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ABSTRACT

Railway transport is becoming popular due to efficiency in long distances also being an
environmerdfriendly solution when it is compared to other transportation methods. Thus, more
innovative solutions to existy problems are essential. Rolkggs 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 ravelagles

or related components from many years. Hence, demanding to therigdlare also increasing
parallel to the development of the railway industry. In this study, sdalle vertical plane tram

wheel rollerrig has been investigated from seVespects 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 proposeazhd 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 tsgsguhs which are steady

parts and moving parts. In order to define their behaviour and influence on the measurement
guality, several numerical and experimental studies have been performed in order. Steady parts of
the system (Frame) has been investigatednblfEa 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 verifition 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
filt er 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 measuressiees have been eliminated, and

dynamic behaviour has been improved
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Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Trawheel Roller Rig

1 INTRODUCTION

From the time of very first usage of railway vehicles, studyingvbeetrail contact
mechanics is a very popular area agghificantly affectghe rolling propertieand so the safety
of the passenger transportation and godelgen though he importane of the contact
phenomenon isealized, it isnot fully clear in terms of several aspedthoseareintended to
be clarified bymany theories developed in thierature, but further studies are still desirable
to provide more detailednd more certaimformation about the contact mechaniés also
mentioned aboveforces acting in this contact pair are significantly important for safe
operations due to mostrefrained situation which is stated as derailm&hbse also result in
wea of wheels and railswhich canreachan extremelevel andlead toserious operational
dangers. Understanding the rawheel contact phenomenon providesoiding and/or

decreasing the effects sfichundesirectases.

Studies about wheehil contact cane conductedothexperimentdy or theoretically.
Experimental studies can be carried out in the field or in laboratories that can simulate the field
scenariosVarious sizes and types of laboratories can be buila lpuacticabnd costeffective
solution can be provided byusi ng r ol | erg oOs ia gesm, usédRro Heldog r Ri
experimentalequipment whichis used to conduct studies about railway vehicles and

components regarding the railway vehicles

Rollerrigs are widely used in the literatuasit bringsseveral advantages. Those can
be grougd briefly adollows;

1 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 wdadextremely expensive and
noncosteffective.However roller rigs donotneed a wide field foservice hence
they can be constructed and operatechamytechnicalfacilities.

1 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 maintenamandrepair, adding or excluding components, etc.

1
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1 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 proaitlege numbeand variety
of data for processing but on a movisgstemji t woul dnét be easy
variety of data.

1 Parameter Control and Repeatability: On a roller rig setup, all experimental
parameters such as friction, contact angles, loadaetbe easily modifiedn 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 se of roller rigsmanytypesof research activities can be performed. Some of

these main topics can be briefly listed as;

1 Investigation of traction and brakimgoperties

=

Investigation of wear, damage and irregularitesl their effectson the rolling
bodies

Investigation of contact mechanics

Investigation of vehicle dynamics

Investigation obperational safety

Investigation ofifetime

Investigation ofefficiency

Testingof developed or existing concepts

Testing ofmanufactured components

Developing of control, monitoring and other software related concepts

= =4 4 A4 A4 A4 A A2 -

Developingintelligentcontrol system

Based on the abovmentioned statements, the measurement accuracy of the roller rigs
is vital for reliable studies, experiments, developments, ktcorder to increase the
measurement quality of a fedlcale tram wheel rolletg, in this study, severahsks 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 Igives introductory information about the study

Chapter2 provides a comprehensivigerature surveyaboutroller-rigs. Their listory, types,
general and specifipurpose are briefly given Also, sveral key information about

methodologiesindconducted studies wittoller-rigs are mentioned in this chapter.

Chapter3 provides definitive information about thadissertation objectives anlsting of

followed methodologies

Chapter4 provides thetechnical 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.

Chaptel5 deals with the interpretation of the obtained resasnts$ provides specific solutions to

the mentioned issues
Chapter6 summarizeshe whole study

Chapter lRecommendations about possible fatworks are mentioned in this chapter.
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2 LITERATURE REVIEW

This chaptercontainsan extensiveliterature surveyon theusage of roller rigs and
technicalinformation aboutknown conce Roller rigs andtheir advantagédisadvantages
have beeninvestigatedas well Additionally, an overview of severafemarkablestudies

conducted with roller rigs have beprovided

2.1 Background

Roller rigs are being used frosteampoweredocomotives agéo validate developed
theories, improvement or investigate the new designs/concepts regailvag keehicles[1i
3]. Although, mody roller rigs have been used for improvitige rail vehicle performance,
there are also individual varieties developed for specific purposes. Howeitensive
improvements have been done for simulating the real conditions of the rail vehicles, further
improvements are still anticipated. In 1904 Swindon, Oke of the initial facility built by
Great Western Railway which wasfall-scaleroller rig with adjustable rollers, braking
feature which is used for traction force at different spéédsirel) [1,4]. Since thepboth full
scalg[5i 9] and scaled typg40i 13] have been use®oller rigs are being used for wide ranges
of studies including but not limited to, raiékicle dynamics, adhesion/braking investigations,

contact mechanics, derailing, ¢2512,14 17].

In achronologicalspect, Cartarsed a scaled test track for his studiek980s[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 -Bdhle roller rigs for
investigating the instabilities of rolling stagk French compan€AFL constructed a roller rig
which has hydraulic actuatocentrollinglateral and vertical motions for investigating lateral,
vertical and yaw vibrations. In 1967, Germany, a roller rigettgped for studying traction and
braking equipment. In 1970, for investigating the derailments of4neze trucks, 1/5 scaled
roller rig built by Princeton Universityj18]. A full-scale roller rigvasconstructed by Deutsche
Bahn in Munid in theyear of 1977. It has vertical, lateral, inclination and rotation controls
provided by servdhydraulic systems which can accurately simulate real track conditions of
operating vehicles and capable of reaching 500 km/h speed. This facility dhgsfigant
contribution to thedevelopmenof ICE highspeed train$l,19]. Between 1984 and 1992, a

4
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particular roller rig operated whidasa 13 meters diameter rollemdmaximum speed with

250 km/h. With a quartercaled tesbogie,similar conditions to the tangent traiskprovided
VOCO simulation software has developleg using the results of this rollerg [19]. Also,
another type of roller rig is operated in Linz, Austria which has ankterlong railpart used

for rail-wheel contact fatigueAlso, there are scaled roller rigs used widely around the world
because of easy build, maintenarand operating costs which are subject to scaling strategies
[1,10i 12,19 24]. Also, similar to scaled rollerig concept twindisc machines are used for
some research§s4,25 27]. More detailednformation about roller rigs can be found intady

performed by Zhang et f8].

Figure 1. Roller rig for steam locomotives Swindon works Gkastern Railway, UKL]
2.2 Review of Concepts and Functioalities of Roller Rigs

The main criteria for classifying roller rigs can lbeefly listed asscale,according to
tested specimen and design cong¢&pt29] According tothe scale, those can lakvidedinto
two groups which i@ scaled roller rigs and fuedicale roller rigs. In scaled roller rigs;
investment, power consumption, space requirements are lower thacdidlroller rigs and
this gives advantages to many institutions for conducting easier experiments. However, this
comes with a drawbacl.e. these systemare not fully capable of representing real field
operations so there is a need for scaling strateffig®9]. For tested specimen classification,

grouping can be madenglewheel,wheelsetbogie or full carThe complexityof the systems

5
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increaseso the given order also conducting experimentgaténg complex in the same way
[29]. Moreover conceptual classificatiocan belisted asvertical plane, pgendicular plane,
internal roller,and oscillating rail roller rigs Mentionedconcepts areletailly givenin the

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

2.2.1 Singlei 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 thesmfavourite 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 wheedil interaction studie§l9,30] One of the most attractive
side of this concept is the cosfficiency. It can be manufactured and operated very cost
effectively. Also, on specific topics (i.e. interaction between whaél the additimal 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 drisvibames 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, bearingsnetotbe used fully and/or

need modifications.

2.2.1.1 Vertical Plane Roller Rig

Vertical planevariation 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, tbhencept 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 experi ments. ltds been reported
vibration actuation wile taking measurements using various sen@ts An illustration and
an example of this concept are giverrigure2. These types can reach high spg@tsertain
casegeal vehicle wheels can be u¥elBorce controllers can be mountedsily. Overall, the
roller rig could be simplynstrumentedAs one majordrawbackof this typecan be stated as
the rotating rail is not a perfect representatiothefstraight trackThus,itc an 6t r epl i c at
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behaviour of straight traclkt 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 horizocitale rail. It offers to simulate
wheel load, cant angle some aduhal parameters. Conceptual advantage of this system is
simulate curved track and from point of view contdtts due to infinite radius on travel
direction contactvhich can be simulated more closely to real cases.,Adsloprofile and sub
rail can be modified according to needs. Bdiie to large horizontal radius of rdthe driving
arm and the other components creates a high moffastlimits the speedf the rolling part
A visual ilustration and examplef perpendicular plane roller rage given inFigure3. Another

scaled example of this concept can be found in st(ite31]
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Figure 3. lllustration and an example of perpendicular plane wheel roller rig (Platdit[32])

2.2.1.3 Internal Vertical Plane Roller Rig

This concept principally same with the Vertical Plane Roller RigZszé.]). This type
is used for transit rail and automotive indug89]. The maindifference liesover the radius
difference of theoller 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 spamed higher masghan typical one. lllustration ancha

example can be found Figure4.

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

2.2.1.4 Oscillating Rail Rig
The main aspean 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

8
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[30]. In additionto having a simple design, the main advantage of this concdiptded rails
can be used. Thereby, interaction between roller and rail can be obtained same as in the
operational interaction. But naturally ¢annotbe applied for high speeds or steastgte

performances. lllustration of the concept and an example can be foligaliia5s.

Figure5. lllustration and arexample of oscillating rail setup (Phateedit[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 swspe design, hunting motion studies, etc.
Mainly, it is been used for angle of attack, speed, adhdsw@mking, validation of new designs.

Also, in this conceptusing real field components is much more possible over single wheel

concept. (i.e. side frambéearings, etc.)

It can bebriefly described as the doublegrsionof single wheel concept with a
connecting shaft between wheels. The relan be independent or connecéedording to the
desgn and needed outpufdrum type rollercan be given as an example émpendent roller
types [1]. Due to complexity of the system, optional configurations are widely various.
lllustrations and examples of both types are giveRignre6 andFigure7, respectively.
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f‘f‘

Figure®. lllustration of vertical wheelset concept designidothtype

Figure 7. Examples of vertical plane wheelset roller rigs ([[8%] , Right[36])

2.2.3 Full Truck ConceptRigs

Full truckrigs are designed for testing full car bodeeshogies.This typefacility can
be considered as the most complex fypase of roller rigsHowever thiscomplexity provides
deep analysis anekperiment environment to the researcleseciallystudies concerning the
railway vehicle itselfFull truck rigs allowto investigate complete body dynamiesd)eetrail
interaction studies, hunting studies, éflmreovert due to possibility of placing @mpletecar
body on a testing ricall components regarding to vehidanalso be testedlhe advantages
canbe briefly grouped agj) loading and constraining conditions may be simulagdield
conditions(ii) bogie andvagonassemble&an beested forcurvatureconditions (iii) it allows
studiesaboutinteractionbetweenbody/suspensigrbogie/wheelseand combination of both

(iv) it also allows investigationon fielded cars Neverthelessit is for surethat there are

10
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drawbacks about this conceostfor investment and operation is much higher than over other
conceptsand sizesAlso, monitoring forspecificstudies andhstrumentation for data gathering
aredifficult due to physical complexitpne of the most compldull-scaletestingfacilitiesin
Chengdu, China is giverigure8.

Althoughthey have dot of propertiesn common it is not possible to make a certain
classification about existing fulluck roller rigs. Each of theimasbeendesigned with different
technologiestraditions, budgetsims institutions structuresetc.in order to satisfy different
goals.An extensiveaeview study about existing full truck roller rigs may foundhe reference
by Zhang et a[28].

Figure 8. Full car roller rig in Chengdu, Chin{28]
2.2.4 Scaled Roller Rigs

It is known that @ll-scale roller riggan provide much closer simulatsto real field
operationghan scaletiypes[37]. However for deeper investigations concerning specific topics
about railway vehiclesi.e. for wheelrail contact studiesising fulktruck roller rigs are not
efficient tool9. Mostly, due to smallersizes, investment and operation costs are much lower
compared to théull-sizedroller rigs. Additionally, modifying the parameters of experiments

areeasier However it may be advantageous in some poists, al i ng f act or s can¢
[37].

Similarity laws size effectsand correlated problem of scaling are of interest for the
transformationof experimental results from a scaled model to the full scale d¢3in

11
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Deriving scaling factors from dimensional analysis capdiated as an approagfich were
conducted beforesome researchef21,38 40]. Additional scaling approaches may be given
such as modifying equations of motion and materialdetailed study about scaling can be

found inreference byllen [37].

All abovementionedconceptsxist inscaledversionsdesignedaccording to the needs
of the facilitiesand capabilitiesScaled versions aibove mentioned concepts are given in
Figure8Figure9; atwin disc machinga), scaled vertical plane single wheel roller rig $baled

vertical plane wheelset roller rig (c) and scadbedie roller rig (d) are given iRigure9.

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

2.3 Review of Studies Brformed on Roller Rigs

As mentionedbove the roller rigs are widely used tools around the world for studying
themattersrelatedto railwayapplicationsin this section, severgrominentstudieswvhich are

conducted on roller rigsave beemverviewedaccording to the topics.

12
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2.3.1 Studies Concerning Wheel Rail Interaction

Wheetrail contact is the one of the most poputasicsin railway researcldue toits
influene on reliability, efficiency, safgy, etc. Alsq this interaction isaffected by
environmental conditionsignificantly (i.e. rain, snow, leavesemperaturestc.)and the level
or duration is highlyaryingaccording to thgearly date, climate and geolocatidinus these
variabilitiesarise necessity of studiesncerned about adhesitself andcharacteristicsSome
experimental studies about adhesidmaracteristiccconducted on roller rigs are given
[3,23,43 46]. Moreover,theories concerning wheglil interactionstill not ableexplainthis
interactionfully, so it is still demandedtudy fieldin railway applicationsSeveral studies
concerningwheetrail contactcan be found iri9,17,47 49]. In addition to themsome studies
can be found concerning directly abeontact patch between wheel and &0k 53].

Wear andolling contact fatigu¢RCF)are alsamong the popular topics studigcb4].
The RCF mechanisns closely related to the wep,55]. Researchers have been working on
the effects of wear and RGfue tothar effects on reliabilityand durability because ostrict

relation to thanaintenance and repd#o].

2.3.2 Testing of New Designs

| t 6 s Kk rmevelapedterygiaekering products need to be téstkate useRoller rigs
arealso being useth validating thenew designsgeveloping innovativesolutions A wide-
spread spectrum of studopicsis being performe@bout teing new designsSeveralstudies
about testing new designan be founduch asguidancdor running geargs7], a novel running
gear[58], new coating$59], condition monitoringsysten|60], slip controlsystenm61], friction
modifiers[41], traction controkysten(13].

2.3.3 Running Safety

Roller rigs are being used also tmncerningsafetyof railway vehicleg28]. In railway
operationsone of the most avoided casee derailments with no doul#dditionally, critical
speed lateral stabilityand curving dynamican be included in safety topiSeveral studies
aboutderailment can be found ii62i 64]. Studies about lateral stabiljtgritical speed and

curving dynamics can be fouf@bi 67], respectively.
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2.4 Wheeli Rail Interaction

2.4.1 Normal Contact Problem

One of the earliest studies about contact probfemade by Redtenbacher in 1855.
He studied headrack formation in rai[6,19,68] In 1882, one of the most significasiiudy
about contactds been published by Hef&9]. In this theory, the contact patch arises around
a point andakes form according to tl#hapeof the surfaces. Even so, true shape of the contact
cannot be represented with this theory because of theomstant shape of surfaces but it
provides accurate results foontinuouslycurved surfaces. Today it's stileng used as a
foundation in wheetail contact analysis also many studies and developments are based on this
theory[1,70,71] A review studyof analytical methods is published by Piotrowski and Chollet
[72]. Also; Kik and Piotrowsk[73], Pombo & al.[74], Linder[75] are proposed neHertzian
methods for contact analys8ome of them are compared in the study of Sichani[é6ahnd

compared results are shownHigure10.

Contact Patch

2|4 : o CONTACT
: STRIPES

— — — Kik-Piotrowski

Long. [mm]

10 5 0 5
Lat. [mm]

Figure10. WheelRail contact area compared for different contact mojdép

Nowadays, thanks to the emerging technol o
problem with finite element method, which providesdasesultg77]. Additionally, Boundary
Element Methods are also usptB]. One of the most popular method used in whesel
interactionhas been studied by KalkgfO]. However,FEM and BEMcalculation times are
longer over analytical sthods due to calculation complexiBecause 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 perspectivef tangentiacontact problemit can be presumeatatapplying
Coul omboés friction FLaabe atgotable ldowever,atis hoh afullys ur f a c ¢
properapproach in wheeiail contact due to defects, force distribution, wear,stinengthof

materials, etc.

In 1926, Carter propmded a theory about continuous rolling of a wheel on a rail on a
bi-dimensionaplane[71,79]. In thistheory,he assumed that the wheel is cylindrical, and the
rail is infinite elastic medi um. He defined
surface over t he [79].tAbcerding tollisappbache cedpaga has a dieetd 0
relationship with the tangential forces. With increasing torque, the creep and the creep force are
also growing until the traction bound, which is roughly considesgtie maximum frictional
force between surfaces according@ ul ombdés friction | aw. This
related literatur§l,70,79] The three dimensional approach was proposed first time by Johnson
[80]. In this approach,raelastic sphere is rolling on an elastic plane. He investigataight
rolling motionand the spin of elastic sphere which occursiotular area of contact. In 1964
Johnson and Vermeulg@l] extended his study to elliptic contact shape and they proposed a
saturation | aw for tangenti al forces but in
1973 Kaker extended his work. On his former study, he proposed his famous Linear Theory.
With this studyhe contributedo the literaturea 100 times faster calculation methédso, he
provided longitudinal and lateral forces. In 1982 published another study which is defining
a connection between elastic displacement and traction by tangential flex8&litihe latest
analytic approach to the tangential solution was contributed by PdlacHis study was an
extension of Freibau¢83]. Pol achés study was based on sl i
addedtwo parameters for adhesion and slip part. Due to good approximation and simple
structurePol achdés f or mu lfoatangentgal solutiginl thes stedy andhedetails
are given irtherelated section

2.5 Differences Betweenrangent Rail and RollerRail

For most of the roller rigéfull scale or scaled typedpr the wheelrail pair, the rail is

substituted by aotating (roller) rail due to inherence of the laboratory conditidocreate a
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continuous motion in a laboratory environment iafinite rail must be employedn this
context, aspecific contraryexample may be given for use of tangenteai be seeim section
2.2.1.4 Another casdor simulating curve tracklso may be giveas theperpendicular plane
roller rig which is described in secti@®.1.2 Apart from these concepts, the roller ragsitain
roller rail which is differs from a tangent rail. The main differerecbetween roller rail and

tangent raibregeometric parameters.

In real case oivheel tangentail contact the rail is almost flat in longitudinal direction
In contrary, wheetoller rail contact, the roller rail has a curvature in lomgjihal direction
Both situations sketchad Figurell. This difference directly effects the contacea So,one
of the main parametewhich is usedor determination of contact ndition, changeln lateral
direction, maintaining the lateral curvaturemestly possiblehowever for higherscaled rigs
(e.g. 1/20scaled roller rigtwin disc machinejnaynot be possible due to small sizes in every

direction.

Wheel Wheel

Contact plane

ftr=00
Tangent Rail

fw: 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 appliadorder to see thehangeof the contactarea
according to the radius change of the interacting bodies (wa#elDue to easy application
and comparisonHertz Theory employeébr determining the contact radand contact area
Longitudinal wheel radiusi  kept constan{350 mm)and longitudinakail i radius has

beenincreased fron350 mm to infinityin order to see the effect of thel/roller radiuschange

It is assumed that thedius of theroller rail should behigherthan thewheelradius Lateral
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radii were also kep constant andaken 300mm and 400mm for wheel and roller/rail,

respectively. Both of the bodies agsumed identicdlom thematerial propertieaspectvhich

are 210GPa for elastic modulus and 0.3 Poissonaaticdhe applied load selected ak®D
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Figure 12. The dfect of rail radiuschangesn longitudinal directionon contact ellipse radii

In Figurel2the effect of rail radis change in longitudinal direction is givétorizontal

axis is the logarithmic value of the radiis it is seen in referred figuréhe effect of radius

changeis significantly smalwhen the logarithmic value of the radilssigger than 4which

correpondsp tmm (10 meters).The effectof the radius change on the contact area is given

Figurel2.
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Figure 13. The dfect ofrail radius changesn longitudinal direction on the contact area

According to the calculation results, thentact area for 10 meters nasliis 30.9129

mm? and for tangent tracls 31.1196mn?. The difference betweeralculatedvalues isd 7

which is quite acceptablélowever,in practicalapplication designinga roller rail with 10

metersradius non-preferablefor most In this context, to reach a closer contact area an
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acceptable solution can be applied by deangabke wheel radiuddowever, reducing the radii
of rolling bodies brings another issa&d in order to overcoenthis issueseveral scaling

strategies arbeing used
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3 DEFINITION OF DISSERTATION OBJECT IVES

The overall objective of the dissertation igngorove the quality of themeasured data
by analysing thelynamic behaviouof a full-scale tram wheel roller rifjom the mechanical
aspectin order to achievéhis objective severalsub-objectivesmust be accomplished which

can be expressed,

1. The differences between tlexperimental resultand expe&d results which
have been giveaccording to risting well-known wheelrail contacttheories
must beidentified.

2. Structure an@haracteristics of the experimendigvice must benderstoognd
examinedn order tounderstandhe weaknesseer possible issueshich may
cause thénaccuraces

3. Possiblemechanisms anhfluenceswhich causeshe mentioned issuesiust be
formulated

4. The formulatedmechanisms must bestedand validatedvith experimental
procedures and computational tools

5. Possible solutions for eliminatindgpeforementioned inaccuraciesust be
proposed

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

verified.

In order tatest theaccomplistbeforementioned subbjectivesthesystems considered
as subsystems The subsystemsconsidered asomposition of specific part®A scheme of
considered partand generated solutiomsegivenin Figure14. These partsustbe analysed
and investigated with proper tools such as experimental procedures, structural aetysdes
those components described under main system are anatgpelly step. Possible weakness
in these individual components are intended todvealed Identification of issuegjetails of
abovementioned rolleng, used methodologiegxperimentainstrumentsand initial results

will be presented in regarding sections.
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Main system

Subsystems
of roller rig

Parts of
roller rig

Investigation
Methods

Roller Rig

[ Mechanical Systen]

[ Electrical Syster+

: 1 ———
; Rolling Parts [ PMSM] [ AM ]
Statl?'?r zr?e Parid - Roller - AM rotor
- Wheel - PMSM rotor
%l—/ I
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Simulation Simulation

| Measurements

FrequencyAnalysis

Figure 14. Scheme ofub-systems of roller rig anohvestigation methods
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4 METHODOLOGY AND RESULTS

4.1 Experimental Setup

Before analysing the possible measurement issues irollee rig, its experimental
setup must bexamined in detailThe system which are the measurements odedus a plane
type rollerrig placed in Educational Centre in Transport in Doubravice, Pardubice. The stand
has a reprofiled tram wheel after extensive using and the roller is a convertedwiagnlt
has been built by VUKV (Rail Vehicle Research ifuge) and its modified according to needs
of researches. Roller rig gives tbpportunityt o conduct adhesion exper
used for thedevelopmenbf PMSM regulation systemsSeveralstudies performed with this
roller rig can be found ii8,46,60,61,8489]. The rollefrig is givenin Figure15.

Figure 15. TramWheelRoller-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 pl&tee wheels connected to a single beam on
top by a pneumatic spring and swinging arm. Swinging arm is connecatet@lumnsby a
journal bearing which does not perrtiie lateraland yawmovementsThe normalforce is
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applied with pressure control of air spring on top. Schematic representation of thelteam

rig is given inFigure16.

Top Loading Frame
Air Spring \H
[T
Swinging Arm [ ——
PMSM r\
Roller Wheel
~— | | LI
Roller Rail )
~—1 | |
Roller Bearin(gs\g _— L
S—r

Figure 16. lllustration of tram rollerrig from bothsides
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 providedrimgtnetic
field created by thestator It is controlled with aflux weakening methodThe torque is
generated by torque request via controli#ectrical scheme of the roller rig is givenHigure
17. Details of the control method and PMSivke explained in other studigb,90]. Technical
propertiesof PMSM are given ifablel.
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-
Converter

3x400V /50 Hz

—HF—H

Brakeing external resistor

Front-end resistor I

Testing stand with PMSM

Inverter

LLL
s

Figure 17. Electrical scheraof the tram wheel roller rig90].

Roller is driven by AM which is placed out ofainframe Mainly, AM contains two
parts which are rotor and stator. The principle of this motor is creating a rotating magnetic field
over a squirretage by a stator without any wire connectibhe magnetidield of stator and
rot at eeedsconira is made lwy charging the dregdency ¢of e

rotor

the current. Roller rail is connected to thwtor via torque sensorCV shaft. Technical

donot

Tablel. Parameters of PMSM

Power 58 kW
Speed 650 rpm
Nominal Torque | 852 Nm
Current 122 A
Flux 0.2 Wb
Number of poles | 44

Table2. Parameters of AM

Power 55 kW
Frequency 50 Hz
Nominal Torque | 891 Nm
Current 133 A
Voltage 3x380V /
Number of poles | 10

propertiesof AM are given inTable2.
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4.1.3 Data Acquisition System

Controllers and data acquisition schemaiven in Figure 18. Normal force in the
system is provided by agpring with pressure contralhe pressuren the spring is monitored
with sensor see element (1) iRigure18- 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) vieomverter(10). Angular speeds of the wheel
and roller are masured by rotary encoders (3) which are connected to shafts. A torque sensor
(4) is mounted on the shaft between tber and AM for measuring torsional loa@The
coefficientof adhesion and tangential force is calculated by PC based aigtied of the

torsionalsensor.

. Pressure Sensor
" PMSM Gl

1

2

3. Rotary Encoders
4. Torque Sensor
5. AM

6. PMSM Converter -
7. DAQ Device
8. Controller =3
9. PC
10. AM Converter —

—

Figure 18. Controllers and data acquisition scheme of Roller Rig
Pressure sensas DMP331modeland the manufacturer of the sensor is BD SENSORS
Germany.The rotary encoders apoduced by LARM and type ancoder is IRC315The
DAQ device is NI USB6341 model of National Imsiments, USAThedata resolution used in
the study is 250 Hz.
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4.1.4 Procedureof Adhesion Measurements

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

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

The normaforce is applied by pressure controlled pneumatic spring
The roller is brought to desired constant speed by Airodler so that the wheel starts
free rolling
1 Atorque request is sent to PMSM then wheel speed starts to increase (traction case) or
decrease (braking case)
Due to the adhesion force between wkredler pair, the AM creates a reverse torque

System pushed until to the requested torque or a safe slip

By abovementioned procedure, the following quantities are obtained;

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

Torque on the shaft between tioder 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 avscillation around zero torqueth significant overshootsefore thesystemgets
the steadwtate. To identify the dynamic phenomenon, the torque patterns were repeated three
times in a test with identical conditions. Sudden increase and decrease efvialiggs, which
resulted in nosrandom oscillations, were found. Requested wheel torque pattern and measured
roller torque are shown fRigure19. The oscillation around zero torque can also be seen in the

referred figureAdditionally, the influence of mentioned oscillatiangiven onFigure20.

Additionally, with a closer looko thereferred figureadelay can be seen on the torque

values Especially on the torquéecrease phasbetime gap betweemequested wheel torque
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and measuretbller torqueis 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

mentinedoscillation 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. Theinfluence of the torque signal oscillation on CregpAgraph
4.2.2 CoA-Creep Inconsstency

An inconsistency in the measured data revealed its&fobserved that, en torque
request decreased after a certain creep level,-aggsion curvllows a different path when

returning to the steady staté shows different adhesion levels for same creep vakigare
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21shows a comparisonfo dry and wet surface conditions ¢k
adhesion curves and experimental cradpesion curves. (Theoretical curves are obtained with
estimated values and fitted to the measurements). Tindseecreep values corresponding to

adhesion.

It has been reported in some literajlaef t er a certain slip, the
same path as theoretical [8,87]. It is obvious that thexactmat ch candt be expec
theoretical considerations and experimental results. However, in the dry surface case, the gap
between increasing slip curve and decreasing slip curve is relatively (Rigare 21).

Especially, on the decreasing slip, when the value gets closer to the zero the CoA drops
significantly. InFigure21, same issue has revealed itself for wet surface conditigm This
leads to undesired creepdhesionresults which is an issue for the reliability of the

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

study.
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0.4r - n =0.22 (Wet)
— — —Measurement (Dry)
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Figure 21. Comparison of theoretical adhestoreep curve and measurements.
4.2.3 Waving Torque Output Under Free Rolling

Moreover, another issue is found in steady state rolling where theeetiaction. As

seen irFigure22, 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 elementsilt is believed that the owdf-roundness creates a dynamic effect on the global
behavior.Also, the mentionedsignal may occur due tissuesregarding electrical issues

componentsAn explanation andolution will be searchedlso for this issue.

20079

1500

50 1 1
12 14 16 18 20 22

Ti nig
Figure 22. Waving torque signal under free rolling

4.3 Possibe Causes of Inaccuracies

4.3.1 Stationary Parts

As it 0 BiguseBethereiismn oscillation in measured torque signaingnaith
damping where slip ends. | t s b emayecouedde t hat
to rollerrig frame flexibility in longitudinal direction. A schematic representation of this
possible effect is given ifigure 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 rollerwhichresl t s i n a defl ect i on y.dAferreldagng!l ongi
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 franh& wou
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 compooenteak bondingn frame joints
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T, TR
Figure 23. Schematicepresentation of possible occurance of longitudinal oscillation of frame
4.3.2 Rolling Parts

Another possibilityfor the cause of thescillations Figure19) canbeissues regarding
to rolling parts of the systenthe inertia of theoller rail is relativelylarger compared to the
other rolling parts of the roller rid\s it can be seen in thégurel8, the torque sensbias been
placed on the shaft between roller and AM rotdrediameter of therosssectionof this shaft
relatively smallcompared to the roller sizéds mentioned in thesection ofprocedure of
adhesion measurementd)en therequesteavheel torqués decreasedhe asynchronous motor
torgue responses alsodecreasg Sharp change on therque requestnight causehigh
overshootingof AM torque responsdue to high inertiaThis may be an explanatioof the
beforementionedscillationaround zero torquéue to the relativenotion differencebetween
roller and AM rotor.A schematic representation of the possible cause is givEmume 24.
Another approacts; this relative motion can also occur due to the sleactionof the overall

system tohie torquechangesBoth possibilitieswill be investigated in related section.
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Roller Rail

Torque Sensor
AM Rotor

Lz

Figure 24. Schematic representation of torque oscillation sigmahe roller shaft
WhenFigure 22 is investigatedieeply thewave signal isepeating under free rolling.
From the mechanical point of vieapossibé explanatiorfor thereasorof the wave signabk
can be oubf-roundnes®f therolling partswhich may produce signal varies according to the
speed Furthermore,it can berelated to theshaft eccentricityor bendingdue toincorrect

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 thscillations Figure19) may be the motor and
controller responses. However, it is known fact that Pid8idwidely accepted electric motors
due to their robustnesf9l]. Moreover, field oriented control (FOC) qwides great
improvement on dynamic response of the m®@j. Because of the robust characteci®f
the PMSM and its control method, it is believed that the abovementioned issues are not

connected witiPMSM norcontrol methodologies

However, he AM in the rollefrig is controlled by open loop voltage frequency control
strategy.lt is stated thatopen loop voltage frequency is the most popular control strategy of
squirrel cage AC motolf®3] due tolesscomplexityand relatively lover cost On the contrary,
thebiggestdisadvantages are the speed dependence on the external load torque, nai]y for
and reduced dynamic performarjed]. Thus, theabovementionedynamic phenomenon may

occur due to the dynamic performance of the AM/anits 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 pad of the roller righave beennumerically modelled in Solidworks®
softwareenvironmentn order to investigate the dynamic behaviouraifer-rig frame As an
initial approachastatic solution has beenmggrated The frame is rigidly fixed in six dire@ns
from bottom ends of all four columns. Bonding typesseneglectedn theinitial model so, all
componentsveremodelled adully connectedoints. Experiments are planned in two groups
which are aimed to measure tlespons®f selected parts of theller rig frame under vertical
and horizontal loads. In this regard, two loading cases have been simulated stéliealtyare
verticakfor normal load simulation, horizontdibr the tangential force simulation. 20 kihich
is themaximum force generated byepneumatic springs applied vertically Simultaneously,

2 kN appliednorizontally isestimated from past adhesion measurements fonitred model.
The verticaload has beemppliedovera plate from the bottom surface of the top beam which
is similar to loading plate between pneumatic spring and the top Gdenbottomplate is
loaded with reaction force from two sides with platésolv are similar to the bottom of bearings

of the roller shaft. Statically loaded frame in FE software shoviguare25.
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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, tbp beam(loaded onehas a bending response.
Maximum stress has been found aroundntihepoint of the beam. FE model and response of

the roller rig frame under vertical loading showrFigure26.
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Figure 26. The responsef frame under vertical load
The responsef the modelunder horizontaind verticaload shown inFigure27. The

locations near to swinging arm connection on the vertical beams had the maximum stress.
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Figure 27. Responsef frame under horizontand verticalload
4.4.2 Experimental Study
For validating the results of theitial FE analysisa measurement procedure has been

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

Locations of the strain gages are giverfFigure 28 (left) andapplication of strain gages are
given inFigure28 (right).
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Figure 28. Determined strain gage locations and instrumentation
4.4.3 Measured Data

In order to discard the noises from the results and obtain a si@oeta smoothing
filter (Loess methodhas beempplied to the measured data. &ample is visually presented

with measured data and smoothed curve for 1nkRNgure?29.
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Figure 29. Smoothingrocedure of measudesignal
Measured data and static FEM reswlisre compared in order to verify the model
results.The mechanical stress generated?BykN vertical load has been measured from the
same placéi.e. top of the beam The comparative redslare providedn Figure30. A close
relation was found between measurement and FEM result. The diffetsrteeermonitored
stresseandcalculated stressegere foundelatively low which shows the efficiency of the FE

solution
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Figure 30. Comparisorof FEM and Measurement

As seen irFigure 3], 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 hamsigmficantimpact on the glo&l
responseAs referred in depicted figures, the experimental response is compared with the one
obtained from tha&umericalsolution. It should be notetthatthe stress corresponding to the
position of the strain gauge is estimated by averaging the sdirgu 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 lowervalue was found for the opposite side. When the results are
investigated in depth, both experimental and numerical resjmimselose correlation. On the
other hand, the measured stress values are very low which adversely affect both model accuracy
and eperimental 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 ishaighle tone 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

werefound quite low even for the most for¢stiessegblaces. It can heherefore pretendhat

the frame is not forced much during the motion of two rolling bodieshdetractionstate

Thehorizontaldeformation on théop of the rollefrig framewas not measured during traction

load. On the other hanthosecan be obtained frorhe validatedFE model The deformation

values lie around 040mm in the places where it deforms maximum (Segire27). Thus, as

the computed horizontal displacement at thedng is ignorable it can be integbed that the

frame exhibits a firm performanc®yverall, the horizontal displacemarglue was found very

low, which has nearly no impact on the global respottsé s

concl ugnamic t hat

behaviour of the framlas no influencer negigible influenceon the mentionethaccuracies

Therefore the pointof 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 fih@me,i t 6 s

c 0 n ¢ btwadueechastindhaa t it

insignificant effects to stated problems mentioned in sedt@ri-or investigating the responses

of rolling parts, a torsional dynamical model has bdewveloped This model simulatethe
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adhesion experiments in MATLABnvironmentunder differensurface, dading and traction
conditions The simulationconsists ofsevenrotating elements which are RMSM stator,

PMSM rotor, wheel disavheel tyre rotating rail AM rotor, AM stator Mountings of the AM

and PMSM stators amaodelled with a torsional elementigh have high torsional stiffness.

The rubber connector between wheel disc and wheel tyre were also modelled in order to obtain
more realistic responsAn illustration of thegenerateanodelis given inFigure32. Therelated

equations of the model are giverdii-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. lllustration oftorsional dynamic model of roller rig
4 4
] — 4.1
4 4
1 * 4.2
4 2 4
1 — 4.3
, 22 4.4
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where] 7 R 7 .1 1 1 arerotational accelerationady,0,0,0,0,0,0 inertias
of PMSM stator, PMSM rotomvheeldisc wheel tyre rotating rail, AM rotor and AM stator
respectively.’Y and”Y are reaction torques of PMSM and AM stator respectivélyand
“Y aretransmitted torquesver shaftgenerated by PMSM and AM, respectivél.,"Y are
torques generated by AM and PMSM respectively., i arelongitudinalradius of wheel and
roller ando is adhesion forcbetween wheel and rolleY. and’Y are thebearingresistances
of the wheel and tating rail, respectivelyQ , Q@ h"Q h"Q hQ are torsional stiffnesses,
@, I K i are torsional damping ratios respectively- , — , — , — , — are
angular displacements ard ,— ,— ,— ,— angular speeds &#MSM mountingwheel
shaft, rubber layer, roller shathdAM mountingrespectively. is the normal force and is
the weight of the rotating rail and its componen#s.flowchart of the torsional dynamic

simulationmodelwith submoduless givenin Figure33.
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4.5.1.1 WheelRoller Contact Geometry and Normal Contact

As an initial step of obtaining the contact area and shape, contact parameters must be
found. Hertz theory69] is widely used for calculating the shapetloé contact area between
the wheetrail pair. The @lculation procedure of the Hertzian contact is given in the book by
Shabana et a[95]. Also, a similar study can be found in the study of Onat E6§l.The
geometric parameters used in the calculation of the contact areaelpetive wheeloller pair
is given n sectiod.5.1.3

Additionally, the Poisson ratio is taken as3@Gandthetensile modulus is taken as 210
GPa. According tahe abovementioned method and parametswatact area and stress under
4300 kN are given ifrigure34.
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Figure 33. Block diagranof the torsional dynamic simulation model
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Figure 34. Stress and deflection plots for Hertzian contauder 4.3 kN

4.5.1.2 Creep Forces

In order to model the forces between whiesller pair under rolling conditions, a creep
model is needed. Relatively recent model proposed by Pd#ihis used in dynamic
simulation. For calculating the creep forces
areneeded. Thes coef fi cients are tabulated data wit
interacting bodies and seraxes of contact patch.€h abul at ed data i s give
[97] which should be mathematically fitted for using in the model. In this dynamic model,

polynomial fit used imreference byonat[98].
The tangential creep force defined by Polptd] is;

0 - .
o & Gl Do ot - 4.15

where0 is the wheel load, is the coefficient of friction and is the gradient of tangential

stress in the area of adhesion and expressed as,

Co o 416
o U

where®and®are halfaxis of contact ellipse artilis proportionaty coefficient characterizing

the contact shear stiffness. This c[@fficien

S 417
T

Then;
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i i i 4.18
wherei is total creep and andi are the components of creep dnand w directions,

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

The friction coefficient (i) mentioned in equatidri9is 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,

‘ ‘“p 0 Q o 419
where0 is the coefficient of exponential friction decrease ang the ratio of limit friction
coefficientat infinity slip velocity ( ) and maximum coefficient of frictior (). Besides, in
the mentioned st utbdeadditiandl sissliedheseecare suchephrametenatd t o
affects the adhesion. (i.e. temperature, third layer between surfaces). To model these effects,
two additional parameter¥) and’Q are used in the area of adhesion and in the area of slip,

respectivelyWith theaddition of these two parameters the equation can be rewritten as,

s N~ e s oA ~

0 — —— AOA®@AT, T 0 o 4.2C

Parameters abhe creep modehavebeen obtained by fitting the measurement results
from the roller rig. An example of fitting fothe CreepCoA model for norcontaminated

wheel/rail contact has been giverFigure35.
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i Measurement(Dry)
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[‘) 0.02 0.04 0.06 0.68 0.1 0.12 0.14 0.116 0.18
Creep [-]
Figure 35. Fitted adhesion modédiry casefrom experiments
As mentioned above, creep forces are depended on the slip and slip velocity. Slip ratio
and slip speedra implemented into the model by equatidiil and4.22.
L, 9 O Y D

. 4.21
© S

x 5y 5y 4.22

4.5.1.3 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 shatillation(Section4.3.2). The shaft
in the rollerrig is a multtcomponent shaft that is compiled with a CV shaft, torque sgnsor
roller shaftand additional bindingomponentIn order to determine the shaft stiffness, the
dimensions of the components were obtained. It was aimed to detélmipart 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

l Binding Component

CV Shaft

Figure 36. Dimensions of the roller shaft components
CV shafthas been manufactured by GKN Automotive Limited with the model code

108/21 and its torsional stiffnesstis® ‘Q0 @i ¢ [R00]. CV shaftis the longest part of the

configuration with a small crossection. The other possible weak sections were calculated also,

however, the C\shaftwas found as the weakest part. Hence, the stiffness of the shaft between
roller and AMhas been taken as CG3hafb s t or s i o ®%omé of thadthef ghysieat s .

parameters have been provided by the fadlitgor obtained from former studies
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45.1.4 Electric Motors
In order to simulate thbehaviourof the electric motorsoth permanent synchronous
motor and asynchronous motehich are driving the wheel and rolleave been modelled and

implementednto thedynamic simulation

4.5.1.4.1Permanent Magnet Synchronous Mdttwdel
An equivaleh dynamic modelof permanent magnet synchronous mdtas been
implemented to theimulation Dynamicequivalenimodel on the rotor reference frame is given

as follows;
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P,

Figure 37. Thedynamicequivalentircuit of the PMSM
Dynamic equations of the stator currents are gitierfollowingequations,

Q p Y 0
0 g —0 —n1 0 4.23
Qo 0 @ 0 )] Nl
Q P Y 0 .
=0 —® —Q —n1 Q — 4.24
Qo0 0 @ 0 0 Nl U Nl

where’Q and"Q are d and g axes currents andw ared and q axes voltages, and0
are d and g axes inductancés is the resistance of stator windingsis the number opole
pairs,e is the amplitude of the flusnduced by permanent magnet of the rotor in the stator

phasesand] is the angular velocityElectromagnetic torque generated by PMSM can be
calculatedrom,

Y opaneQ O 0 Q0Q 4.25

Theelectricalspeedandangular position of the rotor are calculated from,

o ;
2000y oy 4.26
'Q}) 0 O
Q. 4.27
Q6
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4.5.1.4.2Asynchronous MotoModel

As mentioned beforethe AM creates an opposing torgagainst the PMSM torque
request in order tmaintain a stable speeor determining the opposing torque according to
the angular velocityan equivalent circuit model shll be obtained by some test$ievenin
equivalent circuit has been selectedtfAM model. This method is usedtinerailway sector
and there are manstudies concerning this mattgi01]. In this study,parameterdor the
equivalent circuiareobtained fromanother study98]. On the roller rig, théAM is controlled
with an operoop volts per HertzThe principle of this control methodhlsised orkeepng the
flux constant. Thdine voltage musbe decrease proportionally toa certainfrequencyso, the
V/f ratio can be kept constaj&3]. The equivalent circuit fodifferentfrequenciexan be seen
in Figure 38 and the mathematical expressiarf the Theveninequivalent circuits given in
equation4.28. In the study ofOnat[98], it is dated that thelThevenin equivalent circuit

parameterare validated

Yva Wyg
T8T ¢ d.lp &, T TtiX
O
(b'YQ ,
cpaET aw
o,

CTANIDF LI

Figure 38. Thevenirequivalent circuit of the asynchronous motor (Redraxom{98])

o~ o W Y
] . v - T 4.28
Y T W W
wherei and is theslip andsynchronous speed of the electrical motesspectively’Y

@ , w aretheresistance of the rotoreactance on the stator side and Thevenin voltage,
respectively.Y and® arereflected resistance and reactance of the rotor, respecfiledy.
details of theThevenin equivalent circuit arabtaining the valuesan be found in the related

work [93]. Torquespeed characteristic aftypicalasynchronousotor is givenn Figure39.
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In a simulation, it is impossible to reflect the mechanical characteristics of an actual
systencompletely In real operations, the behavioitlbé mechanical systems, are open to being
affected by environmental conditiorage of the componentspnexact material properties,
norrexact geometrical properties, neRract characteristic, nemvailable measurements,
control sensitivity, etc. Hencejostly 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 literaturthevoltagefrequency control methdaasapoor dynamic
performance whickreatevershoots and response delagainsthe load changd402i 107].
Also, it is mentioned that the opésop control method increases the effect of these handicaps
due to the inherent of theo-feedback systerf108i 110]. Delays, response chataristics and
other additional effects can nloé modelled exactlyHowever, tle response delagf the AM
can be implemented bysamplification Hence in order to represent tliesponse delagf the

AM and controllera discretetime low-pass filterappliedas;

Y OO p OY 4.28
where & istime constant’Y is the previous torque valu& similar application ofhis method

can be found in the stigsby Spriyagin et al[111,112]

Pullout or breakdown torque

- Starting (locked-rotor)

Pullup torque

K Rated torque, T, \ Opgrating
: region
|
i JI Speed
Rated speed pee
Sync. speed

Figure 39. Torquespeed characteristic @n induction motar{113]
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45.1.5 Model Parameters

Notation Definition Value
* Moment of Inertia oPMSM Stator o Qe
* Moment of Inertia of PMSM Rotor T80 UQ'®
* Moment of Inertia of Wheel Disc VP QR
* Moment of Inertia of Wheel Tyre p QR
* Moment of Inertia of Rtating Rail (Roller) T UQ'®
* Moment of Inertia of AM Rotor [0 N OX V)
* Moment of Inertia of AMStator o UQ'R

E Torsional Stiffness oounting VP b ot OQ
E Torsional Stiffness of Wheel Shaft o up o &N OC
E Torsional Stiffness of Rubb&etween Wheel Disc and Tyre o ™ ) afi ©'Q
E Torsional Stiffness of Rotating Rail Shaft ™ op 0 dfi ®F
E Torsional Stiffness of AM Mounting v Tl an HQ
A Torsional Damping o0PMSM Mounting prml il ©Q
A Torsional Damping of Wheel Shaft plail &Q
A Torsional Damping of Rubber Between Wheel Disc and Tyre pmi aill ®Q
A Torsional Damping of Rotating Rail Shaft pl aifi ®Q
A Torsional Damping of AM Mounting pmu aifi ®Q
0 Poisson Ratio 0.3F]

s Coefficient of Friction for Bearings 0.007[-]

¢} Longitudinal Radius of Wheel 348 mm

¢) Lateral Radius of Wheel 291 mm

¢} Longitudinal Radius of Roller 452 mm

O Lateral Radius of Roller 1890 mm

7 Weight of the roller subsystem 5000 N

45.1.6 Simulation Results

In order to verify the mathematical model, simulations Haeten executed under the
same conditionsas 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 conditienpaesented ifrigure40a-f. The
reference torqueequested in the experimeand the generatedtorque by PMSMin the

simulation are given ifigure40Qa. It should be noted that the reference (blue) is the same with
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torgue request in the experiment and the torque plot (orange) is generated torque by PMSM
model in the simulatiorit can be seen that generated torque badlation around the reference
signal. This occurs due tdhe switching ofthe inverter of thePMSM. TheP o | a mdud s
parameters were adaptegdm adhesion measuremdot the CreepCoA relationship Figure

40b). Note that, the existing noise in the experimental measurements were not eliminated in the
corresponding graplkigure40c and e present comparison the wheel and roller speidus
simulated and experimental results, respectively. When the results are investigated in depth, a
good match can be seen between experimental and simulation tdsuéiever,the oscillated

motion experienced in thtestswas well captured by the simulatioff$is shows the efficacy

of the model in terms of prediction capabilithe graphs of simulated aretorded data almost
overlap for creep velocityF{gure 40d). The predictedresponsen adhesion forcancluding
ascending and descending branches is quite similar teexperimental valuesBy the
increasing torque requesa linear steep increment in the adhesion fonsefollowed bya
nonlinear response with several peakues Thosewere well characterized by the simulated
model. In the place where the maximum adhesion force is monitorexkgbenmental response

was firstdescendingnonlinearly up to certain value and theamtinued with increasing trend
under same torque requegtfter that, when the toue requestbecomes zero, a sudden
decrement in the adhesion forcas beerexperiencedThis can be seen iRigure 40f. The
oscillationswhich occurright afterrapid torque change can be seen clearly in adhesion force
and roller speed measurement grapiee adopted model was also capable of capturing the
oscillated responswhich occursaround zero The repeatability of the measurement and
simulation was alsprovided.The testvas repeated three times and similar resgingerque
requested/unrequested casese monitorealuring measurementhe simulated results were

alsocapable ofyenerating th same response.

Figure41 compares the dynamic model results with experimental measurements at the
roller peripheral speed of 10 km/h and wet surfaceditimm. Note that, the velocity and
requested torque in this particular case are lower thapréweousone; moreover, the surface
condition is selected as water contaminant which decreases the coefficient of adhesion. As it
can be seen irigure 41af, 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 matchbetween the simulation and experimentakults were foundjuite

satisfactory.
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The change in the ascending aledcending branches of the cymvbere the maximum
adhesion force is monitorgldas beemmbservedreryrapidy andcleaty. On the other hand, the
simulated respondellows an almostconstant path after reaching the maximum vékigure
41f). The reason for thimost likelyseems to be cleaning effegthichincreases the friction
coefficient [87]. This statement was also supported by the -Coéep plot Figure 41b). As
seen irthe corresponding figure, CoA value has increased gradually with the increase of creep
during the experimenOn 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 letatéva rmpact on the
investigated response variables (outcomes of the st&iyjlar to the previous case, the
oscillated motion in the transition area of adhesion f(iree area around zero adhesion force)
has beempredicted by the modeF{gure41f). However, the amplitude of thdata is lower than
previous caseHigure40f). Thereasories over the lower speed and less torque reqiéste

parametersignificantly change the dynamic response in terms of amplitude.
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4.5.1.7 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 bgmrformed. For this specifisection 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 stiffAsssentioned
in previoussection the torsional stiffness has been obtaasado v @ @fi @ Theresult of
adhesion forcebtained from simulation and comparisonnoéasuremerttas been givefor

theobtainedvalue of stiffnessn Figure42.

ilon
ent
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For Ne
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Ti nig Ti nig
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Figure 42. Simulated adhesion force with obtained value of torsional stiffagsSpecific
section of oscillation (b).

As seen inFigure42b a small oscillatiorthat occursaround zero adhesion forbas
been obtainedn simulation.Even it 5 a small oscillationfor avoiding possiblaindesired
dynamicinfluences the effect ofstiffer shafts has been examin&larting fromthe original
value f o v T @fi @ Qthe stiffness valubas beenncreased by 2G0 10 afi « @ every
simulation. The simulation resulté the parametric studand the relative amplitude change
(torque request decrease sedtmecording to the torsional stiffness change are givéigiare

43.a and b, respectively.
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4.5.1.8 Effect of the Asynchronous Motor Response

In order to understand the effect of asynchronous motgue characteristion the
mentioned issyehe motortorque characteristibas beemmodified by thelow-pass filter.In
this specific sectiarihe torsional stiffnesgalue has been takasthe orginal value and PMSM
characteristias idealizedin order tosolely obtain the effecof the AM torque charderistic

change on the dynamipehaviorof theroller.

In theory, from the torqusepeed characteristic aspect, the induction maipesate in
an almostlinear ranggFigure39) but, due to the inherent of the practical operations, it is not
completely possible to obtaihe saméheoreticabperatiorrange Also, beside AM itself, there
are additional componentghich influences the dynamic behavior such as controller and

inverter.

Torquespeed 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 toits 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-spepc:
characteristic of the AM is given for the same experiment in Figur&88een on thEigure

44 the torquespeed characteristic of the AM is faom expected linear operating region.
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A lineartorquespeed charaatédas been fitted betwedime range ofynchronous speed
and maximum torquend the fitted characteristids given inFigure 45. Besides the linear
mode] in order tacreatetherealstic AM torquespeed characteristiaresponselelay has been
applied via dscrete lowpass filter Best behavior has been searchegaametricstudyand
the possiblerealstic torquespeed characterisihave beeninvestigated The resultsof the

delayed chacteristicshave been giveim Figure46.
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Figure 44. Measured torquaspeed characteristic of AM
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Figure 45. Linear fit of torquespeed characteristic
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Figure 46. Obtained brquespeed characteristicga response delay
The applied lowpassfilter parameters are given iRigure 46 . In this simulation
p Tt step time has been usétkencewith p Ttcontrolparameterzeroresponselelayhas been
obtained A close torquespeed characteristicas been obtained with a significantbwer
control parametef2.75. Additionally, the influence of the same application on the adhesion

forceis given inFigure47.
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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 thrain reason of the issue mentioned in sectiah1is
response delagf the AM. Additionally, the stiffness of the shaft between roller and rlbr
hasan auxiliary effect on the mentioned isslre.order toprovide animprovement onthe
behavior of the roller rig a simulation has been applied witb response delay argher
torsional stiffness of theoller shaft.The stiffness of the roller shaft has been selected from the
catalog value of the same manufacturer typ&32 which hasp x QU0 & ¢3bhe results of
the improvedbehavior is giverFigure48. When the results are investigated in defthan be
seen clearly, the mentioned dynamic phenomenon has been eliminated with the increase of the
torsional stiffness andero valueof response delay. Additionallyn Figure 49, a quicker
response can be sdariheboth of theransition areas (increase and decredsarquerequest.

It should be noted that, in the corresponding figure, the blue line représemndsque request

however its value imultiplied with the wheel radius in order toake an easier comparison.
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4.5.2 Analysis of Rolling Disorders

In order to generate a solution to thavingtorque signaltherolling parts have been
investigated for radial eccentricity.t 6 s presuemedhe effect of the ouwbf-roundnessf the

rolling parts may create a waving sigridustration of outof-roundness is giveim Figure50.

Figure 50. lllustration of outof-roundness
It is believed that the disturbing signals has been 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 measimedisplacement gaud€igure51).
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Figure 51. Manual measurementith displacement gauge

Deflectionmeasurementwith manuadisplacement gaugmnducted on three different
locations on the rollerig. Thoseareroller, wheel andn the place wheréorque sensois
attached on the roller shafleasurement of the wheel and roller has been conducted from
several locabns. The maximum value obut-of-roundnessn the radiushas been obtained as
0.02 and 0.03 mnfor the wheel and rollerespectivelyHowever those obtained faorque
sensollied around0.17 mmwhich isrelativelyhigher than the other valueslso, the vertical
movementuring measurementie totheout-of-roundnessf theshafthasbeendistinguished
easilyby visual observationl t 6 s comsidezeathat thewave signal may occur due tioet
shaft eccentricity.lllustration of the possible effectof the abovementioned deflection

phenomenors visually presented ifigure52.

Torque _S-ensor Bearihg
Position
Figure 52. lllustration of shaft eccentricity
Based on theénitial measurements conducted by the mamispplacement gaugan
issuedue tothedeflection of the shafvasrevealedThis may affect the reliability of the roller
rig measurement result$hus, moredetailed measuremendse required to identify such an

adverseeffect. For this reasgran experimental setupasdesigned to measure the vertical
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movement of bearings on both sides and torque sensor wheplained in the following

section

4.5.2.1 Experimental Setup

Three lasedisplacement sensors have been positioned over the shaft connecting the
roller and AM.The illustration of the laser displacement sensors positioning is givegune
53. TheLK-H 055wereused on bearings and EK 087was usemn thetorque sensomBoth
of the sensorBave beemanufacturedy the company)eyence The maximum displacement
gaugse of the sensors arg0 and 80millimeters with an accuracy 0#0.02% [114]. HBM
Quantum MX 840Auniversal data acquisition modukéth 19200 Hzspeedhas been used for
data gatheringl15]. DAQ device LK-HO055 and LkHO87 displacement sensoasegiven in
Figure54 a, b ard ¢ respectively The measurementgereconducted wh a sampling rate of
600 Hz.The measurements were conducted with a sampling rate of 600 Hz. The application of
the displacement sensors on the retigrshaft is shown in Figure 42. Also, ander to verify
the time consistency between the religrand 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

61



University of Pardubicefaculty of Transport Engineeringransport Means and Diagnostics
Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Trawheel Roller Rig

43

a) MX-840A-P DAQ device b) LK-HO055 c) LK-Ho87
Figure 54. Used equipment in experimentd1a5], b[116], c[117])

Figure 55. Application oflaser displacement sensaoa roller shaft

4.5.2.2 Measurement Results

Themeasurements have been conducted under different spe&@s2®Band30 km/h)
andunderdifferent loads (4.310and20KkN) in order to obtain thbehavior of the shafinder
different conditionsThe measgrement resultor differentspeeds undet.3 kNloadsare given
in Figure56-Figure59. Relative movements of the measured positemescompared in each
graph. Asseen in theorrespondindgigures movement of theearbearing is significantlgmall,

and he movement of the toug sensoand front bearing is relatively higher.
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Figure 56. Displacement measurement results for 5 km/h undédNirdrmal load.
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Figure 57. Displacement measurement results for 10 km/h ufh@kN normal load.
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Figure 58. Displacement measurement results for 20 km/h under 4.3 KN normal loac
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Figure 59. Displacement measurement results for 30 km/h under 4.3 kKN normal loac
As it is seen inFigure56 - Figure59 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.
't i s noticed that i n ffectehaweiticalgscitlatioa ratklomevaral | o a
it relativelychanges the amplitude of the oscillatibtowever,it was noticed thathe trends

quitesmall.

Also, as expectedthe oscillation of the bearing and the torque sensor increased
proportionaly to the speed-or more comparative results, the signal should be analyzed deeply.
This will provideareliable assessment of the signal. Moreover, a relation between the rolling
disorder of the shaft and output signal of the roller rig measurement walvibaéd For this
reason,a frequency analysis has been applied todisplacement resultso that the most
influential signal can be outline@hedetaik of thefrequency analysis is given in the following

section.

4.5.2.3 Frequency Analysis of theDisplacement Data

DiscreteFourierTransformatiorhas been applied to tbetput daa The signal has been
converted from timéhe domain tothe frequency domaimand the dominant frequencigsthe
signalwereobtained.The frequencyanalysisof the datarom laser sensoisas been donie
MATLAB® environment.Results of frequency analysis are giverrigure60 - Figure63 for

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

For 5 km/h under different loadequency analysis of the laser displacement sensors
has been presenteéd the frequency domair{Figure 60), The dominantfrequenges of the
vertical movement for front bearing and torque sensofoaired 0.484 Hz Also, it is seen that
the load increaselid not affect the frequency of the oscillati remarkably Higherorder

harmonics of 0.484 Haasalso noticedn small power.Measuredraw signals are given in
appendixB.
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Figure 61. Frequency analysis of displacement sensorgd@dm/h in frequency domain
under 4.3 kNhormal loading.

In Figure61, frequency analysis of the laser displacement sensors has been presented in
thefrequency domain for 10 kmAimder normal loadThe dominantfrequeng of the vertical
movement for front beang and torque sensor are foun@7B Hz. Due to load increase have
not affeced the frequencies, othdoading conditions have ndieengiven Higherorder

harmonics of the @73Hz is also noticed in small power.
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Figure 62. Frequency analysis of displacement sensor@dem/h in frequency domain
under 4.3 kNormal loading
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In Figure62, frequency analysis of the laser displacement sensors has been presented in
the frequency domain for 20 km/h unddr3 normal load The frequencyof the vertical
movement for front bearing andrque sensowasfound 1.95Hz. Yet again, the frequency
does not depend on tkbBange in the load values
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Figure 63. Frequency analysis of displacement sensor8@dem/h in frequency domain
under 4.3 kNormal load

In Figure63, frequency analysis of the laser displacement sensors has been presented in
the frequency domain foB0 km/h under 4.3 kNnormal load The frequencies of the vertical
movement for front bearing and torque sensere found at 2.99 Hz. Yet again, he other

loading conditims have not been given due to the independency dieljagencies in load
change.

4.5.2.4 Frequency Analysis ofRoller-Rig Data from Torque Sensor
In order to compare the dominant frequencies betweatigspkcement sensors and the
output signal of the rollerig, a Discrete Fourier Transformatidras beermappliedto rollerrig

output signabs well Results of the frequency analysiegiven inFigure64 - Figure67.
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Figure 64. Frequency analysis of therque signat from the rollerrig for 5 km/hin
frequency domaiander different loadings.

In Figure64, frequency analysis of the torque sigmalsasuredrom theroller-rig for
5 km/handunder different loadkas been presentedthefrequency domainThe comparison
of theresultsis presentedn Figure64d. It wasnoticed thaincreasing the normal loatid not
changethe dominant frequenciesiowever the amplitudesof the oscillationswere slightly
increased

For 5 km/h, themechanicafrequency of the AM rotor is 0.Z8Hz which corresponds
to 2.433 Hzor the electrical frequency of the AMhe dservedfrequencies are thieigher
order harmaics ofthe asynchronousnotor electricalfrequeng. The observedharmonics of

the AM electrical frequencagre given inTable3.

Table3. Obtained frequenes from frequency analysis for 5 km/h

AM El. Freq.
(Hz) Harmonics (Hz)
2433 4897 7299 9.792 12215 14.645 17.095 1956 22.030 24460 26.839 29.312
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Figure 65. Frequency analysis of the torque signals fromrdtier-rig for 10 km/h in
frequency domain under different loads.

In Figure65, frequency analysis of the torque signals measured from the-nigllier
10 km/h and under different loads has been presentbdfiequency domain. The comparison
of the results is presentedkigure65d. It wasnoticed thaincreasing the normal load did not
change the dominant frequencies, howetlee amplitudes of the oscillations were slightly
decreased

For10km/h, the mechanical frequency of the AM rotor BA28Hz which corresponds
to 4.864Hz for the electrical frequency of the AM. The observed frequencies are the-higher
order harmonics of the asynchronous motor electrical frequercgptfor 1.333 Hz The

observed harmonics of the AM electrical frequency are givdialne4.
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Figure 66. Frequency analysis of the torque signals from the raltgfor 20 km/h in
frequency domain under different loads.
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Table4. Observed frequencies from frequency analysis for 10 km/h

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

In Figure66, frequency analysis of the torque signals measured from thenigltier
20 km/h and under different loads has been presentbdfirequency domain. The comparison
of the results is presesdt inFigure66d. It is noticed that increasing the normal load did not
change the dominant frequencies, howgettee amplitudes of the oscillations were/istly
changed

For20 km/h, the mechanical frequency of the AM rotat.iB®®33Hz which corresponds
to 8.9665Hz for the electrical frequency of the ANlUnlike previouscases thereare no
harmonics observed R0 km/h casel.333 Hz is also observed in this case.
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Figure 67. Frequency analysis of the torque signals from the raltgfor 30 km/h in
frequency domain under different loads.

In Figure67, frequency analysis of the torque signals measured from the-nigllier
30 km/h and under different loads has been presentbdfirequency domain. The comparison
of the results is presestt inFigure67d. It is noticed that increasing the normal load did not
change the dominant frequencies, howetlee amplitudes of the oscillations wereistly

changed.

For30 km/h, the mechanical frequency of the AM rotd®.8343Hz which corresponds
to 14.6713Hz for the electrical frequency of the AM. Thiherobserved frequenyds the 4th
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order harmonic of the asynchronaagor frequency.1.33 Hz is also observed in this cake.
should be noted that) Figure67d, the differencesn thefrequency around5 Hz occurs due
to the speed settig of the roller rig Maintainingthe exact same speddr different casest

high speeds is relatively hard.

When the torque signdhser displacement sensor data and frequency analysis of both
were comparecho 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 oscillationAll measured ravdata is given in appendi.

As a result of theonclusions reached, it wdgcidedthatfiltering is the bestsolution
for eliminating the wave motion on therque signalSuitable filters have been examined and

a suitable filter method has been applied and optintzedlve the waving signal

4.5.2.5 Filter Selection

The frequency analysis revealed tladhostall of the disturbing frequencies in the
output signalsvere generated by the asynchronous motor. Other disturbing frequencies are
notably less than those produced by AM. Theentionedsignals produced by AM var
accordingto the operation speed. It is planned to design a filter in order to eliminate the
distubing signals that change depending on this speed and to obtain a more useful and smoother
test result. Inthis section; considered filterselection of filter type, selection of parameters and
method of applicatiomre explained.Common filters used in #hliterature has been analysed
from various aspects. Their contributioasd handicapsave beerexaminedand the most

suitable filter has been applied.

In its simplest form; the expectation from a filtering procedure is that it yields the best
output withminimal 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 highfrequency data group with low amplitude (noise) and aflequerty 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 measurementg has been observed that the signalehaghfrequency 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 filterthat providesa snooth output, various types of filters applied to the rdiigr
data.Common filter algorithms such as Butterworth, Moving Average, Gaussian, Savitzky
Golay,Local Regression filterfiave been selected for the applicatioocal Regression filters
have been applied with different versions such $s2¥ degree polynomials and different

weightings. Except for Butterworth filter all other filters aségsoknown as smoothing filters.

Butterworth is a type of filter designéal obtain a frequency response as flat as possible
in the passband 18]. Designed Butterworth filter for 1st, 2nd and 3rd order is givefigare
68. Theselected cubff frequencyis 1.2 Hz which can be the minimum to eliminate noises and
keeping lowfrequency dataAs seen irFigure68. the noises in the have been eliminated in the
steadypart A comparison of frequency analysis of filtered data and rawisigteen inFigure
69. With a closer look, it can be seen that there is a significant differencedretiefiltered
data and the raw data in the transitiegions.The filter with the 1st degree followed the spikes
slightly. The 2nd and 3rdrderfilters did not catch thepikesin the transitiorpartand caused
their completeelimination Moreover, thee isa considerable delay in the filtered data.eTh
reasorfor thisdelay is tte ratio of the derivative of the phase response to the freq(En8)y
As a result, it is concluded that the Butterworth Jpass filter is not a suitable filter forith

application
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Figure 69. Frequency analysis of applied Butterworth filters

Local regression is one of the most popular methods in statistics. tegralssion
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 versionaedittiey are designed
in order to be resistive against the extreoodlier data pieces. Ifigure 70, the LOWESS
application on the selected data with various window len@th& numberjs given. Due to
the incapability of the filterthe application couldotsucceed 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={gure 71). With the 13-window length, it succeeded to eliminate the

72



University of Pardubicefaculty of Transport Engineeringransport Means and Diagnostics
Accuracy Improvement of Measurements by Analyzing Dynamic Response of a Trawheel Roller Rig

noises in the steagbart,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

Figure 71. LOESS filtering othe raw data for variousvindow lengths
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