative results (i.e., between experimental and simulated) were provided by this approach.
When the results are investigated in-depth, a very good match was found among the results.
Those were also identified in the relevant section of the study. As a result of this part of the
study, it has been found that the related issues occur mainly because of the behavior of the

asynchronous motor and related components. Also, a mechanical issue has been found and
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identified. A specific solution has been provided from the mechanical point of view and it has

been verified with simulations.

The second approach for the rolling parts was investigating the rolling disorders. An
experimental study had been conducted to observe rolling disorders of specific parts. The results
showed that rolling disorders have not a direct impact on the measurement results of the roller-
rig. Some specific frequencies had been observed in the frequency analysis of the roller rig
measurement results. It is concluded that those are most likely related to the electrical
frequencies of AM. A smoothing filter has been generated and optimized in order to provide a

solution to this issue.

As a result of the whole study, three conceptual solutions are proposed, and proposed
solutions have been simulated in order to provide an improvement in the measurement quality

of the roller-rig.
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/7 FUTURE WORK

In this study, the mentioned full-scale tram wheel roller-rig has been investigated from
the mechanical point of view. From this aspect, as a future work recommendation, the proposed
mechanical changes may be applied and verified experimentally. From the other disciplines
aspect, the electrical and electronic components of the system may be investigated by the
researchers who are studying the electric/electronic field. As more specific recommendations,
the data acquisition system may be investigated in order to find the noises and their causes in
the gathered signals. A motor for the rotating rail may be designed, simulated and applied in
order to provide a more precisely controlled behavior against load and speed changes.
Additionally, for avoiding the influences of the dynamic response of the roller motor, torque
measurement location may be changed, or estimation methods may be developed which are not

using direct measurement techniques.
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8 CONTRIBUTIONS OF THE DISSERTATION THESIS

A comprehensive literature summary of the types, sizes, and purposes of the roller rigs

have been provided.

Specific issues related to adhesion measurement on a full-scale tram wheel roller rig

have been identified.

A FEM model of the roller-rig frame has been generated and the model has been verified
with experiments. Also, the robustness of the frame of the roller-rig against the loads

has been proven.

A detailed torsional mathematical model has been generated. The behavior of the
torsional system of the roller-rig has been obtained and verified with experiments. Thus,
a validated model has been obtained that can simulate adhesion experiments. Also, this

model can be used to simulate possible component changes in the system.
The robustness of the mechanical system has been verified.
It has been proven that the torque signal is not affected by bending in the shaft.

The reasons for the specific issues have been found thus, the particular solutions have

been provided and simulated.

A smoothing filter has been designed and optimized in order to obtain better

measurement results
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9 APPENDICES

A. Measured Data from Torque Sensor

Torque signal for 5 km/h under 4.3 kN
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Torque signal for 10 km/h under 4.3 kN
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Torque signal for 20 km/h under 4.3 kN
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Torque signal for 30 km/h under 4.3 kN
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B. Measured Data from Displacement Sensors

Displacement measurement for 5 km/h under 10 kN

o
N

=
=]
=)
T
|

m

e e

(=) (=

= &
T

e
o
o

Displacement [mm]
(=]

g
o
>

|
5 10 15 20 25 30
Time [s]

Rear Front Middle

Displacement measurement for 5 km/h under 20 kN

0.1 T T T

Displacement [mm]

Time [s]

Rear Front Middle

102



University of Pardubice, Faculty of Transport Engineering, Transport Means and Diagnostics
Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Tram Wheel Roller Rig

Displacement [mm)]

Displacement [mm]

0.1

Displacement measurement for 10 km/h under 10 kN

0.08

0.06
I

o
N

by
o
=)

=
o
=)

e
=}
B

e
o
~

o

g
o
>

-0.04
-0.06

-0.08
Q

0.04

| 1 | | |
5 10 15 20 25 30
Time [s]

Rear Front Middle

Displacement measurement for 10 km/h under 20 kN

Lttt

| I 1 I |
5 10 15 20 25 30
Time [s]

Rear Front Middle

103



University of Pardubice, Faculty of Transport Engineering, Transport Means and Diagnostics
Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Tram Wheel Roller Rig

Displacement measurement for 20 km/h under 10 kN
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Displacement measurement for 30 km/h under 10 kN
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