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SEVWUDFW

Energy consumption in electric locomotivesprncipally the power consumed in traction
motors. In order to reduce this energy consumption, the motion resistances of the train need
to bereduced. These resistances include aerodynarmestial and grade forces; curving

resistance; and bearing and wheel/railction.

Thoughmany factors such as gradient resistance cannot be modifiaccontrol system is
included curving resistance can be mingad by reducingthe energy losses in the contact
patches between wheel and rail. Therefore, operatipretices ould be modified in order

to obtainthe most appropriaterheelset attack angle between wheel and rail, and appropriate
train speed. One solution is to implent asteeringcontrol system. The function of this control
system is to monitor and control théeelset lateral displacemeat the attack angle of the
wheelset Thiscould reduce the energy dissipated at the contact points between wheel and

rail, conseuently reducing the energy consumed by traction motors in railway vehicles.

Therefore, he work presented in this thesis aims to design and develop a control method for
combined vehicle traction and wheelset active steecmgtrol systems and tassess the

energy efficiency of a rail vehicle under typical operational conditions.

In order to achieve these aintgjo dynamicmodelsof a typical railway vehiclénave been
developedn MATLAB andSimulink The first model compriseke electrical tracton and
mechanical system (passive system). The second model includes the pashewlaeelset

active steering controbystem (active system). Thasedet are used to determine the
relationship between traction energy consumption and the energy dissipated in the contact
points between wheel and rail, and to compare the passive steering systenviedhset

active steering contradystem, determining the pdsities for energy saving.

In order to assess the influencetbé wheelset active steering controh the relationship
between wheel and rail contact forces and traction power a seriéetefministic track

features are set comprisirgyirve radii withdifferent cant deficiencies and wheel conicities



Also a typical track profile from Leeds to Hull is used. From these simulationgyalcéon
energyconsumptionenergy dissipated at the contact patcheesd energy consumed by the

steering actuators arealculated.

Statistical analyseare used to understand the relationship betw#ertraction powerand
wheelset motion dynami¢lateral displacement and attack anglE)e active vehicle model
scheme is used to investigate the improvement of the energy efficiency of a railway vehicle
using active steeringl' he wheelsetactive steeringcontrol systemanalysisshowswhether
differentcombinationsof vehiclespeedwheelsettonicity and track curveradius lead to a
reduction,no reduction,or an increasein traction power consumptionThe probability of

high power consumptiorunder differentconditionsis assessedtb ensurethat it is reduced

wherevelpossible.

The ability of a forecasting model to predict tinaction powerconsumption behaviour of

railway vehicles from th&heelset motion dynamigassessed. Findings show that the overall
prediction accuracy is fairly similar to th@ower measured from the passive vehicle running
on a track from Leeds to HuHowever, the algorithm does not perform effectively for the

deterministic trackKeatures

Finally, the benefitsof implementingvheelsetctive steeringcontrol systemsn termsof the
mitigation of contactforces betweenwheelsand rails and how this mitigation influences
traction energyconsumptiorare evaluatedo determinaunderwhatconditionsenergycanbe
saved.
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Chapter 1
, QWURGXFWLRQ

This chapter commences with an overview of methsedto reduce friction between wheel
and rail. This is followed b definition of theesearch problem. Nexhe motivation for the
research is presented. This is followed by the aims and objectives of the redeamctne
research methodology.astly, the structure of the thesis is defined and the content of the

subsequenthapters is outlined.
1.1 Background

Recently, many largescale highspeed railways have been built, and vehicle operating speed
is increasing gradually, leading to increased energy consumption. This project investigates
three types of energy inside the railway vehittaction energy mechanical and friction
energy, in oder to describe how mechanical and friction endrdipence the electrical
energy. This responde a need to reduce the friction energy in order to reductabion

energy

In doing work, the energy is transformed from one form to one or more oth&jsjo Some
energy can beecoveredsuch as energy due to the acceleration and inclination forces in a

railway vehicle by using regenerative brakifng, Weston, Hillmansen, Gooi, & Roberts,

2014. +RZHYHU VRPH RI WKH HQHUJ\ VXFK DV IULFWLRQ HQ

in the sense that it cannot be brought back and used again. This project aims to reduce the
amount of lost energy, and provide a clear understanding of how this enartfiyenced by
the wheel and track profile and vehicle spaad how it is linked with other variables. From

this understanding strategy can be developed to reduce this energy loss.

In a railway vehicle, the friction between wheels and rails is awitapt parametewhich
increases th&V U DALRWVYRQ UHVLVWDQFHY DQG FRQVHTehergyWO\ LQ
consumption. In recent yeatBere has been significant wark the reduction of friction using

methods such as: traditional lubricatiof the gauge face/flange interface; using friction

modifiers at the top of raivheel tread interfacg/anderMarel, Eadie, Oldknow, & Iwnick],




2014); and recently,Tzanakakis (2013, p. 1(J%as ilustrated the use of active primary

suspension to control the vehicle running behaviour at the whéehterface.Wheelset

active steeringontroltechnology can result in substantial reductions of wheel and rail wear,

especially the wear and noise asatad with going round curvd®runi, Goodall, Mei, &

Tsunashima, ZO(HMei & Goodall, 2003 Recent studies have indicated that this application

of wheelset active steering contrigichnologyprovides a comprehensive solution for the

fundamental design conflict between vehicle stability and curving perforn?Bnmei et al.,

2007%).

1.2 Research Problem

Railway vehicles represent aixad electremechanical system. The existing commercial
codes (SIMPACK, VIRAIL, VAMPIRE) provide different approaches for-somulation

using Simulink. In many cases the-gimulation simulates the electrical system along with
the mechanical and controystems.However, each of the codes has its own specific
assumptionsand the range of the applications is limited. Therefore, there is a need to simulate
a complete mixed electric and mechanical system in the same environment for technical

scientific research and visuaison.

This study presents a simulation model of a full electric railway vehiclethe
MATLAB/ Simulink platform to examine energy flow duritigaction The vehicle system
consists ofthe power conversion equipment, trantisystem, active suspension system,
mechanical drive train, wheedil interaction and control system3he application of
MATLAB/Simulink as an environmenallows a useffriendly interfaceto be set upand

streamlines the simulation process.

Despite extasive prior literature, data about the correlation between vehialgion Power
required to propel the vehictndcreep forcesit the contact patches between wheel and rail
are limited. Therefore, this study provides an important opportunity to advdwece
understanding of the association betwerrep forcest the contact patches between wheels

and rails, and theraction powerconsumption of a railway vehicle.

During the last decadgarious steering strategies haween shown to significantly improve

the vehicle performance on cun{éSShen, Mei, Goodall, & Pearson, 2p04owever, there




is little research describing the influence of active contrdraction energyand how much
energy can be saved by applying this tedbgy. This work has also clarified the influence

of various combined factors dhe energy expended at the contact point between wheel and
rail and the energy consumed by the traction system via the inclusion of the wheelset steering

system
1.3 Research Motiwations

Active suspensions for railway vehicles have now been under serious consideration at a

theoretical or experimental level for several decgB&4 Goodall, 199. Over this period, a

number of conceptual studies have laid the theoretical foundationsuarey papers have

provided a review of approaches and developments of primary active suspension

A number of primary active suspension approaches are described, for example stieecds

wheel pairqWickens, 199}1 activelysteeredhxles(Aknin, Ayasse, & Devallez, 1991and

also the us of axles with independenthptating wheeldMei & Goodall, 2003P Those

approacheareappliedto steerthe wheelsebr wheels to optimise theinteractionwith theralil
andthe distributionof the guiding forces,andalsoto improvethe stability of the wheelset,
which in a mechanicalsystemcan becomeunstableand p K X godv&a critical speed

Iwnicki, 2009. Moreover rolling contact fatigue (RCF) on raitein bemitigated A gapexists

in thesestudies becausesnergyconsumedy the traction and steeringsystemand energy
lossesat the contactpoints betweenwheel and rail, and the relationshipsbetweenthese
variableshavenot beensufficiently investigated.

By addressing this gap, a further problem needs to be considered: this new usage of active
primary suspension for service operation has isg@dhe number of electronic systems in
railway vehicles. This presents a problem because while railway simulation software tools
such as VAMPIRE, MEDYNA and ADAM&RAIL consider the mechanical parts of a railway
vehicle, the electrical systems inside thahicle are not normally included in the software
libraries. This thesis attempts to fill this gap by modelling both systems (electrical and
mechanical) in a single simulated environment using MATLAB and Simulink (using the

features of SimPower toolboxexluding the steering actuator model).



1.4 Research Aim and Objectives
1.4.1Aim:

Theaimsof this studyare:

x Develop a novel dynamic model of the rail vehicle in MATLAB aBunulink
comprising the electrical and mechanical elements (including traction and steering
systems) which can be uséd study methods aiming to optiesi the energy
consumption of the vehicle.

X Improve the understanding thfe influence ofvheelset active steerirmgntrolon the
relationship between wheel and rail contact forcestiaution power

x Determine the potential improvements in the overall energy efficiency of the railway

vehicle usingvheelset active steering control
1.4.20Dbjectives:
To achieve the goal ofiis research the corresponding objectives are specified as follows:

Objective 1 To perform a literature review and establish the theory, evidence and knowledge
gaps in order to review the existing energy saving technologies for railway tragsimms,
software for rail vehicle dynamic®verview of wheelset active steering contrahd an

overviewof railway traction systems

Objective 2 Develop a novel dynamic passive system railway vehicle model in MATLAB
and Simulink comprising the electra traction system and mechanical elements using the

recent features of the SimPower toolbox.

Objective 3 Develop a novel dynamic active system railway vehicle model in MATLAB and
Simulink, this activesystem comprisethe passive system and tiwbeelsetactive steering

controlsystem.

Objective 4 Use a series of curvadii with different cant deficiencies, and then validate the
proposed model in MATLABBimulink using the existing literature.



Objective 5 Determine the relationship betwetetraction poweand the motion dynamics

of the wheelsewith both the passive and active systems.

Objective 6 Compare the results between the passive system (watomuttrol system) and
the active system (with steering control system) to identify opportunitiasd potentiafor

overall energy reduction.
Objective 7 Establish directions and guidelines for future research in this field.
1.5Research Methodology

In a highspeed railway vehicle, the friction between wkeehd rails is an important
parametethat LQFUHDVHV WKH ORFRPRWLYHYV PRWLRQ UHVLVW
traction motor§ consumption. However, data about the correlation between vehidien
energyconsumption and energy losses at tbatact patches between wheel and rail are
limited. This study provides an important opportunity to advance our understanding of the
association between energy dissipated at the contact patches between wheels and rails, and
thetraction energgonsumption ba railway vehicle. Based on this understanding, this thesis
assesssthe effectiveness of appétion of wheelset active steering controethod to reduce

traction consumption.

In order to develop this system, the following stepsebeen taken. Firstwo models have

been developed: the vehicle model and the traction system model (chapter 3) and the wheelset
active suspension model (chapter 4). The combination of the vehicle model and traction model
create the passive model, wher#as combination of the vehicle model, traction model and
wheelset active suspension model create the active model. Second the passive and active
Simulink models are psented (bapter 5) then the data from the passive model and the data

from the active moel are analysed (chapter 6 and 7).



Figurel-1 lllustration oftheresearch methodology
1.6 Structure of the Research
The thesis consists of eigthapters, the contents of which are briefly described below:

Chapter 2 xpresents the litature reviewon the existing mergy saving technologies for
railway traction systemssoftware for rail vehicle dynamicandthe overview of wheelset
active contral The objective is to improve understanding in the fagiglicationsof active

primary suspension contrdrhis chapter also overviews railway traction systems.

Chapter 3tdescribes thpassivevehicle model, includinghe mathematical equations tife
wheelsets, bogies and cardypandthe mathematicatquations of thé&raction system which

includes the threphase voltage supplyariable sped drive and the traction motor

Chapter 4+describes the active vehicle system which comprisgsassive system described
in chapteB and the mathematicafjuation®f awheelset active steering contsyistemwhich
include the threephase voltage supplyhe variable speed driyvéhe actuator (motor) model

and he speed reducer.

Chapter 5+presents theynamicmodelof the passiveandactiverail vehiclesimplemented
in MATLAB andSimulink, to present the dynamic behaviour of the velsieled calculate

the energy dissipateatthe contact patch between wheel and rail.



Chapter 6 tassesses ¢hinfluence ofwheelset active steering controh the relationship
betweenwheelset motion dynamiandtraction power The chapter aims to assess which
factors hae a predominant effect areep and flange contdotrces between wheels and rails,
consequentlgffecting the amount dfaction powerThetraction powers predicted from the

wheelset motion dynamiessing an algebraic regression model.

Chapter 7tquantifies and evaluates the benefits of implementthgelset active steering
controlsystems on th&action energyxonsumptionThis chapter presents and discusses the
results obtained from the developed mathematical model (chapters 3 and 4) for a rail vehicle

travelling on a conventional track.

Chapter8 tdiscusses and draws conclusions from the research, putting forward suggestions

for further work.



Chapter 2
/ILWHUDWXUH 5HYLHZ

This chapter reviews the literature on the existing energy saving technologies on railway
traction systems. Itincludes a summary of software for rail vehicle dynamics. It also contains
an overview of wheelset active contrbhis chapter also reviews thlexisting literature in

order to describeconcepts used in this studyhis chapter also overviews the railway

traction system.
2.1Introduction

Through extensive literature surveys, it is clear that there are alternative methods which
overcome the issue of tlemergy losses in rail vehicles. The concept of reducing energy
dissipated at contact points between wheels and rail using wheelset active control will be the
main topic. This literature review aims to cover the energy efficiency strategies used in the
rail industry,software fortherailway vehicle dynamics studthe development of research

into wheelset active steering contra@indto summarisethe typical schema of a traction

system including all components from pantograph to wheels.
2.2 Energy SavingTechnologies o Railway Traction Systems

A literature review was undertaken across a humber of areas surrounding the energy losses
in rail vehicles to establish a theoretical framework for sources of energy losses and energy
efficiency strategiesThe tradion energyabsorbed from the power supply system can be

split up into four main portions:

x Energy needed to accelerate the train and moveaiguadient
x Energy needed to overcome running resistance (friction amelsastancg
X Energy needed for eboard purposes such as comfort functions in passenger trains

X Energy losses in traction or energy conversion equipment

Therefore,research on reducing the tranaction energyconsists of two aspects: cutting

down the losses and increasing tlse ofregenerative energysu, Tang, & Wang, 2036




The following illustrates the maistrateges used in the rail industry toeduce potential

energylosses

The use of aw and lightematerials andraction components can decrease WiéJ) 2heQyy V

demandAluminium carbodies havenostly replaced steetonstructions and can now be

considered as standard in new stock for regional and high spee(*CIineareIIi, 2014

Carbon fibre may become more widely used utufe developments in caody

construction and mayinclude concepts such as articulated trains with Jagpk bogies

Xue, Ingleton, Roberts, & Robinson, 2Q1Cuttingedge propulsion componerdsealso

lighter, such as thiasulatedgate bipolar transistor (IGBWhich isreplacing th&sate Turma

off Thyristor (GTO) (Eckel, Bakran, Krafft, & Nagel, 20Q05Innovative concepts such as

the medium frequency transformamlditionally indicate thafurther progressnay be made

in this direction{Hoffmann & Piepenbreier, 2010

In high-speed passenger trains and in freight trains air resistaads to higheenergy

consumptionThis problem is illustrated be Nolte & F Wurtenberger, 2008vho show

that raising the top speed from 280 km/h to 350 km/h would increase energy costs by about
60%.For reducing air dragp high-speed trains,avering bogies with smooth fairingéfers

a good solutioffTabares, Gémez, Nieto, & Giraldo, 2018 arailway vehiclethere is a

theoreticdly huge potential reduction which could be obtainedby covering cars and

arranging them imn aerodynamically favourkgcar order.

For most electric vehicle systemsnétic and potential energpgceleration angradients)
can be recovered via an electric traction system, and as these become progressively more
efficient, the energy needed to acceleratemove the tran up gradients becomes less

important The actual recuperation rates are strongly influenced by the supply system and

traffic density(Ciccarelli, Del Pizzo, & lannuzzi, 2014This part of regenerative braking

enegy can be reused by itself, stored inlwoard energy storage systems or be transmitted

backwards to the overhead catenary or the third rail airekd by other traingyang, Chen,

Li, Ning, & Tang, 201$

Energy efficient driving isalsoa promising strategy for saving energyis comprises of

many differentmeasures and approach&®m instructions and training programmes on



driving style to electronic driving advice systems (DAS)ccarelli, 2014 and (Roland

Nolte & Felix Wurtenberger, 2003

Asynchronous traction motors have become the standard sofoticenergy savingn

electric railwg technologyHowever, in the futureermanent magnet motors may prove an

interesting alternative to asynchronous motors in some *MzaKondo, Kawamura, &

Terauchi, ZOOF

More efficient tansformers argenerallyheavier, so dimensioning this component always
involves a compromise between efficiency and mass. As an alternative to conventional
transformers, two innovative conceptave been proposethe HTSC transformer which
uses a superconducting material to cally increase efficiency, and the medidrequency

transformer which saves mass and losses by exploiting the fact that induction increases with

frequency{Martin, Ladoux, Chauchat, Casarin, & Nicolau, 2p08

In the field of invertersthe main efficiency advances lie in power electronit$1Z VWRFN {V
component efficieng has generally improved by replacing GTOs wi@BTs. Today's

electric traction components (AC asynchronous traction motors with IGBT inverters) offer
little potential for further energy optimisation. However, substantial <gbort
improvements can bmade viatheoptimal control of these components and their interaction

K. Kondo, 201(?.

Mechanical friction comprises all the dissipative effects of whaiklinteraction, mainly
friction caused by dissipation in the wheail interface due to increased frictional forces

partiaularly when driving on curved trackdncreasedwheel/rail contact forcesesult in

increased wheel and rail wear, outbreak of squeal miskepf derailmen{Kim, Byun, Park

& You, 2007 and significantly impaatnergyconsumptionOnesolution whichis especially

effective incurves,is rail lubricationto redu@ thefriction between rail and wheel. A second
option, illustrated byKim, Park, and You (2008ndSim, Hur, Park, and Kim (20143 a

wheelset active steering contsystemdesigned taeducewhed/rail contact forcesn curves

and to decrease wheel/rail wedavier Perez, Stow, and Iwnicki (2008udied the benefits

of implementingwheelset active steering contrslystens in railway vehicles for the

mitigation of rolling contact fatigue (RCF) on raiBy applying active steeringJei, Shen,

Goodall, and Pearson (2005)enly distributed the lateral creep forces between the wheelsets
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significantly reduing the creep forces (hence the wear and noise) at the \ndikeiglterface
and also minimigg the track shifting forces on curves. Mastrrently consideredctive
suspensiosolutionsrelate to the secondary suspension between the body and the bogie (with
the objective of improving ride quality), but the concept can also be applied to the primary

suspension between the bogie and the wi{egl2001).

2.3 Software for Rail Vehicle Dynamics Study

The traction and active suspension systera kil vehicleis a very complex mechatronic
system that includes different electreechanical and mechaaicsubsystems. Therefore, it is
common to use esimulation for the creation of mechatronic models. This approach is usually
based on the combination of two types of softwanelti-body simulation packageg$or
mechanical modeJsandsimulationtools forelectric, hydraulic, thermal and control systems,
etc. The existing commerciabdes (SIMPACK, VAIRAIL, VAMPIRE) provide different

approaches to esimulation using Simulink. The simplified concept is presentgigare

2-1

Figure2-1 Development concept of a model design for a mechatronic system using co

simulation software

Themain disadvantages of several of thessiowulation softwee products mentioned above

arethat dependent on the software package used, thevadd impact of the research may

be limited by government regulatio{&piryagin, Simson, Cole, & Persson, 2pMoreover,

the software interfaces do not make the underlying coding transparent or accessible. For
researchers and specialists, knowingdétail and controlling each part of the software used

for the investigation process has a significant influence on the obtained rskakisg the
algorithms used for the esimulation process open for discussion and criticigld create

a more scientificresearch processhich allowed for greater innovation. Additionally, eo
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simulation softwares can be expensive and staff need to be trained to use the software, which

also adds to the costs.

In this study, the traction motors, mechanicalvé@rirain, wheerail interaction, control
systems, traction transformer and power supply systems are madéléd LAB/Simulink.

The modehllowsthe user tanteractivelyview effects such as control loop performance and
power semiconductor stress levets., ina singlesimulation as shown iRigure2-2. Using

this model, various control functions such as traction and wheelset steering control can be
studied. In addition, the application of the MATLAB/Simulink elaviment gives us a chance

to build a user interface.

Figure2-2 Single environment for simulating mwdomain physical systems with control

algorithms in Simulink
2.4 Background and Overview of Solid Axle Wheelset Active Control

Vehicle suspensiorctive control can be used itmprovedynamic performance levelsthat

are not possible with purely passive solutions, facilitating higher speed and/or reduced track
interaction. The input/output relationship provided &y active suspensiorsystem is
dependent upon the configuration of sensors and actuators and th@ stvategy in the

electronics However,jn the passive case, this is determined by the values of masses, springs,

dampersaand the geometrical arrangem¢Btuni et al., 200).

It has beenwgggested byheoretical studies that there is a future need for active suspensions
to be applied not only to the secondary suspensions, to improve ride comfort, but also to the

primary suspensiornto improve curving performance and stability at higher sjsefkRM

Goodall & Kortiim, 198R
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Active control of the wheels or wheelsets has been studied in many vanaitiotise aim of

providing cost effective, robust and practically implementable methodologesous

configurations and implementation of the active primary suspernBonell & Wickens,

1994|G. Shen & Goodall, 1997And the control options have been propdsdd Goodall,

199§|Li, 2001(Mei, Goodall, & Li, 199?.

Many acive primary control strategies armbntrollers have been analys@@retzschel &

Jaschinski, 200@-iang & lwnicki, 2013(Michitsuji & Suda, 200pPowell, 199? and(Liang
& lwnicki, 2007 [Liang, lwnicki, & Swift, 2004 and have highlighted that their general

performancas adequate and/or requererimary feedback variables, which are impractical
and costly to provide. They have also highted the need for track curvature and cant

information in order to provide active control of the vehicles, which is difficult to provide and

costly, as concludedby many research papers such (8ei & Goodall, 2001 |Pearson

Goodall, Mei, Shen, et al., 20p4rhis is partly due to théemandingvibration and climatic

environmet, the profiling of the wheel and the shape of the rail, which cause difficulties for

measurement technologies such as optical, inductivdGetzschel & Bose, ZO?ZChange

in technological advances were surveWI(Bruni et al. (2007)o show how railway dynamics

have been usedombinedwith sensors and computer procesdorereate the vaiety of
concepts and implementations of active control of the primary suspension of a railway vehicle.
Lately, several vehicle (mechanical) configuration schemes for the wheels and wheelset
control have been suggested. The suggestions are: actuatedxémlidheelsetwheelset

active steering contrjl actuated independently rotating wheels (AIRW), driven
independently rotating wheels (DIRW), directly steered wheels (DSW) and lastly secondary
yaw control (SYC). The suggestion adopted in this projeceiathuated solidxle wheelset
(wheelset active steering confrolThe actuated solid wheelset has had various studies
conducted all offering to provide steering without compromising the stability inherent with
the solid axle. Researchers have analysedatonh being provided directly on the axle
Pearson, Goodall, Mei, & Himmelstein, ZQFMPerezBusturia, & Goodall, 2002G. Shen

& Goodall, 1997 and some have developed control strategies to geedhie actuatiofMei

& Goodall, 2000¢|Pearson, Goodall, Mei, Shen, et al., 200@oncepts have also been

developed to provide acition from the bogie to the wheelgdtPerez et al., 20QZ anifuiji,

Sato, & Goodall, 2003 again offering to provide good curving performances and stability.
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Studies have showthat applying active control to the wheelset in the form of a yaw torque,
which is proportional to the lateral velocity of the wheelset, would produce a form of damping
which is stabilising and does not interfere with the curving perfornﬁwr Goodall & Li,

2000

wheelset active steering conteosins to follow the centre line of the track and keep the centre
line of theaxelradial with the curve, producing no lateral creep fo. The

wheelset can hower be subject to large lateral translations, which would be extremely
difficult to measure in order to return good controllability in practice. Therefore, active
guidance is key to avoiding flange cont @. This will reduceany wear, which

could occur during the contact. iShmethod however again requires a high bandwidth control
RM Goodall, 199Y.

Actuated solidaxle wheelsetwheelset active steering con¥olAn examination of the
original idea was accomplished using controlled traction rods to provide a type sihyday

to wheelsets withconical wheelsn order to achieve a smooth curved movement without
compromising stabilityG. Shen & Goodall, 1997)n this type of setip, a controllable torque

is produced by the actuator which is dirediethe wheelset to maintain the stability and the
curving performance of the railway vehicle. Tivbeelset active steering contnab yaw

torqgue and lateral force mechanisnase shown in figure (23). Mei & Goodall (2000b)
proposed that yaw actuation is a better choice as compared to lateral actuation since it requires
lower control forces to attain equal stability and the travellers using the vehicle will feel more
comfortable. Several investigations cootlhd over the past have mainly been examining the
benefits of adopting thevheelset active steering coniral the design of the advanced railcar

as opposed to the passive vehicle. For instance, an investigat{®erezet al., 2002)
concentrated on the demands of the sensing elements and the necessary state approximations
for the operation of the active control techniques. All this was geared towards efficient
movementon curvedtracks An all-inclusive researcpaperwaswritten by (Pearsoret al .,

2004)on both stability and operation in curved rails, features of the actuators and sensing
elements and also the necessary state approxmatidhe realworld operation. This idea

was practically tested on a full size vehi@fRearsoret al.,2003) Acrossthesestudiesthere

has beeninsufficient investigationinto the energyconsumedby the traction and steering
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systemand energylossesat the contactpoint betweernwheelandrail, andthe relationships

betweerthesevariables.

Figure2-3 Actuated solieaxle wheelsetwheelset active steering confreia yaw torque

andvia lateral force

2.5Overview of Railway Traction Systems

In order to build and understand the traction system model (chapter 3) here the traction system

is overviewed in full taking each component individually and showing how traction systems

vary according to the context in which they are used.

High speed trais, locomotives, trams, and metros anerently equipped withan electrical

supplyand electrical traction systeflireuawan, 200B Generally a traction systeroonsists

of all components frorthe pantograph tthewheel®t A typical schema of eailway traction

systemis shown ir[Figure 2-4

Within this system,hte mntographextractselectricity from

the power supply, which thepas®esthroughthe DC rectifier, whose main function is to

supply a DC source tiheinverters at the desiradltage level. The inverter then transforms

the DC source into a variable frequency AC sowned provides it to the traction motors.

Mechanical energy is sent to the wheelsthigearbox.
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In the UK railway system, there are three principal supply types:-failrdurrent collection
using collector shoes (750V DC) and four#il current collection using collector shoes (630V
DC) (more common in short route and low power aations such as trams and mejresd
overhead line current collection using a pantograph (25kV 50Hz AC) which is suitable for
long routes and high power trains such as EMU (Electric Multiple Units) due to low

transmission losses in the overhead supphoosing the optimum supply type produces a

A

favourable compromise between energy losses and traction syste‘rlﬁreysﬂOli

The inverter requires a DC source with a speetitagelevel input. If an overhead DC supply
is used, a stepp or stepdown chopper is heeded to match the voltage level of the DC source
with the voltage required by the inverter. If an AC supply is used, a transformer and a rectifier

are required.

There are two types of electric braking: regenerative braking and rheostat braking.

Regenerative braking is more effective in terms of lowerimg énergy consumption.

However, for safety reasons, a rheostat resister braking must always be qhhoairdal.,

2014. The rheostat braking system consists of a chopper connected to a DC bus and a braking

resistance with a cooling fan.

Recent traction systems have uged traction motors. This system must include a DC/AC
converter or hase inverter to vary the motor sgde In the past, high power applications
applied switching components such as Gate Turn Offs (GTO) and Silicon Controlled
Rectifiers (SCR). Thessow obsoleteomponents have been replaced by high efficiency and
fast switchingGBTs (Luniewski & Jansen, 20Q{Figure2-5|shows howK. Kondo, 201@

presents thaistory of Variable Speed Converter device application in the traction field.

Currently, many traction systems use squirrel cage induction motors, which are highly reliable
and simple in terms of manufacturing and maintenance. However, high densty and

high efficiency permanent magnet synchronous mofpesmanent magnet synchronous

motor), are very attractive in traction applicatifitreuawan, 2008
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Figure2-4 Schema of railway traction systiiﬁreuawan, ZOOF

Figure2-5 Progress in semiconductor devices
2.6 Summary of Chapter 2

This chapter provides an overview of the energy saving technologies on railway traction
systems A review ofthe literature regeding how the computer software to@e used to
modelrailway dynamic$asbeenpresentedin addition, theadvantages of thapplication of

the MATLAB/Simulink environmenfor applying various control functions such as traction
and wheelset steerivgasdiscussedThen areview oftheliterature regarding the solid axle
wheelset active controlwas presented. This includewvarious configurations and
implementation of the active primarguspensionsystem Finally, the traction system
components were describéchis chapter has given a general view to help in develdpimg
wheelset active steering contrtterefore, the nextvo chaptes will present a mathematical

model forthefull vehicle systenmodel
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Chapter 3
ORGHOOLQJ RI 3DVVLYH 5DLOZD\ 9HKLFOH .

In this chapter, the mathematical equations representing a single railway vehicle and its
traction system and the energy required ¥@r@ome motion resistances, energy dissipated
between wheel, and rail and energy consumed by the traction system are described. In this
chapter, the mathematical equations represent a single railway vehicle on a curved track and
its traction system. TheweLFOH PRGHO LV YDOLGDWHG DQG WKH ZKH
The electric traction system of railway vehicle is also described. This description starts with
an explanation of longitudinal dynamics of railway vehicles then an illustration of tractio
system components. Next, the design process of the traction motor is presented followed with
by the process of tuning the traction drive parameters. Finally, both validation of the traction
system and the energy required to overcoming motion resistameggy dissipated between
wheel and rail, and energy consumed by the traction system are discussed. The combination

of the vehicle model and its traction system is named a passive railway vehicle.
3.1lIntroduction

In this chapter the vehicle model and titgction system is described mathematically. The
chapter is divided into three sections: in the first section, the railway vehicle model,
represented by the differential equations of the wheelsets, bogies and car body is described.
The dynamic behaviour dfe vehicle is a function of wheel/rail interaction forces, propulsion
resistance, suspension forces and wheel rail profile. The equations required for wheel/rall
interaction forces modelling are also introduced. In addition, in this section, the walidfti
vehicle model is presented and the wheel profile model is illustrated. Following this, the
mathematical model of the traction system, which includes the voltage supply, variable speed
drive and the traction motor, is described. Finally, the third®sepresents the mathematical
eguations used to calculate the mechanical energy needed to overcome railwaynagltdole
resistances, and the energy losses in the contact patches between the wheelaheaityy
FRQVXPHG E\ WKH Y Htérns HoeH/ghiclaxmddeFMilt Re@@® i® ¥ery useful for
calculating the amount of motor energy consumption, and to determine the relationship

between traction energy consumption, and energy dissipated in the contact points between
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wheel and rail. In additigrthis model is used to provide andepth understanding of the
HITHFWV Rl ORDG RVFLOODWLRQV RQ WKH HQHhehexE RQV XP
chapter will add the steering system (active system) to the passive system and compare them,
and a&sess the opportunity for energy saving

The vehicle model built here is very useful for the computation of energy wasted in the contact
points between rail and wheel, and the amount of motor energy consumption, as well as
determining the association bet®n them. This model is also applied in providing a thorough
understanding of how load oscillations affect the energy consumed by traction motors of a
vehicle, which is talked about in chapférAfter this chapter, the next is going to add the
active systm (the steering system) to the passive system and evaluate them, to determine the

opportunity for saving energy.

3.2Modelling of a Single Railway Vehicle

The vehicle as presented|kigure 3-1|(a, b, c), includes a carbody, two bogie and four

wheelsets. The carbody consists two bogies each bogie frame supports the weight of the
carbody through a secondary suspensicated between the carbody and the bogie frame. In

addition, each bogie (leading and trailing) consists of two wheelsets attached through the
primary suspension to the bogie frame. When the vehicle negotiate curved track the profiled

wheels provide a selfentring action.

(a) Railvehicle model (side view)
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(b) Railvehicle model (end view) (c) Railvehicle model (top view)

Figure3-1 Rail-vehicle model

In this study, the nonlinear coupled differential equations of motion for the vehicle moving on
curved tracks are driven based on the heuristic nonlinear creep model. These differential
equations considehe lateral displacement and the yaw angle of individual wheelset, bogie
and carbody. The accuracy of the present analysis is verified by comparing the current

numerical results with the findings existing in the published literature.
3.2.1Coordinate System

Different sets of Cartesian coordinate systems are used to model railway vehicles while

running on a curved track. The first coordinate system is rail coordinate system

In this, the coordinate reference frame moves alattgthe velocity of the bogie. Each body
has its own rail coordinate system and the origin of this coordinate system is placed in the
centre of mass of the specific body when it is in a cantered position. The frame is not the

inertial frame of referencsijnce it follows the bogie through the curve. The positive direction

is defined ipFigure3-2| The second coordinate is the wheelset coordinate system

. This follows the wheelsets and its origin is placed at the centre of mass of the wheelset. The
positive direction is defined ‘Eigure 3-3| The third coordinate system is the whesl

contact coordinate system which follows the contact plane

between the wheel and rail. Its origin is placed in théamrpoint. The contact coordinate
system is equal to the wheelset coordinate system rotated with the conicity around its lateral
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axis and translated to the contact point as shfeiyare 3-4| The last coordinate systems are

the bogie frame and carbody. They follow the leading bogie frame, trailing bogie frame and

carbody. Their origins are placed at the centres of mass of theeflenge or carbody.

Figure3-2 Rail coordinate system Figure3-3 Wheelset coordinate system

Figure3-4 Left and right contact coordinate system of the wheel

The coordinate systems are switched between using the following orthogonal transformation
matrices (for further details ségpendix B). The appended subscript letteesnd shown

in the contact coordinate system denote left and right wheels.

Figure3-5 Positive directions for the angles
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3.2.2Wheels Profile Model

(3-1)

(3-2)

(3-3)

Simon lwnicki (ZOOSIktates that, the véral cross section of the rail and a radial cross section

of the wheel are governs the forces between railway wheels and rails. Earlier wheels were

cylindrical and built in way that wheel could rotate independently around an axle. These ran

on flanged ras. Theguidance of the wheels could be improve by a small amount of conicity

to thewheels.Recently, modern wheelsets have two wheels linked to the axle and then fixed
WR WKH YHKLFOH ERG\ WKURXJK EHDULQJV LQ D[OH ERJH
pure cone to a more complex hollow profile. Therefore, in order to keep a more constant
gHRPHWU\ SUHYHQWLQJ WKH ZKHHO |U

RP ZHDUV PDQ\ pZl

example, in the United Kingdom, the P8 profile as shoy

\Frigare 3-6

was constructed from

an average measured worn profile.

Figure3-6 The P8 worn fprofile
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Briefly, wheelrail profiles are not only useful in prolonging the service lives of wheels and
rails, but also in attaining anticipated dynamic vehicle performance. Consequently, profiled
wheels are employed in this research to create a more realisttevabidel besides conicity.

The Vampire wheel model is used to validate the profile wheels in the Simulink jRigtee

3-7[shows the Vampire model giigure3-8|shows the Simulink model. This model utilizes

Wheel_br_p8 (BR P8 wheel profiles) running on Rail_BS113a 20 (BR113a rails).

Figure3-7 Wheel and rail profiles as simulated by Vampire

Figure3-8 Wheel and rail profiles as simulated by Simulink
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The use of a nonlinear profile of the wheelset is needed as thesésappropriatéor a study

where the flange contact plays a critical part. However, while the nonlinefle pvheel
produces more appropriate results on the flange contact area, it is not essential. The use of a
conical wheel can still be used to measure flange contact without invalidating the study, even
though the profiled wheel gives results that are@lao reality. Valid conclusions can still be
obtained by using the conical wheel. Therefore, the profiled wheel has been included, though
not for the entire study. The profiled wheel model in Simulink is developed and validated in
section(3.2.8) The pofile wheel was used on the simulation of a journey from Leeds to Hull,
however, due to the huge computational time and lack of specialised computing facilities
needed to simulate this wheel profile, it could not be used in all simulations and it wak judge

that the conical wheel was a sufficient substitute.
3.2.3Equations of Motion of rail vehicle

1HZWRQYV VHFRQG ODZ LV XVHG WR GULYH WKH PDWKHPD)
The results of this derivation is presented below; by analysing a détevéntial equations

knowledge of the dynamics of the vehicle can be achieved. All state variables are assumed to

be small. The static load for each wheelset is simplified to be . The

tangential forces in the wherdil contact are denoted with and the normal forces with .

The equations of motion that representing the lateral displacement  and yaw angle

of the wheelset, bogie and car body are illustrated in bellow equations:

Wheelsets lateral displacement

(3-4)

Wheelsets yaw angle

(3-5)

Bogies lateral displacement
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(3-6)

Bogies yaw angle

(3-7)
Carbody lateral displacement

(3-8)
Carbody yaw angle

(3-9)

where is the vehicle speed and is the superelevation angle of the curved tracks. The
physical quantities are lateral and longitudinal creep forces, and
normal forces, in the lateral direction. The distance between the centre of mass of the wheelset
and contacpoint on a specific wheel and the actual rolling radius . Subscripts

for left and right wheels. The subscripts for front and rear bogie and for front

and rear wheelseDther quantities are defined in th&t of notation.

Figure3-9|demonstrates that the wheelset axles are not perpendicular to the rails the way they

are for a straight track. Thus, it important to take this effect into consideration by modifying

the yaw angle.

(3-10)
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Figure3-9 Wheelset and bogie position when the vehicle is going through a curve

The dynamic equations for the wheel rotating motion and longitudinal vehicle motion are
presented in Equati(3-11) and Equatioﬁ3-12 :

Rotation wheel dynamics

The equivalent inertia referred to the wheelset is where and are

moment of inertias of wheel and motor/gearbox respectivelig the gearbox ratio.

(3-11)
Longitudinal vehicle dynamics:
(3-12)
Where: is the wheelset angular velocity, longitudinal contact force is the

wheel radius, is the vehicle mass. is the vehicle longitudinal velocity, isthedriving
torque transmitted from the motor through a gearbox asdload torque is driving

resistance is the gearbox ratio, are moment of inertias of wheel and motor/gearbox

respectivelyMore details abouongitudinal vehicle dynamgis presented in section237).
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3.2.4Creep Forces

In this section, the expressions for creep forces that arise in the-rahedeterface are
presented. Several theories have been developed to approximate the creep folvesrend t
used in this study is the heuristicRdLQHDU FUHHS PRGHO 7KLV FUHHS PF

linear creegGarg, 202) with a nonlinear saturation representation. This saturation is a result

of nonlinear relationship between the creep forces and the normal forces.

In order to get the heuristic ndimear creep model, the relative motion between the wheel
and rail ha to be found. This motion is called the creepage. This requires some mathematical

manipulations and can be foundAppendix C. The creepage is found as follows:

(3-13)

(3-14)

(3-19)

.DONHUYfV OLQHDU WKHRU\ JLYHV WKh-DljkIRiﬁh(DR(K)(P.Q'HeFUHHS

lateral and longitudinal contact patch components of creep foreach wheel/rail interface

are:

(3-16)
Where are spin, longitudinal,lateral and spin contact patch creepages,
correspondingly, are the longitudinal creep, lateral/spin and lateral coefficients,

respectively. The creepages are the relative wheel speeds at the contact patch standardized by

the forward speed.
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The creep coefficients are functions of the normal load, material properties and

ZKHHO JHRPHWU\ 7KH\ FDQ EH FDOFXODYDHk@ipaIiQ(ID(LQH ZLW

The creep coefficients are based on the normal loaak expressed below:

(3-17)

Equation(3-17)| shows that denotes minimal coefficients of creep calculated for the

nominal normal load . The creep coefficients for normal load are

The amount of the resulting creep force of the wheel/rail contact interface is ledsetheret

of obtainable adhesion . The resltant creep force is saturated by means of an improved

VermeulerJohnson conce;?Horak & Wormley, 198p, which is expressed as:

(3-19)

Where is the normalized unlimited resultant creep force:

(3-19)

Where and are longitudinal and lateral creeps forces of every wheel of the rear and

frontwheelsetDFTXLUHG IURP .DONH 4 ¢ norm@ Fozé) whMIK HiRtbea

friction coeffident. The saturated moment and contact patch creep forces are therefore:

(3-20)

3.2.5Normal Forces

Normal forces are exerted on each wheel/rail contact point. The right amheftthermal

forces, and , respectively, as illustrated [fAgure 3-10] which also demonstrates the

wheelset roll angle relative to track plang right and left rolling radii , and left and
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right contact angles . Every normal force acting perpendicularly on the contact patch
plane may be displaced into vertical and lateral variables in the track plane as follows:
(3-22)
(3-22
Where left, right are lateral normal forces and left, right are vertical normal

forces. is axle wheelset loadhe sum of the lateral components of the normal forces is

referred to as the gravitational stiffness.

Figure3-10 Rail/wheel normal forces and geometry
3.2.6Flange Contact Force

Flange contact force at the secondary interaction contact point can be modelled as a

spring reaction force restricted by a dead t#amdnadian & Yang, 199?8

(3-23)

Where are lateral rail stiffness, the flange clearance between wheel and rail, and

wheelset lateral displacement respectively.
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Figure3-11 A representation of the wherdil flange contact
3.2.7Longitudinal Dynamics of a Railway Vehicle

The energyprovidedto thetrain vehicleis usedto acceleratendto movethe rotatingparts,
which include motor armaturesand wheels, and to overcometrain motion resistances.
Investigating train motion resistance assists our understandingof the train energy
consumptionduring propulsion. Therefore,in this sectionthe dynamic equationsfor the
Y H K L Fo@gditydinal motion are presented.The aerodynamicdrag forces, longitudinal
wheelsetsforces, gravitational forces and rolling resistanceforces strongly affected the
vehicledynamicequationsHence,the relationshipbetweenthesevariablesduring the train
movementreextracedin accordancevith 1 H Z W ReQathi¥aw of motion. In addition the
mainaspectn brakingor acceleratioomodeis theadhesiorforcesthatoccuratthewheetrail
contactpoint. With theaim of mergingtheseadhesiorforces,brakingor tractiveeffort hasto
beexertedo thewheels Forthis reasonthis modelincorporatesll the stepsrom thewheet
rail contac to thetorquegeneratedby the motor. Thetrainwill slowdownor speedup owing
to all theseeffects.Figure3-12 depictsarailway vehiclethatmoveson aslopedtracksurface
@. Finally, aparticularamountof energyis convertednto theessentiamechanical

energysincethis torqueis producedoy a brakesystemor a motor.

Figure3-12 Forces on a traction vehicle
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Eventually the standardNewtonianequationf motionareappliedin describingthe motion
of any railway vehicle. The generaltrain motion equationis referredtoas / RPRQRVVRIITV

equationThereareresistancdorcesthatactoppositeto thetrain movenent. Theseforcesare

categorizedinto gravitational force, frictional forces and air resistance Equation((3-24)

representgheresistancdorces.
(3-29)

Where denotegheeffectivetrain mass , isvehiclemasswhile isthe

rotationalinertiamasdsactorinfluencingthewheels gearboxesndtractionmotorsrotorsfor
acertaintrain, which canbe assessedndjoinedwith thelineartrain movemenby elevating
the efficienttrain mass.Thevalueof , variesfrom to thoughthis dependon the
vehicletype. Essentially this justifies the extrawork thatis donewhenoneis transforming
the kinetic energyof the partsthat arerevolving togetherwith acceleratinghe train on the
track (Hill, 1994|Vuchic, 2007,p. 119. Equation(3-24)|thereforeclearly demonstratethe

acceleratingeffectivetrain mass.  Representshe vehiclespeedwhile  representshe
tractiveeffort usedatthewheels, whichareDavisequatiorconstantsfrequentlymade
functionsof othervehiclequantities. representgravity,while representtheslopegrade

resistaacewhich doesnot rely on train speedihis is the force neededn orderto overcome

thegradientOntheotherhandthegradientresistancelepend®nthesizeof thegradientand

the weight of the train (Fors, 2001 [Lindgreen& Sorenson2009. Thelasttermis curving

resistance.

Thearcresistancdorce is originateddueto friction betweerthewheelandrail whenthe

railway vehicle movesalonga curve. The preciseexplanationgor the occurrenceof curve

resistanceare not only complexbut also difficult to determine.Theoriesdiffer chiefly in

detailsregardinghetechniqueéo computethecurvingresistancef-orinstancgSimonlwnicki

(2006)illustratedthat the curveresistances usuallymeasuredn Newtonperton andit is

estimatedy afunctionrelatingonly to curveradius.Thefollowing equationrcommonlyused:

(3-29)
Anotherformulais providedby|Hoel, Garber,and Sadek(2007,p. 108) This formulatakes

into accounimoreof thefactorsthatdefinethe curveresistancesuchascurveradius,vehicle
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speed,and the vehicle weight. Then, the

equation:

curve resistancas estimatedfrom the following

(3-26)

Hay (1982, p. 142)| providesthe third formula. In this formula, the curve resistances

symbolizedaswork expandedo overcomdtriction betweerthetreadsandthe flangesof the

wheels,andthe gaugecornerof therail head.This is statedas

(3-27)

Whereby arelongitudinalandlateralcreepforcestogethemith longitudinal

andlateralcreepages.

TheAssociationof AmericanRailroaddor railroadpassengetarsrecommendednequation

for establishingrehiclemotionresistancd

Vuchic, 2007,p. 95):

(3-28)

(3-29)

Thetractiveforce betweerrail andwheelnaturallytakesplacein the flangeandthetread.It

is workedout asfollows:

(3-30)
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Whereby  representghe longitudinal creepforces, are indicesrepresentinghe
E R J Lftdri ®¥ndrear,in thatorderand areindicesstandingfor the ZKHH Gnrdri WV
and rear, correspondingly. are indices of the left and right wheels. The tractive force

governingthe P R W Bpdritbnagainstresistancdorcesthatactagainstthe trainin motion
canbestatedasfollows:

(3-31)

3.2.8Validation of Vehicle Model

This section discusses the validation of the vehicle dynamics Simulink model that is used in
this steady state. The validity of the vehicle dynamics behaviour was compared with the

steadystate motion of railway vehicle model on a curved track, which vessgded by

Boocock (1969) In this model develops a simplified linear theory of stestdye curve

traversing for bogie vehicles. The behaviour of the bogiesowiteecondary yaw restraints

from the Simulink model is compared with Boocdkmodel|Figure 3-13| shows the

mechanism that both leading and trailwgeelsets of a bogie displace lateral direction in

response to the input which is track curvature. The impact of cant deficiency on the yaw

displacements of the wheelsets is present@' jare 3-14
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Figure3-13 Effect of primary stiffnesse: Figure3-14 Effect of primary stiffnesses on
on lateral responses of wheelsets to tr yaw responses of wheelsets to cant deficier
curvature:

Where are secondary yaw stiffness and wheel conicity respectively. A detailed

validation, suspension coefficients, and numerous track inputs are included. The contrasts are

accounted for by using a range of track inputs in the time domain.

7KH ZKHHO V KSponse G Daldetédy increasing primary lateral stiffness for each
curve, fixed yaw stiffness under a constant speed, and zero cant deficiency c?ﬁi@itjcm.

3-15/compares wheelset lateral displacement in the Boocock model responses and Simulink

model.For every track curvaturéye yaw primary suspension stiffness is fixed with the value

of and lateral primary suspension stiffness is increased from to
sequentially,as shown i@ The results show that the two modgls

wheelset lateral displacement are fairly consistent with each other, however the lateral

displacement indicated by the Simulink model is slightly lalge KD Q WKDW RI % RRFRF

Increasing the primary suspension stiffness in the Simulink model obviously reduces the

difference, as indicat¢gigure3-15
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Figure3-15Wheelset lateral displacement (Simulink model, Boocock)

Figure3-16|compares the yaw angle of the leading and trailing wheelset in the two models.

This figure presents a comparison in which the lateral stiffness and yaw stiffness of

suspensions are constant and the vehicle moves on a different track curvature witht differe

cant deficiencies as shown |iigure 3-16| The figure also demonstrates that the yaw

displacements of two wheelsets are moved away from the canliahg position in the same
direction. The yaw angle of the leading wheelsets for the two models are almost the same, the

trailing wheelsets for both models are different when track curvature becomes smaller.
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Figure3-16 Wheelset yaw displacement (Simulink model, Boocock)

To sum it up, a close match between the Boocock model and the Simulink model has been

revealed.
3.3 Modelling of Traction System

Thepowerthatis givento thetrain vehicleis appliedin acceleratingandmovingtherotating
parts,includingwheelsand motorsrotors,andalsoin overcomingmotion resistancesf the
train. During propulsion,investigatingtrain motion resistancehelps us to understandhe
consumptiorof trainenergy.This sectionthereforehasbeenpartitionedinto severparts.This
beginswith the component®f the tractionsystemwhich comprises the traction motor, the
threephase voltage supply, and variable spéede andendswith tuningthetractiondrive

parameterandthevalidationof tractionsystem
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3.3.1Componentsof Traction System

The railway vehicle is discussednathematicallyin section(3.2). In orderto completethe
passivevehicle modelthe tractionsystemof the vehicle needsto be consideredTherefore,
thefollowing sectionswill coverthis point. Generally electricalrailway vehiclesaredriven
by asynchronoumotors(inductionmotorg. Theseutilize a25kV AC supply,rectifiedto DC,
beforeinvertingbackto AC sothatit canbesuppliedto the motor. The movement of railway
vehicles is controlled by the traction control, however, in shisly;a fixed speed is needed
to achieve thaim of the study. Therefore, the speed of the vehicle is controlled by speed
control methodVSDs (Variable SpeedDrives) control the majority of the inductionmotors
for energyefficiency and easyspeedcontrol over an extensivespeedrange.VSDs refer to
electricaldrivespoweringelectronics Theinductionmotoralongwith its VSD is madeup of
the electrical drive system.For completetrain motion therefore,the mechanicaland the

electricalsystemsarecoupled.Thisis illustratedin|Figure3-17,

Figure3-17 Representation of single phase AC supply powehngephase AC traction

system
3.3.2Induction Motor Model

Themachineusuallycomprise®f acomponenin afeedbackoop andasaresult,its transient

behaviouhasto beconsideredn speedirivesthatareadjustabldPaulC Krause Wasynczuk

& Sudhoff,2003. High-performancedrive control, like FOC (field orientedcontrol) and
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vectorcontrol, is derivedfrom the P D F K Ldyrtdfiléd-q model. The differential equatian
mutualinductancelescribeshemachinemodel;asaresultof continuoushanganthe URWR U |V

positionregardingthe stator,this modelcanbe seenasrathercomplicatedthe dynamicd-q

modelis thereforeappliedin presentingvork in orderto removethis complexity,(Kamal &
Giri, 2013.

Figure3-18 3 Phase Induction Motor

The stator quantities are respectively written under vector form:

(3-32)

For the rotor windings quantities aespectively written under vector form:

(3-33)

Figure 3-18|shows thregohase induction motdraving winding on rotor and statdn only

two phasesthesethreephasevoltagesare relocatedto a synchronouslyrotating reference
frame (d-q axis transformation).The two equationsbelow makethis possible.The rotor is

shortedusingthe endringsin the caseof a squirrelcagemachineIn|Figure3-19| the 3 phase

AC machinecanberepresentetly a correspondingwo phasemachine:
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Figure3-19 Two Winding Representation of 3 Phase

Whereby, match up with stator direct and quadrature axis while  match up to

rotor direct as well as quadrature axis. Assuming that the are adjusted at angle as

illustrated above. The voltage and can be solved to components and can be

symbolised in matrix form as:

(3-34)

At this point,the threeaxis variablehasbeenateredinto a tweaxis variable. Currently, it

necessary to transform from two axes stationary variables into two axes rotating variables;

Figure3-20|should be considered for tI'vBrereton, Lewis, & Young, 19%7In|Figure3-20

as the rotating reference frame that rotates with spe&ltaken into consideration.

Regarding axes, and can be recountedks:

(3-39
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Figure3-20 Stationary and Rotating Axes

These two phase winding are converted into the hypothetical winding mounted on the
axes. The following equations are applied in transforming the voltages on

axes into frame,

Thequadratureanddirectaxesvoltagesare:
(3-36)
After that,the squirrelcageinductionmotormodelcanbe basedon the d-g motorequivalent

circuit asillustratedin Figure3-21. Thisis throughthestatingof thevoltageequationf both
rotorandstator{PaulC. Krause, 1986 Matlab,2015&”0ng,1998 Ozpineci& Tolbert,2003:

Figure3-21 The dq IM equivalent circuifMatlab, 2015

The equations below can be written when these equation are transformed toframe:

(3-37)

Whereby, and are gaxis and eaxis stator flux linkage in that order.
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After all the parameter and variable have been referred tstab@ as a result of the rotor

moving at speed , the dq axis fixed on the rotor moves at a speed relative to the

synchronously rotating frame. In frame therefore, it is possibte modify the rotor

eqguation as:

(3-39)

It is possibleto write theflux linkageexpressiorin termsof currentin Figure3-21, asfollows

(3-39)

The mechanicaimodelis given as{Paul C. Krause,1986||0Ong, 1994 |0zpineci& Tolbert,

2003:

(3-40)

whereaghe motor speedcanbe definedfrom the machineandload torque,and momentof
inertiaasfollows (PaulC. Krause,198¢|0ng,1998|0zpineci& Tolbert,2003:

(3-41)

3.3.3Drive Components

The systeminput is a high voltagesinglephaseAC voltagesource.This voltageis stepped
down by the transformetthenit is rectifiedinto a DC voltage,smoothedand maintainedby
filters and dynamicbraking devices.This DC voltageis theninvertedbackto AC voltage
usingPulseWidth Modulation(PWM). This AC voltageis controlledin bothmagnitudeand
frequencywhich feedsdirectly to the 3-phaseinductionmotor. The motorrotatingspeeds
high; to reducethis speedio an adequatdevel, a reductiongearboxis appliedat the motor

shaft. The geartrain providesanotheradvantagen thatit increaseshe motordriving torque,
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sothatalargerloadcanthenbemoved.Belowis giventhedescriptionof eachblockincluded
in|Figure3-17.

1. 25kV overheadine system:the 25kV 50 Hz overheadine systemis basedon a copper
contacwire with section120nt suspendedbovethetrack. Thiscontactwire is suspended

by droppersfrom a catenarywire hung betweenpylons (Foiadelli, 201§, as shownin
Figure3-22

Figure3-22 25kV overhead line system
2. Pantographa pantographs a springloadedor air controlledframemountedon the roof
of thetrain thatis controllablyforcedagainsthe overheadine contactwire andis ableto

follow variationsin wire height. TheFigure 3-23|showstypical pantograpltdesigns.

Figure3-23 Pantograph
3. Circuit Breakers:on AC locomotiveand ( 0 8 § \Wwo differenttypesof circuit breakers
areusedto connectheoverheadupplyfrom the pantographo the maintransformeri(Air
BlastCircuit BreakersandVacuumcCircuit Breakers)
4. Transformers:The main componenton AC poweredtraction systems,refersto the
transformemherebythe collectionvoltage(25kV) is steppediownto alower voltagefor

controlandtractionpurposesThetwo keytaskscarriedout by the maintransformenare:
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reductionof the overheadsupplyvoltagefrom 25kV to the voltagethatis nealedby the
tractionpowercontrolcircuits. This canfluctuatefrom 750V to 1500V thoughit depends

on thetractioncircuit type. Secondlythe isolationof the equipmen@andtractioncontrol
circuits from the overheadsupply. In addition, the transformeralso providesa lower
voltagesupplyto auxiliary equipment.

. Rectifier: The rectifier is joined to the supply network and generates a DC voltage supply
feeding the components of the main DC link. The mains rectifier comprises a bridge circuit
that convertshe supply network to DC from AC. The resulting DC voltage always

matches the peak value of the connected mains vdBagesky & Kreitzer, 2001

. DC bus: he DC voltage feeds the inverter (commonly using an IGBT) regulating voltage

and frequency to the motor, thus producing a nearwawelike output (Bezesky &

Kreitzer, 200L

. Inverter: The inverteasshownin|Figure3-24|hastransistors responsible for distributing

power to the motor. The inverter receives DC power from a voltage source that is fixed,
then controls the voltage and frequency. In current VERSIGBT is the most preferred.
The IGBT has the ability to precisely control the power sent to the motor by switching off

and on thousands of times per second. The IGBT uses PWM to provide a current sine

wave of the desired frequency to the mqfnanya, Nagarajan, & RamaReddy, 2p12

Figure3-24 Block diagram of a PWM drive as an example of V$Paslka, 200}3

3.3.4Structure of Variable Speed Drive System

FOC (Field-oriented contrgl refers toa VFD controltechnique whereby threephase AC
electic PRWRU TV VWaRWdRdhizEEWad-b@hagdnatlementghatis possible to
be visualisedisinga vector.7 KH P RMaBnEtit Wuxis defined byone component, arttie

otheris the torqueproducingmagnetic field. The corresponding current component references
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from torque referenceand the fluxgiven by the speedf the drivecontrol arecomputed with
the use othe drive control system. Typicallpl (proportionalintegral) controllers arapplied
in keepingat their reference valugthe measured current elemefiise PWM of the variable
frequency drivebased the definition othe transistor switchingon the stator voltage
referenceswhichare he Pl currentF R Q W U R O QZatdbafia,ROOW S X W

Figure3-25 Structure of the drive system

A currentcontrolled PWMinverter feeds the induction moforhich actsas a thregohase

sinusoidalkcurrent$ source. In the speed controller as showRigure3-26| the motor speed

is contrasted witlthe reference and the speed controllerapplied in processing error

with the aim of producing@ toque command . Below is a clear illustration of the torque

andthe rotor fluxwhich depicts that ikan bendividually controlledwith the use ofthe stator

directaxis current as well agjuadratureaxis current , in that order

Figure3-26 Speed Controller
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The is derived based on the torque reference as indicated (all the following equations are

taken from these two sourcq®aul C Krause, Wasynczuk, Sudhoff, & Pekarek, 20&:

Huy, 1999:

(3-42)

whereby represents the rotor inductance,represents the magnetization inductance, while

represents the estimated rotor flux linkage given by:

(3-43

Whereby is the rotor time constant inductance and the rotor resistance

correspondinghand the daxis component of the stator reference currenis verified from

the reference rotor flux as shown below:

(3-44)
With the use of the rotor speed, and the slip frequency given by Equal{8r45)

(3-45)
The Equatiof(3-46)|can be used to evaluate the angle of the rotor flux:

(3-46)

7KH VWDWRUYV UHdndU HifeFthe Faxdldd td QhAsY currents ( and ) are

HQWHUHG LQWR WKH FXUUHQW UHJX® settichlynerates e/ L R Q
SDWWHUQV RI WKH LQYHUWHUYV VZLWFKHV $IWHUZDUGYV
VLIQDOVY UHIKHEHWY ALY ROWDJIH
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Figure3-27 Field-Oriented Controller

3.3.50utline Design Process of Traction Motor

The traction drive parameteis calculated by beginningith the assumptiorthat the rated
motor speeds 3000rpm. Following this,the gear ratican bedetermine. The maximum
traction force can be used to evaluate the motor torque, then, from the speed and torque
evaluation, the rated motor power and peak torque are defiredightmotor that fulfils the
torque and power requirements can then be selected. The $ipatcameterswhich are the
rotor resistance and inductancdd € EH IRXQG LQ WsKlataPhie QIXWNg ey H U |

show the dtailed calculations

Step 1: Calculating the maximum tractive effort which is calculated from acceleration force

as shown in Equati@s-47)

(3-47)

refers to the total mass of the train. This is described iagbations below:

(3-49)

Rates of acceleration change as illustratgteimel, 2008, p. 35

Table3-1 shows the typical acceleration values of trains
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Train type Acceleration

Heavy goods trains

Normal goods trains

Passenger trains

Express longlistance trains

Suburban trains

Metro and light rail trains

Step 2: Maximum torque applied on wheelset

(3-49)

Where is the wheel rolling radius andis the number ofvheelsets.

Step 2: Gear ratio

The following depicts how the gear ratio is obtained from the relationship between the

wheelset rotation speed and the motor rotation maximum speed:

Motor maximum speed is while the wheel forward speed is

. The wheel rotating speed is calculated using the following

formula:

(3-50)

The gear ration is calculated using Equd{i®’2)

(3-51)
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Step 3: Motor torque

From the maximum torque and the gearbox ratio, as applied to the witeetgetted in step

2, the computation of the motor electromechanical torque is as follows:

(3-52
Step 4: Mechanical power
The maximum mechanical power is found in the following Equation.

(3-53
Step 5: Motor electric power

(3-59)

Step 7: Nominal values of the traction motor

The nominal values of the motor specification are illustratéichlvie 3-2.

Table3-2 Motor specification

Motor Nominal Values

Power 900kW
Speed 3000 rpm
Voltage 750 V

Pole pairs 2

Stator resistance 6.9700e3 ohm
Rotor resistance 4.7180e3 ohm
Stator leakage inductance 0.0205e3 H
Rotorleakage inductance 0.3027e3 H
Mutual inductance 8.46e3 H
Inertia 2.1(kg.m"2)
Frication 0.08 (Nms)
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3.3.6Tuning the Traction Drive Parameters

Strictures of vehicle and transmission including the driving cycle are used in the computation

of the torque speed requirements of a traction system for a vghgtlee3-28exhibits a map

of tuning stages. In order to attain high average efficiency overall the driving cycle, the design
strictures are tuned iteratively. MathWorks® (Z@1lgive a technique applied in modifying

the strictures of electric drives withd use of the AC3 block model when the induction motor

is altered. The whole procedure illustrates the steps of retuning strictures of the flux and speed
regulators and modifying the induction motor strictures as well as the DC bus voltage. The
manual proedure below was recommended by MathWorks® {2)1and was applied in

modifying drive strictures antthe induction motoas well as updatinglocks;

Figure3-28 Tuning the traction drive parameters stages
a) Changing Induction Motor Parameters

In Matlab the induction motor driven by FOC in kwon as (AG8R00kW motor is where
the AC3 induction motor drive block are s&¥ith the useof induction motor preset models
well illustratedin the MATLAB library, the following is howinduction motor parameters

were obtained;

a) CTRL+U (the mask of the FieldOriented Control Induction Motor Drivehould be
looked under
b) in order to access the blostricturesgdouble click the Induction Machine subsystem

c) thepertinentsquirrel cage preset modsHould be selectesh the configuration tab
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d) under the Asynchronous Machine tab, the stricture should be upateddialog

box, aField-Oriented Contrbinduction Motor Drive as illustratedbelow;

Figure3-29 Modify induction motor parameters
b) Retune Parameters of the DC Bus Voltage

As illustrated below, the parameters of the DC bus voltage were modified in the dialog box,
which is the FOC Induction Motor Drive configuration. This starts with the computation of

the average DC bus voltage using the formula below:

(3-59

Whereby refers to the average DC voltage and refers to the source line to line

voltage

The second step is approximating the capacitor value of the DC bus for voltage ripple

reduction, using Equati((3-56)

(3-56)
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Whereby LV WKH PRWRUSYV Q RsRheQrégOersyRaf tHAJAD D@ce and

refers to the desired voltage ripple

The DC bus peak voltage is calculated from Equ#ehi/)

(3-57)

The next step defines the braking chopper shutdown voltage. The way this voltageset
is slightly higher as compared to at 1050V. During regenerative braking, activation

voltage is set at 1100V in order to control voltage increase Braking chopper resistance

computation. After this, the braking chopper resistance is calculated from activatiggevolta
and motor power as seen in Equaﬁ@rw)

(3-59)

Final step is updating the DC Bus tab of the FOC Induction Motor Drive and DC bus

parameters in the Converters configuration dialog box.
c) Retune Parameters of the Flux Regulator

Below is a demonstration of mopéockswhich were added into the demux subsysteitin
WKH DLP RI SURYLGLQJ WisuHlizatidriandsigr@ls éf theDluk rdyHador V
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Figure3-30 Blocks that visualise flux regulator (MathWorks®, 2017a)

After adding the additional blocks into the demux subsystem, a sequence of steps needs to be
followed, starting with modifying the parameters of the flux regulator in the FOC Induction
Motor Drive @nfiguration dialog box in the Controller tab by updating the block. Step one is

setting the regulation type to torque regulation, then calculating the machine flux from

Equatior{(3-59)

(3-59)

The calculated flux is then limited to 150% of the nominal flux. Next, use the nominal motor

power and motor nominal speed to compute nominal torque:

(3-60)

Where LV UDWHG PHFKDQLFDO DQJXODU YHORFLW\ 7KHC

make sure that the nominal torque of the machine is not surpassed:
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Figure3-31 Set point of load torque (MathWorks®, 2017a)

Tuning of Flux PI controller to make sure that the needed flux is corffectlp the current

control of FOC. The strictures of integraland proportional gains (the flux regulator)

were tuned by trial and error empirically. This led to gradual increase and decrease of the
gains as it simulate until the accomplishment of a reasonable response with minimal error. In
the Controller tab of the FOC Induction MotDrive configuration dialog box, the final flux

regulator strictures were updated.
d) Retune Parameters of the Speed Regulator

The following illustrateghat the strictures of the speed regulator were adjusted in the dialog
box, FOC Induction Motor Drive configuration in the Controller; Torgue output limits set to
150 percent of the nominal torque computed in Equatie8df3Speed ramp deceleration

and aceleration computed ensuring that it does not surpass the torque output limit. Torque
needed in accelerating the motor at rated speed computed,;

(3-61)

The speed Ptontroller is tuned empirically with the use of testing and experimentation,
gradually decreasing and increasing the gains using trial and error, up to a satisfactory
response. In the final step, the new data is updated.
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Figure3-32 Flux and speed PI controller parameters
3.3.7Validation of Traction System

Firstly, this section explicates how the traction system has been simulated with the use of the
FOC control and in that case the simulation model has been certified by comparisons using
experimental outcomes accomplished from the actual induction mosorggteln this study
however, 900kW induction motor is used applied as stated in sectijrafbve. This size of

motor is not accessible in the lab. As a result, therefore; experimental tests have been launched
on an actual twanduction motor foundedroFOC. The second induction motor is 15kW
while the first induction motor power is 4kW. On those tests, terminal voltage,
electromechanical torque, the motors speeds and stator current are calculated. Those

measurements are contrasted using two Simulinketsothat simulate similar motors as

shown abovegFigure 3-33|exhibits Simulink model and rig evaluation at 1500 rpm speed

under @6 and 1006 load of4 kW motor{Figure 3-34|illustrates Simulink model and rig as

well as evaluating at 1470 rpm speed undéadd 1006 load of 15 kW motor. The simulated
model will therefore give room for comparison between experimental results and simulation.
The comparison between simulation and experimental results authenticates the whole
LOQGXFWLRQ V\VWHPY{V PRGH @refie assunieQhat 900kW vigdid \AsK

well.
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Figure3-33 Simulink model and rig comparison at 1500rpm speed under 0 and 100% load
of 4 KW motor

Figure3-34 Simulink model and rig comparison at 1470 speed under 0 and 100% load of 15
kW motor
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3.4 Energy Calculation Model

The tractive energy analysssiccessfully presuntbat the overall fuekxpenditure as a result
of the specific drive cycle igelativeto the mechanical energyeeded for the duration afl
periods of positive tractive force. The mechanical energy output is fulticeeased prior to
any energyreachingthe wheels. Frictional energy lossnnectedvith the transmission of
mechanical power from the traction motor to the wheelstesdoberemunerated using the
energyfrom the traction motor. Ithe demand fotraction energy islecreased as a result of
rolling resistancereduced aerodynamic dray other factorsas the same drive cycles
followed, thereis going tobe asubsequeriessening irtraction motor the upstream energy
losse$. Whenthe tractive energig reducedthe load on the transmissitimat resulin lower
transmission loss, andherefore abridgedraction motor poweutilization. Theelectrical
traction energy ithereforereduced iran almosproportionalwayto reductions in thdesired
tractive energyThe focus is to investigate the energy that is diradilized by trains thatis

classified into three broad typesitss illustratedin Figure3-35.

Figure3-35 Sources of energy losses in nahicles

Themathematical equations that are applied in computing the mechanical energy required in
order overcomeWKH HQHUJ\ XVHG E\ WKH Y ¥dtances! ffraiwady D FW L F
vehicle motion and the energy losses in the contact patches bdtweel and wheel are

presented in following sections.
3.4.1Energy Consumed by Traction System

Thefunction of motorsis to transformthe electricalenergyto mechanicaknergyin orderto

achieveusefulwork. The processof transformingthe electricalenergyto mechanicaknergy
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is shownin Figure 3-36. Motor energylossesarethe differencebetweenthe outputenergy

andinputenergy.

(3-62)

Figure3-36 The procedureof transformingelectricalenergyinto mechanicaénergy

The first part of Equatic

(8-62)

includes thenotorenergylossesThesdossesarecomposed

from five internallossesiossedn therotor cage(slip loss),the statorwinding (copperloss),

the strayload loss,the coreor iron loss (which decreaseslightly with increasingoad),and

friction and windageloss. The total energyconsumedby the traction systemduring the

runningtime couldbe quantifiedas:

(3-63)
Theinputof electricalpower  into the AC motoris givenby:
(3-64)
and referto thepositivesequenceomponenbfinput  and
(3-65)
arethreevoltagephasorsyhile is thecomplexoperator.
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3.4.2Energy required to Overcome Vehicle Motion Resistances

The energyprovidedto thetrain vehicleis usedto accelerateandto overcometrain motion
resistancest his resistancés aresultof forceswithin thevehicle Theresistancéo movement
of anindividual tractionvehiclecanbe statedas

(3-66)
The driving tractive energy can be defined as:

(3-67)
Whereby: refer to longitudinal creep forces and are

mechanicatesistanceaerodynamicesistancegraderesistancecurveresistancandinertial

resistancén thelongitudinaldirection Lastly, refersto thedistancealongthetrack.
3.4.3Energy Dissipated at Contact Points between Wheel and Rail

The energyissuein contactareasbetweenrailway wheelsandrails is a largetopic; a quick
understandingf its vastscopecanbegainedby referenceHowever,in thiswork, theenergy

lossesat contactpatcheds producedvhenwheelseimovementbon a track initiatesa relative

slip atthewheel/railcontactpatch{VanderMareletal., 2014.

(3-69)

Where: arelongitudinalandlateralcreepforces,and are

longitudinalandlateralcreepagedijnally, isthedistancealongthetrack.
3.5Summary of Chapter 3

In this chapter, the vehicle model have been derived based on first, the heuristic nonlinear
creep model, second the coupled nonlinear differential equations of motion. These differential
equations expin the lateral and yaw displacements of wheelsets, bogies and car body.
Additionally, the dynamic responses of this Simulink model have been validated with
%RRFRFNYV PRGHO )LQDOO\ WKH ZKHHO SURILOH PRGHO

This dhapter has also presented the mathematical equations of the railway electrical traction
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system, which includes a thrpbase voltage supply, variable speed drive and a traction
motor. Additionally, the applied models of the traction control system wered tamd
YDOLGDWHG )LQDOO\ WKH PDWKHPDWLFDO FDOFXODWLRC
motors and the energy required to overcome train motion resistances were illustrated, and

energy expended at the contact patches between wheel arasrbédn discussed.
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Chapter 4
$FWLYH 5DLOZD\ 9HKLFOH ORGHO

This chapter describes the mathematical modelwheelset active steering contslstem,

in this chapter, the combination of twbeelset active steering contsylstem, and the passive

system described in the previous chapet. OO EH QDPHG W Kdhapt€&sBWhdY H V\V)
7 will compare the active and the passive systems, and calculate how much energy can be

saved.
4.1 Introduction

Previous research haxamined thdraction energyconsumption in electric train vehicles

The results reveal that in order to reduce ti@etion energy consumption, the motion

resistances of the train need to be minimiedaszewicz, 2001 These resistances include:

aerodynamics; inertial and grade forces; and wheel/rail friction.

Many factors such as gradient resistance cannot be modified, however, wheel/rail friction
while the vehicle is running on@nventionaltrack can be influenced by the traction and
steering of the wheelset, to possibly reduce the energy dissipated between wheel and rail.
Therefore, operational practices should be modified in order to obtain a umnmheelset

attack angle between wheel and rahe solution proposed in this chapter is implemenging

wheelset steering control systeihe layout of the active system is shovxiﬁiiglure4-l This

control system may reduce the energy dissipated at the contact points between wheel and rall,
consequently reducing the energy consumed by traction motors in railway vehicles. However,
the benefits of implementingheelset active steering contmystens over passively steered

ones in railway vehicles for the mitigationtodad and flange contact fordestween wheels

and rails will be discovered in the chatérand 7

In this chapte the control strategthatis applied in this thesjghe actuator outline design

processand the mathematical model of the wheelset steering actaegqrresented
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Figure4-1 Plan view of active bogie vehicle
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4.2 Control Strategy for Steering Solid Axel Wheelsets

The primary function (purpose) of steering control is ensuring the stability of the wheelset on
the track and minimize the creep forces of the whaikl Although, undesirable yaw motion

may result from longitudinal creep (except during traction/ brakitngre would be a need

for lateral creep in order tdeliver curving force for the cant deficiency compensation.

other words, the lateraireep is required in order to provide curving force for the cant
deficiency compensation. At the ravheel interaice, theunwantedcreep forces and
noise/wear resulting during the curving are minimized and reduced by control strategies. For
instance, the main effect of forced steering control strategy is to control the relative angular
displacement between car bodyddogie, or bogie and wheelset. Although, this force strategy
will work perfectly at zero cant deficiencidowever,it is usually impossibléo operate the

train withzero cant deficiencynder normal drive condition3 his explain the reason behind

the accurrence of undesirable latedigplacementf wheels and creep forces at the-velileel
contact patchTo avoid this problem, the wheelsets is constrained to achieve the desired angle
of attack. There would be also a need to balance the curving foemchrwheel in order to
reduce track shifting forces. When thkeelsegoesaroundcurvesjt is completelycontrolled

by anactivesteeringoogie,while thebogiewill besimilarto thatof aconventionabogieand

the controlleris off whenthe wheelsetravelson a straighttrack. This canleadthe steering

mechanisnio havea perfectfull-lock position.

To achievea perfectcurving, the following three main conditionsare required ©  equal
longitudinalcreepforceson wheelsonthesameaxle,(2) equal lateralcreepforcesacrosswo
wheelsetsand(3) the Z K H H Caxlgtel¥ attfickis same consequentlyhattheentirebogieis
in line with thetrackonthe F X U(Bimh§inlwnicki, 2006,pp.328-355. Themainfunctionof
equalcreepforcesin the longitudinaldirection (perfectlydistributedtraction/brakingforce)

on the wheelsis to reducewheelwearand damage Furthermoregqualcreepforcesin the
lateraldirectionis generallyconsiderecesseritil to balancethe centrifugalforcescausedy
eithercantexcessr cantdeficiency The actuatorshelp to achievethe sameangleof attack
onthetwo wheelsetsn thesamebogieby controllingthe yaw anglewith respecto thebogie.
In addition,thetrack curveradius,cant,aswell asvelocity of vehicleandwheelbasdelpto
obtainthe requiredyaw angle.Furthermore the effect of longitudinal stiffnessof primary

suspensiois cancelledoy theapplicationof yaw torque.The steeringstrategywill not affect
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stability at lower frequencieghanthat of kinematicmodeswhenthe effect of longitudinal

stiffnessof primarysuspensiolis cancelled.

In this study,thepurerolling of thewheelsis consideredo be a desirablesituationbecausdt

eliminateslongitudinal creepforcesandthereforeminimiseswear. Wheneverthe vehicleis

movingalongacurvedpath,thedistancecoveredy thewheelontheoutsidepartof thecurve
is biggerascomparedo the otherwheelandthereforeto avoidinstance®f adlip, thewheels
oughtto have a varying rolling radius. The formula for obtainingthe amountof lateral
displacementequiredfreerolling is shownbelow.

(4-1)
where isthehalf-trackclearance, istherolling radius, isthewheelconicity,and is

thecurveradius.Figure4-2 showsa simplified illustration of a controlsystenthatallowsthe
wheelsetto achievea purerolling lateralposition. From the figure, it is noticeablethat this
strategydemandsnformationaboutthe radiusof the curveat eachinstant.

Figure4-2 Diagram of the lateral position control

In spiteof thefactthatthecontrolnecessitiesogethemwith the controlprospectdully depend
onthesetupsof thewheelsetandthebogie,amorecomplextestis concernedvith thesafety
andreliability approachesf activecontrol{R Goodall& Mei, 2006|R. M. Goodall,201]*.

Thestrategiesor yawtorquecontrolareemployedusingthevehiclemodel thecontrolforces

for thewheelsets canbededucedsbelow.
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Wheelsets lateral displacement

(4-2)
Wheelsets yaw angle

(4-3)
Bogies lateral displacement

(4-4)
Bogies yaw angle

(4-5)
Carbody lateral displacement

(4-6)
Carbody yaw angle

(4-7)
Thedefinition of the physicalparameters is foundonthelist of notation

4.3 Outline Design Process of Actuator

Performanceequirementsn termsof actuatorspeedand control effort are summarisedy

Bruni et al. (2007) Bruni et al. found that theserequirementsare highly dependenbn the

controlparametergheadoptedtontrolstrategyandtheconfigurationof theactivesuspension
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systembeingapplied.Bruni etal. illu stratethatdependingn the controlstrategyandcontrol

parametergprquecanvary by up to threetimesfor the similar controltheory.

In this study,the outline actuatordesignhasassumed rotary, torquegeneratinglevice,and
the maximummotor speechasbeenrestrictedto give arealisticgearratio, which resultsin a
higherratedmotor. In practice the actuationwould probablyusea pair of linear ball screw
actuatordocatedcloseto the primarysuspensionandthe additionalgearingarisingfrom the

largemomentarmwould enablethe full motorspeedanda lower ratedmotorto beused

Calculatng the actuatomparameterstartsthroughassumingheratedmotorspeeds
and wheelsetyaw speedof . Thenit is possibleto determinethe gearratio as

shownin Equation(4-18). Fromthe maximumtorqueappliedto thewheelsetscalculatedn
Equation(4-17)andboththegearratio of thegearboxandthetorqueof motorcanbeevaluated
aspresentedh Equation(4-19).Next, theratedmotorpoweris obtainedrom themotorspeed
andpeaktorqueasshownin Equation(4-20). Finally, a suitablemotor could be designated,
which fulfils therequirement®f the torqueandpower.The motor$§ parameterssuchasthe
armature resistanceand armature inductane, are found in the manufacture§ data.

Calculationstepsof the steeringactuatorareshownbelow:
Stepl: Maximum applied torque by actuator

Form the model in the case when the vehicle operates in 500m curve with conicity 0.008 and
cant deficiency 125mm, the yaw torque needed to for lateral position of wheelsgtseor
rolling is . Therefore the actuatormaximumtorque herassumed little bit higher

than thistorquewhich
(4-8)

Step2: The rated speed, which is limited by the pole pair numband supply frequency

(4-9)

Step3: Wheelset yaw spead assumed to be:

(4-10)
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Step4: Gear ratio

(4-11)
Step5: Motor rated torque
(4-12
Step6: The rated mechanical power
(4-13)
Step7: Motor electric power
(4-14)

4.4 Active Steering Solid Axle Wheelsets Model

To implementactive control, it is essentiato usean actuatorfor eachwheelsetin orderto
deliverthe controltorqueto the wheelsein the yaw direction.Severalactuatortechnologies
exist like electremechanical actuation, electremagnetic actuation electrehydraulic
actuation,and furthermorepneumaticactuation(Pacchioni,Goodall, & Bruni, 2010) The
researchfocusesmore on electremechanicalctuationsinceit fully satisfiesthe needsfor
dynamiccontrol for stabilisingthe wheelsetsvhenin motion. The actuatormodelsin this
studyareaddedo the controldesignwhich leadto extracomplexityin the controlstructures.
In orderto evaluatehe energyefficiency andvehicleperformancetheactuatordynamicsare
includedin the simulation.This modelis thencombinedwith the railcar dynamicsmodelto

fully determinethe effectivenes®f theactivecontrolmechanism.

The modelwnhich is used heris takenfrom theblocks designeth the Simulink library and
modified to suit the permanent magnet synchronous motor for this Siustyy, a permanent
magnet synchronous motor mathematical model is presetited,an explanation of
mathematical description ahe principles of vector control of the pmainent magnet

synchronous motas illustrated
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A 5kW permanentmagnetsynchronousnotorwith a 1:200 speedreducerwasemployedto
control the lateral wheelsetposition. The basic representatiorof the permanentmagnet
synchronouganotor drive for controlling the position of the wheelsetis illustratedin next

section

The block diagram [Figure4-4|depicts the wheelset position control process where the power

fed to the motor is controlled by a VSD. The position profile, which is a sequence of position
commands versus time, is generat&acond, a position loop closed, and within that, a
velocity loop is closed. The position/velocity looptputis a torque command. The torque
command and the motor position are used to calculate multiple current commands. Then the

current loop closed. Apower stage delivers power to the motor and returns current feedback.
4.4.1 Mathematical Model of Permanent Magnet Synchronous Motor

AC motors are at present the preferred choice for use in industry. The simplicity and efficiency
of the squirrel cage inductionators make them the perfect choice. However, the working
speed creates a limitation for induction motors; it is lower than the changing slip, and the
speed of the rotating magnetic field, based on load torque. Therefore, a decrease in working
speed resultsom an increase in load torque. This makes induction motors not suitable to be
used with particular applications, especially the ones that need an accurate control of speed
and position, such as servo systeMeverthelessthe speed of synchronous mat@an be
accurately controlled by varying the frequency of the rotating magnetic, ftalded
synchronous speegdermanent magnet synchronous msetoave been widely used in many

<

industrial applications due to their compactness and high torque dp;raﬂéto, Takorabet, §

MeibodyTabar, 200§ particularly in highperformance drive systems such as submarine

propulsion. Thepermanent maget requires low maintenance and low losses in the rotor
because theynchronous motaliminates the use of slip rings for field excitati®@rmanent
magnet synchronous motors are highly efficient and appropriate for CNC machines, robotics,

automatic prduction systems, and other high performance drive systems in the industry

This section deals with a mathematical modelling of tpd&e PMSM and its modeased
control. The PMSM mainly consists of two components, the rotor and the stator. The rotor is

usually equipped with a higherformance permanent magnet in the surface, or contains
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ferromagnetic materials inside. A rotating magnetic field through the-fiivege AC is
produced by the-phase stator windings. The PMSM equations, shown below, aresseglr

in the rotor reference framé (frame). All quantities in the rotor reference frame refer to the
stator.The model covers the relations of the current and voltage equilibrium and appropriate
relations of the voltage distribution for individual phasé the 3phase system. A number of

parameters are contained in the model; their notation and units are given below:

stator resistance [, Ohm]
stator inductance (surface PM) [H, Henry]

Rotor magnetic flux [Wb, Weber]

Number of pole pairs, pp = 2pole number
Viscous coefficient of the load [kg m21$
Moment of loadnertia [kg m2]

Supply current [A]

Supply voltage [V]

Currents of individual phases [A]
Voltages of individual phases V]
Currents in the system [A]
Voltages in the system [V]
Currents in the system [A]
Voltages in the system [V]
Mechanical angular speed [ra[d/s
Electrical angular speed [résil
Mechanical angle position [rad]
Electrical angle position [rad]

Motor driving torque [Nm]

Load torque [Nm]

The equations describing the physical basis ofp@nanent magnet synchronous motor

begin with the following equation of stator current equilibrium:
(4-15)
In the same way, the equation of stator voltage equilibrium is preserﬁqdaﬁor{(4-16)
(4-16)

In the following equations, the stator voltage distribution is expressed :
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(4-17)

The mathematical model of the thyplease system is completed by the relation of

electremechanical properties expressed by the equation of the torque equilibrium:

(4-18)

is a mechanical loss and is a load torqueThe Equation$(4-15)|to[(4-18)|constitute

of 3-phase system f@ach phases. That model can be simplified both for the simulation

and control design by two specific transformations. The first is forward Clarke transformation:

(4-19)

Figure4-3 , and coordinate systems

This transformation converts Equatig@sl?7)|and(4-18)|/from the = phase system into the

system. The to transforming procedure can be applied to physical quantities such

as the current, voltage and flux components. The following equations Blsotransformed

to phase system:
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(4-20)

(4-22)

The second transformation that is needed to complete tlreodel of PMSM is presented in

Figure4-3(c), which is the forward Park transformation as shown in EqUéd@?3)

(4-22

That transformation converts the systemEquationg4-20) and(4-21) into the  system.

The  system unlike the two fixed axes system is constituted by two rotatingaxes.

Permanent magnets connect the axes are to the rotating electromagnetic field of the stator coll
winding or rotating rotor. Because the AC permanent magnet synchronous motor is
synchronous, the speed of the rotor is equal to the speed of the electronratpiét field

and proportionally synchronous with the input current frequency. The EQL@ and

(4-21) applying(4-22) get the forms:

(4-23)

(4-24)
(4-25)
4 .4.2Mathematical Model of PMSM drive

The Vector Controller (permanent magnet synchronous motor) block is similar to the Field
Oriented Controller block for induction machines, which was described in cl3apegause

it offers DGmachinelike performance fopermanent magnebachines. The detailed model

of the Vector Controller (permanent magnet synchronous motor) block cotiteeesnain
blocks, shown i@ below for the lateral position of the wheelset method.
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Figure4-4 Vector control of permanent magnet synchronous motor of lateral position of

wheelset

In order to control the wheelset lateral displacement it is required to feed appropriate power
to the motorThis done bysng threenested feedback loops is fundamentélese loops are

the outer loop ffosition loop, the middle loop(velocity loop andthe inner loop(current

loop). This arrangementllows independent tuning of theachloop parameters without

affecting the adjacent loop.

The position loop is the outeyop and it represented|ifigure4-4|landFigure4-5|as position

control block.The positioncontrolloop has two inputsyhich are command input (Lateral

displacement of wheelset) calculated from Equatiq4-1)|and feedback input (Lateral

response of wheelset). In order to generate an error signal in this position control system,

the output from the position sensor is sabted from the position referendehis error signal

is then applied to the compensator. The output from the compensator is become reference to

speed controller
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Figure4-5 Position controller loop

This output  is acting as a velocity reference command that is applied to one input, while
the speed of the machine in rpm is applied to the other input in the intermediate loop (speed
control block). Both input signals are subtracted toegate an error signal which is then
applied to the compensator (PI). The output of the speed control block acts as a command to
the current loop (electromagnetic torque ). In the casethe command speed is

different fromthe acttb O VSHHG WKH HUURU DW WKH VSHH&@ FRQWL

smaller depending on the feedback sigttas commanded tothe current loop to pass more

or lesscurrentthrough the motor as shown in fRgure4-4

Figure4-6 Speed controller loop

The current loop is the inner loop block that contains four main blocksrsherie is designed

to provide current reference ( block). The block performs the
conversion of the  current components in the rotor reference frame into. The block

input are first, torque reference provided from the speed controller, this is converted to the

guadratic current as seen in Equatif{i-26)| second, the ettrical rotor angle calculated

from the mechanical rotor angle as seen in Equatigid-27) in the angle conversion block.
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Third, the direct current which set to 0. All three inputs are used to calculate the reference

current as shown in the following Equatifga-28)|and Equatioﬁ4—29)

(4-26)

(4-27)

(4-28)

(4-29)

The current signal  acts as a current command, where the currents the other input

(feedback) to the current regulator calculating the error signal thppi®d to the barbang
current controller with adaptable hysteresis bandwidth. The output from the current regulator

becomes the command to the switching control block.

Figure4-7 Current controller loop
4.5 Verification of the control system
4.5.1Characteristics of the Track

Track excitations cause a response from the railway vehicle wheelsets and therefore, the

behaviour of the wheelsaind the performance of the railway vehicle as assessed through
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track input are directly impacted by the track geomgwgi,

Li, & Goodall, 200)}. In this

thesis, and general raiqy industry research, random and deterministic input characteristics

of the railway track are consider

Hdei & Goodall, 2003k

There are three main features that reprebentesignalignmentassociatedvith deterministic

track inputs which are curves

, cant angle

and transition time that a train takes to

connect the straight track to a curved/gradient track. In this study, both measured real track

data and generated systematic track data are used. The layout of generated systematic track

data that are used in th&udy are shown ifFigure 4-8

vehicle was run at different speeds as shown i #ide4-1

Table4-1 Deterministic track inputs

and the applied cant angle of

These data include radii of

. For each curve, the

TrackCurveradius | Applied Cant | Vehicle Speed| CantDeficiency
(m) (mm) (km) (mm)
160 0
180 40
2000 150 200 85
207 105
215 125
138 0
155 40
1500 150 173 85
180 105
187 125
113 0
127 40
1000 150 141 85
147 105
153 125
80 0
90 40
500 150 100 85
105 105
107 125
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Figure4-8 Deterministictrackinputs

4.5.2Dynamics on Curved Tracks

Minimising or eliminating the creepforces are the principal concernsof a control
strategyfor good curving performancethe idea of good curving performancecanbe
expresseasfollows (Brunietal., 2007|SHUIWEN SHEN, Mei, Goodall,Pearson&
Himmelstein,2004:

X Equallongitudinalcreepforcesin wheelson the sameaxle

x Equal lateral creepforces (someforce in the lateral direction is neededto
compensateant deficiency). Preferably,lateral forces should be distributed
betweerall wheelsets.

X The Z KH H Cavdé At "tfackof is the sameso thatthe entirebogieis in line

with the curvedtrack.

Theresponsef an actively steeredvehicleon a curvedtrack hasbeenstudied.The curved
trackhasa curveradiusof 1000(m), andis connectedo straighttrackvia a transitionof

with a speedof (cantdeficiency ). Additionally, in orderto reducethe lateral

acceleratiorexperiencedby the passengershetrackis cantedduringthe curvelFigure4-9|(a

& b) compareghe lateral displacementsf the leadingandtrailing wheelsetson a curved
track whenusingthe active andthe passivevehicle system.Figure 4-12 showsthe passive
leading wheelsetPWL (red) and passivetrailing wheelsetPWT (blue) show; and active
leadingwheelseAWL (black)andactivetrailing wheelseAWT (orange)lt is clearlyshown

75



thatwith theuseof theactivecontroller,thelateralmovemenof boththeleadingand trailing
wheelsetss closeto for wheelconicity and for wheelconicity . For
this particularcurve,thisis thetheoreticapurerolling line. However theleadingandtrailing
wheelset®f thepassivevehiclebehaveifferently, at and for wheelconicity

and and for wheelconicity , respectivelyandareforcedawayfrom

thepurerolling line dueto theuseof yaw stiffnessfor stabilisation.

Figure4-9 Lateral displacement amdhgle of attack first active control strategy vs passive in

track curve radius 1000m and cant deficiency 85mm

Figure4-9|(c &d) showstheresultof usingactivecontrollersandpassivesuspensiomn the

yaw anglefor theleadingandtrailing wheelsetsTheresultsshowthatthe activelycontrolled
wheelsetsunningaroundthe steadycurve havean equalyaw angle,in orderto providethe
requiredateralcreepin orderto balancehecentrifugalforcein thecantdeficiency.However,
the yaw anglesof the leadingandtrailing wheelsetsn the passivevehicle deviatefrom the

idealposition.

Fortheactivelycontrolledvehicle,thelateralmovemenbf theleadingandtrailing wheelsets

on the purerolling line minimisesthe longitudinalcontactforce,asshownin|Figure4-10j(a

&b). The longitudinal contactforces are considerablyreducedon a steadycurve. For the

passivevehiclewith wheelconicity thelongitudinalcontactforceis significantlyhigher

for the bothwheelsetsshownin|Figure4-10|(b).
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Figure4-10 Longitudinal and lateral contact forcafirst active control strategy vs passive

vehicle in track curve radius 1000m and cant deficiency 85mm

Somecreepforcesarerequiredto providethe essentiaturvingforcein orderto compensate
for anycantdeficiencyin thelateraldirection.Thisis achievedoy applyingactivesteeringas

it equaliseshe lateralcreepforcesbetweenthe leadingandtrailing wheelsetascanbe seen

in|Figure4-10|(c &d). However,for the passivecase the lateral creepforce of the leading

wheelsets significantlylower thanthatof thetrailing wheelset.

Alternately, yaw torque can be applied to cancel out the effect the wheelsets being forced
away the pure rolling by the longitudihstiffness of the primary suspension. The steering
strategy should not compromise the stability provided the cancellation occurs at frequencies
significantly lower than that of the kinematic mode. This can be realised by controlling the

moments of the mary suspension.

4.6 Summary of Chapter 4

In order to show the benefits of implementwfeelset active steering cont®ystens in
railway vehicles for theeductionof contact force®etween wheels and rails, this chapter has
presentedh strategy to contrd the active yaw torque applied to the solid axle wheelsdt
then showed the process of designing the wheelset steering ackiaddly, the actuator

mathematical models have been presented.

77



Chapter 5
'\QDPLF ORGWKMH RBIDVV IF¥YHL DI G C5LVOP SEDHHIFHFOQHW H G L
0$7/$3%DQG 6LPXOLQN

This chapter describes the implementatiohef passive railway vehicle and active railway

vehicle modelstilising theMATLABSimulink environmentn this study,the combinationof

thetraction system and vehicle mod®IQDPHG WKH pSDYV Yhe ¥dinbihationH P D Q ¢
the passive system and wheelset active costnaimedhe uDFWLYH V\VidleHrioflel 7KH Y F
is built in Simulinkandthe appliedraction andwheelset active steering contaattuatorsare

selected from the Simulink libraB&inpower systems hese blocks are designed to be ready
to-use,and weremodified to suit the wheelset traction and steering actuatyairements

Thepassiveand activemodes arepreentedrespectively

5.1 Introduction

Mathematical modellingand computer simulatiorare usedeffectively to examine and
understandhe impact of active wheelset control on the overall energyiefity of arailway
vehicle This indudesan explorationof the system response wifriety ofload and speed
conditions. The dynamic state of thaction system anaheelset active steering control
systemcombined with thevehicle modelare mathematically represented and implemented
using the MATLAB/Simulink environment his choice is supported bu Saad (2015, p.
94)who states that:

The choice of thIATLABSimulink environment is based on its ease of use
and inclusion of ready to use sets @hbedded components that are
appropriate for different applications. Moreover a wide range of built
modules are suitable for the simulation of power and electrical systems such
as power electronics converters and machines. Modules are for general use
and in many cases can be modified to suit any particular application
Using theMATLAB /Simulink environmento model and to simulatie electricaltraction
andwheelset active steering contsyistemgprovided an advantage to this study gsatvides
component libraries and analysis tools for midicg and simulating electrical power systems.

It includes models of electrical power components, including {ph@se machines, and
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electric drives Second SimPower Systems helm develop control system#n conclusion
this chapter aimw performa computer simulatioof the mathematical models of the passive
and active modelsvhich were descriled in Chapters 3 and.4Thosemodek are used for

studying theenergy effieency of bath active and passive models.
5.2 Passive Vehicle Simulink Model

The mathematical equations represamg the passive vehicledesignedin Chapter 3are

configured forspecificapplicationrequirementswhich isto assesthe energy efficiency o

railway vehicle Thereforethe passive vehicle6LP XOLQN EORFNVY SDUDPHWH!
input and output devices used. The input is the power source and track inputs, and the output

is mainly the energy consumed by the ti@tsystem and energy dissipated at contact points
between wheel and raias well as energy requiréd overcomemotion resistancesrThis

section explains and illustrates the configuration of the vefiistechanicalnd electrical

componentgFigure 5-1| shows the overall passive model. In the following sestithre

mechanical systemndtraction system andustrated

Figure5-1 Simulink madel showing higHevel input and output of theassivevehicle

5.2.1Vehicle DynamicsSimulink Model

This blockis configured to regve the input from the traction system and track inpkiture

5-2|showsthe blocks ofthe leading and trailing wheelset, leading and trailing bogies and

carbody. With these blocks, the mechanical system with multiple degrees of freedom,

including translatioal and rotational motions, and the set of coordinates for each body are
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visualised. Thelescription and figures belosthow the Simulink models of these components.

The system is comprised of the differential equations of motion described previously in
Chapter3.

Figure5-2 Vehicle dynamics model

The highlevel scheme of the leading and trailing wheelsets of the Leading Bogie model are
shown irEFigureS-S The highlevel schematic diagram for the lead wheelset of the front bogie

shown below is built from blockbkat compute the laterglaw dynamicand nonrlinear creep

forces and moments modeisthe leading wheelset as showfFigure5-3
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Figure5-3 Leading and trailing wheelsets of leading bogie

The highlevel schematic of saturatio@reep Forcess coloured yellow ifFigure5-4{ The

hightlevel schematic is built from four mallocks, as shown below:

X The model that computes creepages
Xx 7TKH PRGHO WKDW FRPSXWHYVY .DONHUYV /LQHDU )RUFH
x The model that computes Saturation Constant

X The model that computes Ndunear Creep Forces & Creep moments

Figure5-4 High-level schematic of creep force saturation

5.2.2Traction System Simulink Model

In this Simulink model, the vehicle traction systemis illustrated. The figures containthe
component®f the tractionsystemwhich are ahreephase voltage source, a variable speed
drive, (which includesa recifier, a DC Bus and an inverterusedto interfacebetweenthe
powersourceandthe motor) andthe induction motor model, which explains the voltage, flux

linkage and tB mechanical system dynamic equations.

Figure 5-5|showsthe Voltage Sourceblock model, which is an ideal voltage sourcethat

maintainssinusoidalvoltageof the specifiedmagnitudeacrossgts terminals,independenof

the currentflowing throughthe source.
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Figure5-5 Three phase voltage source

Thestructureof thetractionsystemin|Figure5-1|is shownin moredetailin|Figure5-6| This

block includesfour induction motorscontrolledby the FOC method From this modelthe

powerrequiredfrom the tractionmotors,the tractionenergyconsumptiorandvehiclespeed
arecomputel.
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Figure5-6 The electric AC motors model

Thehigh-level schematiof the Tractionsystemin

Figure5-6

is shownin detail. This model

is built from six mainblocksprovidedinthe 6 LP 3R Z H U 6 \ Wovdryd:P V E

X Theinductionmotorblock

X Thethreephasanverterblock

x Thethreephasedioderectifier modelsblock

X Thespeedcontrollerblock
X Thebrakingchopperblock

X TheFOCcontrollermodelsblock
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Figure5-7 FOC InductionMotor Drive
5.3 Active Vehicle Simulink Model

As mentioned irChapter 4the combination of thevheelset active steering contsyistem

and the passiveehicle systemis named theactive vehicle systemf|Figure 5-8|andFigure

5-9[aremodesk built with both SimPowerSystemsand Simulink blocks. SimPower Systems

blocksare usedfor moddling the electricalsystem,while Simulink blocks are usedfor the
mechanicapars. Thetractionandvehiclemodelswereaddresseth the previoussection.In
this section control of the wheelsetateralpositionfor purerolling modelmethodare used.

This sectionaddressethe steeringsystemgFigure 5-8|illustratesthe interfaceconnections.

Theblock on thetop in the middle is the electricaltractionsystem;the bottomcentralblock

is the wheelsetactive steeringcontrol system In|Figure 5-8|the far left blocksrepresenthe

voltagesourceof thewheelsetctivesteeringcontrol system.
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Figure5-8 Simulink model showing higtevel input and output of the active vehicle model

Figure5-9 Simulink model showing higlevel of traction system and vehicle mechanical

system of active vehicle

Figure5-8|andFigure 5-9|presentthe blocks forthe control of the wheelset lateral position

for pure rollingmethal. The entire drive system farheelset active steering contrmicluding
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motor drivesyehicle mebanical model and controllers can be mabis in the same diagram

using blocks from the electric drives library eighulink libraries

The moded of these amators can be describex permanent magnet synchronous motor
drives This motor igepresented by ACgermanent magnet synchronous makave blocks
from the Electric Drives library. This block models a complgiermanent magnet
synchronous motodrive including a permanent magnet synchronous motan IGBT
inverter, speed controller, and current controller. The AQf&k inputs are the speed
commands anbbad torquehe outputs are the mottmrque which are fed to the inputs of the

wheelset

Three control loops connected in a cascade configuration makee umhtrol systemthe
outerloop isthe position loop inside are thepeedand torquescontrol loop and an innermost
current control loopThe inner speed control and torque loop are already included in the drive

model. The position loop iadded to the mode|Figure 5-9|showsthe blocks in SimPower

Systems. The first block is an electrical input (thpbase voltage tterminalsa, b andc).
Theoutput from this block isectifiedto DC voltage by Rectifierblock then thédC voltage
is converted byhe IGBT inverter, which is controlled by PWMsignalsto threephase AC
voltage This voltagds applied tahe permanenmagnesynchronousnotor. There is a torque
signal input, whib is the torque fronthe mechanical loadThe electrical and mechanical

mathematical model for this block is identitathat mentioned in Chaptdr

5.4 Conclusion

It is obvious from the critical review of the existing publications that there was gretaa
emphasis put on the links between the energy consumed by the vehicle traction system and
energy dissipated at contact points between wheel and rail. Theiefdhés chapter, the
Simulink model including the vehicléractionmodeland the wheelsedteering model was
developed irSimulink using the features of the recent versions of the SimPower toolbox. The
Simulink model is used for calculating the energy &sss contact patches and its influence

on the required energy from traction motors. $meulated results from the model will show

the influence of rail vehicle dynamic behaviour on the power consumption of the traction
motors and how much energy can be saved by reducing the creep forces and the flange contact

forces.
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The vehicle active modlevas built by combining the passive vehicle model andhvieelset

active steering contraystem the modelwasbuilt in Chapter 4. The developed model was
used to investigate improving the energy efficiency of the vehicle by using active steering. No
literature was found which used the developed scheme based on the energy efficiency of a

railway vehicle.

The inteaction between the components of the traction and steering system (which are the
power supply systems, rectifiersonvertors and the control systems) and the vehicle
mechanical components were modelled by MATLAB/Simulink. The model enabled the

various cotrol functions such as traction and wheelset steering control to be studied.
5.5Summary of Chapter 5

In this chapterboth mathematical equations of the active and passive systems have been
solved numerically in MATLAB /Simulink environmentThe applied mdels of the traction

and wheelset active steering contrsystem wereselected from theeadyto-use modules
presented in th8imulinklibrary and modified to suit the tractiegstem and the active system

requirements
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Chapter 6
KHHOVHW $FWLYH 6WHHULQJ (IIHFWV RQ WKH 5F
‘'\QDPLFVY DQG 7TUDFWLRQ 3RZHU

In a railway vehicle,the contactforcesbetweenwvheelsandrails are importantparameters
thatincreasethe Y H K L fFe€ldthfiddo motion,consequentlyncreasingthe powerrequired
fromthetraction motor.However dataabouttheinfluenceof wheelseactivesteeringcontrol
onthecorrelationbetweenhetraction powerof therailway vehicle andcreepcontactforces
at the contactpatchesbetweernwheelandrail are limited. The purposeof this chapteris to
advancethe understandingof the impact of: first, wheelsetactive torque on the wheelset
dynamicssecondhowthis impactconsequenthaffectscreepforcesbetweerwheelandrail,
and third, how the impact of wheelsetdynamicson contactforcessubsequenthaffectsthe

powerrequiredby the electricalrailway traction system.
6.1 Introduction

Powerprovidedto therailwayvehicleis usedto accelerat¢hetrain, to movetherotatingparts

(which include motor armatures and wheels), and to overcome train motion resistance.
Assessing the impact of those resistances on the traction energy is important to develop
strategies for reducing them. During recent years, extensive effort has been made in order to
show the benefits of introducing a wheelset active steering control technique. The benefits
include the improvement of railway vehicle curving performance and the simplification of
vehicle configurationqRM Goodall, 199}|RM Goodall & Kortim, 200 The possible

benefits regarding reducing rollimpntactfatigue (RCF)areconsideredy|JavierPerezetal.

(2006) howevertheinfluenceof wheelsetctivesteeringcontrolontherelationshipbetween
wheelsemotiondynamicsandtractionpowerhasnotyetbeenthoroughlystudiedor assessed.
Therefore,in the following subsections, a tracking investigation from the traction power
source to the wheels of the vehicle is undertaken to estimate the adfigbtelset active
torgue control on wheelset motion dynamics and consequently, on-rallexkep forces and
subsequently, on the traction power. To accomplish this investigation, the following

subsectionsare divided into three parts. First, the mathenatical representationof the
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moderatingeffect of wheelsetactive steeringcontrol on the influence of wheelsetmotion
dynamicson the tractionpowerconsumptiorof the tractionsystemis illustrated,in orderto
showthe link betweenthe wheelsetmotion dynamicsandthe traction power.In the second

part, the moderatingeffect of wheelsetactive steeringcontrol on the influenceof wheelset
motion dynamic®n tractionpowerconsumptions graphicallyrepresented-inally, in order

to understand the relatiship between the research variables, statistical analyses were devoted
to identifying the correlation between wheelset dynamics and traction power. The findings of
this chapter will help to assess the effectiveness of wheelset active steering cortiel on t

reduction of traction energy.

6.2 Theoretical Analysis of Moderating Effect of Wheelset Active Steering Control on

the Influence of Wheelset Motion Dynamics on Traction Power Consumption

There is a need to reduce the power required to drive railway v&Hicwever, severe flange
contact force and high creep forces present issues every time the vehicle speed rises above a
certain level. In order to solve this problem, wheelset active steering control is proposed in
this study. However, testing at random nist recommended for obtaining a solution
(experiments are expensive and one cannot tinker haphazardly with wheelset active steering
control and hope that no derailment will occur in the next high speed experiment). Therefore,
what was needed was a thema@tunderstanding of the traction power which could illuminate

the key variables that should be adjusted to obtain a practical solution. The following
description puts the equations together and solves them. The process took place in a sequence

of three sages as shown|Rigure6-1

The main objective of this section is to discuss the mathematical representation of the
moderating effect of wheelset active steering control on the influeneghneélset motion
dynamicson traction power consumptioEigure 6-1{shows how any change in the curve

radius, wheelset conicity, vehicle speed or wheelset active steering tomjrued bhas an effect

on the vehicle traction power through the effectwbfeelset motion dynamicérom this

figure, it is clear that the vehicle speed, wheel conicity and curve radius have no effect on
some of the forces such as inclination and accedterdbrce, whereas the vehicle speed
impacts the aerodynamic and wheel rail interface forces. In addition to the effect of speed, the

wheel conicity, curve radius and active wheelset control also effect the contact forces via the
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wheelset motion dynamicshig figure is however limited in its representation as it cannot
show the precise nature of the relationship between the variables. This precise relationship

can however be explained using the mathematical equations.

Figure6-1 The moderating effeadf wheelset active steering contmah theinfluence of

wheelset motion dynamiam traction power

The chain from the traction motors to the wheels is presented mathematically in the following

equations. Equatigf6-1) illustrates how the power camsption of the traction motor by the

wheelset is related to the electromagnetic torque:

(6-1)

However, Equatio&B-Z) shows the link between the torque applied to the wheelset and the
motor torque. This link shows the required electromagnetic torque increases as the torque

applied to the wheelset increases.

(6-2)
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is rotor speed and s total inertia referred to the motor which includes motor

inertia and wheelset inertia , Where and are moment of inertias of

wheel and motor/gearbox respectively,is the gearbox ratio

Equation(6-3) presents how the tractive force influences the torque applied to the wheelset.

(6-3)

Where are the rolling radius of left and right wheel. In addition, are

longitudinal creep forces of left and right wheEhe tractive force is presented in Equation

(6-4). This force is an outcome of forces resulting from curving between the wheel surface

and the rail, aerodynamics, acceleration, and gradient forces.

(6-4)

In these simulation tests, the vehicle speed for each run is constant, consequently,
aerodynamic force is constant and acceleration force is negligible. In addition, the vehicle
mass is constantherefore, gradient and bearing forces are constant. The only changes are
on the curve radius, rail cant deficiency and wheel conicity, which could lead to a change in

wheel rail contact forces.

During curving, micreVOLS ZKLFK LV UHIHUUWDBDNWMN B®DFH HHS W/KH

contact patch due to rigidly restrained vehicle axles. Energy loss at the creepage is equivalent
to the resistance of vehicle steagtgte curvingTherefore, any reduction in curving resistance

at the wheel leads to reduttaction effort and consequently reduces traction power.

Equatior{(6—5 below illustrates the curving resistance between wheel and rail,

(6-5)

91



In this study, the heuristic ndmear creep model was used in order to adopt the creep forces

in the GLUHFWLRQV 7KLV ZDV GRQH E\ FRPELC

theory with a nodinear saturation repsentation . Firstly, the linear creep forces defined

at the contact plane for the left and right wheels of front and rear wheelsets of the front and
UHDU ERJLHY ZHUH REWDLQHG GLUHFWO\ I[IURP .DONHUTV

(6-6)

(6-7)

The creep forces generated are directly proportional to the amount of creepage as shown in

Equation(6-6). The longitudinal creepages are proportional to the wheel rolling radius

as can be seenin Equa1i((ﬁ=|8 . The rolling radius is proportional to the lateral displacement
and the wheel conicity as can be seen in Equat[(ﬁqlo. Equation(6-8) shows how

thecurve radius impacts the longitudinal creepage.

(6-8)

(6-9)

(6-10)

To discuss the link between lateral creep forces, lateral creepage, and the yaw angle of the

wheelset, it is important to discuss the mathematical relationships linking them. From

Equation(6-7), it can be seen that the lateral creep force is proportional to lateral creepage.
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The lateral creepage is proportional to the effective yaw angle of the wheelset as can be seen

in Equation(6-9).

From this discussion above it can be concluded that the lateral displacement and yaw angle of
the wheelset have a dominant influence on thetitna power. Therefore, in order to reduce

traction power it essential to control those dynamics. But before controlling them, it is

important to understand association the links between themnd Goodall (1998have

presented a mathematical association that links lateral displacement and the attack angle of

the conventional wheelset with wheelset yaw torque applied by the steering system.

(6-11)

(6-12)

Equation§(6-11) and(6-12) describe the behaviour of the wheelset. It can be observed that

each eqation includes different parameters. These parameters appear as constant coefficients
comprising the wheelset axle load, wheelset mass and moment of inertia, suspensions stiffness
coefficients, wheel radius, track gage, and vehicle forward speed. Impgrttmase
parameters may not affect the underlying nature of the equations; to be clear, the deflections

of lateral and yaw are proportional to the magnitude of the applied forces. Additionally, it can

be observed that lateral displacement of wheelset snHie wheelset move in the yaw
direction (rotate around the z axis), and conversely, yaw dynamic leads to lateral
GLVSODFHPHQW ODWKHPDWLFDOO\ WKH ODWHUDO GLVSO

The link between those motions are provided bggiferces.

In a study conducted fy and Goodall (1998)t was shown that the lateral and yaw equations

above have two contributions to the creepage. This part in the lateral

displacement Equatig(®-11) is caused by lateral velocity and the wheelset yaw angle. Those

terms allow for the moving axis system under the influences of track curve radius

and track superelevation angle in other words, it introduces the centrifugal curving

force. The term presented in the yaw equation of motion is the longitudinal
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creep. This creep is influenced directly by the wheel conicity. The is due to

the wheelset yaw velocity. The last part represents the correction that allows for
the moving axis system, (the rotational effect of traversing the curve$.the yaw torque

applied to the wheelsattive control.

The creep forces are influenced by the vehicle forward speed, in the case where the vehicle is
travelling at low speed, by examining Equa[(@nll and EquatioﬁG-lZ it can be observed

that the creep forces are large, consequehitysystem will behave similarly to a rigid

mechanism. The wheelset will follow a path almost as predicted by K*Bgebn Iwnicki,

2006, p. 0. In another case where the forward speésllarge the creep forces diminish and

inertial factors come into play. In this case the wheelset will behave similarly to a mass

attached to apring.

In the case where the wheelset yaws, this yaw motion acquires angular momentum together
with kinetic energy and similarly, in the case where the wheelset moves laterally it will acquire
kinetic energy. The yaw motion and lateral motion are syncsednwith a phase shift

between them . This behaviour can be considered as a clismpl feedback process

Wickens, 2005, p. 39As the total energy is not constant, it can be amplified from the vehicle

forward movement, accumulating gradually from one cycle to the next cycle in the case where

the vehicle reaches its critical speed. Therefitve wheelset could be stabilised by applying

external effort such as force or torq*moger Goodall & Li, ZOOP By implementing yaw

torgue the wheel lateral displacement of the wheelset witlecesp the track, and contact

force can be reducegMichalek & Zelenka, 2011Rai, 201?. Consequently, the trach

power also could be reduced.

This theoretical analysis section has established the links between wheelset motion dynamics

and traction power. The observations of Equg(iéil) and Equatiof(6-12) show that

wheelset motion dynamics are frequently affected lypychiange of train speed, track or wheel
profiles and are also controlled by active steering torque effort. However, the interactions
between large wheehil contact forces due to large curve and high vehicle forward speed
with active steering torque, amarge wheelail contact forces due to small rail curve with

active steering torque need to be visualised. Additionally, the significant effect of wheelset
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active steering control on the traction power of the railway vehicle needs to be statistically

guantfied, specifically under the two conditions mentioned above.

In the next section, the dynamic analysis of the equations presented above are performed in
MATLAB/Simulink to assess the influence of controlled wheelset motion dynamic
behaviour on tractiongaver consumption. Following this, the statistical analysisstigates

the effect of wheelset active steering control on the relationship between wheelset motion

dynamics and traction power consumption, and computes statistics to quantify this relation.

6.3 Visual Analysis of Moderating Effect of Wheelset Active Steering Control on the

Influence of Wheelset Motion Dynamics on Traction Power Consumption

Dynamicactivesteeringcontrolhasvery challengingneedsThemajoraim of wheelsetctive
steeringcontrolis to decreaséhecreepforcesthatarisedueto the contactoetweerthewheels
andthe track. The creepagesire responsiblefor forcesthat resut from relative velocities
causedy flexible distortionsat theinteractionpointsbetweerwheelsandrails. Theseforces
leadto wearandnoiseat the interactionpoints,andshouldbe minimisedto the leastvalues.
The mechanismto minimise theseforces should, however,not interfere with the vehicle
stability. The existenceof creepforcesin the lateraldirectionis howevernecessaryn order
to offset the centrifugal forces presenton the curvedtracks. To achieveperfect steering
conditions,the following shouldhold: 1) The longitudinalcreepforcesin the wheelson the
sameaxlearethesame2) Lateralcreepforcesshouldbeequalisedassomeforcein thelateral
direction is neededto compensatdor the cant deficiency. Distributing the lateral forces
betweerall wheelsetss preferred(S. SHENetal., 2004).

The effectsof equallongitudinalforceson the wheels(perfectlydistributedtraction/braking
force)tendedto eliminatewheelwearanddamageln orderto balancethe centrifugalforces
caused by cant deficiency or cant excess, equal lateral creep forces are required.
Conceptualisingnideafor the control procedureshattackleall the factorsstatedaboveis

simply not straightforwardIn fact, a numberof strategieghat havevarying benefits canbe
adoptedThe control of thewheelsetateralpositionfor purerolling strategy asdescribedn

chapterd, is assessenh this section.

In this section, thergphical representation tifemoderatingeffectof wheelsetctivesteering

contrd on the influence of wheelsetmotion dynamicson traction power consumptionis
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plotted and discussed. This was done in stages. First, a series of curve radii with different cant
deficiencies were set. Second, the vehicle traction power from the tragstemsto the end

uses (which includes the traction torque applied to the wheelset, creep forces between wheel
and rail, wheelset dynamic motion and wheelset active steering control torque) was plotted
and investigated. The results of the simulation foassjve vehicle and the active steered
vehicle are shown in figures below.

The steering strategy creates pure rolling of the wheelset in order to eliminate longitudinal

creep forces. The method ensures that the magnitude of the lateral displacement is

as required for pure rolling and the results of this lateral displacement are confirmed as
displayed in the following Figures.
The results comparing the lateral displacements and the yaw angles of the leading and trailing

wheelsets of the leading bogie for the passive vehicle and the actively steered wheelsets using

wheel conicities 0.15 and 0.08 are presentgeignre6-2(andFigure6-3

Figure6-2 Lateralandyaw displacementf leadingwheelsewith conicity 0.15and0.08
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Figure6-3 Lateralandyaw displacemenof trailing wheelsewith conicity 0.15and0.08

It can beseen ifFigure6-2jandFigure6-3|thatlateral displacements ( ) of the leading

and trailing wheelset of the passive vehicle are much larger than the lateral displacements of

the actively steered wheelsets. The active strategy reduces lateral displacement on the constant

curve. In the sequence of curving diagrahewn in|Figure6-2(andFigure6-3| comparghe

yaw at the leading and trailing wheelsets. The yaw of the leading wheelset is increased and
for the trailing wheelset is reduced in active solutions which leads to lateralcéisi@at of

the leading and trailing wheelsets being equal to the value of pure rolling. For instance, the
passive lateral displacement of leading and trailing wheelset when the vehicle runs on curve
of with cant deficiency and conicity , are and

respectively. The active steering reduces those values to . This finding, andthe

finding on lateral displacement and attack angle of the wheelset, is consistent with findings of
past studies byJ Perez et al., 200%5. Shen & Goodall, 199{Sim et al., 201} With all
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combinations of wheelset conicity, curve radius and vehicle speed with the torque applied by
the active strategy, it is effective. The results presented byeastrategy facilitate a
significant reduction in the lateral displacement and equalise the yaw angle of the all wheelsets
in most of the cases. A number of studies have shown active strategies to have significant
differences in their ability to improve theheelsetbehaviour However, the results above
show how the testing of various scenarios of wheelset conicity, curve radius and vehicle speed
combined with the wheelset active steering control torque can improve the wheelset
behaviour as shown in the Brature.

Referring to Equatid(6-8)[and EquatioE6-9) the lateral and yaw angle of the wheelset have

an effect on thélange and creep forces. Therefore, it is now important to discuss this effect.

Figure6-4 Flangecontactforce of leadingwheelsewith conicity 0.15 and0.08
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Figure6-5 Flangecontactforce of trailing wheelsewith conicity 0.15and0.08

Analysing the flange contact forl&gure6-4 andFigure6-5(shows how the flange contact

force is linked to the lateral displacement of the wéeteband how it depends on the
characteristics of vehicle speed, wheel conicity and track curvaturdlahigecontactforce
represents the acting force between the wheel and rail at the flange contact zone in the lateral
direction. Hence, a stronfjange contactforce destabilises the behaviour of the railway
vehicle.

It can be observed that the results offthegecontactforcein the front and rear bogies are
increasing as the wheelset lateral displacement rises to the value above flange cleagance. Th

flange contactforce of the leading wheelsets in the passive vehicle is considerably stronger

than theflange contactforce of the trailing wheelsets as shojwigure 6-4|andFigure 6-5

Additionally, a wheel conicity of 0.15 reduc#lange contactforcesin the passiverehicle

more efficiently than a wheel conicity of 0.08. Furthermore fldn@ge contactforce of the

leading wheelset is extensively reduced in the active steering strategy, as skayunaf-4
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and|Figure 6-5] however, the active steering strategy can be named most effective in all

scenarios.

The longitudinal creep forces are calculated according to the creepage multiplied by the creep

coefficient The longitudinal creep forces are showprigure6-6| In the curvehe wheelset

moved in the lateral direction to the left by a small distancas shown ifFigure6-3| This

led to the rolling radius of tHeft wheel becoming greater than the right wheel. Consequently,

the forward speed of the left wheel will be a slightly higher speed than the right wheel. This
causes the right wheel to drag rearward, as a result the wheelset will yaw to the right. However,
WKH UDWH RI \DZ LV QR ORQJHU GHWHUPLQHG E\ ZKHHO Jt
second laws. In this case, the wheelset motion is governed by its rotational inertia about a
vertical axis with the wheel rail contact forces, suspension forcesamadleficiency forces.

Because of the conical shape of wheelset, at the starting position, the rolling radius difference
between left and right, and hence the difference in creepage rates, will be proportional to the

wheelset lateral displacement. In turn, the longitudinal creep forces that makes the wheelset
yaw will be proportional to . In conclusion, the bigger the lateral displacement, the bigger

the longitudinal creep forces that make wigeelset rotate about the z axis (yaw). Once the
wheelset begins to yaw, the left and right wheels are no longer aligned parallel with the track.
This generates longitudinal creep forces in opposite direction.

Figure 6-6/shows how the longitudinal creep forces are driven to minimal and equal in the

same direction for the active steering wheelset system with the application of control torque
at the wheaets.The results of the longitudinal creep foreegshe front and rear bogies are
similar with respect to the trend of the results for the latksplacemenof the wheelset. The
longitudinal creep forces represent the acting force between the witkéheamail at the

contact zone. Moreover, the longitudinal creep forces are significantly reduced when using

wheelset active steering control in most cases, as indical@gure6-6| A conicity of

reducedongitudinalcreepforcein the passive bogie more effectively than a conicity of

. For large radius curves, any small offset in wheédsetal position will result in longitudinal

creep forces. The longitudinal creep force in the trailing wheelset increases due to an
insufficient rolling radius difference. The increase in these forces results in an increase in the
antisteering moment afhe bogie. Consequently, the flange force of the leading wheelset

increases.
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Figure6-6 Longitudinal creep forcesf leadingandtrailing wheelsewith ,0.15,0.08
A final observationis thatall longitudinalcreepforcesfor all wheelsetareequalisedy the
influenceof wheelsetactivesteeringon wheelseimotiondynamics As presented before, the
inertial mass plays a role, butthis section the inertia massin the lineardirection,rather
than beingotational inertia. The creep forces this time act in the lateral direction rather than
longitudinal direction. From previous discussion, the lateral displacement leads the wheelse
to yaw, and conversely, yaw leads the wheelset to lateral displacement. Mathematically, the
lateral and yaw motions are coupled together, and they are linked by creep forc @n

6-7|it can be observed that the lateral displacement for both wheel conicities are equalised for

all wheelsets under the effect of active steering. From this figure, the active steering control
increases the lateraleep force of the leading wheelset, while it decreases for trailing wheelset
until both of them become equal. The advantage of this equalisation is that the centrifugal

force due to the cant deficiency is balanced efficiently.
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Figure6-7 Lateralcreep forcesf leadingandtrailing wheelsewith conicity 0.15and0.08

The previous discussion has examined the influence of wheelset dynamics on the contact

forces after the application of active control. Equg(@3)|has presented the link between

tractive force and the torque and Equg

(611)|and Euation(6-2)

show the link between the

torquesappliedto wheelsets and the traction power. The traction power of leading and trailing

wheelsets are visualised in the following figures.

Figure6-8 Tractionpowerapplied toleadingandtrailing wheelsewith conicity 0.15
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The different vehicle speeds, curve radii, and wheel conic#eEnarios result in different
probabilities in the lateral displacement and the yaw angle of leadintyalmy wheelsets
caused by the active steering. Each probability has a different effect on the traction torque and
the traction power. The controlrjue applied to the leading and trailing wheelset are

massively increased by those forces, as defined previassgen ipFigure6-9| The torque

reduce the lteral displacementhis leads to avoiding flange contact, and consequently, a

reduction of the traction torque and power.

Figure6-9 Tractionpowerof leadingandtrailing wheelsetwith conicity 0.15

The observation found by applying an active strategy is that in the majority of cases the
strategy reduces and equalises contact forces, which leads to a high reduction of the power
required from the traction motors. The main aim of redutivegrequired power is achieved

because reducing the flange contact force is significantly reduced.
Important conclusions drawn from this section include:

1. The results reveal that the wheelset motion dynamicsdomaantfactor on the size
of the forces gnerated between wheel and rail.

2. Based on the resultgpntrolling lateral displacementand the attack angle of the
wheelsetmay lead to a reductionin contactforces betweenwheel and rail and
consequenthareductionin tractionpower.

3. The investigatiommf wheelset active control has shown that, on the deterministic track,
wheelset active control gives a muahproved curving performance in most cases,

when compared with the passive vehicle.
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4. The results propose the use of a conicity of 0.15 in pla@®8fconicity for the wheels
for a passive system, but using active steeratuceshe influence of conicity on

wheelset dynamics.

The visual analysis in this section contributes to our knowledge by addressing two important
issues. First, how the wheetsactive control changes the strength of an effect or relationship
between wheelset motion dynamics and traction power. Second, when or under what
conditions a particular effect can be expectéderefore,the next sectiondiscusseshe
significance of tk relationship strength between the traction power and wheelset dynamics.

6.4 Statistical Analysis of the Moderating Effect of Wheelset Active Steering Control on

the Influence of Wheelset Motion Dynamics on Traction Power Consumption

The effect of wheelset active steering control on lateral and yaw displacements and
consequently on the power required by the traction system was investigated theoretically and
visually in the previous sections. The graphs shown in the previous section illustratdéukhow t
contact forces change depending on how much the wheelset moves laterally and the
magnitude of the yaw angle. Those figures are compared to visualise the significance of the
effect of different vehicle speeds, curve radii, and wheel conicities on &tiemnship between
required traction power and wheelset motion dynamics (lateral displacements and yaw angle).
In addition to visually analysing the effect of wheelset active steering control on the
relationship between wheelset motion dynamics and trapterer consumption, it can also

compare statistics to quantify this relation.

The analysis uses correlation and regression analysigiser of which can be interpreted as

establishing a causand-effect relationshigAladjev & Haritonov, 2004, p. 131They have

the ability to indicate how one variablelates to another variable or identify to what extent
variables are associateBoth correlation and regression analyses deal with relationships
between variables. The correlation coefficient measures the strength and direction of the
association betweetwo variables. The range of the correlation coefficient always extends
from to .Acorrelation coefficient of suggests a perfect positive association between
two variables (gpositive relationship means if one variable increases the other variable

increases as well), while a correlation coefficient oindicates a perfect negative association
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(a negative relationship means if one variable increasestlteg variable decreases). A
correlation coefficient of indicates no association between the two variables. However, a
meaningful relationship can exist even if the correlation coefficients are 0, as can be seen in
the followingfigure. In this graph, a very strong relationship is shaitinough he Pearson
coefficient and Spearman coefficient are both approximately 0. Both the Pearson and

Spearman coefficients are descrilbetow (perfect quadratic relationship).

Figure6-10 Coefficient of 0
There are two types of correlation method to measure the relationship between paired data.
J)LUvWwW 3HDUVRQYY FRUUHODWLRQ LV D VWDWLVWLFDO PHI
two variables. Its calculation requires two assumptions: lineeldyed or bivariate normally
distributed. In the case where the data does not meet the above assumptions, then and dated
KDV D PRQRWRQLF UHODWLRQVKLS DQG WKH VHFRQG PHW
correlation. In other words, in order to nealt decision whicltorrelationmethod is more
appropriate, it is required to identify the type of relationship between two quantitative
YDULDEOHYVY LI D OLQHDU UHODWLRQ WKHQ 3HDUVRQTYV
PRQRWRQLF 6 $htDhded DHxhsseddnt@nt can be done in two ways, a scatter plot

as can be seenfgure6-11jwhile a normal distribution probability plot can lees irI|Figure

6-12

Figure 6-11)examines the relationship between variables using a scatterplot of the leading

wheelset on track curve radius 1000m and wheel conicity 0.15 with cant deficiency from
(Omm) to (125mm). The rek indicates a negative linear trend between lateral displacement
and yaw anglexcept with(Omm) cant deficiengywhen the resulis positive as shown in

Figure6-11|(a). However, this becora@egative under the influence of active steering as can

be seen ifFigure 6-11|(d). Whereas, there is@ositive increase monotonic trend between

lateral displacement and traction power, and a negative increase monotonic trend between

yaw angle and the traction power of the leading wheelset.
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Figure6-11 Scatterplot of the relationship between variables of leading wheelset (curve

radius 1000m and wheel conicity 0.15)

Figure6-12jassesses the normal distribution probability of first, lateral displacement and yaw

angle of leading wheelset, second, lateral displacement and traction power, and third, the yaw
angle and traction power of leading wheelset with winaélprofiled shape and the vehicle

running on track data from Leeds to HUHKH 3HDUVRQYY FRUUHODWLRQ FR}I
ERWK YDULDEOHY DUH QRUPDOO\ GLVWULEXWHG RWKHUZ
6SHDUPDQYY FRUUHODWYLHRQ@ WRHEH FERQW UREXYWR WR R X\

correlation coefficien{Mukaka, 2012 Using a passive vehicle running wack data from

Leeds to Hull,the histogram plot can determine whether or not variables are normally

distributed as can be seefFigure6-12
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Figure6-12 Histogram with a distribution fit of lateral and attack angle and traction power

of leading and trailing wheelsets

The histograrnfigure6-12/does not appear to show a normal distribution, with the one peak

in the middle at around in[Figure6-12|(a-b), in[Figure6-12|(c-d) and finally,
in|Figure6-12|(e-f). The normal curve drawn over the histograrEigureG—lZfits

poorly. Therefore, the histogram shape for the wheelset motion dynamics (@aerghw

angle of leading and trailing wheelsets) and traction power arémear.

The findings from the scattalistribution and histogramdistribution determine the type of
correlation coefficients that are used to assess the strength and dire¢hierredftionships
EHWZHHQ WKH ZKHHOVHW G\QDPLFV DQG WKH WUDFWLRQ

coefficient. The formula for the Spearman rank correlation coefficiefitisbetrau, 1983, g.

;

(6-13)

where indicates the difference in paired ranks anchumber of cases. These references

describe the Spearman rank correlation coefficient in more ¢@teif, 2013, p. 8 1Gibbons
& Fielden, 1993p. 3.
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6.4.1Assess the Strength and Direction of the Association between Wheelset Motion

Dynamics and Traction Power of Passive Vehicle.

This section investigate® what extentraction power and wheelset motion dynamace
associated with each oth@heefore,the correlation coefficient is used to quantify the degree
of association between two variables. nonlinear relationship is observed from the

histogram and scatter plots; therefore, the Spearman correlation is used. The correlation

coefficients ag quantified and the results are presentefTable 6-1| This shows the

correlation coefficients between traction power and the wheelset motion dynamics of the

passive system with wheel conicity 0.15 and OT0f direction of the correlation Kustrated

in|Figure6-13

Figure6-13 Lateral and yaw coordinates of wheelset
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Table6-1 Correlation coefficients betwedraction powerandwheelset motion dynamiasf

passive systemwith wheelconicity 0.5 and 0.08

Conicity

Passive Leading wheelset Trailing wheelset Leading wheelset Trailing wheelset

R=2000m Ywi,2 %2 Pu12 Yw,2 %2 Pu12 Yw,2 %o 2 Pua.2 Yw,2 %2 Pu12

Y2 1 0.627 | 0.451 1 -0.922 | 0.450 1 0.702 | 0.473 1 -0.884 | 0.478
0 %2 1 0.456 1 -0.451 1 0.459 1 -0.478
Pua,2 1 1 1
Yo,2 1 -0.827 | 0.532 1 -0.963 | 0.546 1 -0.765 | 0.534 1 -0.930 | 0.542
40 %2 1 -0.547 1 -0.553 1 -0.542 1 -0.554
Pu1,2 1 1 1 1
Yw,2 1 -0.851 | 0.553 1 -0.967 | 0.575 1 -0.800 | 0.549 1 -0.947 | 0.569
85 %2 1 -0.580 1 -0.586 1 -0.577 1 -0.586
Pu1,2 1 1 1 1
Yw,2 1 -0.854 | 0.558 1 -0.966 | 0.582 1 -0.781 | 0.595 1 -0.876 | 0.613
105 | %2 1 -0.589 1 -0.595 1 -0.564 1 -0.558
Pu1,2 1 1 1 1
Yw,2 1 -0.847 | 0.566 1 -0.969 | 0.592 1 -0.842 | 0.604 1 -0.859 | 0.609
125 | %2 1 -0.597 1 -0.603 1 -0.600 1 -0.588
Pua,2 1 1 1 1

R=1500mM | Yu> %12 Puwi,2 Yo, %12 Puwi,2 Yo, %2 Pua,2 Y2 %2 Pu1,2

Y2 1 0.646 | 0.503 1 -0.914 | 0.496 1 0.724 | 0.545 1 -0.873 | 0.545

0 %12 1 0.488 1 -0.500 1 0.516 1 -0.542
P12 1 1 1 1

Y2 1 -0.795 | 0.547 1 -0.957 | 0.558 1 -0.726 | 0.544 1 -0.920 | 0.556

40 %12 1 -0.555 1 -0.567 1 -0.544 1 -0.563
P12 1 1 1 1

Y2 1 -0.839 | 0.557 1 -0.964 | 0.580 11 -0.824 | 0.573 1 -0.883 | 0.579

85 %12 1 -0.584 1 -0.592 1 -0.589 1 -0.600
P12 1 1 1 1

Y2 1 -0.841 | 0.562 1 -0.966 | 0.585 1 -0.769 | 0.559 1 -0.844 | 0.554

105 | %2 1 -0.590 1 -0.598 1 -0.484 1 -0.513
P12 1 1 1 1

Y2 1 -0.844 | 0.566 1 -0.966 | 0.591 1 -0.733 | 0.567 1 -0.823 | 0.564

125 %2 1 -0.596 1 -0.603 1 -0.442 1 -0.488
Pua 2 1 1 1 1
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Conicity

Passive Leading wheelset Trailing wheelset Leading wheelset Trailing wheelset
R=1000mM | 2 %12 Puw1,2 Yw1,2 %12 Pu,2 Y12 %12 Pu,2 Yw1,2 %2 Puw1,2
Yi,2 1 0.714 | 0.584 1 -0.900 | 0.568 1 0.741 | 0.569 1 -0.866 | 0.457
0 %2 1 0.570 1 -0.569 1 0.563 1 -0.395
Pu1,2 1 1 1
Y2 1 -0.731 | 0.559 1 -0.944 | 0.577 1 0.429 | 0.549 1 -0.939 | 0.548
40 %2 1 -0.545 1 -0.584 1 0.537 1 -0.534
Pu1,2 1 1 1 1
Y2 1 -0.810 | 0.560 1 -0.960 | 0.586 1 -0.617 | 0.560 1 -0.880 | 0.558
85 %12 1 -0.588 1 -0.601 1 -0.323 1 -0.517
Puw1,2 1 1 1 1
Y2 1 -0.817 | 0.564 1 -0.961 | 0.591 1 -0.605 | 0.572 1 -0.819 | 0.569
105 | %2 1 -0.594 1 -0.605 1 -0.313 1 -0.465
Pus,2 1 1 1 1
Y2 1 -0.825 | 0.568 1 -0.962 | 0.595 1 -0.589 | 0.583 1 -0.784 | 0.582
125 | %2 1 -0.599 1 -0.610 1 -0.311 1 -0.444
Pus,2 1 1 1 1
R=500m Yot %ov.2 Pus,2 Yua.2 %2 Purz | Vw2 %2 Pua.2 Y2 Yov2 Pug,2
Y2 1 0.702 | 0.558 1 -0.838 | 0.435 1 0.685 | 0.668 1 -0.164 | 0.292
0 %2 1 0.594 1 -0.348 1 0.779 1 0.406
Pus,2 1 1 1
Y2 1 0.636 | 0.561 1 -0.878 | 0.496 1 0.695 | 0.625 1 -0.762 | 0.485
40 %2 1 0.604 1 -0.439 1 0.721 1 -0.351
Pus,2 1 1 1 1
Yaz,2 1 0.405 | 0.575 1 -0.953 | 0.567 1 0.634 | 0.603 1 -0.922 | 0.608
%2 1 0.531 1 -0.562 1 0.661 1 -0.610
Pus,2 1 1 1 1
Yw,2 1 0.356 | 0.582 1 -0.956 | 0.574 1 0.515 | 0.588 1 -0.832 | 0.606
105 | %2 1 0.489 1 -0.570 1 0.637 1 -0.582
Pus,2 1 1 1 1
Yw,2 1 0.296 | 0.583 1 -0.959 | 0.580 1 0.483 | 0.582 1 -0.742 | 0.599
125 | %o 1 0.438 1 -0.577 1 0.616 1 -0.481
Puw1,2 1 1 1 1

This sectioninterprets the findings of the correlation coefficient of the passive system by

summarising and discussing the correlation coefficient of lateral displacement, yaw angle of

the wheelset, and power required by the traction motor for the passive vehisldisthssion

illustrates the strength and the direction of the correlation between the mentioned variables

and presents when the effect of the whedl contact forces influence the traction power.

Generally, fron

Table 6-1

it can be seen that there is a strong correlation between lateral
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displacement and the yaw angle of the wheelset. It can also be seen that both lateral
displacement and yaw angleegroportional to each other in different directions except in the
tight curve where the relationship is proportional in the same direction. However, the influence
of the active steering strategy on these relations is presented in next section.

If the corelation coefficient between lateral displacement and the yaw angle of leading
wheelset is positive and correlation coefficient between

lateral displacement and the yaw angle of trailing

wheelset is negative this means the vehicle will run in

the curve wih balanced speed. The degree and the

direction of this relation is highly influenced by the

stiffness of the suspensions and wheelset semi base and

the frication coefficient between wheels and rails. Note

that, with low wheel conicity, the degree of asation

between lateral displacement and the yaw angle of the trailing wheelset is reduced
significantly. In addition, the direction of the association gives the impression of going to the

positive as the curve radius become tight.

Operating the vehicle Wi a speed higher than

balanced speed changes the association direction

between lateral displacement and the yaw angle of the

leading wheelset from positive to negative. With the

exception of tight curves, the association remains

positive but it changesdm a strong association to a

weak association. However, the strength and direction of the relationship between
displacement and the yaw angle of the trailing wheelset remains negative. The negative
correlation coefficient means the increase in the yaweanfgivheelset leads to a decrease in

the lateral displacement.

For the leading wheelset if the correlation coefficient between the lateral displacement and the
yaw angle of the leading wheelset is positive, and less than 0.68, this means the wheelset on
flange contact, and the control of lateral displacement, is not influenced by the yaw angle of

the wheelset which is needed to provide the necessary lateral creep force to balance centrifugal
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force. However, the case is different with low conicity of thdimg wheelset. It can be
identified as a quadratic relationship between lateral displacement and the yaw angle. The

trailing wheelset will be in flange contact if the correlation coefficient between lateral

displacement and the yaw angle passes the Wetlle @uadratic curve as shownkigure

6-14| (d), whereas the correlation coefficient of the trailing wheelset with conicity 0.15 is

negative and strong with a range of (0.85) seg-igure6-15

Figure6-14 The correlation coefficient between lateral displacement and the attack angle of

the trailing wheelset when in flange contact with wheel conicity 0.08

Figure6-15 The correlation coefficient between lateral displacement angath@ngle of

trailing wheelset with wheel conicity 0.15
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The shape of the correlation coefficient between lateral displacement and the traction power

consumption of leading and trailing wheelsets has small growth, or shows an exponential

decay association curve. Therrelationis alwayspositive|Figure 6-16|shows that the cant

deficiency has aegligibleinfluence on the relation strength between lateral displacement of
the wheelsets and the traction pow€herefore, it can be concluded that the proportional
change in the power required by the traction motors when the vehicle runs with cant deficiency

predominantly comes from aerodynamics if there no flange contact.

Figure6-16 The correlation coefficient between lateral displacement and traction power of

leading and trailing wheelsets with wheel conicity 0.15 and 0.08.

From[Figure 6-17|it can be observed that first, when the vehicle runs on a tight curve the

correlation coefficient between the yaw angle and traction power of the leading wheelset is
always positive and likewise positive for aellrves when the vehicle runs with balance speed.

This positiverelationshipchanges to negative with cant deficiency. Secondly, in general, the
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association strength between yaw angle of wheelset and traction power is moderated in the
negative direction. ferefore, increasing the yaw angle of the wheelset leads to reducing the
traction power. The interpretation of this is that the yaw angle generates the lateral creep force
to balance centrifugal force in order to avoid flange contact and consequentlytla&oid
increase in traction power. Thirdly, with low wheel conicity, te&tionshipdirection of

change is moderately unpredictable.

Figure6-17 The correlation coefficient between yaw angle and traction power of leading and

trailing wheelsets with wheel conicity 0.15 and 0.08.

6.4.2Assess the Strength and Direction of the Association between Wheelset Motion

Dynamics and Traction Power of Actively Steeed Wheelset Vehicle.

This section investigatde what extent the active steering control influenceselaionship
between the traction power and wheelset motion dynamics. Therefi@recorrelation
coefficient is used to quantify the degree of assimria The following figures show the

correlation coefficients between traction power and wheelset motion dynamics of passive and
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active system with wheel conicity 0.15 and 0.08. Whereas the correlation coefficients between
traction power and wheelset matidynamics of both passive and active systems with wheel
conicity 0.15 and 0.08 are plottedfigure6-18andFigure6-19jandquantified in Table (B

1) and Table (E2) in Appendix C.

Figure6-18 Influence of active control on thielationship between lateral displacement, yaw

angle and traction power of leading wheelset
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Figure6-19 Influence of active control on the relationship between lateral displacement, yaw

angle and traction power of trailing wheelset

The observation fronfrigure 6-18and|Figure 6-19|is that the strength of the relationship

between lateral displacement ayav anglejateral displacement anichction paver and, yaw
angle and traction power of the leading and trailing whealgeinfluenced by a pattern that
makes theibehavioumuniform. Even though the curve radius, wheel conicity and the vehicle

speed are changethe behaviourtakes a single patterdifferent from passive vehicle.

For example, the relationship between lateral displacementaam@nglebecomes uniform
under the influence of wheelset active control becoming a strong inverse relationship ranging
from (-0.6) to €0.9) instead of what was extended freathg) to (+0.7). It is worth mentioning
that the effect of wheel conicity, track curve radius or cant deficiency in general is no longer

directly effective in determining thiehaviourof the movement of the wheetse
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It is very important to note the extent to which the shift in the strength and direction of the
relationship between lateral displacement yaud anglds changed in the passive vehicle. For
instance, the positive relationship under the influenceaféiets of suspensions and balancing

speed of the vehicle become negatively correlated by the effect of wheelset active control by
OLPLWLQJ WKH HITHFW RI WKH VXVSHQVLRQTV VWLIIQHVV I
runs on a curved tracka conclusion, the relationship between lateral displacemenyand

anglehas become constant within a narrow negative raegeydless of the elements (wheel
conicity, curve radius and cant deficiency) that were affectiegpassive vehicle. The type
andvalue of eaclelementon a unit, or all together, determines Hehaviourof the system in

a particular pattern in the passive vehicle.

All the above explanations can in some way be applied to the relationship bédvezah
displacement anttaction paver and, yaw angle and traction power of leading and trailing
wheelsetIn other wordsthe wheel conicity, curve radius and cant deficieay no longer
directly influencing the dynamibehaviourof the wheelset under the influence of wheelset
active cortrol. Additionally, the relationship between the variables (lateral displacement and
yaw angle)ateral displacement arichction power and, yaw angle and traction power) of the

passive vehicle are quite different from the active ve}ERi@JreG-ZO shows the narrowness

in the strength of the relationship andifies the direction of the relationshipat occurred

with the effect of wheelset contrdlhe relationship has varying degrees of strength influenced
by the value of the correlation coefficient. For instance, a value of 0.2 indicates a positive
correlation between the variables; however, this relationship strength is weak and is not
significant. The correlations between variables are considered significant by experts only if
the value is set at 0.8. However, there is a very strong relationship between variables if the
absolute value of the correlation coefficient is 0.9 or greater.

The change in the range of the correlation coefficients are represgfiigdna6-20jand the

range of the correlation coefficient between laterapldicement and the yaw angle of the

wheelset is presented|ifigure6-20|(A). Whereas, the correlation coefficient range between

lateral displacemerdnd the traction power of the wheelset is presentgdgure 6-20|(B).

The correlation coefficient range of the yaw angle and traction power of libelset is
presented iEigureG—ZO (C). A, B and C are divided into three parts. The first parfl(AB-1
and G1) contains zero cant deficiency (balanced speed) for both conicities (0.15 and 0.008)
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of wheels. The higher speed effect is presented in the second garB{A and G2) which
contans a medium cant deficiency (40 mm, 85 mm). Finally, the influence of higher speed is
presented in the third part {3, B-3 and G3) which contains medium cant deficiency (105

mm, 125 mm).

Starting withFigure 6-20|(A-1) (balanced speed); the range of lateral displacement and the

yaw angle of leading wheelset of passive system is between and with zero

cant deficiency. When applying active steering strategy this range is shifted to the left

becoming to , Whereas, the range of the trailing wheelset of the passive
systen with zero cant deficiency is between a negative weak correlation of to a strong
negative correlation of . When applying wheelset active steering this range is shifted
to the right approximately with éhsame range, with passive starting from on the right

side and ending with on left side.

In order to assess the influence of rising speed on those rel&igme6-20|(A-2) (moderate

speed) shows a range of to for leading wheelset of passive system. Active

wheelset steering control reduces this rangmiicantly and remains on the left in the

negative side from to which is aligned with the passive in the left side. The

case is relatively different with the trailing wheelset, the passive range isasmdaitrong in

the negative direction from to . This range is shifted and reduced to the right

under the influence of active wheelset steering control from to . Increasing

the speed furthgFigure 6-20[(A-3) shows a large effect on the relationship between lateral

and yaw angle of the wheelset with wheelset steering active control. For the leading wheelset

passive system the range is from to , While the leading wheelset active has a

range exactly the same with a moderate speed as shgviguire 6-20|(A-2) of to

. For the trailing wheelset, it almost the same as the leading wheelset.
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Figure6-20 How far wheelset active steering control moves the correlation coefficient of the

leading and trailing wheelset of passive and active system
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The important observations noted for the impact of wheelset active control on the correlation
betweerateral displacement and yaw angle of the wheelset is that it leads to two probabilities.

These possibilities are:

1. yaw angle increases and lateral displacement decreases, this typically occurs in the
leading wheelset

2. or yaw angle decreases and latergbldisement increasesd this typically occurs in

trailing wheelset. For example see result Tom

3. Figure 6-21] active steering wheelset control stratdgy case 1000m curve, cant

deficiency 85mm, and wheel conicity 0.05.

Both possibilities have a significant impact on whesll contact forces and energy dissipated

between wheel and rail. An example of those possibilities is illustrated below.

The leadilg yaw angle has increased to this increase in yaw angle
leads to first reducing lateral displacement from to . Second, it increases
lateral creep force (for the left wheel) from to . For the trailing wheelset the
yaw angle is reduced by wheelset active steering control from to , and

consequently, the lateral displacement is reduced to the same value of the leading wheelset for

pure rolling and also lateral creep force (for left wheel) is reduced from  to
which the same value as the leading wheelset. Equalising both lateral displacements

of the leading and trailing wheelsets leads to reducing and equalising the longitudinal creep
forces. For example the left longitudinal creep forcthefpassive vehicle of leading wheelset

is whereas the trailing wheelset is those values are significantly reduced

and equalised to the value of
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Figure6-21 Result from active strategy for case 1000m curve cant deficiency 85mm

wheel conicity 0.05

Looking to|Figure 6-20|(B-1) the range of the passive system for the correlation between

lateral and traction power for the leading wheelset is between and with zero

cant deficiency. When applying wheelset active steering control strategy this range shifts to

the left and becomes a weak relationship to

Figure6-20|(B-2) (moderate speed) shows a moderated positive association for both leading

and trailing wheelsets. Both passive and active stratejiesst have the same range.

Moreover, in contrast to the behaviour at balanced spbkediange for the active system

shrinks and is less than the range for the passive syBtgure 6-20((B-3) (highest speed),

shows similar ranges to moderate speed for both leading and trailing wheelsets.

For the correlation between yaw and polwegure 6-20|(C-1) shows that the range of the

leading passive wheelset is between and with zero cant deficiency. When

applying wheelset active steering control this range is reduced and shifted to the left becoming

to . Whereas the passive trailing wheelset range is extended from a reoderat
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negative relationship of to a moderate positive relationship of . The wheelset

active control shifts and reduces this range to the left from to

In|Figure6-20|(C-2) (moderate speed), the passive leading wheelset has a range of to

, however this range is significantly reduced when applying the wheelset steering

active control strategy, with a range from to . For the railing wheelset as can

be seen ifFigure 6-20|(C-2), the wheelset active control strategy has no influence on the

strength and the direction of the relationship of the passive system. It is identical to the passive.

It remains a moderateegative relationship with a value starting from and ending at

Increasing the speed further, show(Figure6-20|(C-3), for the leading wheelset the active

steering wheelset control strategy is aligned with the passive on left and massively shifted on

the right side to the left, with aarrow range of instead of what was
. The passive trailing wheelset remains at on the left and at
on the right side, however, this range is shrunkento  on the left by the wheelset active

control strategy
6.5 Conclusion

)LUVW WKH LQLWLDO LQGLFDWLRQV IURP WKH VLPXODWL
operating conditions for the active steering will reduce the power required from the traction
VA\VWHP"" W LV L Qwovid kilv&yQddicles Kvill Win Wid\u@able conditions,
therefore, the analysis of the effectiveness of wheelset active steering control strategy to reduce
traction power must use different combinations of track curves, wheelset conicities, and
vehicle speeds in order éffectively assess the possible traction power consumption reduction
when using active steering. The analysis shows that some combinations lead to a massive
reduction in the power required for traction when using the active solution, whereas some
cases she a minor reduction or no reduction. A negative impact where the traction power

consumption would significantly increase after applying wheelset active control is not shown

in this study|Table6-2|has been created frcPFn'ngureG-ZZ andTable6-3|in order to compare

where wheelset active steering control is effective.
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Table 6-2 The effect of wheelset active steering control strategy on tractiorerpow

consumption

Cant Deficiency 0 Moderate High
Conicity Low high Low high Low high
8 8
) 8 8 8 8
Wide curve small small
no effect no effect no effect no effect . .
reduction reduction
8 o 9 9 9 9
Moderate curve | very small fect significant very small high significant
no effec
reduction reduction reduction reduction reduction
9 9 9 9 9 9
Small curve high high very high high very high high
reduction reduction reduction reduction reduction reduction

Figure6-22 The influence of active steering on the traction power
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Table 6-3 Quantify the traction power consumption saving under effect of wheelset active

steering control

Traction power (K Traction power (K
Curye Speed C.Ie.mt wheel cc‘))nicity (()\1,? wheel cc?nicity (()é)/\é)
Radiws Deficiency - : : :
Passive Active Passive Active
162 0 207 205 207 205
180 40 268 264 268 264
2000 198 85 350 343 350 343
209 105 391 381 390 381
216 125 437 423 481 423
137 0 157 155 158 155
155 40 201 197 202 197
1500 173 85 262 254 297 254
180 105 292 281 471 282
187 125 327 312 656 313
112 0 111 108 295 108
126 40 140 135 351 135
1000 140 85 181 172 476 172
145 105 202 190 620 190
151 125 226 210 779 211
79 0 339 62 729 62
90 40 393 76 835 76
500 97 85 472 95 950 95
104 105 508 105 1036 105
108 125 547 116 1173 117

To ensure power consumption is reduced wherever possible egsentialto assess the
likelihood of the occurrence of high power consumption under different conditions. This can
help ensure that the probability of the occurrence of an unfavourable @mbiof these
factors mentioned above is at a sufficiently low le@dnsequently, deciding which motion
dynamic has a higher impact on traction power in order to reduce it using a wheelset active
steering control method is crucial.

Therefore,in orderto showthelink betweenthe wheelsetmotion dynamicsandthe traction
powerand improve the understanding of thederatingnfluence of wheelset active steering
control on the relationship between wheel and rail contact forces and traction \pasver
investigatednathematicallyThis mathematicatepresentationvas supportedoy a graphical
demonstrationThe graphs show howelcontact forces change depending on how much the
wheelset moves laterally and the magnitude of the yaw angle. Those figures are compared to
visualise the significance of the effect of different vehicle speeds, curve radii, and wheel
conicities on the retaonship between required traction power with wheelset motion dynamics
(lateral displacements and yaw angle). In addition to visually analysing the effect of wheelset
active steering control on the relationship between wheelset motion dynamics and traction

power consumptiorstatistical analyses were devoted to identifying the correlation between
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wheelset dynamics and traction power. The findings of this chapter will help to assess the
effectiveness of wheelset active steering control on the reductiomatiotr energyThe
analysis of the correlation coefficient showed the lateral displacement and the yaw angle of
the wheelset have a dominant effect on the traction power. The traction power of the passive
vehicle was found to be much larger than that efdhtively steered vehicle in most of the
cases. The traction power of all wheelsets was reduced in the majority of cases using the active
solutions. In conclusion, it can be seen that the active solution offers significant performance
improvements compaglgo the passive vehicle, showing only minor differences between them

in wide curved track at speeds close to balanced speed.

Therefore, lhe main objective of active steering control is to tune the wheelset lateral
displacement and the yaw angle in a wayich mitigates the wheehil contact forces,

consequently reducing the traction power.

An importantaspecbf activewheelsesteeringcontrol planningapplicationss ensuringthat
thetractionpowerconsumptioris atthe bestlowestlevel for the problemat hand.Theactive
yawtorqueappliedto steerthewheelsebnthecurveandthemotiondynamicsof thewheelset
areimportantfactorsin any planningexercisego ensurethe tractionpoweris at the lowest
level. Therefore,thereis a needto be ableto predictthe traction power. This could be by
assessinghe ability to predictthe tractionpowerfrom the lateraldisplacemenandthe yaw

angleof thewheelseusinganalgebraicegressiormodel.

This finding providesthe following directionsfor future research:

1. First, identify and explain the mechanism or process that underlies the observed
relationship between the independent variables (wheelset dynamics) and the dependent
variables (contact forces) via the inclusion of mediator variables (suspensi
coefficient, creep coefficient, axle load and dimensions). Mediation analysis facilitates
a better understanding of the relationship between the independent and dependent
variables.

2. Currently, there is no framework for choosing the most appropriateotaiitategy,
therefore a framework is establishadrder toguide the decision about which control

strategy is more appropriate using statistical analyses such as the correlation coefficient
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analysis. However, the relationship strength and the depemd#nthe wheelset
dynamics on each other leads initially to an assumption that lateral displacement and
yaw angle of the wheelset have a higher impact on the traction power. Therefore, more
statistical analyses are needed in order to validate this hyothles may include the
use of mediation analysis to facilitate a better understanding of the relationship between
the independent and dependent variables.

3. Finally, testall control strategieghathavebeenusedto steera solid axle wheelsein
orderto quantifyhowmuchenergycanbesavedIn thefollowing chapterpnestrategy

is tested.

To sumup, thetractionpowerdeclinesor increase line with theyaw angleandthewheelset

lateraldisplacementvith differentprobabilities.The Figuresabovedepictthe dependencyf

traction power on lateral displacementind yaw angleof wheelsetTable 6-3|compareghe

requiredpowerfor tractionof the passivevehicleandactivelysteeredrehicle

6.6 Summary of Chapter 6

In summary this chapterhaspresentedhe findings from testingthe relatiorshipsbetween
traction powerandthe wheelsetmotion dynamics.In orderto provide comparableun data,
different vehicle speedsand track curveswere applied. To checkthat the dynamicsof the

vehiclemodelwereperformingcorrectly,themeasuredesultsfrom themodelwerevalidated

with theoreticalateralandyaw anglesof wheelsetgor ideal curving.

Firstly, the mathematicalepresentationf the moderatingeffect of wheelsetactive steering
controlon theinfluenceof wheelseimotion dynamicson the tractionpowerconsumptiorof
thetractionsystemwasillustratedto showthelink betweerthewheelsemotiondynamicsand
thetractionpower.Secondlythe moderatingeffectof wheelsetctivesteeringcontrolon the
influence of wheelsetmotion dynamies on traction power consumptionwas graphically
representedFinally, the correlation between wheelset dynamics and traction power were
identified using statistical analysésurthermorethe effectiveness of wheelset active steering
controlstrategies on the correlation between traction power and active steering with different
combinations of track curves, wheelset conicities, and vehicle speeds was investigated using

correlation coefficients.
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Chapter 7
%HQHILWHWHBRIVHW $FW IRY HWaAMBAWHLLR (@ J
(QHUARQVXPSWLRAQ

Theresultsfrom chapters3 and 4, energydissipatedbetweerwheeland rail, traction and

steeringenergy are quantified. Additionally,theinfluenceof controlledyawtorqueon energy
dissipatebetweerwheelandrail andconsequentlyractionandsteerng energyconsumption
is evaluated.

7.1 Introduction

Increasing attention is being paid to wheelset active steering control in railway vehicle systems
as they have the potential to reduce the operational cost amgriovethe sustainability of
railway systems. Researches have studied the active wheeiel tm reduce noise, fatigue

and wear between wheel and rail. In addition, improving ride comfort has been examined.
Hence, improving the energy efficiency of railway vehicle systems using active control of
wheelset will be of great interest for the agtérg company to reduce the energy consumption.
The aim in this chapter is to investigate active control to reduce the traction energy
consumption via reducing the energy dissipated between wdikdlhis chapter analyses the

data from the active and e systems modelled using MATLAB/Simulink in chapters 3
and 4, to achieve three goals. First, quantify the energy consumption of a passive railway
vehicle, second, quantify how much energy can be saved by using active control. Third,
evaluate the beneditof implementing wheelset active steering control systems in terms of the
mitigation of energy dissipated at contact patches between wheels and rails and how this

mitigation influences traction energy consumption.

7.2 Quantify the Energy Consumption of a Pasive Railway Vehicle

In orderto focus attentionon the dominantand thereforerelevantarearelatedto railway
vehicle energydemandreduction,it is necessaryo first get an overview of the quantity of
energy distributed inside the vehicle. Therefore,the current section contributesto our
knowledge by addressingthree important points. First, quantifying the total energy

consumptiorof thetractionsystem secondguantifying the energy required to overcotran
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motion resistancesand finally, quantfying the dissipated energy acrosentact points
betweenwheelandrail. The findings of this section will help to develop a strategy to reduce

this energy loss.
7.214XDQWLI\ WKH 3DVVLYH 9HKLFOHYV 7UDFWLRQ (QHUJ\ &

Knowledgeof thequantityof enegy consumedby thetractionsystemis importantfor reasons
of costeffectivenessandenvironmentalmpactin orderto develop a strategy to reduce this
energy consumptiorTherefore the presentsectionis designedo determinethe quantity of
total tracion energy,traction energylosses,and energyneededto overcomethe motion
resistance®f the rail vehicle andtheir dependencen track curvature,wheel conicity and
vehiclespeedAs aresultof the numericalcalculationscarriedout, the total traction energy,
traction energylosses,and energyneededto overcomemotion resistance®f the passive
vehicle (Chapter3) were obtained.To comparethe energy consumption,the resultsare

presentedn |Table 7-1] In this table, the right-hand half of the top row (coloured green)

guantifies the energies mentioned above, while thenkafd side shows curve radii, vehicle
speeds and cant deficiencies the different case studies. The light orange row below shows
the two wheel conicities used in each case study.

Table 7-1 Quantification of traction energy, traction energy losses and energy needed to

overcome the motion resistance

CurveRadii | VehicleSpeed | CantDeficiency | TractionEnergy | Motion Resistance | TractionLosses
(m) (km/h) (mm) (kWh) (kWh) (kWh)
WheelConicit 0.15 0.08 0.15 0.08 0.15 0.08
162 0 1.3598 | 1.3757 | 1.3502 | 1.2782 0.0096 | 0.0975
180 40 1.7482| 1.768 1.7338 | 1.6408 0.0144 | 0.1272
2000 198 85 2.2468 | 2.2687 | 2.2271 | 2.1043 0.0197| 0.1644
207 105 2.4837| 2.5047 | 2.4614 | 2.3342 0.0223| 0.1705
216 125 2.7455| 2.9024 | 2.7202 | 2.8553 0.0253 | 0.0471
137 0 1.0315| 1.0449 | 1.0265 | 0.9729 0.005 | 0.072
155 40 1.3097| 1.3267 | 1.3021 | 1.2342 0.0076 | 0.0925
1500 173 85 1.6687| 1.7936 | 1.6587 | 1.6601 0.01 0.1335
180 105 1.8405| 2.4284 | 1.8296 | 2.1826 0.0109 | 0.2458
187 125 2.0311| 3.13 2.0192 | 2.8481 0.0119| 0.2819
112 0 0.7235] 1.3436 | 0.7225 | 0.9302 0.001 | 0.4134
126 40 0.9034 | 1.617 0.9017 | 1.1316 0.0017| 0.4854
1000 140 85 1.1383| 2.1343 | 1.1364 | 1.4756 0.0019| 0.6587
145 105 1.2518| 2.6744 | 1.2501 | 1.9155 0.0017| 0.7589
151 125 1.3785]| 3.2827 | 1.3772 | 2.4614 0.0013| 0.8213
79 0 1.3333| 2.847 0.82 2.1621 0.5133| 0.6849
90 40 1.5548 | 3.2659 | 0.968 2.3868 0.5868 | 0.8791
500 97 85 1.8694 | 3.7266 | 1.1744 | 2.6413 0.695 | 1.0853
104 105 2.0129| 4.0407 | 1.2708 | 2.8088 0.7421| 1.2319
108 125 2.168 | 4.544 1.3764 | 3.1797 0.7916| 1.3643
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The simulationresultsshowthat the energyneededo overcometrain motion resistancess
slightly different from the traction energy.This differencecomesfrom the traction losses.
Traction losses comprise inefficiencies in the converters,the electric motors and the

transmissiorsystem Speedandpowerrange,andalsoduty cycle mayhaveanimpacton the

efficiencyof thesecomponentsRecentreportsshowthatthe efficiencyof tractionconverters
(mainlyGTOandIGBT), DC tractionmotors,inductiontraction motors,andalsogearsystems
are98.599.5%,90-94%,93-95%,and96-98%, respectivelyyGonzalezGil, Palacin Batty, &

Powell,2014.

This study hasshownthat the characteristicof resistancdo motion directly influencesthe
traction consumptionfor railway vehicles.The aboveresultsshowthat the traction energy
increasessthemotionresistancencreasest-orexamplefor curveradius1000mandconicity
0.15,with abalancedspeedof 112km/h, the tractionenergywas0.73kWh, whenthe speed
was increasedo 140km/hand 151 km/h, the traction energywas 1.14kWh and 1.38RWh

respectivelymeaningthatthe energyconsumptiorarounddoubledat the highestspeed.

Theseincreasesveredueto a strongpositivecorrelationbetweertractionenergyandvehicle
motion resistanceenergy. Furthermore,a positive correlationwas found betweenmotion
resistanceenergyandtrain vehiclespeed For example whenusingthe sameconicity, curve
radiusand speedsasthe exampleabove,the resultsfor train motion resistanceshowedthe
samepatternwith the highestspeedoroducingavalueof 1.37kWh,whichis againmorethan
themotionresistancenergyobtainedfor the speedf 112km/h,whichwas0.72kWh.

Ontheotherhand,a significantnegativecorrelationwasobservedetweermotionresistance
energyandlow conicity. Again, with the samespeedsandtrack curveradiusasabove,but
usingtwo wheelsconicities(0.15and0.08).Theresultsfor tractionenergyshowedanincrease
asthespeedncreasedor bothconicities,howeverusingtheconicity of 0.08theenergyalue
washigherthanconicity 0.15for any speedFor balancedspeedpoth conicitiesproducean
approximatelyequalresultfor tractionenergyof wide curvessuchas2000mand1500m.For
instancepna 2000mcurvethetractionenergyis 1.3kWhfor bothconicitiesand1.03kWhfor
1500m,while thisincreasedor conicity 0.08on smallercurvessuchas1000mand500m.For
examplepna500mcurvetractionenergyatbalancingspeeds 1.33kWhfor conicity0.15and

2.84kWhfor conicity 0.08. However,for the highestspeedfor all cass, the tractionenergy
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increasesagain for both conicities with conicity 0.08 introducing a larger increasethan

conicity 0.15

To assesshe influenceof the curve radiuson the tractionenergy,the resultsfor balancing
speedwill be presentedhere.For curveradii 2000m(162km/h),1500m(137km/h),1000m
(112km/h)and500m(79km/h)thetractionenergyvaluesbecomesmallerasthe curveradius
decreasedpr examplefor wheelconicity 0.15(1.3kWh,1.0kWh and0.7kwWh).However for

curveradius500mtractionenergyconsumptiorincreaseso 1.3 kWh. Similarly, with wheel

conicity 0.08,thetractionenergydecreaseasthe curveis reducedwith balancespeedwhile

conversely, the energy-iecreases from the curve of 1000m as can be seEigure 7-1

Generally the correlationbetweerthetractionenergyandthe curveradiusis negative when

the track radiusbecomesmallerthe traction energybecomeshigher. However, the results

appeato showa positivecorrelationfor the threelargestcurveradii ascanbe seenin{Table

7-1{(largestcurvewith highestcantdeficiencyleadsto largesttractionenergyconsumption),

becausehe effect of the train motion resistanceés a combinationof differentresistanceand
the effect of the aerodynamigesistancas biggerthanthe effectof the contactforceson the

curve,thereforegiving theshownresult.

Figure7-1 Traction energy with different track radius and wheels coniditiebalanced

speed

Basedon thesesimulationresults,the next sectionwill quantify the distribution of motion
resistancenergyin orderto understandheway in which thetrain motionresistancesnpact

on traction energy consumption.Motion resistanceenergy demandfalls into two main
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categories:energy required to overcome inertia (i.e. acceleratingthe train and grade

resistance)andenergyneededo overcomerunningresistancéfriction anddrag).

7.2.2Quant

ify the Distribution of Vehicle Motion Resistance Energy

The knowledgeof the quantificationof energydistributionacrossrain motionresistancess

importantfor understandinthewayin whichthevehiclemotionresistancesnpactontraction

energyconsumption.Therefore this sectioninitially aimsto determinethe valuesof curve

resistancenergyandtotal motionresistanceAdditionally the percentagef curveresistance

energy from the total motion resistanceenergy is shown in |Figure 7-2| The overall

measurememesultsaresummarisedn|Table7-2

Table7-2 Quantification oftrain motionresistancenergyandcurvingenergy

CurveRadii | VehicleSpeed | CantDeficiency | Motion Resistance | CurveResistance
(m) (km/h) (mm) (kwh) (kwh)
Wheel Conicity 0.15 0.08 0.15 [0.08
162 0 1.3502 | 1.2782 | 0.0042 | 0.0061
180 40 1.7338 | 1.6408 | 0.0207 [ 0.0227
2000 198 85 2.2271 [ 2.1043 | 0.0783] 0.0777
207 105 2.4614 | 2.3342 | 0.1174| 0.1252
216 125 2.7202 | 2.8553 | 0.1683] 0.4526
137 0 1.0265 | 0.9729 | 0.0068| 0.0095
155 40 1.3021 | 1.2342 | 0.0227] 0.0262
1500 173 85 1.6587 | 1.6601 | 0.074 | 0.1663
180 105 1.8296 | 2.1826 | 0.1087 | 0.5621
187 125 2.0192 | 2.8481 | 0.1537] 1.0933
112 0 0.7225 | 0.9302 | 0.0124] 0.2597
126 40 0.9017 [ 1.1316 | 0.0279] 0.3073
1000 140 85 1.1364 | 1.4756 | 0.073 | 0.4745
145 105 1.2501 | 1.9155 | 0.1028] 0.8367
151 125 1.3772 | 2.4614 | 0.1411] 1.3008
79 0 0.82 1.4621 | 0.3876] 1.0747
90 40 0.968 | 1.6868 | 0.4524| 1.2242
500 97 85 1.1744 | 1.9413 | 0.5638] 1.3951
104 105 1.2708 | 2.1088 | 0.6188| 1.5265
108 125 1.3764 | 2.4797 | 0.6811 1.8599
ConsideringTable 7-2[ which quantifiesthe distributionof vehiclemotionresistancenergy,

it canbe co

ncludedthat the energyexpendedat wheelrail contactpatchess significantly

influencedby vehicle speed,conicity of the wheel, and curve radius, whereasthe energy

neededo overcomeaerodynamigesistances significantlyinfluencedby vehiclespeedBy

contrast, th

e energy used by bearind anceleration resistance does not correlate with the

vehicle speed,conicity of the wheel or curve radius. The contactenergyincreasess the

vehicletravelsfasterthanbalancingspeednacurve(describedscantdeficiency).Theresult
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showsthatthe tightnessof the curve,especiallywhenthe vehicleis runningat a higherthan
balancedspeedis proportionalto energydissipatedn the contactpatchesin thenextsection,
the numericalvalueswill be quantifiedin detail. Consequentlyhe energyconsumedby the

tractionsystemis increased.

The following bar charts,|Figure 7-2| give a very clear impressionof the percentage

distributionof thecomponentsTherefore pnecanevaluatenowthe shareoccupiedoy energy
dissipatedbetweerwheelandrail is impactedby the speedof the vehicle,andhow muchit
depend®nthe Z K H HahKifly andtrack curveradius.
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Figure7-2 Percentage distribution of tlververesistancenergyto motionenergy consumption
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Energyconsumedy thevehicleis groupednto four broadcategoriesThefirst categoryand
by far the largestat high speed,is the energyneededo overcomeaerodynamiarag. The

aerodynamidragis important,notonly for energyconsiderationbutalsofor noisereduction,

safetyof high speedoperation,and passengecomfort (Solomon,2016, p. 42). This force

depend®nthesquareof theinstantaneouspeedandontheair density;it doesnotdependn
the W U Dria€sdr Wheelrail profile.

The secondcategorywhich is the energyneededo overcomebearingfriction, is relativeto
the train mass.Along the whole route (straightand curved)this energyis assumedo be
proportionalto the W U Dnha®s{h\this study. However,on curves,the erergy requiredis
proportionalto the massandto thedistanceravelled,andinverselyproportionalto the curve

radius.

The third categoryis the energy dissipatedin increasingspeed (when the vehicle is
accelerating)This energydepend®nthevehiclef Masstherotatingmassesndthedistance
betweenstops.However,if the train hasregenerativebraking, someof this energycanbe

recoveredeitherto beusedby othertrains,or to bereturnedo the public powernetwork.

Thefourth majorcategoryof energyis centralto the aim of this study:energydissipatediue
to forcesat the contactpatchbetweenwvheelandrail. This energyincludestwo components:
thefirst oneis energydissipatedhtthetreadareawhile the seconds energydissipatedat the
flange contactarea. The contactenergyis inversely proportionalto the curve radius and
proportionalto speedncreasesthis will beinvestigatedn the following sections.

Again consideringcurve radius 1000m, the vehicle motion resistanceenergyrises from
0.72kWh,to 1.13kWhthento 1.37kWhwith increasingspeedsof 112km/h,140km/hand
151km/hrespectivelyWith conicity 0.15,the percentag®f curvingresistancesnergyfrom
thetotal motionresistancewith thebalancedspeed112km/h)represets 1.8%,with vehicle
speedof 140km/hit represent$.8%andwith 151km/hit is 11% while with conicity 0.08it
represent28%,32%and53%. Themotionresistancenergywithout curveenergyrepresents
89% and 47% at 151km/hwith conicity 0.15 and 0.08 respectively. However, while the
percentagef the total motionresistancenergyrepresentedhainly by aerodynami@nergy,

changeslependanon the wheelconicity for speedsabovebalancedspeedthe actualvalues
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arenotchangedForexampleatradius1000m, speedl51km/h themotionresistancavithout
curving resistanceenergyis approximatelyl.2kWh for both conicities but the percentage
sharechangedrom 89%to 47%.Thechangdan percentagés dueto theinfluenceof contact
energywhich dramaticallyincreaseslependanbn wheelsetconicity, in the casementioned,
it increasegrom 0.14kWh(conicity 0.15)to 1.30kWh(conicity 0.08) thereforetakingup a
larger percentageshare,increasingfrom 10% to 35% of the total motion resistanceenergy

whenthe conicity is changed.

For the curveradiusof 500mthe energydissipatedduring curvingis above50% of the total
motion resistanceat speedsof 79km/h, 97km/h and 108km/h with conicity 0.15, while
curvingenergyis 0.38kWh,0.56kWhand0.68kWhandmotionresistancas 0.82kWh, 1.17
kWh and1.37kWhrespectivelyln contrastthecurvingenergywith conicity 0.08is 1.07kWh
at balancedspeedand at higher speedsof 97km/h and 108km/hthe energydissipatedis
1.39kWhand 1.85kWhwhile the total motion resistaceis 1.46 kWh, 1.94 kWh and2.47
kWh respectively.The curve energy of wheel conicity 0.15 represents 50% of the motion

resistance; the percentage of the wheel conicity 0.08 is even higher at about 75% as can be

seen ifFigure7-2

Summing up the results, the following points emergedfrom the presentinvestigation:
changingof the forward speed, wheel conicity and track curve radius affecta/tieetrail
contactenergy; however,the aerodynamicenergyis affectedonly by vehicle speed,while
altering the abovementionedparameterdiasno effect on inclination energy,acceleration
energyor bearingenergy.One of the moresignificantfindings to emergefrom this studyis
that the curve energy resistancefrom total motion resistancevalue becomesdirectly
proportionally significant to speedsand significantly inversely proportionalto the curve

radius.

The curveenergyin some cases is significantly high whereas in otlasescurveenergyis
relatively small. Whenvarying the speedwheel conicity andtrack curveradius,it appears
thatenergydissipatecht the treadcontactzoneremainssmall, whereaghe energydissipated

in the contactbetweenvheelandrail at flangecontactzonevaries

To sum up, the results|irable7-2|show the contribution afontactenergyto the total motion

resistance energy. For wheelsets, the energy expended at the contact patches increases as the
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vehicle speed increases, and when the cumdaus becomes tighter. In additiometow
conicity of the wheel (0.08) leadsto increasedenergydissipatedat contactpoints between

wheelandrail.

7.3 Quantify how much Energy can be Saved by using Wheelset Active Control

The comparison between the passive and active system is illustrated to highlight the
advantages and disadvantages of passive and active suspension options in terms of energy.
Wheelsetsteeringactive control strategiesare becomingmorewidely researchedBasedon
therecentresearchresults theyarecapableof reducingnoise,contactfatigueandwear,thus
reducingtheoverallmaintenanceostaswell asprovidingadvantagesor riding comfort. But
thequestionsiow are:first, is thewheelsetctivesteeing controlsystemableto saveenergy

by reducingthe energydissipateetweenvheelandrail? Secondhow muchenergycanbe
saved?Thereforeto answer those questioribe energyconsumedy the passiveandactive

systemsarequantifiedandthencomgared.

As aresultof the carriedout numericalcalculationsthe total tractionenergyof the passive
system,the traction energyof controlled wheelset,and the energyconsumedoy wheelset

active steeringcontrol actuatorswere obtained.To comparethe erergy consumptionthe

resultsare presentedn [Figure 7-5{ The knowledgeof the quantity of energydissipatedat

contactpatchesis importantin orde to measurehe effectivenesof the proposedcontrol

method.

Figure 7-3|andFigure 7-4|quantify the effect of reducing contact energy consumption with

wheelconicity 0.15 and 0.08 respectively. The figures shovettexgyrequired to overcome

motion resistance and curve energy. There are two columns, each column has two parts: the
upper part represents the energy needed to overcome motion resistancesthe dudude

curving resistance (represented by the green colour), the lower part includes curving resistance
(represented by the orange colodie chart shows thgeneral picture of the cases where the
wheelset active control system has a useful efieaeducing the energy dissipated between

wheel and rail.
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Figure7-3 Theeffect of wheelset active control on wheail friction energy with wheel conicity 0.15
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Figure7-4 Theeffect of wheelset active control on wheail friction energywith wheel conicity 0.08
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The figures also show that there is a negative correlation betmiessi conicity and energy
dissipated between wheel and rail. When wheel conicity is reduced, there is a rise in the energy
dissipated between wheel and rail and this rise in energy increases significantly with rising
vehicle speed in a small curve raditiBis trend is supported by the discussion in the previous
chapter. On a wide curve, curve energy showed a small but steady increase, by contrast, on a
tight curve, particularly with low wheel conicity, the curve energy jumped to a high value,

significantlyresponding to any increase to vehicle speed.

FromFigure7-3jandFigure7-4| it can concluded that three factors, if combined, will increase

the probability of high energy loss at wheail contact pointsThese factors are small track
curve radius, low wheel conicity and high vehicle forward sp&kd.control system has a

high ability to reduce friction energy between wheels andthayygh there ardifferences in
whetherthe three factors mentioned aleare combined or separate the passive system,
these factors act independently in terms of energy consumption, while when using active
steeringthe effects of the different factors are largely neutralised, with energy consumption
remaining stable acreshe different simulationgor example, when the curve radius is small
(500m), wheel conicity is low (0.08) and vehicle speed is high (108km/h) the energy
dissipated during curving is 75% form motion resistance (1.86kWh). This energy dissipation
is redued significantly by wheelset active control to (0.062kwh). In contract with wheel
conicity 0.15 the reduction in energy dissipated during curving is the same with 0.08
(0.062kwWh) while the dissipation between wheel and rail in the passive case is less
(0.6811kWh).

It is noted that the loss of energy during curving between wheel and rail in the passive vehicle
with high conicity is less than when using low conicity for all cases. However, the wheelset

active control system reduces this loss to very smallesahnd these values are equal as can

be seen il‘Figure?-B andFigure7-4

The previous discussion has shown the ability of wheelset active steesagetnergyby
reducingthe energydissipatedoetweenwheelandrail. The following discussiomquantifies

how muchenergycanbe savedirom the tractionsystem.
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The bar chart iEigure?-S illustrates the energy consumed by traction motors and wheelset

steering actuators for a railway vehicle running with different speeds, wheelset conicities, and
on different curve radii. Th@p row of the figure shows those results obtained using a conicity

of 0.15 (shown in the top left of each box) and the row beneath shows those simulations with

a conicity of 0.08. The label in the top left of each box also indicates the curve radius used
(CUR), these have four different values. For each case study, the furthest left set of three bars
in each box shows the balancing speed used in the simulation, these speeds are then raised for
the following two sets of bars in each box (e.g. 137 km/h k%%, 173 km/h, 180 km/h and

187 km/h for curve radius 1500).

The orange bar represents the total energy traction consumption of the passive vehicle
(without wheelset active steering control), whereas the blue bar represents the total energy
traction consmption of the wheelset active steering control system with control of the
wheelset lateral position for pure rolling strategy. Finally, the black bar at the top of each blue
and orange bar represents the energy consumed by steering actuators. Thesedkaek b
extremely small; therefore, their size has been represented numerically at the top of each bar.
The percentages below each blue bar represent the energy saving when compared to the

energy consumed by the passive system (orange bars).
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Figure7-5 Comparison of Energy consumed in the Passive System and/be#fset active steering contsylstens.
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Simulations have been carried outh the comparative results in terms of quantifying the
traction energy consumption, showing that the active solution offers a significant reduction in
energy consumed by the traction motors compared to the passive system. There are only minor
differencesdhetween the passive and active systems shown in some cases.

It can be seen that the energy consumed by the traction system in the passive and active system
is approximately equal when wheelset conicity is 0.15 or 0.08 at balanced speed except on a
tight aurve. Whereas, the consumption is higher when low conicity 0.08 is used than when
0.15 conicity is used if the vehicle speed is higher than balanced speed.

Based on the curve radii used, the findings can be split into three general outcomes:

1. CUR 2000: Using the active steering strategy has no significant impact on traction
energy consumption, with a low wheel conicity and high cant deficiency (125mm). The
active wheelset steering strategy shows decreased energy dissipated ataNvheel
contact paits of up to 6.3%, which consequently decreases the traction energy
consumption from 2.8kWh to 2.6kWh.

2. CUR 1500: In the case of simulations using CUR 1500m the traction consumption for
the passive and active systems with both conicities at the balaresstiail 37 km/h is
equal at 1.03kWh whereas, at the highest speed used of 187 km/h the energy consumed
by the traction system in the case of conicity 0.15 is lower than 0.08. Conicity affects
the passive systems, as using 0.15 reduces consumed enelgpses)|in the selected
case with the conicity of 0.15 the passive traction system energy consumption is
2.05kWh whereas with the conicity of 0.08 the energy consumed is 3.13kWh. These
numbers are reduced with conicity of 0.15 to 1.99kWh after applyagdtive control
strategy, whereas with the conicity of 0.08, the traction consumption is reduced from
3.13kWh to 1.99kWh after applying the control strategy. The range of the reduction is
between 2.3% for 0.15 conicity and 37% for 0.08 conicity. Generiléy wheetrall
contact energy is reduced but still not significantly with different values depending on
wheel conicity and cant deficiency as shown Figlike

3. CUR 1000: With this curve radius and using conicity 0.08, the control wheelset steering

strakgy results in a significant traction energy consumption saving in almost every case,
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while using conicity 0.15 shows a reduced energy consumption when compared to the
passive system of between 1% and 3.7%.

4.  CURS500: Frorrlllziguj with both conicities of 0.01 and 0.08 and different cant
deficiencies, it can be noted that the active wheelset control strategy performs

effectively.lt reduces the level of traction energy consumption of both to the same level
for eachwheel conicity case. For example, the traction energy of the passive vehicle
when the cant deficiency is 125nfar wheel conicity 0.15 is 0.2.16kWh and for wheel
conicity 0.08 at the same cant deficiency is 4.51 kWh. Applying wheelset active steering
reduces and equalizes this consumption to 0.72 kWh. This reduction and equalization
was observed as an inevitabmsequence of all cases where the active steering control

was used as can be seen in one example of 500m curve radius in the figure below.

Figure7-6 Traction energy consumption after applyinbeelset active control with wheel
conicity 0.15 and 0.08

The wheelset active steering control system for railway vehicles has proven its ability to
reduce the energy consumption, though this is highly influenced by curve radius, vehicle
speed and wheel owity. When using the balanced speed there is no reduction in energy
consumption when using the active systems, however, when using the medium and high
speeds, energy consumption is reduced when using the active systems by between 2% and
84%. The best reattion was obtained when using CUR 500, conicity 0.08 and speed 105
km/h, while the smallest reduction was obtained when using CUR 2000, conicity 0.15 and

speed 162 km/h. Additionally, the maximum consumption of the steering energy is negligible,
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comparedto the traction energy consumption, the maximum consumption of the steering
system for all cases is 0.0099kWrhe evaluation of the benefit of implementing wheelset

active steering control systems on the traction energy consumption is presented iry$ection

7.4 Quantify the Energy Saving of a Vehicle Running on Track from Leeds to Hull Using
(Wheel_br_p8) Running on (Rail_BS113a_20).

The analysis from the previous section shows that the traction energy of rail vehicles is
optimised by the wheelset activentrol when the vehicle runs on a deterministic track and

conical wheels.

To ensure reliable traction energy consumption of the railway vehicle, it is desirable to use a
profiled wheel and rail, and have the vehicle run on track in order to assess t¢hieesiéss

of wheelset steering active control on the traction energy. Therefore, in this section, a vehicle
is run on track from Leeds to Hull using (Wheel_br_p8) running on (Rail_BS113a_20), this
model is developed to quantify how much energy can be saved

Figure7-7 Track data from Leeds to Hull
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Initially, a model was developed to calculate the traction power for a passive vehicle run on a
track from Leeds to Hull. After that, the active control wdsged to the passive vehicle then

the traction power was calculated. The result shows different variance between the passive
traction power and the active vehicle traction power. For the case of a passive vehicle, the
traction energy is (133.2kWh). Wherethctive steering is applied, traction power is reduced

to (126.5kW) which is less than the traction energy of passive vehicle by 5% (6.6kWh).

7.5 Evaluate the Benefits of Implementing Wheelset Active Steering Control Systems on

the Traction Energy Consumption

A considerable amount of literature has been published on wheelset active steering control
systems. These studies evaluated the development of active control straegiestech
detailedevaluationof different active steering schemes, actuation arrangements and control
approaches; discussed the critical safety and reliability issues; and considered the advantages

to describehe principles anddvantagesf the actively controlled wheels.

Numerousstudies have attempted to present the development of active control strategies for

railway wheels and wheelse{8runi et al. (2007)Mei & Goodall, 2003 offeredareview

of different active steering schemes, actuation arrangemedtantrol approaches by
combininga number of studies that addreddifferentpractical and design issues. Thet
only describedhe major problemsin the development of active controlldyat also shown
how they can be mitigatedAdditionally, these ahors have also discussednumber of
aspects, for examplthe critical safety and reliability issyedso they considenodern design
methods and techniques for the development of a-falgitant wheelset active steering

control system.

While manyresearchers have examirditferentmethodsand configurationsggenerally it has
been shown thatilway vehicleactive controloffers ananswerto theconventional passive
vehiclef 8ompromisédetween stability and curving performand#.active controlstrategies
offer highly improvedcurving performanceyith the possible addition of bettede quality.

An additional benefit, illustrated byKim et al. (2008)|Sim et al., 201pis wheelset active

steering control system for railway vehicles designed to reduce wheel/rail contact forces in

curves and to decrease wheel/rail V\1Maei et al. (2005)by applying active steering, evenly
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distributed the lateral creep forces between the wheelsets in a manner that significantly

reduced the creep forces (hence the wear and noise) at theraihéslerface and also

minimised the track shifting forces aarves{Javier Perez et al. (20Q6judied the benefits

of implementing wheelset active steering control systems in railway vehicles for the

mitigation of RCF on railsThe actuation requirement was evaluatedBryni et al. (200)

Mei & Goodall, 2003¢Mei, Nagy, Goodall, & Wickens, 20?)2\/ho found thabn one hand,

the actuation requirement for curvingéativelylow, buton the other hanthe control effort

is more significantvhen the vehid speed is high and the control actionaededo deal with

track irregularities. The aboweentioned authors demonstrated that because of the low
actuator velocity, the average power was fairly low overall. They also showed that the required
power to ster the active solidxle wheelset was a few hundred Watts, and around one tenth
of that for independentlyotating wheels. They concluded that wheelsets with independently
rotating wheels, rather than sceldles achieved the best performance. Additignathe

control design was less demanding, and a better ride quality may be achieveddwitd

actuation requirementable7-3| as compiled byBruni et al. (2007shows the requirement

when the maximum control force or torque is determimgdandom track excitation at the
maximum vehicle speed, while the corresponding requirement on a curved track is much

lower (if there is no severe interference from passive components).

Table7-3 Wheelset active steering control actuation for active primary suspefiioniset

al. (2007)
Reference Track Torque/force Actuator Sged Power Notes
requirement requirement
Mei & Goodall,|| Random Range of valueg
for different
control strategies
Mei & Goodall,|| Random Range of valueg
for different

control

parameters

lMei etal.,ZOO}Z Random Yaw actuation
[Mei etal.,ZOO}z Random Lateral actuation

lMei etal.,ZOO}Z Curve Yaw actuation
IMei etal.,ZOO}Z Curve Lateral actuation

146



A valuableconclusionof the study as shown|ihable7-3|is first thatthat the torque demand

is relatively high,and second thahe averagectuatorpower requirement iselatively low

because of the low actuator veloci®ccording to the work Mei et al. (2002) presently

available actuators cannot generate high torque/force at low velocities; therefore rather than
EDVLQJ RQHTV VHOHFWLR Q raguirérely, Xhe Wriugd/forde GequtenenS R Z H |

may determine the selection, unless actuators can be designed to consider both requirements.

In summarythe powerconsumptiorof actuators is lovandactive control mitigatethe wear

problem at the contact patchetween wheel and railn addition, theactive controlof

independentlyrotating wheelsets easier and bett¢klei and Goodall (2003c, p. 438)ate
that:

the potential offered by active schemes is large, aseleéins most likely that
active steering techniques will progressively become incorporated. The major
hurdle is réated to safety and reliability

In addition to this statementhe impact of active steering control on the overall energy
efficiency of a vehile has still not been considered. This thesis attempts to provide a more
detailed evaluation regarding the effects badefits of implementing wheelset active steering
control systems in terms of the mitigation of whisl contact forces and how thistigation

influences traction energy consumption.

To fairly assess the vehicle performance with the control schemes developed, the deterministic
track input, i.e. a constant curve with a cant angle, is used to assess the curving performance
and energy effiency of the railway vehicle. For the deterministic track input, one wheelset
active steering control scheme developed for the vehicle with solid axle wheelsets was
examined in this work and the results show much reduction in energy when compared with

the passive vehicle.

Figure7-5| section 74 shows the comparison of the traction energy reduction with the passive

vehicle using the two wheelset active steering control strategies. Considering all simulation
results, comared with the passive traction system, the strategy provides the best energy
reduction on a small curve. This is principally because the energy dissipated between wheel

and rail is reduced.
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The important overall conclusion is that, in addition to the agryierformance of the
wheelset and ride quality of the vehicle, the potential energy reduction benefits of active
wheelset control is assessed for the proposed scheme. The results show that the proposed
strategy is effective at managing this energy reduactiherefore explaining hoeontrolling

the wheelset dynamic behaviour influences the energy dissipated between wheels and rails,

and consequently, its effect on the traction energy consumption.
7.6 Summary of Chapter 7

In summary this chapterhaspresentedhe influenceof wheelsetactive steeringcontrol on
energydissipatedat contactpointsbetweenwheelandrail andconsequentlyn the traction
energy.n orderto quantifyhowmuchenergycanbesavedoy usingactivecontrol,theenergy

consumedby the passiveandactivesystemsverequantifiedandthencomparedTheseresults

areshownin|Figure7-2[ Somevariationswerefoundin the performancef theactivesystem,

in orderto explainthis, therelationshipdetweerthe energydissipatedn the contactpatches
betweenwheelsand rails and the traction and steeringenergyconsumptionof the railway
vehicle were determined.Finally, the benefit of implementinga wheelsetactive steering
controlsystemin termsof the mitigation of contactforcesbetweenvheelsandrails andhow

this mitigationinfluencestractionenergyconsumptiorwasevaluated.
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Chapter 8
&RQFOXVLRQV DQG )YXWXUH :R

The key conclusiongf this studyare sunmarised and presented in this chaptsFginning

ZLWK D VXPPDU\ RI NH\ UHVHDUFK ILQGLQJV 7KLV LV IRC
contributions to knowledge. Finally, recommendations are made for future research avenues
assessing the benefit of applications of a wheelset active steering costierhs and for

further improvements of the scheme developed in this thesis.

8.1 Key Research Findings

X To checkthatthe dynamicsof the passivevehicle modelwere performingcorrectly,the
measuredesultsfrom the modelwerevalidatedby comparingthe Simulink modelresult
with Boocock(1969), who designeda steadystatemotion of railway vehicle on curved
path model, which is comparableo the validity of the vehicle behaviour.The findings
showedthatsimulationresultsfor lateraldisplacemenagreedwell with % R R F Rriedef] V
(1969). The traction simulation model was validated by comparisons with experimental
results obtained from the actual induction motor test rig. However, in this study a 900kW
induction motor is used. This size of motor was not availabl¢he lab, therefore;
experimental tests were undertaken on an actuairtdwction motor driven by FOC. The
ILUVW LQGXFWLRQ PRWRU SRZHU LV N: DQG WKH VHFRQ
speeds, electromechanical torque, stator current andntd voltage were measured.
Those measurements were compared with two Simulink models simulating the 4kW and
15kW motors. The comparison between simulation and experimental results validated the
model of the whole induction system of 4kW and 15kW. Tloeegfve assume that 900kwW
is also valid.

x Thefindingsfor assessingheinfluenceof activesteeringon therelationshipbetweernthe
traction power and the wheelsetmotion dynamicsshowsthat different combinationsof
vehicle speed wheelsetconicity and track curve radiushavea rangeof results,from a
massivereductionin traction power when using the active solution, to a negligible
reductionin traction powerconsumptionAdditionally, the probability of the occurrence

of high powerconsumptiorunderdifferent conditionswasassessetb ensurethat power
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consumptions reducedvherevelpossible.

Threeaspectf train driving resistancaevere investigatedas part of this study: energy
dissipatedat the wheel/rail contactpatch, vehicle traction energyand steeringenergy
consumption.The result showedthat tightnessof the curve is proportionalto energy
dissipatedn the contactpatchand consequentlyhe energyconsumedoy the motor. In
addition,whenthe speeds relatively high, both contactpatchenergy andtractionenergy
consumedarealsohigh. The simulatedresultsshowthe influenceof the railway vehicle
dynamicbehaviouron the energydissipatedoetweenwheelsandrails, andconsequently,

its effecton the energyconsumptiorof the AC motors.

An important finding was that, in addition to the curving performance of the wheelset of
the vehiclethe potential energy reduction benefits of active wheelset control were assessed
for the proposed scheme€he results showed that the proposé&ategy was effective at
managing this energy reduction in the majority of the caBesfinding for quantifying
howmuchenergycanbesavedy usingactivecontrolshowed that active wheelset control,
when used on the combination of cant deficiency lamd conicity, produced the best
possible energy saving.

Despitethebenefitsfrom improvedrunningdynamicghatactivesteeringorovides authors
suchasMei & Goodall(2003c p. 432)havestatedhatsafetyandreliability canbeamajor
issuein the implementationandthe associateaostis a significantfactor. The potential
energy savings identified from work in this thesis provide an additional financial

motivationfor the useof activesteering.
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8.2 Contribution to Knowledge

The research projeatiliseda novel feature not previousippliedby other researchers, which

is summarised below.

x Although modelling the railway vehicle including an electric traction motor is not new,
incorporating the bogi vehicle model, traction and wheelset active steering control
systems using the SimPower toolbox is entirely novel. The developed model is able to
investigate the energy efficiency of the vehidlee developed scheme based on the energy
efficiency of a ailway vehicleasinvestigatedoy this mode] is not found in the present

literature

X The application of association analysis to assess the effectiveness of wheelset active
steering control strategies on reducing traction power has noubdentaken before, and
hence the research work developed in this thesis is believed to be the first to explore the
probability of the occurrence of high power consumption when using active steering
solutions under different vehicle speeds, wheelset cms@nd track curve radii. This can
help ensure that the probability of the occurrence of an unfavourable combination of those

conditions mentioned is at a sufficiently low level

x The author believes that this is the first study to apply and compare psigsviag with
an active wheelset steering strategy in terms of improving the overall energy efficiency of
the railway vehicle. Additionally, it is the first to precisely quantify how much energy can
be saved at the contact patches between wheel andhail wnplementing an active

wheelset steering strategy.
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8.3 Recommendations for Future Work
Recommendation One:

This PhD was unable t@lidate the model experimentally, however the model is validated

with the theoretical model provided|Bpocock (1969)Fully validatingthe moel using

an experimental set up was not possthle to constraints in time, funding, aedility of

an expert team etdherefore, experinmgal work is still recommended to validate the
results from the combined traction and steering model. This work forms the initial step
towards convincing industrial manufacturers to uptake wheelset active steering control
systemsWhile validating againsd known commercial software such as Vampire will

lead to more reliably, issues were encountered that prevented the researcher from using a
software package such as Vampire to validate the vehicle model dynamics: First, there
was an availability issue, theense of software such as Vampire is usually shared
between all researchers with high demand. Second, the limited financial resources and
accessibility of training meant that the researcher was not able to use the software

effectively.
Recommendation Two

Active steering has been used for different applications; this study uses it to mitigate wheel
rail contact forces to reduce traction energy via modifying wheelset motion dynamics.
Deciding which motion dynamic has a higher impact on contact forcegeén  reduce

them using a wheelset active steering control method is crucial. As there is no framework
for choosing the most appropriate control strategy, this thesis established a framework to
make this decision using statistical analyses (correlataefficient). However, the
relationship strength and the dependence of the wheelset dynamics on each other led to an
inability to make a decision regarding which dynamic has a higher impact on alleviating
contact energyAdditional valuable information codlbe obtainedf other advanced
statistical analysis schemes were used. ¢tidd include mediation analysis to facilitate

a better understanding of the relationship between the independent and dependent

variables.

Recommendation Three:
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This study demastrated the potential of a strategy used to steer a wheelset to reduce
traction energy consumption. However, obtaining more detailed information about the
effectiveness ofvheelset steering control on saving energy consumed by the traction
system can be @anced by testing all control strategies that have been proposed.

Recommendation Four

This research has uniquely assessed the correlation between the traction power and
wheelset motion dynamics using statistical analyses. However, future reshardd

assess the ability of a forecasting model to predict the traction power consumption
behaviour of railway vehicles from the wheelset motion dynamics, using modern machine
learning techniques. The author believes that the influence of the actiwbdsteneelset

on the wheelset motion dynamics is an important factor in any planning exercise to ensure
the traction power is at the lowest level. Therefore, there is a need to be able to predict the
traction power from the wheelset motion dynamics. Nokwas been found regarding

the advantages of using this novel method of analysis.
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Table A 1 Data used in numerical simulation

gquantity Sl

f half of trackgauge rgvxw
5 half of primarylongitudinalspringanddampingarm rqgyze
w6 half of the secondaryongitudinalspringarm sds-e

5 half of the primarylateralspringanddampingarm sdze

a longitudinaldistancerom wheelsetentreof gravity to carbody {-
I wheelconicity réz-réw
"4 nominalwheelsrolling radius r&wyw
A flangeclearance rar{tue
Tqc superelevatiomngleof curvedtrack r&" ft

av roll momentof inertiaof the carbody YWrXr%e 8
aw pitch momentof inertiaof the carbody trzxHsr %e °
ax yaw momentof inertiaof thecarbody trzxHsr %e
v roll momentof inertiaof thebogie 2260 %e ©
‘w pitch momentof inertiaof the bogie tysr %e ©
x yaw momentof inertiaof thebogie usxr%e ®
uv roll momentof inertiaof thewheelset {sw %e ©
uw spinmomentof inertiaof thewheelset svr %e °
ux yaw momentof inertiaof thewheelset {sw %e ©
°a carbodymass uvrrr %o
° bogieframemass urrr %o
°y wheelsemass sSvrr %o
55 lateralcreepforce coefficient srd Hsr
56 lateral/spincreepforce coefficient ustr «®
77 longitudinalcreepforce coefficient swHsr
J coefficientof friction ré&w
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&RRUGLQDWH 7UDQVIRUPDWLRQV

In this section the transformation matrices that provide the connection between the coordinate
systems is defined. This starts with the transformation matrix between the rail coordinate
system and wheelset coordinate syst&his is given by rotating theail coordinate system

with angle around its own axis. This rotation changes the rail coordinate from

to /HWJV VHW WKH FDQRQLFR®@ EDVLYVco&dinak KH
system to be and . The matrix that switches the rail coordinate to
coordinates is the coordinate matrix for with respect to the basis
which is:
(B-1)
(B-2)

Figure B 1 Rotate the angle around

then rotating the coordinate system around axis and results in the wheelset
coordinate system. The matrix that switches coordinate to wheel coordinate
system Is the coordinate matrix for with respect to the basis
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(B-3)

(B-4)

Figure B 2 Rotation around

The matrix that transforms the rail coordinate system to whexgeedinate system is:

(B-5)

Each wheel has a contact coordinate system the transformation matrix that converts the

contact coordinate to wheelset coordinate, presented as follows. For the left wheel the

coordinate matrix for with respect to the basis is:

(B-6)
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Therefore

(B-7)
(B-8)
Hence
(B-9)
Figure B 3 Contactcoordinate system
The transformation matrix from contamiordinate to rail coordinate is:
(B- 10)
(B- 11)
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&UHHSIBHMYDWLRQ

As previously defined, these coordinate systemsamnéact , Wheelset
and track respectively. It is essential to calculate the velocity in reference to

, velocity of the contact point related to the rail,as to derive the creepages for

all points on the wheels.

The speed of contact points comprises two components. First, the translational velocity of
ZKHHOVHWTVY FRQWULEXWLRQ DQG VHFRQG WKH DQJXOD
is expresse as:

(C-1)
7KH WUDQVODWLRQDO YHORFLW\ RI WKH ZKHHOVHWY{V FHC(

(C-2)
7KH ZKHHOVHWV URWDWLRQDO YHORFLW\ LV

(C-3)
Where

(C-4)

7KH YHFWRU ZLWK RULJLQDWLQJ IURP WKH ZKHHOVHWYV F

(C-5)
Where for right contact point and for left contact point.
Additionally, we have:
(C-6)
The is because our original rail frame is constantly rotating with this
So as to track the curvaa
(C-7)
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In Figure G1, theterminologies give the difference in velocity expected between the left and
right contact points. This is because they rotate with the same angular velocity through the

curve, though with a different radius in reference to

Figure G 1 The curve parameters

(C-8)

(C-9)

(C-10)

(C-12)

In reference to and we arrive at;
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Figure G 2 Definition of wheelset coordinate System orientation (Rotation only)

(C-12)
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(C-13)

and since super elevation track anglas small and disregarding high

order products:

(C-14)

The vertical creepage tend to zero when no wheel sssimed. This leads to the relations

(C-19)

The right and left wheel lateral creepage is obtained by substituting (5.87) into the lateral

creepage equations

(C-16)
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Lastly, the spin creep terminologies are the variation around the normal to the contact plane
VWDQGDUGLVHG E\ WKH YHORFLW\ ,QLWLDOO\ ZH QHHG

with respect to

(C-17)

(C-18)

(C-19)
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Table D 1 Correlation coefficients of leadingheelset between traction power and wheelset

motion dynamics of passive and active systems with wheel conicity 0.15 and 0.08.

bﬁiﬂzgt Passive 0.15 Active 0.15 Passive 0.08 Active 0.08

1 0.627 | 0.451 1 -0.698 | 0.159 1 0.702 | 0.473 1 -0.670 OéGS

0 1 0.456 1 -0.167 1 0.459 1 -0.170
1 1 1 1

1 -0.827 | 0.532 1 -0.800 | 0.468 1 -0.765] 0.534 1 -0.736] 0.464

40 1 -0.547 1 -0.491 1 -0.542 1 -0.478
1 1 1 1

1 -0.851 | 0.553 1 -0.757 | 0.546 1 -0.800| 0.549 1 -0.743] 0.539

85 1 -0.580 1 -0.576 1 -0.577 1 -0.574
1 1 1 1

1 -0.854 | 0.558 1 -0.781 | 0.556 1 -0.781] 0.595 1 -0.741] 0.544

105 1 -0.589 1 -0.583 1 -0.564 1 -0.582
1 1 1 1

1 -0.847 | 0.566 1 -0.740 | 0.543 1 -0.842 ] 0.604 1 -0.739] 0.550

125 1 -0.597 1 -0.589 1 -0.600 1 -0.590
1 1 1 1

1 0.646 | 0.503 1 -0.684 | 0.169 1 0.724 | 0.545 1 -0.660] 0.184

0 1 0.488 1 -0.170 1 0.516 1 -0.182
1 1 1 1

1 -0.795 | 0.547 1 -0.743 | 0.477 1 -0.726 | 0.544 1 -0.728 ] 0.476

40 1 -0.555 1 -0.497 1 -0.544 1 -0.498
1 1 1 1

1 -0.839 | 0.557 1 -0.748 | 0.538 1 -0.824 1 0.573 1 -0.739] 0.539

85 1 -0.584 1 -0.580 1 -0.589 1 -0.579
1 1 1 1

1 -0.841 | 0.562 1 -0.744 | 0.541 1 -0.769| 0.559 1 -0.740| 0.543

105 1 -0.590 1 -0.587 1 -0.484 1 -0.586
1 1 1 1

1 -0.844 | 0.566 1 -0.740 | 0.546 1 -0.733] 0.567 1 -0.738] 0.548

125 1 -0.596 1 -0.593 1 -0.442 1 -0.591
1 1 1 1
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Leading

wheelset Passive 0.15 Active 0.15 Passive 0.08 Active 0.08

1 0.714 | 0.584 1 -0.674 | 0.221 1 0.741 | 0.569 1 -0.653 ] 0.261

0 1 0.570 1 -0.226 1 0.563 1 -0.258
1 1 1 1

1 -0.731 | 0.559 1 -0.734 | 0.463 1 0.429 | 0.549 1 -0.722 ] 0.474

40 1 -0.545 1 -0.494 1 0.537 1 -0.497
1 1 1 1

1 -0.810 | 0.560 1 -0.741 | 0.542 1 -0.617 | 0.560 1 -0.725] 0.539

85 1 -0.588 1 -0.587 1 -0.323 1 -0.585
1 1 1 1

1 -0.817 | 0.564 1 -0.742 | 0.545 1 -0.605| 0.572 1 -0.730] 0.545

105 1 -0.594 1 -0.593 1 -0.313 1 -0.591
1 1 1 1

1 -0.825 | 0.568 1 -0.742 | 0.548 1 -0.589 | 0.583 1 -0.734 ] 0.549

125 1 -0.599 1 -0.597 1 -0.311 1 -0.595
1 1 1 1

1 0.702 | 0.558 1 | -0.680| 0.329 1 0.685 | 0.668 1 | -0678| 0.335

0 1 0.594 1 -0.309 1 0.779 1 -0.300
1 1 1 1

1 0.636 | 0.561 1 -0.722 | 0.450 1 0.695 | 0.625 1 -0.715] 0.467

40 1 0.604 1 -0.482 1 0.721 1 -0.483
1 1 1 1

1 0.405 | 0.575 1 -0.724 | 0.544 1 0.634 | 0.603 1 -0.719] 0.545

85 1 0.531 -0.592 1 0.661 1 -0.590
1 1 1 1

1 0.356 | 0.582 1 -0.724 | 0.549 1 0.515 | 0.588 1 -0.719] 0.551

105 1 0.489 1 -0.599 1 0.637 1 -0.598
1 1 1 1

1 0.296 | 0.583 1 -0.727 | 0.553 1 0.483 | 0.582 1 -0.715] 0.554

125 1 0.438 1 -0.604 1 0.616 1 -0.602
1 1 1 1
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Table D 2 Correlation coefficients of trailing wheelset between traction power and wheelset

motion dynamics of passive and active systems with wheel conicitya@dl 8.08

\Tvrr?;lgget Passive 0.15 Active 0.15 Passive 0.08 Active 0.08

1 -0.922 | 0.450 1 0.563 | 0.162 1 -0.884| 0.478 1 -0.339] 0.166

0 1 -0.451 1 0.173 1 -0.478 1 -0.099
1 1 1 1

1 -0.963 | 0.546 1 -0.772 | 0.471 1 -0.930| 0.542 1 -0.739] 0.458

40 1 -0.553 1 -0.482 1 -0.554 1 -0.481
1 1 1 1

1 -0.967 | 0.575 1 -0.757 | 0.543 1 -0.947 ] 0.569 1 -0.749 ] 0.542

85 1 -0.586 1 -0.575 1 -0.586 1 -0.576
1 1 1 1

1 -0.966 | 0.582 1 -0.775| 0.555 1 -0.876] 0.613 1 -0.751] 0.547

105 1 -0.595 1 -0.579 1 -0.558 1 -0.584
1 1 1 1

1 -0.969 | 0.592 1 -0.754 | 0.549 1 -0.859 ] 0.609 1 -0.749] 0.553

125 1 -0.603 1 -0.590 1 -0.588 1 -0.591
1 1 1 1

1 -0.914 | 0.496 1 0.506 | 0.173 1 -0.873 ] 0.545 1 -0.335] 0.187

0 1 -0.500 1 0.194 1 -0.542 1 -0.083
1 1 1 1

1 -0.957 | 0.558 1 -0.746 | 0.475 1 -0.920| 0.556 1 -0.726 | 0.478

40 1 -0.567 1 -0.495 1 -0.563 1 -0.501
1 1 1 1

1 -0.964 | 0.580 1 -0.758 | 0.542 1 -0.883] 0.579 1 -0.749] 0.544

85 1 -0.592 1 -0.579 1 -0.600 1 -0.581
1 1 1 1

1 -0.966 | 0.585 1 -0.759 | 0.545 1 -0.844 ] 0.554 1 -0.750| 0.548

105 1 -0.598 1 -0.586 1 -0.513 1 -0.588
1 1 1 1

1 -0.966 | 0.591 1 -0.756 | 0.549 1 -0.823 ] 0.564 1 -0.749] 0.552

125 1 -0.603 1 -0.591 1 -0.488 1 -0.593
1 1 1 1
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Leading

wheelset Passive 0.15 Active 0.15 Passive 0.08 Active 0.08

1 -0.900 | 0.568 1 0.406 | 0.224 1 -0.866 | 0.457 1 -0.332| 0.259

0 1 -0.569 1 0.200 1 -0.395 1 -0.104
1 1 1 1

1 -0.944 | 0.577 1 -0.728 | 0.473 1 -0.939 | 0.548 1 -0.718 | 0.477

40 1 -0.584 1 -0.494 1 -0.534 1 -0.500
1 1 1 1

1 -0.960 | 0.586 1 -0.753 | 0.547 1 -0.880 | 0.558 1 -0.732| 0.545

85 1 -0.601 1 -0.587 1 -0.517 1 -0.588
1 1 1 1

1 -0.961 | 0.591 1 -0.757 | 0.551 1 -0.819 | 0.569 1 -0.738 | 0.548

105 1 -0.605 1 -0.593 1 -0.465 1 -0.594
1 1 1 1

1 -0.962 | 0.595 1 -0.758 | 0.553 1 -0.784 | 0.582 1 -0.741| 0.552

125 1 -0.610 1 -0.596 1 -0.444 1 -0.597
1 1 1 1

1 -0.838 | 0.435 1 0.400 | 0.323 1 -0.164 | 0.292 1 -0.265| 0.333

0 1 -0.348 1 0.268 1 0.406 1 -0.088
1 1 1

1 -0.878 | 0.496 1 -0.706 | 0.453 1 -0.762 | 0.485 1 -0.674 | 0.453

40 1 -0.439 1 -0.487 1 -0.351 1 -0.491
1 1 1 1

1 -0.953 | 0.567 1 -0.722 | 0.547 1 -0.922 | 0.608 1 -0.708 | 0.548

85 1 -0.562 -0.594 1 -0.610 1 -0.595
1 1 1 1

1 -0.956 | 0.574 1 -0.727 | 0.553 1 -0.832 | 0.606 1 -0.710 | 0.552

105 1 -0.570 1 -0.601 1 -0.582 1 -0.602
1 1 1 1

1 -0.959 | 0.580 1 -0.734 | 0.559 1 -0.742 | 0.599 1 -0.712 | 0.556

125 1 -0.577 1 -0.606 1 -0.481 1 -0.606
1 1 1 1
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Table D 3 Quantify the Curve Resistance EnergyPaissiveandActive Vehicle

CurveRadii Vehicle Speed CantDeficiency - CurveResigancenergy(kV\(h) -
(m) (km/h) (mm) Passive Active Passive Active
0.15 0.15 0.08 0.08
162 0 0.0042 0.0001 0.0061 0.0001
180 40 0.0207 0.009 0.0227 0.0093
2000 198 85 0.0783 0.051 0.0777 0.0514
209 105 0.1174 0.0798 0.1252 0.0802
216 125 0.1683 0.1176 0.4526 0.118
137 0 0.0068 0.0001 0.0095 0.0001
155 40 0.0227 0.0079 0.0262 0.0083
1500 173 85 0.074 0.0444 0.1663 0.0449
180 105 0.1087 0.0693 0.5621 0.0699
187 125 0.1537 0.1021 1.0933 0.1028
112 0 0.0124 0.0001 0.2597 0.0001
126 40 0.0279 0.0067 0.3073 0.0071
1000 140 85 0.073 0.0366 0.4745 0.0373
145 105 0.1028 0.057 0.8367 0.0579
151 125 0.1411 0.0839 1.3008 0.0849
79 0 0.3876 0.0001 1.0747 0.0001
90 40 0.4524 0.0052 1.2242 0.0058
500 97 85 0.5638 0.0266 1.3951 0.0278
104 105 0.6188 0.0413 1.5265 0.0428
108 125 0.6811 0.0605 1.8599 0.0623
Table D 4 Quantify theTractionEnergyConsumptiorof PassiveandActive Vehicle
. . . TractionEnergyConsumption(kWh)
CurveRadii Vehicle Speed CantDeficiency - ; . -
(m) (km/h) (mm) Passive Active Passive Active
0.15 0.15 0.08 0.08
162 0 1.3736 1.3697 1.3757 1.3697
180 40 1.7658 1.7541 1.768 1.7544
2000 198 85 2.2695 2.2412 2.2687 2.2416
209 105 2.5088 2.4694 2.5047 2.4698
216 125 2.7733 2.7198 2.9024 2.7201
137 0 1.0419 1.0356 1.0449 1.0356
155 40 1.323 1.3083 1.3267 1.3087
1500 173 85 1.6856 1.6554 1.7936 1.6559
180 105 1.8591 1.8185 2.4284 1.8191
187 125 2.0516 1.998 3.13 1.9987
112 0 0.7308 0.7192 1.3436 0.7192
126 40 0.9125 0.8918 1.617 0.8922
1000 140 85 1.1498 1.1133 2.1343 1.1141
145 105 1.2644 1.2182 2.6744 1.2191
151 125 1.3924 1.3342 3.2827 1.3352
79 0 1.3467 0.4137 2.847 0.4138
90 40 1.5705 0.5 3.2659 0.5006
500 97 85 1.8883 0.612 3.7266 0.6132
104 105 2.0332 0.6657 4.0407 0.6673
108 125 2.1899 0.7258 4.544 0.7276
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Figure D 1 Theeffect of wheelset active control on wheail friction energy
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