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Abstract

Energy consumption in electric locomotives is principally the power consumed in traction
motors. In order to reduce this energy consumption, the motion resistances of the train need
to be reduced. These resistances include aerodynamics; inertial and grade forces; curving

resistance; and bearing and wheel/rail friction.

Though many factors such as gradient resistance cannot be modified, if a control system is
included, curving resistance can be minimised by reducing the energy losses in the contact
patches between wheel and rail. Therefore, operational practices could be modified in order
to obtain the most appropriate wheelset attack angle between wheel and rail, and appropriate
train speed. One solution is to implement a steering control system. The function of this control
system is to monitor and control the wheelset lateral displacement or the attack angle of the
wheelset. This could reduce the energy dissipated at the contact points between wheel and

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

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

energy efficiency of a rail vehicle under typical operational conditions.

In order to achieve these aims, two dynamic models of a typical railway vehicle have been
developed in MATLAB and Simulink. The first model comprises the electrical traction and
mechanical system (passive system). The second model includes the passive and the wheelset
active steering control system (active system). These models 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 system to the wheelset

active steering control system, determining the possibilities for energy saving.

In order to assess the influence of the wheelset active steering control on the relationship
between wheel and rail contact forces and traction power a series of deterministic track

features are set comprising curve radii with different cant deficiencies and wheel conicities.



Also a typical track profile from Leeds to Hull is used. From these simulations, the traction
energy consumption, energy dissipated at the contact patches, and energy consumed by the

steering actuators are calculated.

Statistical analyses are used to understand the relationship between the traction power and
wheelset motion dynamics (lateral displacement and attack angle).The active vehicle model
scheme is used to investigate the improvement of the energy efficiency of a railway vehicle
using active steering. The wheelset active steering control system analysis shows whether
different combinations of vehicle speed, wheelset conicity and track curve radius lead to a
reduction, no reduction, or an increase in traction power consumption. The probability of
high power consumption under different conditions is assessed to ensure that it is reduced

wherever possible.

The ability of a forecasting model to predict the traction power consumption behaviour of
railway vehicles from the wheelset motion dynamic is assessed. Findings show that the overall
prediction accuracy is fairly similar to the power measured from the passive vehicle running
on a track from Leeds to Hull. However, the algorithm does not perform effectively for the
deterministic track features.

Finally, the benefits of implementing wheelset active steering control systems in terms of the
mitigation of contact forces between wheels and rails and how this mitigation influences
traction energy consumption are evaluated to determine under what conditions energy can be

saved.
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Upi yaw angle of front and rear bogies frames
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and right wheels in front and rear wheelsets 5, Contact angle of left wheel
Fieyij Linear creep force acting in Lateral direction on left and T, Rolling radius of right wheel
right wheels in front and rear wheelsets 7, Rolling radius of left wheel
Foye Suspension force acting in lateral direction on half car
body
Foybij Suspension force acting in lateral direction on front and
rear bogie frames
Foyij Suspension force acting in lateral direction on front and
rear wheelsets
Miyij Linear creep moment acting in longitudinal direction on
left and right wheels in front and rear wheelsets
My suspension moment acting in lateral direction on car body
N Normal force acting on wheelset in equilibrium state
Niyij Normal force acting in lateral direction on left wheel in
front and rear wheelsets
Ny Normal force acting in vertical direction on left wheel in
front and rear wheelsets
Ngyij Normal force acting in lateral direction on right wheel in
front and rear wheelsets
Ngyij Normal force acting in vertical direction on right wheel in
front and rear wheelsets
m, Car body mass
m, Bogie frame mass
my, Wheelset mass
Iy Roll moment of inertia of the carbody
Iy Spin moment of inertia of the carbody
I, Yaw moment of inertia of the carbody
I Roll moment of inertia of the bogie
Iy Spin moment of inertia of the bogie
I, Yaw moment of inertia of the bogie
Ly Roll moment of inertia of the wheelset
Lyy Spin moment of inertia of the wheelset
I, Yaw moment of inertia of the wheelset
Kyx Longitudinal stiffness of the primary suspension
K,y Lateral stiffness of the primary suspension
K, Vertical stiffness of the primary suspension
Cpx Yaw damping of the primary suspension
Cpy Lateral damping of the primary suspension
Cpy Vertical damping of the primary suspension
Ko, Longitudinal stiffness of the secondary suspension
K, Lateral stiffness of the secondary suspension
K Vertical stiffness of the secondary suspension
Coyx Yaw damping of the secondary suspension
Csy Lateral damping of the secondary suspension
C, Vertical damping of the secondary suspension
fi1 Lateral creep force coefficient
fi2 Lateral/Spin creep force coefficient
fas Longitudinal creep force coefficient
A Lateral displacement of car body
Vi Lateral displacement of front and rear bogie frames
Ywij Lateral displacement of front and rear wheelsets

Y

yaw angle of car body
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Chapter 1

Introduction

This chapter commences with an overview of methods used to reduce friction between wheel
and rail. This is followed by a definition of the research problem. Next, the motivation for the
research is presented. This is followed by the aims and objectives of the research, then the
research methodology. Lastly, the structure of the thesis is defined and the content of the

subsequent chapters is outlined.
1.1 Background

Recently, many large-scale high-speed 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 vehicle: traction energy, mechanical and friction
energy, in order to describe how mechanical and friction energy influence the electrical
energy. This responds to a need to reduce the friction energy in order to reduce the traction

energy.

In doing work, the energy is transformed from one form to one or more other form(s). Some
energy can be recovered such as energy due to the acceleration and inclination forces in a
railway vehicle by using regenerative braking (Lu, Weston, Hillmansen, Gooi, & Roberts,
2014) . However, some of the energy, such as friction energy between wheel and rail, is “lost”
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 energy is influenced by
the wheel and track profile and vehicle speed and how it is linked with other variables. From

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

In a railway vehicle, the friction between wheels and rails is an important parameter, which
increases the train’s motion resistances and consequently increases the traction motors’ energy
consumption. In recent years, there has been significant work on the reduction of friction using
methods such as: traditional lubrication of the gauge face/flange interface; using friction

modifiers at the top of rail-wheel tread interface (VanderMarel, Eadie, Oldknow, & Iwnicki,



2014); and recently, Tzanakakis (2013, p. 109) has illustrated the use of active primary
suspension to control the vehicle running behaviour at the wheel-rail interface. Wheelset
active steering control technology can result in substantial reductions of wheel and rail wear,
especially the wear and noise associated with going round curves (Bruni, Goodall, Mei, &
Tsunashima, 2007; Mei & Goodall, 2003c). Recent studies have indicated that this application
of wheelset active steering control technology provides a comprehensive solution for the
fundamental design conflict between vehicle stability and curving performance (Bruni et al.,
2007).

1.2 Research Problem

Railway vehicles represent a mixed electro-mechanical system. The existing commercial
codes (SIMPACK, VI-RAIL, VAMPIRE) provide different approaches for co-simulation
using Simulink. In many cases the co-simulation simulates the electrical system along with
the mechanical and control systems. However, each of the codes has its own specific
assumptions, and 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 visualisation.

This study presents a simulation model of a full electric railway vehicle in the
MATLAB/Simulink platform to examine energy flow during traction. The vehicle system
consists of the power conversion equipment, traction system, active suspension system,
mechanical drive train, wheel-rail interaction and control systems. The application of
MATLAB/Simulink as an environment allows a user-friendly interface to be set up and

streamlines the simulation process.

Despite extensive prior literature, data about the correlation between vehicle Traction Power
required to propel the vehicle and creep forces at the contact patches between wheel and rail
are limited. Therefore, this study provides an important opportunity to advance the
understanding of the association between creep forces at the contact patches between wheels

and rails, and the traction power consumption of a railway vehicle.

During the last decade, various steering strategies have been shown to significantly improve

the vehicle performance on curves (S Shen, Mei, Goodall, & Pearson, 2004). However, there



is little research describing the influence of active control on traction energy and how much
energy can be saved by applying this technology. This work has also clarified the influence
of various combined factors on the 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 Motivations

Active suspensions for railway vehicles have now been under serious consideration at a
theoretical or experimental level for several decades (RM Goodall, 1997). Over this period, a
number of conceptual studies have laid the theoretical foundations, and survey papers have

provided a review of approaches and developments of primary active suspension.

A number of primary active suspension approaches are described, for example directly-steered
wheel pairs (Wickens, 1994), actively-steered axles (Aknin, Ayasse, & Devallez, 1991), and
also the use of axles with independently-rotating wheels (Mei & Goodall, 2003b). Those
approaches are applied to steer the wheelset or wheels, to optimise the interaction with the rail
and the distribution of the guiding forces, and also to improve the stability of the wheelset,
which in a mechanical system can become unstable and ‘hunt’ above a critical speed (S
Iwnicki, 2009). Moreover, rolling contact fatigue (RCF) on rails can be mitigated. A gap exists
in these studies, because energy consumed by the traction and steering system and energy
losses at the contact points between wheel and rail, and the relationships between these
variables, have not been sufficiently investigated.

By addressing this gap, a further problem needs to be considered: this new usage of active
primary suspension for service operation has increased the number of electronic systems in
railway vehicles. This presents a problem because while railway simulation software tools
such as VAMPIRE, MEDYNA and ADAMS-RAIL consider the mechanical parts of a railway
vehicle, the electrical systems inside that vehicle 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 toolboxes including the steering actuator model).



1.4 Research Aim and Objectives
1.4.1 Aim:

The aims of this study are:

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

e Improve the understanding of the influence of wheelset active steering control on the
relationship between wheel and rail contact forces and traction power.

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

vehicle using wheelset active steering control.
1.4.2 Objectives:
To achieve the goal of this research the corresponding objectives are specified as follows:

Obijective 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 traction systems,
software for rail vehicle dynamics, overview of wheelset active steering control and an

overview of railway traction systems.

Obijective 2: Develop a novel dynamic passive system railway vehicle model in MATLAB
and Simulink comprising the electrical 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 active system comprises the passive system and the wheelset active steering

control system.

Obijective 4: Use a series of curve radii with different cant deficiencies, and then validate the
proposed model in MATLAB/Simulink using the existing literature.



Obijective 5: Determine the relationship between the traction power and the motion dynamics

of the wheelset with both the passive and active systems.

Objective 6: Compare the results between the passive system (without a control system) and
the active system (with a steering control system) to identify opportunities and potential for

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

In a high-speed railway vehicle, the friction between wheels and rails is an important
parameter that increases the locomotive’s motion resistances and consequently increases the
traction motor’s consumption. However, data about the correlation between vehicle traction
energy consumption and energy losses at the contact 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
the traction energy consumption of a railway vehicle. Based on this understanding, this thesis
assesses the effectiveness of application of wheelset active steering control methods to reduce

traction consumption.

In order to develop this system, the following steps have been taken. First, two 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, whereas the combination of the vehicle model, traction model and
wheelset active suspension model create the active model. Second the passive and active
Simulink models are presented (chapter 5) then the data from the passive model and the data

from the active model are analysed (chapter 6 and 7).
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Figure 1-1 Illustration of the research methodology.
1.6 Structure of the Research
The thesis consists of eight chapters, the contents of which are briefly described below:

Chapter 2 — presents the literature review on the existing energy saving technologies for
railway traction systems, software for rail vehicle dynamics and the overview of wheelset
active control. The objective is to improve understanding in the field applications of active

primary suspension control. This chapter also overviews railway traction systems.

Chapter 3 — describes the passive vehicle model, including the mathematical equations of the
wheelsets, bogies and car body, and the mathematical equations of the traction system which

includes the three-phase voltage supply, variable speed drive and the traction motor.

Chapter 4 — describes the active vehicle system which comprises the passive system described
in chapter 3 and the mathematical equations of a wheelset active steering control system which
include the three-phase voltage supply, the variable speed drive, the actuator (motor) model

and the speed reducer.

Chapter 5 — presents the dynamic model of the passive and active rail vehicles implemented
in MATLAB and Simulink, to present the dynamic behaviour of the vehicles and calculate

the energy dissipated at the contact patch between wheel and rail.



Chapter 6 — assesses the influence of wheelset active steering control on the relationship
between wheelset motion dynamics and traction power. The chapter aims to assess which
factors have a predominant effect on creep and flange contact forces between wheels and rails,
consequently affecting the amount of traction power. The traction power is predicted from the

wheelset motion dynamics using an algebraic regression model.

Chapter 7 — quantifies and evaluates the benefits of implementing wheelset active steering
control systems on the traction energy consumption. This 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.

Chapter 8 — discusses and draws conclusions from the research, putting forward suggestions

for further work.



Chapter 2

Literature Review

This chapter reviews the literature on the existing energy saving technologies on railway
traction systems. It includes a summary of software for rail vehicle dynamics. It also contains
an overview of wheelset active control. This chapter also reviews the existing literature in
order to describe concepts used in this study. This chapter also overviews the railway

traction system.
2.1 Introduction

Through extensive literature surveys, it is clear that there are alternative methods which
overcome the issue of the energy 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 for the railway vehicle dynamics study, the development of research
into wheelset active steering control, and to summarise the typical schema of a traction

system including all components from pantograph to wheels.
2.2 Energy Saving Technologies on Railway Traction Systems

A literature review was undertaken across a number of areas surrounding the energy losses
in rail vehicles to establish a theoretical framework for sources of energy losses and energy
efficiency strategies. The traction energy absorbed from the power supply system can be

split up into four main portions:

e Energy needed to accelerate the train and move it up a gradient
e Energy needed to overcome running resistance (friction and air resistance)
e Energy needed for on-board purposes such as comfort functions in passenger trains

e Energy losses in traction or energy conversion equipment

Therefore, research on reducing the train traction energy consists of two aspects: cutting

down the losses and increasing the use of regenerative energy (Su, Tang, & Wang, 2016).



The following illustrates the main strategies used in the rail industry to reduce potential

energy losses:

The use of new and lighter materials and traction components can decrease the train’s energy
demand. Aluminium car-bodies have mostly replaced steel constructions and can now be
considered as standard in new stock for regional and high speed lines (Ciccarelli, 2014).
Carbon fibre may become more widely used in future developments in car-body
construction, and may include concepts such as articulated trains with Jacob-type bogies
(Xue, Ingleton, Roberts, & Robinson, 2011). Cutting-edge propulsion components are also
lighter, such as the insulated-gate bipolar transistor (IGBT) which is replacing the Gate Turn-
off Thyristor (GTO) (Eckel, Bakran, Krafft, & Nagel, 2005). Innovative concepts such as
the medium frequency transformer additionally indicate that further progress may be made
in this direction (Hoffmann & Piepenbreier, 2010).

In high-speed passenger trains and in freight trains air resistance leads to higher energy
consumption. This problem is illustrated by (R Nolte & F Wurtenberger, 2003) who show
that raising the top speed from 280 km/h to 350 km/h would increase energy costs by about
60%. For reducing air drag in high-speed trains, covering bogies with smooth fairings offers
a good solution (Tabares, Gomez, Nieto, & Giraldo, 2013). In a railway vehicle there is a
theoretically huge potential reduction which could be obtained by covering cars and

arranging them in an aerodynamically favourable car order.

For most electric vehicle systems, kinetic and potential energy (acceleration and gradients)
can be recovered via an electric traction system, and as these become progressively more
efficient, the energy needed to accelerate or move the train up gradients becomes less
important. The actual recuperation rates are strongly influenced by the supply system and
traffic density (Ciccarelli, Del Pizzo, & lannuzzi, 2014). This part of regenerative braking
energy can be reused by itself, stored in on-board energy storage systems or be transmitted
backwards to the overhead catenary or the third rail and utilised by other trains (YYang, Chen,
Li, Ning, & Tang, 2015).

Energy efficient driving is also a promising strategy for saving energy. This comprises of

many different measures and approaches, from instructions and training programmes on



driving style to electronic driving advice systems (DAS) (Ciccarelli, 2014) and (Roland
Nolte & Felix Wurtenberger, 2003).

Asynchronous traction motors have become the standard solution for energy saving in
electric railway technology. However, in the future permanent magnet motors may prove an
interesting alternative to asynchronous motors in some areas (M. Kondo, Kawamura, &
Terauchi, 2005).

More efficient transformers are generally heavier, so dimensioning this component always
involves a compromise between efficiency and mass. As an alternative to conventional
transformers, two innovative concepts have been proposed: the HTSC transformer which
uses a superconducting material to radically increase efficiency, and the medium-frequency
transformer which saves mass and losses by exploiting the fact that induction increases with
frequency (Martin, Ladoux, Chauchat, Casarin, & Nicolau, 2008).

In the field of inverters, the main efficiency advances lie in power electronics. New stock’s
component efficiency has generally improved by replacing GTOs with IGBTs. Today's
electric traction components (AC asynchronous traction motors with IGBT inverters) offer
little potential for further energy optimisation. However, substantial short-term
improvements can be made via the optimal control of these components and their interaction
(K. Kondo, 2010).

Mechanical friction comprises all the dissipative effects of wheel-rail interaction, mainly
friction caused by dissipation in the wheel-rail interface due to increased frictional forces
particularly when driving on curved tracks. Increased wheel/rail contact forces result in
increased wheel and rail wear, outbreak of squeal noise, risk of derailment (Kim, Byun, Park,
& You, 2007) and significantly impact energy consumption. One solution, which is especially
effective in curves, is rail lubrication to reduce the friction between rail and wheel. A second
option, illustrated by Kim, Park, and You (2008) and Sim, Hur, Park, and Kim (2014) is a
wheelset active steering control system designed to reduce wheel/rail contact forces in curves
and to decrease wheel/rail wear. Javier Perez, Stow, and Iwnicki (2006) studied the benefits
of implementing wheelset active steering control systems in railway vehicles for the
mitigation of rolling contact fatigue (RCF) on rails. By applying active steering, Mei, Shen,

Goodall, and Pearson (2005) evenly distributed the lateral creep forces between the wheelsets
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significantly reducing the creep forces (hence the wear and noise) at the wheel-rail interface
and also minimising the track shifting forces on curves. Most currently considered active
suspension solutions relate 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 wheels (Li, 2001).
2.3 Software for Rail Vehicle Dynamics Study

The traction and active suspension system of a rail vehicle is a very complex mechatronic
system that includes different electro-mechanical and mechanical subsystems. Therefore, it is
common to use co-simulation for the creation of mechatronic models. This approach is usually
based on the combination of two types of software: multi-body simulation packages (for
mechanical models) and simulation tools for electric, hydraulic, thermal and control systems,
etc. The existing commercial codes (SIMPACK, VI-RAIL, VAMPIRE) provide different
approaches to co-simulation using Simulink. The simplified concept is presented in Figure
2-1:

Electric systems

Figure 2-1 Development concept of a model design for a mechatronic system using co-

simulation software

The main disadvantages of several of these co-simulation software products mentioned above
are that, dependent on the software package used, the real-world impact of the research may
be limited by government regulations (Spiryagin, Simson, Cole, & Persson, 2012). Moreover,
the software interfaces do not make the underlying coding transparent or accessible. For
researchers and specialists, knowing the detail and controlling each part of the software used
for the investigation process has a significant influence on the obtained results. Making the
algorithms used for the co-simulation process open for discussion and criticism would create

a more scientific research process which allowed for greater innovation. Additionally, co-

11



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, mechanical drive train, wheel-rail interaction, control
systems, traction transformer and power supply systems are modelled in MATLAB/Simulink.
The model allows the user to interactively view effects such as control loop performance and
power semiconductor stress levels etc., in a single simulation as shown in Figure 2-2. Using
this model, various control functions such as traction and wheelset steering control can be
studied. In addition, the application of the MATLAB/Simulink environment gives us a chance

to build a user interface.

Matlab/Simulink

Control systems <:> Electric systems <:> M;;Shtznmus:al

------ﬁ

Figure 2-2 Single environment for simulating multi-domain physical systems with control

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

Vehicle suspension active control can be used to improve dynamic performance to levels that
are not possible with purely passive solutions, facilitating higher speed and/or reduced track
interaction. The input/output relationship provided by an active suspension system is
dependent upon the configuration of sensors and actuators and the control strategy in the
electronics. However, in the passive case, this is determined by the values of masses, springs,

dampers and the geometrical arrangement (Bruni et al., 2007).

It has been suggested by theoretical 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 suspension, to improve curving performance and stability at higher speeds (RM
Goodall & Kortiim, 1983).
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Active control of the wheels or wheelsets has been studied in many variations with the aim of
providing cost effective, robust and practically implementable methodologies. Various
configurations and implementation of the active primary suspension (Powell & Wickens,
1996; G. Shen & Goodall, 1997) and the control options have been proposed (RM Goodall,
1998; Li, 2001; Mei, Goodall, & Li, 1999).

Many active primary control strategies and controllers have been analysed (Gretzschel &
Jaschinski, 2004; Liang & Iwnicki, 2011; Michitsuji & Suda, 2006; Powell, 1998) and (Liang
& lIwnicki, 2007; Liang, Iwnicki, & Swift, 2004) and have highlighted that their general
performance is adequate and/or requires primary feedback variables, which are impractical
and costly to provide. They have also highlighted 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 concluded by many research papers such as (Mei & Goodall, 2001; Pearson,
Goodall, Mei, Shen, et al., 2004). This is partly due to the demanding vibration and climatic
environment, the profiling of the wheel and the shape of the rail, which cause difficulties for
measurement technologies such as optical, inductive, etc. (Gretzschel & Bose, 2002). Change
in technological advances were surveyed by Bruni et al. (2007) to show how railway dynamics
have been used combined with sensors and computer processors to create the a variety 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: actuated solid-axle wheelset (wheelset
active steering control), 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 project is the actuated solid-axle wheelset
(wheelset active steering control). The actuated solid wheelset has had various studies
conducted all offering to provide steering without compromising the stability inherent with
the solid axle. Researchers have analysed actuation being provided directly on the axle
(Pearson, Goodall, Mei, & Himmelstein, 2004; J Perez, Busturia, & Goodall, 2002; G. Shen
& Goodall, 1997) and some have developed control strategies to provide the actuation (Mei
& Goodall, 2000a; Pearson, Goodall, Mei, Shen, et al., 2004). Concepts have also been
developed to provide actuation from the bogie to the wheelset (J Perez et al., 2002; Tanifuiji,

Sato, & Goodall, 2003), again offering to provide good curving performances and stability.

13



Studies have shown that 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 performance (Roger Goodall & Li,
2000)

wheelset active steering control aims to follow the centre line of the track and keep the centre
line of the axel radial with the curve, producing no lateral creep forces (Powell, 1998). The
wheelset can however 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 contact (Powell, 1998). This will reduce any wear, which
could occur during the contact. This method however again requires a high bandwidth control
(RM Goodall, 1997).

Actuated solid-axle wheelset (wheelset active steering control): An examination of the
original idea was accomplished using controlled traction rods to provide a type of yaw similar
to wheelsets with conical wheels in order to achieve a smooth curved movement without
compromising stability (G. Shen & Goodall, 1997). In this type of set-up, a controllable torque
is produced by the actuator which is directed to the wheelset to maintain the stability and the
curving performance of the railway vehicle. The wheelset active steering control via yaw
torque and lateral force mechanisms are shown in figure (2-3). 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 conducted over the past have mainly been examining the
benefits of adopting the (wheelset active steering control) in the design of the advanced railcar
as opposed to the passive vehicle. For instance, an investigation in (Perez et 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
movement on curved tracks. An all-inclusive research paper was written by (Pearson et al .,
2004) on both stability and operation in curved rails, features of the actuators and sensing
elements and also the necessary state approximation for the real-world operation. This idea
was practically tested on a full size vehicle (Pearson et al., 2003). Across these studies, there

has been insufficient investigation into the energy consumed by the traction and steering
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system and energy losses at the contact point between wheel and rail, and the relationships

between these variables.

Actuator with yaw torque Actuator with lateral force

Controller -5 Controller

Figure 2-3 Actuated solid-axle wheelset (wheelset active steering control) via yaw torque

and via lateral force
2.5 Overview 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 trains, locomotives, trams, and metros are currently equipped with an electrical
supply and electrical traction system (Kreuawan, 2008). Generally, a traction system consists
of all components from the pantograph to the wheelset. A typical schema of a railway traction
system is shown in Figure 2-4. Within this system, the pantograph extracts electricity from
the power supply, which then passes through the DC rectifier, whose main function is to
supply a DC source to the inverters at the desired voltage level. The inverter then transforms
the DC source into a variable frequency AC source and provides it to the traction motors.

Mechanical energy is sent to the wheels via the gearbox.
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In the UK railway system, there are three principal supply types: Third-rail current collection
using collector shoes (750V DC) and fourth-rail current collection using collector shoes (630V
DC) (more common in short route and low power applications such as trams and metros), and
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 supply. Choosing the optimum supply type produces a

favourable compromise between energy losses and traction system cost (Frey, 2012).

The inverter requires a DC source with a specific voltage level input. If an overhead DC supply
is used, a step-up or step-down chopper is needed 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 lowering the energy consumption.
However, for safety reasons, a rheostat resister braking must always be onboard (Lu et al.,
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 used AC traction motors. This system must include a DC/AC
converter or 3-phase inverter to vary the motor speed. In the past, high power applications
applied switching components such as Gate Turn Offs (GTO) and Silicon Controlled
Rectifiers (SCR). These now obsolete components have been replaced by high efficiency and
fast switching IGBTs (Luniewski & Jansen, 2007). Figure 2-5 shows how (K. Kondo, 2010)

presents the history 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 power density and
high efficiency permanent magnet synchronous motors (permanent magnet synchronous

motor), are very attractive in traction application (Kreuawan, 2008).
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Figure 2-4 Schema of railway traction system (Kreuawan, 2008)
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Figure 2-5 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 of the literature regarding how the computer software tools are used to
model railway dynamics has been presented. In addition, the advantages of the application of
the MATLAB/Simulink environment for applying various control functions such as traction
and wheelset steering was discussed. Then, a review of the literature regarding the solid axle
wheelset active control was presented. This includes various configurations and
implementation of the active primary suspension system. Finally, the traction system
components were described. This chapter has given a general view to help in developing the
wheelset active steering control, therefore, the next two chapters will present a mathematical

model for the full vehicle system model.
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Chapter 3

Modelling of Passive Railway Vehicle Components

In this chapter, the mathematical equations representing a single railway vehicle and its
traction system and the energy required to overcome 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. The vehicle model is validated and the wheels’ profile model is presented.
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 traction
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 resistances, energy 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.
3.1 Introduction

In this chapter the vehicle model and its traction 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 of the vehicle is a function of wheel/rail interaction forces, propulsion
resistance, suspension forces and wheel rail profile. The equations required for wheel/rail
interaction forces modelling are also introduced. In addition, in this section, the validation of
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 section presents the mathematical
equations used to calculate the mechanical energy needed to overcome railway vehicle motion
resistances, and the energy losses in the contact patches between the wheel and rail and energy
consumed by the vehicle’s traction motors. The vehicle model built here is very 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 addition, this model is used to provide an in-depth understanding of the
effects of load oscillations on the energy consumed by a vehicle’s traction motors. The next
chapter will add the steering system (active system) to the passive system and compare them,
and assess 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 between 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 chapter 7. After this chapter, the next is going to add the
active system (the steering system) to the passive system and evaluate them, to determine the

opportunity for saving energy.
3.2 Modelling of a Single Railway Vehicle

The vehicle as presented in Figure 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 suspension located 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 self-centring action.

Car Body

Rear bogie Front bogie

O Wheelsets O O Wheelsets O

(a) Rail-vehicle model (side view)
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Figure 3-1 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 consider the 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.
3.2.1 Coordinate 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 (X ,Y,.,Z ).

In this, the coordinate reference frame moves along with the 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 reference, since it follows the bogie through the curve. The positive direction

is defined in Figure 3-2. The second coordinate is the wheelset coordinate system (X,,,Y,,,Z,)

. This follows the wheelsets and its origin is placed at the centre of mass of the wheelset. The
positive direction is defined in Figure 3-3. The third coordinate system is the wheel-rail
contact coordinate system (X¢,,Ye ,Zc ), (Xer:Yers Zcr) Which follows the contact plane

between the wheel and rail. Its origin is placed in the contact point. 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 shown Figure 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 the bogie frame or carbody.

Figure 3-4 Left and right contact coordinate system of the wheel

The coordinate systems are switched between using the following orthogonal transformation
matrices (for further details see Appendix B). The appended subscript letters | and r shown

in the contact coordinate system denote left and right wheels.

Figure 3-5 Positive directions for the angles
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3.2.2 Wheels Profile Model

Simon Iwnicki (2003) states that, the vertical 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 rails. The guidance of the wheels could be improve by a small amount of conicity
to the wheels. Recently, modern wheelsets have two wheels linked to the axle and then fixed
to the vehicle body through bearings in axle boxes. Wear changes the wheel tread’s from a
pure cone to a more complex hollow profile. Therefore, in order to keep a more constant
geometry preventing the wheel from wears, many ‘worn’ profiles have been designed. For
example, in the United Kingdom, the P8 profile as shown in Figure 3-6 was constructed from

an average measured worn profile.

TREAD DIA.
|

NOMINAL WIDTH AS REQURED

Figure 3-6 The P8 ‘worn’ profile
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Briefly, wheel-rail 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 realistic vehicle model besides conicity.
The Vampire wheel model is used to validate the profile wheels in the Simulink model. Figure
3-7 shows the Vampire model and Figure 3-8 shows the Simulink model. This model utilizes
Wheel_br_p8 (BR P8 wheel profiles) running on Rail_BS113a 20 (BR113a rails).
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VEaMPIRE PRO CONTACT PATCH PLOTTING S un 201
mm mm
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100 100
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Left Contact Angle 6.26° Right Contact Angle -0.18"

Lateral Shift -8.80 mm Rolling Radius Difference -1.96 mm

Wheel profile  br-p8  Flangeback spacing 1360.0 mm

Rail profile  BR113a-20  Track gauge 1435.0 mm Left rail incline 0.0 mrad  Right rail incline 0.0 mrad
Axleload 100.0 KN

VAMPIRE Plot

Figure 3-7 Wheel and rail profiles as simulated by Vampire
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Figure 3-8 Wheel and rail profiles as simulated by Simulink
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The use of a nonlinear profile of the wheelset is needed as this is more appropriate for a study
where the flange contact plays a critical part. However, while the nonlinear profile wheel
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 closer to 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 profile 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 was judged

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

Newton’s second law is used to drive the mathematical description of the bogie vehicle model.
The results of this derivation is presented below; by analysing a set of differential equations

knowledge of the dynamics of the vehicle can be achieved. All state variables are assumed to
. o 1 1
be small. The static load for each wheelset is simplified to be m, :ch +§mb +m,,. The

tangential forces in the wheel-rail contact are denoted with F and the normal forces with N .

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

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

Wheelsets lateral displacement

2

. m, Vv
mwywij = |:Iyij + |:ryij + leij + Nryij - mxg se + VIVQ + I:fwij

(3-4)
- 2kpy (yWij - ybi 1 Ll//bi ) - chy (yWIJ - ybi ; Ll/‘/bi )
Wheelsets yaw angle

wal/7wij = _a( leij - I:rxij )_ al//wij (Flyij - l:ryij + leij + Nryij )

L . .
- kpxbl (V/wij Wy 'T'Ej_cpxbl (V/wij _l//bii)

(3-5)

Bogies lateral displacement
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m, Yy = _2kpy (Zybi ~ Yij — Ywij )— 2c,, (zybi = Yuii — Yui )

L . m\V 2 (3-6)
_2ksy (ybi - yc + Lc‘//c)_ 2Csy (ybi - yc + Lcl//c)_ mbg se + bR
Bogies yaw angle
LW =— 2kpxb1 (‘/’bi ~Wair Wiz ) - 2Cpxb1 (Wbi ~Wir —Wia )
— 2kpyL1 (ZWbi - ywil + yWiZ ) - 2pr L1 (2W| - ywil + ywiZ) (3_7)
L .
- 2ksxbz (l/lbi —Y. + Ecj - chxbz (l//l —V. )
Carbody lateral displacement
L. . mV?
mcyc = _2Ksy (Zyc Yo — ybz)_ 2Csy (2yc ~ Y — ybz)_ mcg¢se +CT (3'8)
Carbody yaw angle
Iczl/-/.c =-2 stb22 (Zl//c W1 T Wh2 ) - 2Csxb§ (Zl//c _!/)bl _l/./bz ) - (3_9)

2k, L, (2Lc‘//c Yo — be)_ZCSy L. (ZLCI/./C e sz)

where V is the vehicle speed and ¢, is the superelevation angle of the curved tracks. The

physical quantities F ., F., Fuis Foiis Nyio N

wii» Ficii» Fryii» P Ny Ny are lateral and longitudinal creep forces, and
normal forces, in the lateral direction. The distance between the centre of mass of the wheelset
and contact point on a specific wheel (a) and the actual rolling radius (rI , rr). Subscripts I, r
for left and right wheels. The subscripts i =1, 2 for front and rear bogie and j =1,2 for front

and rear wheelset. Other quantities are defined in the list of notation.

Figure 3-9 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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Lc L

Figure 3-9 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 Equation (3-11) and Equation (3-12):

Rotation wheel dynamics

- - - - 2
The equivalent inertia referred to the wheelsetis 1, =1, +n"l  where I, and I are

moment of inertias of wheel and motor/gearbox respectively, N is the gearbox ratio.

@ =Ty~ T

w P wij

Ty =(nFg +1F)

Lij — Ixij r'oxij

(3-11)

Longitudinal vehicle dynamics:

MV = [ii I:Ixij + ii I:rxij j - FR (3'12)

i=1 j=1 i=1 j=1
Where: @ is the wheelset angular velocity, F,,F, longitudinal contact forces. I,ris the
wheel radius, M is the vehicle mass.V is the vehicle longitudinal velocity, T is the driving
torque transmitted from the motor through a gearbox andT, is load torque, Fyis driving
resistance, n is the gearbox ratio, 1,1, are moment of inertias of wheel and motor/gearbox

respectively. More details about longitudinal vehicle dynamics is presented in section (3.2.7).
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3.2.4 Creep Forces

In this section, the expressions for creep forces that arise in the wheel-rail interface are
presented. Several theories have been developed to approximate the creep forces, and the one
used in this study is the heuristic non-linear creep model. This creep model combines Kalker’s
linear creep (Garg, 2012) with a non-linear saturation representation. This saturation is a result

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

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

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

(V —aly'+a|;/)—a)rL
§Lx = V
By (3-13)
(V +ay)—R)—a)rR
é:Rx = V
(y+gr.—wV )secs,
gLy = V
. 3-14
(y+ gy —wV )secs, (3-14)
gRy = V
—®SiNd, +y oS,
§L,sp = v
@SN S, +17C0S 5, (3-15)
§R,sp = Y;

Kalker’s linear theory gives the following creep force components (Dukkipati, 2000). The
lateral and longitudinal contact patch components of creep force at each wheel/rail interface

are:

le =—f dfx
. > (3-16)
F y :_fnégy - f12 sp

Where &,,&,,6, are spin, longitudinal, lateral and spin contact patch creepages,

correspondingly, fs, f,, f,; 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 f,;, f,, f,; are functions of the normal load, material properties and

wheel geometry. They can be calculated in line with Kalker’s linear theory (Dukkipati, 2000).

The creep coefficients are based on the normal load, N as expressed below:

N N L NRSCE N
fnz(v) fi flzz(v) fiz fzzz(vj f2 s f33:(vj fis  (3-17)

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

nominal normal load N”. The creep coefficients for normal load N are f;.
The amount of the resulting creep force of the wheel/rail contact interface is less than the level
of obtainable adhesion N . The resultant creep force is saturated by means of an improved
Vermeulen-Johnson concept (Horak & Wormley, 1982), which is expressed as:
1lplp L 3} for p<3
N ﬂ[ﬁ Bﬂ 27ﬁ B 018

1 for >3

B

Where f;is the normalized unlimited resultant creep force:

) (F ) @19)

Where F'y and F, are longitudinal and lateral creeps forces of every wheel of the rear and

front wheelset acquired from Kalker’s linear theory. N is the normal force, while « is the

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

FX=aFX'
F,=aF, (3-20)
M,=aM,

3.2.5 Normal Forces
Normal forces are exerted on each wheel/rail contact point. The right and the left normal

forces, N, and N,, respectively, as illustrated in Figure 3-10, which also demonstrates the

wheelset roll angle relative to track plane ¢,, right and left rolling radii(rI : rr), and left and
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right contact angles (§| , 0, ) Every normal force acting perpendicularly on the contact patch

plane may be displaced into vertical and lateral variables in the track plane as follows:

le :_le Sir](5I +¢w) Nry:er Sin(ér_¢w) (3'21)
N, =Ncos(d +¢,) N, =Ncos(5, —4,) (3-22)
Where N, , N, left, right are lateral normal forces and N, N,, left, right are vertical normal

forces. N is axle wheelset load. The sum of the lateral components of the normal forces is

referred to as the gravitational stiffness.

Left contact

plane
, Right contact

Wheelset spin

mems .
cmsmman, s
SL T,

.....................

Track plane

N

I

Figure 3-10 Rail/wheel normal forces and geometry
3.2.6 Flange Contact Force

Flange contact force F,; at the secondary interaction contact point can be modelled as a
spring reaction force restricted by a dead band (Ahmadian & Yang, 1998):

Kry(yw—é) y, >0
Foi =10 _5<y, <o (3-23)
—Kry(yw+5) y, <—06

Where K, 5, &Y, are lateral rail stiffness, the flange clearance between wheel and rail, and

wheelset lateral displacement respectively.
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Figure 3-11 A representation of the wheel-rail flange contact
3.2.7 Longitudinal Dynamics of a Railway Vehicle

The energy provided to the train vehicle is used to accelerate and to move the rotating parts,
which include motor armatures and wheels, and to overcome train motion resistances.
Investigating train motion resistance assists our understanding of the train energy
consumption during propulsion. Therefore, in this section the dynamic equations for the
vehicle’s longitudinal motion are presented. The aerodynamic drag forces, longitudinal
wheelsets forces, gravitational forces and rolling resistance forces strongly affected the
vehicle dynamic equations. Hence, the relationship between these variables during the train
movement are extracted in accordance with Newton’s second law of motion. In addition, the
main aspect in braking or acceleration mode is the adhesion forces that occur at the wheel-rail
contact point. With the aim of merging these adhesion forces, braking or tractive effort has to
be exerted to the wheels. For this reason, this model incorporates all the steps from the wheel-
rail contact to the torque generated by the motor. The train will slow down or speed up owing
to all these effects. Figure 3-12 depicts a railway vehicle that moves on a sloped track surface
(Fors, 2001). Finally, a particular amount of energy is converted into the essential mechanical

energy since this torque is produced by a brake system or a motor.

Ftractive

Figure 3-12 Forces on a traction vehicle
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Eventually, the standard Newtonian equations of motion are applied in describing the motion
of any railway vehicle. The general train motion equation is referred to as Lomonossoff’s
equation. There are resistance forces that act opposite to the train movement. These forces are
categorized into gravitational force, frictional forces and air resistance. Equation (3-24)

represents the resistance forces.
meffv = Ftrac_[A+ BV +CV2]_Mg Sin(05)_|:cur (3'24)

Where m,; denotes the effective train mass my, =M (1+7), M is vehicle mass while y is the

rotational inertia mass factor influencing the wheels, gearboxes and traction motors rotors for
a certain train, which can be assessed and joined with the linear train movement by elevating

the efficient train mass. The value of y , varies from 0.04 to 0.2 though this depends on the
vehicle type. Essentially, this justifies the extra work that is done when one is transforming
the kinetic energy of the parts that are revolving together with accelerating the train on the
track (Hill, 1994; Vuchic, 2007, p. 119). Equation (3-24) therefore clearly demonstrates the
accelerating effective train mass. V Represents the vehicle speed, while F,,. represents the
tractive effort used at the wheels, A, B,C which are Davis equation constants, frequently made
functions of other vehicle quantities. g represents gravity, while « represents the slope grade
resistance which does not rely on train speed; this is the force needed in order to overcome
the gradient. On the other hand, the gradient resistance depends on the size of the gradient and
the weight of the train (Fors, 2001; Lindgreen & Sorenson, 2005). The last term is curving

resistance.

The arc resistance force F,,, is originated due to friction between the wheel and rail when the

railway vehicle moves along a curve. The precise explanations for the occurrence of curve
resistance are not only complex but also difficult to determine. Theories differ chiefly in
details regarding the technique to compute the curving resistance. For instance, Simon Iwnicki
(2006) illustrated that the curve resistance is usually measured in Newton per ton and it is

estimated by a function relating only to curve radius. The following equation commonly used:

F,.. =6116/R (3-25)

curve

Another formula is provided by Hoel, Garber, and Sadek (2007, p. 108). This formula takes

into account more of the factors that define the curve resistance, such as curve radius, vehicle
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speed, and the vehicle weight. Then, the curve resistance is estimated from the following

equation:
F. -05 0.0772V AW
R9 (3-26)
Fcur R g
kg||ml|m/s®

Hay (1982, p. 142), provides the th|rd formula. In this formula, the curve resistance is
symbolized as work expanded to overcome friction between the treads and the flanges of the
wheels, and the gauge corner of the rail head. This is stated asTo .

=To= ZZ( Ixué/lxij + Frxijé/rxij)'i'ZZ( Iy|Jé/Iyij + Fryijé/ryij)

i=1 j=1 i=1 j=1

[

3-27
I:cur T5‘ X! y ( )
N [[ N N

Whereby F,,F,, ¢, &¢, are longitudinal and lateral creep forces together with longitudinal

and lateral creepages.
The Association of American Railroads for railroad passenger cars recommended an equation
for establishing vehicle motion resistance (Vuchic, 2007, p. 95):

A+BV +CV? = [065+%+0009VJG+00716V2
(3-28)
sl
h/km||h?/km? lkm/hl[kg||m/s?|
M (1
G- (1 oJcr) g)g _ (34000 + 2x 3000 104021400)(“1.1)9-81 _ 493kN, p= & —123KN
(3-29)

A= (065+%)493 837(N),B=0.009%x493xV =4.5xV (N),C =0.0716(N)

The tractive force between rail and wheel naturally takes place in the flange and the tread. It

is worked out as follows:

2 2 2 2
Fre = 22 Fis + 2.2 Foi
i=1 j=1 i=1 j=1
F F i (3'30)
long creep left wheel long ,creep right wheel
‘Ftrac 5
N [N
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Whereby F, represents the longitudinal creep forces, i =1,2 are indices representing the
bogie’s front and rear, in that order and j =1,2 are indices standing for the wheelsets’ front
and rear, correspondingly.l,rare indices of the left and right wheels. The tractive force
governing the motor’s operation against resistance forces that act against the train in motion

can be stated as follows:

Free =M (L+ 2V +[A+BV +CV2]+Mgsin(a) +F,,

2 2 2 2
D22 Fi + 22 Fu =M(L+7)V +[A+BV +CV]+Mgsin(a)+Fy (3 31y
Fiijz,l_/ F&,l_/ Total Vehicle Resistance

Tractive Force

3.2.8 Validation of VVehicle 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
steady-state motion of railway vehicle model on a curved track, which was designed by
Boocock (1969). In this model develops a simplified linear theory of steady-state curve
traversing for bogie vehicles. The behaviour of the bogies without secondary yaw restraints
from the Simulink model is compared with Boocock’s model. Figure 3-13 shows the
mechanism that both leading and trailing wheelsets 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 presented in Figure 3-14.
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Where k,, A 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.

The wheelsets’ lateral response is validated by increasing primary lateral stiffness for each
curve, fixed yaw stiffness under a constant speed, and zero cant deficiency condition. Figure
3-15 compares wheelset lateral displacement in the Boocock model responses and Simulink
model. For every track curvature, the yaw primary suspension stiffness is fixed with the value

of 10MN/rad and lateral primary suspension stiffness is increased from 0.5MNm to

10MNm sequentially, as shown in Figure 3-15. The results show that the two models’
wheelset lateral displacement are fairly consistent with each other, however the lateral
displacement indicated by the Simulink model is slightly larger than that of Boocock’s model.
Increasing the primary suspension stiffness in the Simulink model obviously reduces the
difference, as indicated Figure 3-15.
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Figure 3-15 Wheelset lateral displacement (Simulink model, Boocock)

Figure 3-16 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 with different

cant deficiencies as shown in Figure 3-16. The figure also demonstrates that the yaw

displacements of two wheelsets are moved away from the radial curving 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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Figure 3-16 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

The power that is given to the train vehicle is applied in accelerating and moving the rotating
parts, including wheels and motors rotors, and also in overcoming motion resistances of the
train. During propulsion, investigating train motion resistance helps us to understand the
consumption of train energy. This section therefore has been partitioned into seven parts. This
begins with the components of the traction system, which comprises the traction motor, the
three-phase voltage supply, and variable speed drive and ends with tuning the traction drive

parameters and the validation of traction system.
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3.3.1 Components of Traction System

The railway vehicle is discussed mathematically in section (3.2). In order to complete the
passive vehicle model the traction system of the vehicle needs to be considered. Therefore,
the following sections will cover this point. Generally, electrical railway vehicles are driven
by asynchronous motors (induction motors). These utilize a 25kV AC supply, rectified to DC,
before inverting back to AC so that it can be supplied to the motor. The movement of railway
vehicles is controlled by the traction control, however, in this study; a fixed speed is needed
to achieve the aim of the study. Therefore, the speed of the vehicle is controlled by speed
control method. VSDs (Variable Speed Drives) control the majority of the induction motors
for energy efficiency and easy speed control over an extensive speed range. VSDs refer to
electrical drives powering electronics. The induction motor along with its VVSD is made up of
the electrical drive system. For complete train motion therefore, the mechanical and the

electrical systems are coupled. This is illustrated in Figure 3-17.

+ve AC Overhead Supply 25kV

Pantograph
Circuit Breaker
= — Motor
Transformer _LDC Link

— ~ Gearbox

AC/DC DA/AC AN
Rectifier Inverter Q

Wheel

Axle Brush. -ve return through wheel and running rail

Figure 3-17 Representation of single phase AC supply powering three-phase AC traction

system
3.3.2 Induction Motor Model

The machine usually comprises of a component in a feedback loop and as a result, its transient
behaviour has to be considered in speed drives that are adjustable (Paul C Krause, Wasynczuk,
& Sudhoff, 2002). High-performance drive control, like FOC (field oriented control) and
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vector control, is derived from the machine’s dynamic d-q model. The differential equation
mutual inductance describes the machine model; as a result of continuous change in the rotor’s
position regarding the stator, this model can be seen as rather complicated. the dynamic d-q
model is therefore applied in presenting work in order to remove this complexity, (Kamal &
Giri, 2013).

Figure 3-18 3 Phase Induction Motor

The stator quantities are respectively written under vector form:

Vsa Isa ¢sa
[Vs ] = Vsb 1 [ Is] = Isb ' [¢s] = ¢sb (3'32)
Vsc |sc ¢sc

For the rotor windings quantities are respectively written under vector form:

Vra I ra ¢ra
[Vr] = Vrb ' [ Ir ] = Irb ' [¢r ] = ¢rb (3'33)
Vrc I rc ¢rc

Figure 3-18 shows three-phase induction motor having winding on rotor and stator. In only
two phases, these three-phase voltages are relocated to a synchronously rotating reference
frame (d-q axis transformation). The two equations below make this possible. The rotor is
shorted using the end rings in the case of a squirrel cage machine. In Figure 3-19, the 3 phase

AC machine can be represented by a corresponding two phase machine:
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Figure 3-19 Two Winding Representation of 3 Phase

Whereby, a® — ° match up with stator direct and quadrature axis while " — 8" match up to

rotor direct as well as quadrature axis. Assuming that the «® — f°are adjusted at 6, angle as

illustrated above. The voltage V,;and V; can be solved to a°,b®,c® components and can be

symbolised in matrix form as:

[vs _% _% v
“|= V (3-34)
Vs:| b

At this point, the three-axis variable has been altered into a two-axis variable. Currently, it is
necessary to transform from two axes stationary variables into two axes rotating variables;

Figure 3-20 should be considered for this (Brereton, Lewis, & Young, 1957). In Figure 3-20,

d*® —qg’as the rotating reference frame that rotates with speed @, is taken into consideration.

Regarding «® — S°axes, 6,and @, can be recounted as:

0, =wt (3-35)
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Figure 3-20 Stationary and Rotating Axes

These two phase «® — ° winding are converted into the hypothetical winding mounted on the
d® —q° axes. The following equations are applied in transforming the voltages on a°® — f°

axes intod® —g° frame,

The quadrature and direct axes voltages are:

V, _ cos@, sind, ||V, (3-36)
V; | |-sing, cosé, ||V,

After that, the squirrel cage induction motor model can be based on the d-q motor equivalent
circuit as illustrated in Figure 3-21. This is through the stating of the voltage equations of both
rotor and stator (Paul C. Krause, 1986; Matlab, 2015a; Ong, 1998; Ozpineci & Tolbert, 2003):

Rs WPy, Lis Ly (@ 7_“"')2"" Rr

d axis q axis
Figure 3-21 The d-q IM equivalent circuit (Matlab, 2015a)

The equations below can be written when these equation are transformed to d° —q° frame:

V; =R + had'N oW
dt (3-37)

s dy;
Vs =R +— L —ap
d s d dt el//q

Whereby, l,z/j and l//j are g-axis and d-axis stator flux linkage in that order.
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After all the parameter and variable have been referred to the stator as a result of the rotor

moving at speed o, , the d-q axis fixed on the rotor moves at a speed w, — @, relative to the

synchronously rotating frame. In d" —q' frame therefore, it is possible to modify the rotor

equation as:

r

r HL y/ r
Vy =Ri; + dtq +(w, -, )y,

(3-38)

r

r . d r
V) =Ri} + (;//td — (@, -, )y,

It is possible to write the flux linkage expression in terms of current in Figure 3-21, as follows
ws =Lz + L, (is +ij)
we = L + L, (i5 +i

)
W;=Lrig+Lm(l +i ) (3.39)
)

The mechanical model is given as (Paul C. Krause, 1986; Ong, 1998; Ozpineci & Tolbert,
2003):

[

3 L ]
T :E Np (l//dmlq _l//qmld) (3 40)

whereas the motor speed can be defined from the machine and load torque, and moment of
inertia as follows (Paul C. Krause, 1986; Ong, 1998; Ozpineci & Tolbert, 2003):
do, 1

==(T
dt J ( elec

- Bma)m _Tload ) (3-41)
3.3.3 Drive Components

The system input is a high voltage single-phase AC voltage source. This voltage is stepped
down by the transformer then it is rectified into a DC voltage, smoothed and maintained by
filters and dynamic braking devices. This DC voltage is then inverted back to AC voltage
using Pulse Width Modulation (PWM). This AC voltage is controlled in both magnitude and
frequency, which feeds directly to the 3-phase induction motor. The motor rotating speed is
high; to reduce this speed to an adequate level, a reduction gearbox is applied at the motor

shaft. The gear train provides another advantage in that it increases the motor driving torque,
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so that a larger load can then be moved. Below is given the description of each block included

in Figure 3-17.

1. 25kV overhead line system: the 25kV 50 Hz overhead line system is based on a copper
contact wire with section 120m? suspended above the track. This contact wire is suspended
by droppers from a catenary wire hung between pylons (Foiadelli, 2018), as shown in
Figure 3-22.

Messenger wire
Contact wire

Feedwire
Registration arm

Return wire

F‘ourth rail
London Underground)

Third rail

Figure 3-22 25kV overhead line system
2. Pantograph: a pantograph is a spring loaded or air controlled frame mounted on the roof
of the train that is controllably forced against the overhead line contact wire and is able to

follow variations in wire height. The Figure 3-23 shows typical pantograph designs.

Slide plate
BOW‘TL\

Upper arm ;:./ ;,;,.‘-""‘
> pu Collector
head
Guide

/Lower arm

Lifting
/ control

Figure 3-23 Pantograph
3. Circuit Breakers: on AC locomotive and EMU’s, two different types of circuit breakers
are used to connect the overhead supply from the pantograph to the main transformer (Air
Blast Circuit Breakers and VVacuum Circuit Breakers)
4. Transformers: The main component on AC powered traction systems, refers to the
transformer whereby the collection voltage (25kV) is stepped down to a lower voltage for

control and traction purposes. The two key tasks carried out by the main transformer are:
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reduction of the overhead supply voltage from 25kV to the voltage that is needed by the
traction power control circuits. This can fluctuate from 750V to 1500V though it depends
on the traction circuit type. Secondly, the isolation of the equipment and traction control
circuits from the overhead supply. In addition, the transformer also provides a lower
voltage supply to 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 converts the supply network to DC from AC. The resulting DC voltage always
matches the peak value of the connected mains voltage (Bezesky & Kreitzer, 2001).

DC bus: The DC voltage feeds the inverter (commonly using an IGBT) regulating voltage
and frequency to the motor, thus producing a near sine-wave-like output (Bezesky &
Kreitzer, 2001).

Inverter: The inverter as shown in Figure 3-24 has transistors 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 VFDs, the IGBT 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 motor (Dhanya, Nagarajan, & RamaReddy, 2012).

Input Converter

e Output Inverter
(Diode Bridge)

(IGBT's)

GF GF €F

e
D e M

Figure 3-24 Block diagram of a PWM drive as an example of VSDs (Polka, 2003)

DC Bus
(Filter)

e
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3.3.4 Structure of Variable Speed Drive System

FOC (Field-oriented control) refers to a VFD control technique whereby a three-phase AC

electric motor’s stator currents are recognized as two orthogonal elements that is possible to

be visualised using a vector. The motor’s magnetic flux is defined by one component, and the

other is the torque-producing magnetic field. The corresponding current component references
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from torque references and the flux given by the speed of the drive control are computed with
the use of the drive control system. Typically, PI (proportional-integral) controllers are applied
in keeping at their reference values, the measured current elements. The PWM of the variable-
frequency drive based the definition of the transistor switching on the stator voltage

references, which are the PI current controllers’ output (Zambada, 2007).

Diode Rectifier Inverter
J_ Braking < Xf_
-|- Chopper w_

< <

<

\ 4

3-Phase
voltage
source

Induction
Motor

\

XY,

Vector
control |

o,

e

Position
Sensor

A A a,b,c

*

T Angle

* e conversion

m Speed (9

control 4_@: m
7

m

Figure 3-25 Structure of the drive system

A current-controlled PWM inverter feeds the induction motor, which acts as a three-phase

sinusoidal current’s source. In the speed controller as shown in Figure 3-26, the motor speed

,, is contrasted with the reference @, and the speed controller is applied in processing error

m

with the aim of producing a torque commandT,,

lec *

Below is a clear illustration of the torque

and the rotor flux which depicts that it can be individually controlled with the use of the stator

direct-axis current i, as well as quadrature-axis current i, in that order.

gs

), ——> T
m +
Speed e
- controller
a)m >
. Flug
function l//ref

Figure 3-26 Speed Controller
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The i;s is derived based on the torque reference as indicated (all the following equations are

taken from these two sources: (Paul C Krause, Wasynczuk, Sudhoff, & Pekarek, 2013; Le-
Huy, 1999):

L (3-42)

whereby L, represents the rotor inductance, L, represents the magnetization inductance, while
v, represents the estimated rotor flux linkage given by:

Lm
1+7.5

W, = (igs) (3-43)

L . : : :
Whereby z, :R—‘ is the rotor time constant(r, R, )inductance and the rotor resistance

r

correspondingly and, the d-axis component of the stator reference current, i;s is verified from

the reference rotor flux as shown below:

P = 9(_ (3-44)

m

With the use of the rotor speed w,,, and the slip frequency given by Equation (3-45):

L, .-

oy = Trl;r Iqs (3'45)

The Equation (3-46) can be used to evaluate the angle of the rotor flux:
0, =1(w,+a,)dt (3-46)

The stator’s reference currents iy and i, after the transfer to phase currents (i,,i, and i) are

entered into the current regulator’s section. The current regulator’s section generates the
patterns of the inverter’s switches. Afterwards, the current regulator creates the inverter gating

signals’ reference voltage (Le-Huy, 1999).
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Figure 3-27 Field-Oriented Controller

3.3.5 Outline Design Process of Traction Motor

The traction drive parameters is calculated by beginning with the assumption that the rated
motor speed is 3000 rpm. Following this, the gear ratio can be determined. 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 derived. The right motor that fulfils the
torque and power requirements can then be selected. The motor’s parameters, which are the
rotor resistance and inductance, can be found in the manufacturer’s data. The following steps

show the detailed calculations:

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

Vm,, as shown in Equation (3-47):

I:max :vmeff
F v m,, (3-47)
kN ||m/s?||tonnes

m, refers to the total mass of the train. This is described in the equations below:

My =M (1+y) = (34000 + 2 x 300(1;040><1400)><(1+ 0.1)

~ 50 tonnes (3'48)

Rates of acceleration change as illustrated in (Steimel, 2008, p. 25).

Table 3-1 shows the typical acceleration values of trains
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Train type Acceleration
Heavy goods trains 0.02-0.1 m/s’
Normal goods trains 0.1-0.2 m/s?
Passenger trains 0.1-0.3 m/s’
Express long-distance trains 0.4-0.7 m/s2
Suburban trains 0.8-1.2 m/s?
Metro and light rail trains 1.0-3.0 m/s?

F... =50x0.9 = 45kNm

Step 2: Maximum torque applied on wheelset

T - Foax X1 _ 45x0.4 _ 45KNm
n 4 (3-49)
r-0

m

T

max

kNm

F

max

kN

Where 1, is the wheel rolling radius and nis the number of wheelsets.
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 @, =3000rpmwhile the wheel forward speed is

V =250(km/h)=69.4(m/s). The wheel rotating speed is calculated using the following

formula:
Dueet = \ri 0 2‘9.;1 rT110/4872 ~1657rpm
o 4x0. (3-50)
‘ V a)wheel r_o
m/s|| rpm ||m

The gear ration is calculated using Equation (3-52)

— a)motor — 3000 ~l

Oupesr 1657 (3.51)
a)motor a)wheel é
rpm || rpm ||—
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Step 3: Motor torque

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

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

T Tra _ 4.5kNm _ 5 BKNIM
& 1.8 (3-52)
Tmax Tmotor é‘
KNm||kNm||—
Step 4: Mechanical power
The maximum mechanical power is found in the following Equation.
Poech = Tiech @rotor = 2-9% 314 =~ 785kW
I:)me-:h Tmech M (3-53)
kW ||[kNm||rad/s
Step 5: Motor electric power
elect — Pmech = % ~ 900kwW
s 0 (3-54)
Pelect I:)mech é‘
kKW [| kW [|—-

Step 7: Nominal values of the traction motor

The nominal values of the motor specification are illustrated in Table 3-2.

Table 3-2 Motor specification

Motor Nominal Values

Power 900kW

Speed 3000 rpm
Voltage 750 V

Pole pairs 2

Stator resistance 6.9700e-3 ohm
Rotor resistance 4.7180e-3 ohm
Stator leakage inductance 0.0205e-3 H
Rotor leakage inductance 0.3027e-3 H
Mutual inductance 8.46e-3 H
Inertia 2.1(kg.m"2)
Frication 0.08 (Nms)
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3.3.6 Tuning 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 vehicle. Figure 3-28 exhibits a map
of tuning stages. In order to attain high average efficiency overall the driving cycle, the design
strictures are tuned iteratively. MathWorks® (2017a) give a technique applied in modifying
the strictures of electric drives with the 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 procedure below was recommended by MathWorks® (2017a), and was applied in

modifying drive strictures and the induction motor as well as updating blocks;

Tuning the Drive Parameters

'

- Modifying the Motor Parameters

]

(]

'

0 .

e <P Tuning the Parameters of the Flux Regulator
]

(]

'

]

e <91 Tuning the Parameters of the Speed Regulator
]

(]

'

]

v

Tuning the Parameters of the DC Bus Voltage

Figure 3-28 Tuning the traction drive parameters stages
a) Changing Induction Motor Parameters

In Matlab the induction motor driven by FOC in kwon as (AC3). A 900kW motor is where
the AC3 induction motor drive block are set. With the use of induction motor preset models
well illustrated in the MATLAB library, the following is how induction motor parameters

were obtained;

a) CTRL+U (the mask) of the Field-Oriented Control Induction Motor Drive should be
looked under

b) in order to access the block strictures, double click the Induction Machine subsystem

c) the pertinent squirrel cage preset model should be selected on the configuration tab

49



d) under the Asynchronous Machine tab, the stricture should be updated into a dialog

box, a Field-Oriented Control Induction Motor Drive, as illustrated below;

#\ Ficld-Oricnted Control nduction Motor Drive (E= o =)
Field-Onented Control Incuction Motor Drve
The AC moter 4 nihe AC Wachine teb. The 3 aneme
INVETter SWACheS Darameters are Specied N the Converr and DC bus tab. - 0.C. and speed Contoler
BATAMELES 8rE SPECIIEd i he CONTvIEI Tab.
ASYCTYOM0US Hachne | Converiers and DC bus
Configuration | Farameters | Advanced | Load Flow
Rsfarsrcs frams: Rotar = Roor reles
Rotor type: Nominal pawer, voitage (Ine-line), and frequency [ Ph(VA) VR(UFms),in(-iz) 12
Squirral-cage. v] [74600,460,50] Discrefization method:  Forward Fuler - i
13
Freset parameters stotor resstance and inductancel Rs(ahm) Ls(K) T: Noringt velues -
. Fower (VA)  Voltage (vime):  Frequency (Ha) e ting)
Squirel-cage preset model: [Ho - [0.03957,0.000389] Jasto &0 o 205843
Dauble squirra-cage presatf Rotar resistance and inducsance [ Rr{chm) LIF(H) J: e Pole pairs:
[0.02215,0.000369] Resstance  Leakaoe Mutual 2
Mechanical Inut: [—p-Y . (o). nductance (). inductence (1)
h Mutual incuctanca Lm (H): > suor oosssr | ocooss 0 viese taivaues
065 150 HP 460V 60Kz 1785 RPM I fbieet et 0z1S . sip
Reference frame: :
07: 200 KP 460 V 60z 1785 RPM Inertia, friction factor, pole pairs [ (kg.m*2) FH.m.s) p() I Nt carerts !
Rotor 08 5HF 575V 60z L730 RFM i — Prase A: Prase 8: Prase C:
N oot |03 10HF 573V 60tz 1750 R [13,0.05543,2] Nagaiuede (k[0 o B Aingie (ceg):
easurement otpu ; B
L9: 20 575 v G0z 1765 REM triual condiions Fase o) 0 o o
71 Use sicril names to idert{ L1 30 HP 573 ¥ 60Hz 1775 Red
12: 100 HF 575 V 60Kz 1780 REM [1,0,00.8,0,0,0)
13: 150 HF 575V 60z 1785 REM o =
14: 200 HP 575 V 60tz 1785 RPM - 7] Simulate saturation Plot =~ ki,
[iasms) ; wiviLms)): [[0.0:0 01 CrEeEm b T
Farcreters T op
Loz Save
o] [ Aol BT
[ ox [ cancer |[ hep [ aeoy |

Figure 3-29 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:

V. =1.35xV,,

Ve Vi

Voo (3-55)
Y

\Y

Whereby V. refers to the average DC voltage and V/, refers to the source line to line rms

voltage = 740 rms

V.. =1.35x 740 =1000V

The second step is approximating the capacitor value of the DC bus for voltage ripple
reduction, using Equation (3-56):

P

motor

C12fAV,. (3-56)
Al
F

\Y

Voo
v

W

Hz
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Whereby P, ., is the motor’s nominal power and f is the frequency of the AC source and

A, refers to the desired voltage ripple =50V

900000

= =0.03 Farad
12 x50x50x1000

The DC bus peak voltage is calculated from Equation (3-57):
Vo = V2%V, =v2x740=1046V (3-57)

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

voltage V

act

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

computation. After this, the braking chopper resistance is calculated from activation voltage
and motor power as seen in Equation (3-58):

2 2
R= e _ 100 ) 540
P .. 900000 (3-58)
‘E h I:)motor
allv il w

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 more blocks which were added into the demux subsystem with

the aim of providing the reference variables’ visualization and signals of the flux regulator;
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Figure 3-30 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 configuration 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
Equation (3-59):

Machineflux = (rms) 740 =1.4wb
J'xznf ~ 3x27x50 (3-59)
‘Machineflux| Vol f
wb IV |IHz

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:

P 900000

T = = = 2.86kNm
n @, . X s 3000x 2
motor 60 60 (3'60)
Tn Pmotor Ormotor
Nmll W {] rpm

Where @, is rated mechanical angular velocity. Then, set the subsystem’s load torque to

make sure that the nominal torque of the machine is not surpassed:
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Figure 3-31 Set point of load torque (MathWorks®, 2017a)

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

control of FOC. The strictures of integral k; and proportional k, 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 Motor Drive configuration dialog box, the final flux

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

The following illustrates that the strictures of the speed regulator were adjusted in the dialog
box, FOC Induction Motor Drive configuration in the Controller; Torque output limits set to
150 percent of the nominal torque computed in Equation (3-34). Speed ramp deceleration
and acceleration computed ensuring that it does not surpass the torque output limit. Torque

needed in accelerating the motor at rated speed computed;
T

accel

= ‘Jaaccel (3'61)

The speed PI controller 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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Figure 3-32 Flux and speed P1 controller parameters
3.3.7 Validation 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 motors test rig. In this study
however, 900kW induction motor is used applied as stated in section (4-4) above. This size of
motor is not accessible in the lab. As a result, therefore; experimental tests have been launched
on an actual two-induction motor founded on FOC. 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 Simulink models that simulate similar motors as
shown above. Figure 3-33 exhibits Simulink model and rig evaluation at 1500 rpm speed
under 0% and 100% load of 4 kW motor. Figure 3-34 illustrates Simulink model and rig as
well as evaluating at 1470 rpm speed under 0% and 100% 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
induction system’s model of15kW and 4kW. We therefore assume that 900kW is valid as

well.
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3.4 Energy Calculation Model

The tractive energy analysis successfully presume that the overall fuel expenditure as a result
of the specific drive cycle is relative to the mechanical energy needed for the duration of all
periods of positive tractive force. The mechanical energy output is further decreased prior to
any energy reaching the wheels. Frictional energy loss connected with the transmission of
mechanical power from the traction motor to the wheels also has to be remunerated using the
energy from the traction motor. If the demand for traction energy is decreased as a result of
rolling resistance, reduced aerodynamic drag or other factors as the same drive cycle is
followed, there is going to be a subsequent lessening in traction motor (the upstream energy
losses). When the tractive energy is reduced, the load on the transmission that result in lower
transmission loss, and, therefore abridged traction motor power utilization. The electrical
traction energy is therefore reduced in an almost proportional way to reductions in the desired
tractive energy. The focus is to investigate the energy that is directly utilized by trains, that is

classified into three broad types as it is illustrated in Figure 3-35.

Vehicle Energy Consumption

]

Energy Consumed by Traction Energy required to Overcome Energy Dissipated at Contact
System Vehicle Motion Resistances Points between Wheel and Rail

Figure 3-35 Sources of energy losses in rail vehicles

The mathematical equations that are applied in computing the mechanical energy required in
order overcome the energy used by the vehicle’s traction motors, resistances of railway
vehicle motion and the energy losses in the contact patches between the rail and wheel are

presented in following sections.
3.4.1 Energy Consumed by Traction System

The function of motors is to transform the electrical energy to mechanical energy in order to

achieve useful work. The process of transforming the electrical energy to mechanical energy
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is shown in Figure 3-36. Motor energy losses are the difference between the output energy

and input energy.

Eyaction = E +E (3-62)

motor losses tractive

traction

[ Accelerationenergy ]

| Inclination energy |

Load

| Wheel-Rail contact energy |

Figure 3-36 The procedure of transforming electrical energy into mechanical energy

The first part of Equation (3-62) includes the motor energy losses. These losses are composed
from five internal losses: losses in the rotor cage (slip loss), the stator winding (copper loss),
the stray load loss, the core or iron loss (which decreases slightly with increasing load), and
friction and windage loss. The total energy consumed by the traction system during the

running time could be quantified as:
E, =/P,.dt (3-63)

tot elec

The input of electrical power P, into the AC motor is given by:

M

Pec = 3Xx——=x-=C0S6
V2 42 (3-64)
P |Va | 1|0

elec
V 0

W

L

A

V,and |, refer to the positive-sequence component of inputV,.and |, .

Vv, Z%(va +aV, +a’V,)

1
h=50a+ah+aﬂg (3-65)
VLV VL V1 0 L

% A

V,,V,,V, are three voltage phasors, while a =e?*”* =1.2120° is the complex operator.
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3.4.2 Energy required to Overcome Vehicle Motion Resistances

The energy provided to the train vehicle is used to accelerate and to overcome train motion
resistances. This resistance is a result of forces within the vehicle. The resistance to movement
of an individual traction vehicle can be stated as:

F.=Fq+F

trac Ixij rxij

= I:Mech + F + Fgrad + FCur + F (3-66)

aero iner

The driving tractive energy can be defined as:

E— j(ii( Fuii + Foi )j x X (3-67)

i=1 j=1

Whereby: F,,F,refer to longitudinal creep forces and Fy..\Foror Foragr Four & Firer @re

Mech? " aero’ ' grad iner

mechanical resistance, aerodynamic resistance, grade resistance, curve resistance and inertial

resistance in the longitudinal direction. Lastly, x refers to the distance along the track.
3.4.3 Energy Dissipated at Contact Points between Wheel and Rail

The energy issue in contact areas between railway wheels and rails is a large topic; a quick
understanding of its vast scope can be gained by reference. However, in this work, the energy
losses at contact patches is produced when wheelset movement on a track initiates a relative
slip at the wheel/rail contact patch (VanderMarel et al., 2014).
2 2 2
Econtact = _[( _ Z( leijéllxij + Frxijé’rxij )+ ZZ( Flyijéllyij + Fryijé,ryij )jx dx (3-68)

2
i=1l j=1 i=1l j=1

Where: F;,F.. Fy;. Fy; are longitudinal and lateral creep forces, and &y, & ir Sy Sryij @T€

Ixij? " rxij? " olyij? " oryij ryij

longitudinal and lateral creepages, finally, X is the distance along the track.
3.5 Summary 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 explain the lateral and yaw displacements of wheelsets, bogies and car body.
Additionally, the dynamic responses of this Simulink model have been validated with
Boocock’s model. Finally, the wheel profile model that is used in this study was presented.

This chapter has also presented the mathematical equations of the railway electrical traction
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system, which includes a three-phase voltage supply, variable speed drive and a traction
motor. Additionally, the applied models of the traction control system were tuned and
validated. Finally, the mathematical calculation of the energy consumed by a vehicle’s traction
motors and the energy required to overcome train motion resistances were illustrated, and

energy expended at the contact patches between wheel and rail has been discussed.

59



Chapter 4
Active Railway Vehicle Model

This chapter describes the mathematical model of a wheelset active steering control system,
in this chapter, the combination of the wheelset active steering control system, and the passive
system described in the previous chapter, will be named the ‘active system’. Chapters 6 and
7 will compare the active and the passive systems, and calculate how much energy can be

saved.
4.1 Introduction

Previous research has examined the traction energy consumption in electric train vehicles.
The results reveal that in order to reduce the traction energy consumption, the motion
resistances of the train need to be minimised (Lukaszewicz, 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 a conventional track 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 minimum wheelset
attack angle between wheel and rail. The solution proposed in this chapter is implementing a
wheelset steering control system. The layout of the active system is shown in Figure 4-1. This
control system may reduce the energy dissipated at the contact points between wheel and rail,
consequently reducing the energy consumed by traction motors in railway vehicles. However,
the benefits of implementing wheelset active steering control systems over passively steered
ones in railway vehicles for the mitigation of tread and flange contact forces between wheels

and rails will be discovered in the chapters 6 and 7.

In this chapter, the control strategy that is applied in this thesis, the actuator outline design

process, and the mathematical model of the wheelset steering actuator, are presented
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Figure 4-1 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 wheel-rail. Although, undesirable yaw motion
may result from longitudinal creep (except during traction/ braking), there would be a need
for lateral creep in order to deliver curving force for the cant deficiency compensation. In
other words, the lateral creep is required in order to provide curving force for the cant
deficiency compensation. At the rail-wheel interface, the unwanted creep 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 body and bogie, or bogie and wheelset. Although, this force strategy
will work perfectly at zero cant deficiency. However, it is usually impossible to operate the
train with zero cant deficiency under normal drive conditions. This explain the reason behind
the occurrence of undesirable lateral displacement of wheels and creep forces at the rail-wheel
contact patch. To avoid this problem, the wheelsets is constrained to achieve the desired angle
of attack. There would be also a need to balance the curving force on each wheel in order to
reduce track shifting forces. When the wheelset goes around curves, it is completely controlled
by an active steering bogie, while the bogie will be similar to that of a conventional bogie and
the controller is off when the wheelset travels on a straight track. This can lead the steering

mechanism to have a perfect full-lock position.

To achieve a perfect curving, the following three main conditions are required ‘(1) equal
longitudinal creep forces on wheels on the same axle, (2) equal lateral creep forces across two
wheelsets, and (3) the wheelsets’ angle of attack is same, consequently that the entire bogie is
in line with the track on the curve’ (Simon Iwnicki, 2006, pp. 328-355). The main function of
equal creep forces in the longitudinal direction (perfectly distributed traction/braking force)
on the wheels is to reduce wheel wear and damage. Furthermore, equal creep forces in the
lateral direction is generally considered essential to balance the centrifugal forces caused by
either cant excess or cant deficiency. The actuators help to achieve the same angle of attack
on the two wheelsets in the same bogie by controlling the yaw angle with respect to the bogie.
In addition, the track curve radius, cant, as well as velocity of vehicle and wheelbase help to
obtain the required yaw angle. Furthermore, the effect of longitudinal stiffness of primary

suspension is cancelled by the application of yaw torque. The steering strategy will not affect
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stability at lower frequencies than that of kinematic modes when the effect of longitudinal

stiffness of primary suspension is cancelled.

In this study, the pure rolling of the wheels is considered to be a desirable situation because it
eliminates longitudinal creep forces and therefore minimises wear. Whenever the vehicle is
moving along a curved path, the distance covered by the wheel on the outside part of the curve
is bigger as compared to the other wheel and therefore to avoid instances of a slip, the wheels
ought to have a varying rolling radius. The formula for obtaining the amount of lateral
displacement required free rolling is shown below.

y= ar,
AR

(4-1)
where a is the half-track clearance, r, is the rolling radius, A is the wheel conicity, and R is

the curve radius. Figure 4-2 shows a simplified illustration of a control system that allows the
wheelset to achieve a pure rolling lateral position. From the figure, it is noticeable that this
strategy demands information about the radius of the curve at each instant.

i Feedback

E Yaw Moment

: -t
*- Controller [«- I —ar, Curve
Heooo] Y = g [0

Radius

Figure 4-2 Diagram of the lateral position control

In spite of the fact that the control necessities together with the control prospects fully depend
on the set ups of the wheelsets and the bogie, a more complex test is concerned with the safety
and reliability approaches of active control (R Goodall & Mei, 2006; R. M. Goodall, 2011).

The strategies for yaw torque control are employed using the vehicle model; the control forces

for the wheelsets T ,,T,,,T,5,T,, can be deduced as below.
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Wheelsets lateral displacement

. m,V?
My Ywii = Fiyii = Fryi = Ny = Ny + M, 90, - Fri (4-2)
+2k, (ywij — Yo L‘/’bi)+2pr (ywij — Vo F Ll/)bi)z 0
Wheelsets yaw angle
IWXl/ywij + a( leij a I:rxij )+ a'//wij (Flyij - Fryij + leij + Nryij)
L . . (4-3)
+Kuby (‘//wij Vi + E) +Cyb (‘//wij ~ Whij ) =T
Bogies lateral displacement
m, Vi + 2kpy (ZYbi = Ywij — Yuij )+ Zcpy (Zybi = Yuii — Yuii )
S . m.V 2 (4-4)
+2ksy (ybi - yc + Lcl//c)+2Csy (ybi - yc + Lcl//c)_'_mbg se bR =0
Bogies yaw angle
oW + 2kpxb1 (l//bi Wit ~ Vwiz ) + 2Cpxb1 (!/'/bi —Woin — Wiz )
+ kayLl (2l//bi - ywil + yWi2)+ 2prL1 (2W| - YWil + YWiZ) (4_5)
L . .
+ 2ksxb2 [l//bi —Y.+ Ecj + 2Csxb2 (V/| - V/c) = _Tz//il _Ty/iz
Carbody lateral displacement
y . myV ?
mcyc+2Ksy(2yc_ybl_yb2)+2Csy(2yc_ybl_yb2)+mcg se R =0 (4'6)
Carbody yaw angle
Iczl/}c + 2stb22 (Zl/lc VWb W2 ) + 2Csxb32 (21//0 - l/}bl _lr/'/b2 ) + (4 7)

2k L (2Ly. — Vi — yb2)+2Csch (2L = Vor = Yoo ) =0

The definition of the physical parameters y,y, F &M is found on the list of notation.

4.3 Outline Design Process of Actuator

Performance requirements in terms of actuator speed and control effort are summarised by
Bruni et al. (2007). Bruni et al. found that these requirements are highly dependent on the
control parameters, the adopted control strategy and the configuration of the active suspension
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system being applied. Bruni et al. illustrate that depending on the control strategy and control

parameters, torque can vary by up to three times for the similar control theory.

In this study, the outline actuator design has assumed a rotary, torque-generating device, and
the maximum motor speed has been restricted to give a realistic gear ratio, which results in a
higher rated motor. In practice, the actuation would probably use a pair of linear ball screw
actuators located close to the primary suspensions and the additional gearing arising from the

large moment arm would enable the full motor speed and a lower rated motor to be used

Calculating the actuator parameters starts through assuming the rated motor speed is 150rpm
and wheelset yaw speed of 78.5mrad/s. Then it is possible to determine the gear ratio as

shown in Equation (4-18). From the maximum torque applied to the wheelset as calculated in
Equation (4-17) and both the gear ratio of the gearbox and the torque of motor can be evaluated
as presented in Equation (4-19). Next, the rated motor power is obtained from the motor speed
and peak torque as shown in Equation (4-20). Finally, a suitable motor could be designated,
which fulfils the requirements of the torque and power. The motor’s parameters, such as the
armature resistance and armature inductance, are found in the manufacturer’s data.

Calculation steps of the steering actuator are shown below:
Step 1: 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 wheelsets for pure
rolling is 60kN.m. Therefore, the actuator maximum torque her assumed a little bit higher

than this torque which 64kN.m.
T,ax = 64kN.m (4-8)

Step 2: The rated speed, which is limited by the pole pair number p and supply frequency f,
o = f,x60 _50x60 —150rpm
P 20 (4-9)
O =15.7r12d/S

Step 3: Wheelset yaw speed is assumed to be:
v, = 78.5mrad (4-10)
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Step 4: Gear ratio

Dot 15.7
— motor — — 200 _
: w! ~ 78.5x107 (4-11)
Step 5: Motor rated torque
T 64kN
T o =—%=———=320N.m -
motor é 200 (4 12)
Step 6: The rated mechanical power
Pmechanical = Umechanical 'a)motor = 320N Xlzorpm X z_g = 4019kW (4'13)
Step 7: Motor electric power
4.019
IDelect =———~5kW (4'14)
0.8

4.4 Active Steering Solid Axle Wheelsets Model

To implement active control, it is essential to use an actuator for each wheelset in order to
deliver the control torque to the wheelset in the yaw direction. Several actuator technologies
exist like electro-mechanical actuation, electro-magnetic actuation, electro-hydraulic
actuation, and furthermore pneumatic actuation (Pacchioni, Goodall, & Bruni, 2010). The
research focuses more on electro-mechanical actuation since it fully satisfies the needs for
dynamic control for stabilising the wheelsets when in motion. The actuator models in this
study are added to the control design which lead to extra complexity in the control structures.
In order to evaluate the energy efficiency and vehicle performance, the actuator dynamics are
included in the simulation. This model is then combined with the railcar dynamics model to

fully determine the effectiveness of the active control mechanism.

The model which is used here is taken from the blocks designed in the Simulink library and
modified to suit the permanent magnet synchronous motor for this study. Firstly, a permanent
magnet synchronous motor mathematical model is presented, then an explanation of
mathematical description of the principles of vector control of the permanent magnet

synchronous motor is illustrated.
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A 5kW permanent magnet synchronous motor with a 1:200 speed reducer was employed, to
control the lateral wheelset position. The basic representation of the permanent magnet
synchronous motor drive for controlling the position of the wheelset is illustrated in next

section.

The block diagram in Figure 4-4 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 generated. Second, a position loop closed, and within that, a
velocity loop is closed. The position/velocity loop output is a torque command. The torque
command and the motor position are used to calculate multiple current commands. Then the

current loop closed. A power 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 induction motors 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 results from 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 systems. Nevertheless, the speed of synchronous motors can be
accurately controlled by varying the frequency of the rotating magnetic field, called
synchronous speed. permanent magnet synchronous motors have been widely used in many
industrial applications due to their compactness and high torque density (Lateb, Takorabet, &
Meibody-Tabar, 2006), particularly in high-performance drive systems such as submarine
propulsion. The permanent magnet requires low maintenance and low losses in the rotor
because the synchronous motor eliminates the use of slip rings for field excitation. Permanent
magnet synchronous motors are highly efficient and appropriate for CNC machines, robotics,

automatic production systems, and other high performance drive systems in the industry.

This section deals with a mathematical modelling of the 3-phase PMSM and its model-based
control. The PMSM mainly consists of two components, the rotor and the stator. The rotor is

usually equipped with a high-performance permanent magnet in the surface, or contains
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ferromagnetic materials inside. A rotating magnetic field through the three-phase AC is
produced by the 3-phase stator windings. The PMSM equations, shown below, are expressed
in the rotor reference frame (qd 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 phases of the 3-phase system. A number of

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

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

—

n

Y Rotor magnetic flux [Wb, Weber]

p Number of pole pairs, pp = 2p - pole number
B Viscous coefficient of the load [kg m2 s-1]

J Moment of load inertia [kg m2]

Iy Supply current [A]

vy Supply voltage [V]

I g1, Currents of individual phases a,b,c [A]

V., V,,V,. Voltages of individual phases a,b,c [V]

sa? "sb? Vsc

1 Currents in the « — S system [A]

al

ViV Voltages in the « — B system [V]
Iy 1 Currents in the d —q system [A]
Vgr Yy Voltages in the d —qsystem [V]
@, Mechanical angular speed [rad/s]
@, Electrical angular speed [rad/s]
0, Mechanical angle position [rad]
o, Electrical angle position [rad]

T, Motor driving torque [Nm]

T, Load torque [Nm]

The equations describing the physical basis of the permanent magnet synchronous motor

begin with the following equation of stator current equilibrium:

isa + isb + isc =0 (4_15)

In the same way, the equation of stator voltage equilibrium is presented in Equation (4-16):

Via T VgtV = 0 (4_16)

In the following equations, the stator voltage distribution is expressed :
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s'sa

Cod . d )
v, =R +— - v. =Ri.+—(L.i +
sa S's dt V/sa sa S's dt( ‘//ma)
o d . d ]
Voo = RSIS +al/l5b > Vg = RSIS +a(|‘slsb +l//mb) (4-17)

. d . d .
v. =R +— - Vv.=Ri.+—(Lli..+
SC S'S dt l//SC SC S'S dt( S"SC l//mc)

The mathematical model of the three-phase a,b,csystem is completed by the relation of

electro-mechanical properties T,expressed by the equation of the torque equilibrium:
J0,=>T > Ja&,=T,-Bo,-T,

4-18
aTezﬂ(gRe{Vsls}—BRslfj (4-18)

W,

Bw,, is a mechanical loss and T, is a load torque. The Equations (4-15) to (4-18) constitute
of 3-phase system for each a,b,c phases. That model can be simplified both for the simulation

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

2 1 1
i, |3 3 3.7
i) o BB B[ N
3 3]
b B -l 0\‘ /(6
2, i & &
C:l - C:l - )
&
() (b) (©)

Figure 4-3 a—b—c, a— B and d —q coordinate systems

This transformation converts Equations (4-17) and (4-18) from the abc phase system into the
af system. The abcto af transforming procedure can be applied to physical quantities such

as the current, voltage and flux components. The following equations show this transformed
abc to aff phase system:
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v, =R, + LS%ia ~y,sin(6,)8

q (4-20)
vy =Rii,+ Lsalﬁ +y,,¢c0s(6,)0,

e

J6, =g P, (cos(6, )i, —sin(6,)i, )-Ba, — pT, (4-21)

The second transformation that is needed to complete the dg model of PMSM is presented in

Figure 4-3(c), which is the forward Park transformation as shown in Equation (4-23):

) s =

That transformation converts the af system Equations (4-20) and (4-21) into the dq system.

The dqg system unlike the two fixed a3 axes system is constituted by two rotating dq axes.

Permanent magnets connect the axes are to the rotating electromagnetic field of the stator coil
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 electromagnetic rotating field
and proportionally synchronous with the input current frequency. The Equations (4-20) and
(4-21) applying (4-22) get the forms:

Vy =Rsid+LS%id—Lwi

s“e'q
q (4-23)
v, =R, +L aiq + Lo, +y,0,
-3 .
‘]09 = E pl//mlq - Ba)e - pTL (4'24)
3 . .
L= Pl Wy +(Ls — L) g | (4-25)

4.4.2 Mathematical 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 chapter 3, because
it offers DC-machine-like performance for permanent magnet machines. The detailed model
of the Vector Controller (permanent magnet synchronous motor) block contains three main

blocks, shown in Figure 4-4 below for the lateral position of the wheelset method.

70



Diode Rectifier Inverter

J_ Braking
-l— Chopper

3-Phase
voltage
source

\

Vector | Position
control [ Sensor
A A 9 Ia,b,c
e
* arO * Angle
y = — T conversion
AR Position | Speed 9
x m
control a)* control '0) Ed/dt <
y n n

Figure 4-4 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 motor. This done by using three-nested feedback loops is fundamental. These loops are
the outer loop (position loop), the middle loop (velocity loop) and the inner loop (current
loop). This arrangement allows independent tuning of the each loop parameters without

affecting the adjacent loop.

The position loop is the outer loop and it represented in Figure 4-4 and Figure 4-5 as position

control block. The position control loop has two inputs, which are command input (Lateral
displacement of wheelset) y~ calculated from Equation (4-1) and feedback input (Lateral
response of wheelset) y . In order to generate an error signal in this position control system,

the output from the position sensor is subtracted from the position reference. This error signal

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

speed controller a, .
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Position controller

«_ ar Pl @

_/’LR controller
y

Figure 4-5 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 to generate 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 T (N.m) ). In the case, the command speed is

different from the actual speed, the error at the speed control block’s output becomes large or
smaller depending on the feedback signal, this command fed to the current loop to pass more
or less current through the motor as shown in the Figure 4-4.

Speed controller

*
@, PI T
controller

Speed sensor je———

Figure 4-6 Speed controller loop

The current loop is the inner loop block that contains four main blocks, the first one is designed

to provide current referencei,,. (dq—abc block). The dg-—abcblock performs the
conversion of the dq current components in the rotor reference frame into abc. The block

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

quadratic current i; as seen in Equation (4-26), second, the electrical rotor angle 6, calculated

from the mechanical rotor angle &, as seen in Equation (4-27) in the angle conversion block.
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Third, the direct currenti; which set to 0. All three inputs are used to calculate the reference

current i;b,c as shown in the following Equation (4-28) and Equation (4-29)

" 2 .
Iq:ﬂTe (4-26)
gezgem (4-27)
i | [ sin(,) cos(6,) O]i;
iy |=|—cos(6,) sin(6,) O] i, (4-28)
o] | o 0 10
i1 [ 1 o 1y
i |=-12 ~3/2 1]i; (4-29)
i | |-1/2 —3/2 1|0

The current signali,, . acts as a current command, where the current i, . is the other input

(feedback) to the current regulator calculating the error signal that is applied to the bang-bang
current controller with adaptable hysteresis bandwidth. The output from the current regulator

becomes the command to the switching control block.

Current Controller

Iy .
=
x i
T |Z 9| dg- | @be
abe Pulses
—
| 7

2 | Switching >
Angle e -

> . control ——p

conversion -

ab,.c

| Position
Sensor |

Figure 4-7 Current controller loop
4.5 Verification of the control system

4.5.1 Characteristics of the Track

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

behaviour of the wheelset and the performance of the railway vehicle as assessed through
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track input are directly impacted by the track geometry (Mei, Li, & Goodall, 2001). In this
thesis, and general railway industry research, random and deterministic input characteristics

of the railway track are considered (Mei & Goodall, 2003a).

There are three main features that represent the design alignment associated with deterministic
track inputs which are curves(R), 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 this study are shown in Figure 4-8. These data include radii of

(2000m,1500m,1000m,500m) and the applied cant angle of (150mm). For each curve, the

vehicle was run at different speeds as shown in the Table 4-1.

Table 4-1 Deterministic track inputs

Track Curve radius | Applied Cant | Vehicle Speed | Cant Deficiency
(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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Figure 4-8 Deterministic track inputs

4.5.2 Dynamics on Curved Tracks

Minimising or eliminating the creep forces are the principal concerns of a control
strategy for good curving performance; the idea of good curving performance can be
expressed as follows (Bruni et al., 2007; SHUIWEN SHEN, Mei, Goodall, Pearson, &
Himmelstein, 2004):

e Equal longitudinal creep forces in wheels on the same axle

e Equal lateral creep forces (some force in the lateral direction is needed to
compensate cant deficiency). Preferably, lateral forces should be distributed
between all wheelsets.

e The wheelsets’ angle of attack of is the same so that the entire bogie is in line

with the curved track.

The response of an actively steered vehicle on a curved track has been studied. The curved
track has a curve radius of 1000 (m), and is connected to straight track via a transition of 3s
with a speed of 40m/s (cant deficiency 85mm ). Additionally, in order to reduce the lateral
acceleration experienced by the passengers, the track is canted during the curve. Figure 4-9 (a
& b) compares the lateral displacements of the leading and trailing wheelsets on a curved
track when using the active and the passive vehicle system. Figure 4-12 shows the passive
leading wheelset PWL (red) and passive trailing wheelset PWT (blue) show; and active
leading wheelset AWL (black) and active trailing wheelset AWT (orange). It is clearly shown
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that with the use of the active controller, the lateral movement of both the leading and trailing
wheelsets is close to 2mm for wheel conicity 0.15 and 3.7mm for wheel conicity 0.08. For
this particular curve, this is the theoretical pure rolling line. However, the leading and trailing
wheelsets of the passive vehicle behave differently, at 6.6mm and 5.8mm for wheel conicity
0.15and 9.1mm and 8.9mm for wheel conicity 0.08, respectively, and are forced away from

the pure rolling line due to the use of yaw stiffness for stabilisation.

0] (a) Lateral Displcemnt Conicity=0.15 ] (b) Lateral Displcemnt Conicity= 0.08
PWL

PWT

(¢) Yaw Angle Conicity=0.15 (d) Yaw Angle Conicity=0.08

PWL

W, (mrad)

o

PWT

“+ T T

T T T T T T
5 10 15 20 25 5 10 15 20 25

Time(sec) Time(sec)

Figure 4-9 Lateral displacement and Angle of attack - first active control strategy vs passive in

track curve radius 1000m and cant deficiency 85mm

Figure 4-9 (c &d) shows the result of using active controllers and passive suspension on the
yaw angle for the leading and trailing wheelsets. The results show that the actively controlled
wheelsets running around the steady curve have an equal yaw angle, in order to provide the
required lateral creep in order to balance the centrifugal force in the cant deficiency. However,

the yaw angles of the leading and trailing wheelsets in the passive vehicle deviate from the
ideal position.

For the actively controlled vehicle, the lateral movement of the leading and trailing wheelsets
on the pure rolling line minimises the longitudinal contact force, as shown in Figure 4-10 (a
&b). The longitudinal contact forces are considerably reduced on a steady curve. For the
passive vehicle with wheel conicity 0.08 the longitudinal contact force is significantly higher
for the both wheelsets, shown in Figure 4-10 (b).
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(a) Longitudinal Contact Force , Conicity=0.15 3 (b) Longitudjnal Contact Force , Conicity=0.08
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Figure 4-10 Longitudinal and lateral contact forces— first active control strategy vs passive

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

Some creep forces are required to provide the essential curving force in order to compensate
for any cant deficiency in the lateral direction. This is achieved by applying active steering as
it equalises the lateral creep forces between the leading and trailing wheelset, as can be seen
in Figure 4-10 (c &d). However, for the passive case, the lateral creep force of the leading
wheelset is significantly lower than that of the trailing wheelset.

Alternately, yaw torque can be applied to cancel out the effect the wheelsets being forced
away the pure rolling by the longitudinal stiffness 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 primary suspension.

4.6 Summary of Chapter 4

In order to show the benefits of implementing wheelset active steering control systems in
railway vehicles for the reduction of contact forces between wheels and rails, this chapter has
presented a strategy to control the active yaw torque applied to the solid axle wheelset and
then showed the process of designing the wheelset steering actuator. Finally, the actuator

mathematical models have been presented.
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Chapter 5
Dynamic Model of the Passive and Active Rail Vehicles Implemented in

MATLAB and Simulink

This chapter describes the implementation of the passive railway vehicle and active railway
vehicle models utilising the MATLAB/Simulink environment. In this study, the combination of
the traction system and vehicle model is named the ‘passive system’ and the combination of
the passive system and wheelset active control is named the ‘active system’. The vehicle model
is built in Simulink and the applied traction and wheelset active steering control actuators are
selected from the Simulink library/Simpower systems. These blocks are designed to be ready-
to-use, and were modified to suit the wheelset traction and steering actuators requirements.

The passive and active models are presented respectively.

5.1 Introduction

Mathematical modelling and computer simulation are used effectively to examine and
understand the impact of active wheelset control on the overall energy efficiency of a railway
vehicle. This includes an exploration of the system response with variety of load and speed
conditions. The dynamic state of the traction system and wheelset active steering control
system combined with the vehicle model are mathematically represented and implemented
using the MATLAB/Simulink environment. This choice is supported by Abu Saad (2015, p.
94) who states that:

The choice of the MATLAB/Simulink environment is based on its ease of use

and inclusion of ready to use sets of embedded components that are

appropriate for different applications. Moreover a wide range of built-in

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 the MATLAB/Simulink environment to model and to simulate the electrical traction
and wheelset active steering control systems provided an advantage to this study as it provides
component libraries and analysis tools for modelling and simulating electrical power systems.

It includes models of electrical power components, including three-phase machines, and
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electric drives. Second, SimPower Systems help to develop control systems. In conclusion,
this chapter aims to perform a computer simulation of the mathematical models of the passive
and active models which were described in Chapters 3 and 4. Those models are used for
studying the energy efficiency of both active and passive models.

5.2 Passive Vehicle Simulink Model

The mathematical equations representing the passive vehicle designed in Chapter 3 are
configured for specific application requirements, which is to assess the energy efficiency of a
railway vehicle. Therefore, the passive vehicle Simulink blocks’ parameters are set for the
input and output devices used. The input is the power source and track inputs, and the output
is mainly the energy consumed by the traction system and energy dissipated at contact points
between wheel and rail, as well as energy required to overcome motion resistances. This
section explains and illustrates the configuration of the vehicle’s mechanical and electrical
components. Figure 5-1 shows the overall passive model. In the following sections the

mechanical system and traction system are illustrated.

Track Input
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Speed Controller wl Speed m1

Speed Ref] Speed reference
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w2 Speed m2 Load torque

w3 Speed m3
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AC Voltage s N N
Source Transformer Traction System Vehicle Dynamics
<

25kV 25kV/750V

Figure 5-1 Simulink model showing high-level input and output of the passive vehicle

5.2.1 Vehicle Dynamics Simulink Model

This block is configured to receive the input from the traction system and track inputs. Figure
5-2 shows the blocks of the leading and trailing wheelset, leading and trailing bogies and
carbody. With these blocks, the mechanical system with multiple degrees of freedom,

including translational and rotational motions, and the set of coordinates for each body are
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visualised. The description and figures below show the Simulink models of these components.

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

Chapter 3.
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Figure 5-2 Vehicle dynamics model

The high-level scheme of the leading and trailing wheelsets of the Leading Bogie model are

shown in Figure 5-3. The high-level schematic diagram for the lead wheelset of the front bogie

shown below is built from blocks that compute the lateral, yaw dynamics and non-linear creep

forces and moments models of the leading wheelset as shown in Figure 5-3.
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Figure 5-3 Leading and trailing wheelsets of leading bogie

The high-level schematic of saturation, Creep Forces, is coloured yellow in Figure 5-4. The

high-level schematic is built from four main blocks, as shown below:

e The model that computes creepages
e The model that computes Kalker’s Linear Forces & Creep moments
e The model that computes Saturation Constant

e The model that computes Non-Linear Creep Forces & Creep moments

Creep Forces &Creep moments In
Equilirium Coordinate system

Yaw Angle

> Dynmics Creep Forces FxL_FyL MzL Creep Forcesl —»
Lat. Dynamics

Saturation Constantl

Kalker’s Linear Forces Kalker's Linear Creep Forces

. — (D
Nz_L Nz L Saturation Constant1 <
2 2 aturation tonstan Creep Forces_Lat.Noema
dynamics Nz_R Nz R 1

N_y

Normal Forces

Figure 5-4 High-level schematic of creep force saturation
5.2.2 Traction System Simulink Model

In this Simulink model, the vehicle traction system is illustrated. The figures contain the
components of the traction system which are a three-phase voltage source, a variable speed
drive, (which includes a rectifier, a DC Bus, and an inverter used to interface between the
power source and the motor) and the induction motor model, which explains the voltage, flux

linkage and the mechanical system dynamic equations.

Figure 5-5 shows the Voltage Source block model, which is an ideal voltage source that
maintains sinusoidal voltage of the specified magnitude across its terminals, independent of

the current flowing through the source.
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Figure 5-5 Three phase voltage source

The structure of the traction system in Figure 5-1 is shown in more detail in Figure 5-6. This
block includes four induction motors controlled by the FOC method. From this model the

power required from the traction motors, the traction energy consumption and vehicle speed
are computed.
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Figure 5-6 The electric AC motors model

The high-level schematic of the Traction system in Figure 5-6 is shown in detail. This model

is built from six main blocks provided in the SimPowerSystems™ library:

e The induction motor block

e The three-phase inverter block

e The three-phase diode rectifier models block
e The speed controller block

e The braking chopper block

e The FOC controller models block
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Figure 5-7 FOC Induction Motor Drive
5.3 Active Vehicle Simulink Model

As mentioned in Chapter 4, the combination of the wheelset active steering control system,
and the passive vehicle system is named the ‘active vehicle system’. Figure 5-8 and Figure
5-9 are models built with both SimPower Systems and Simulink blocks. SimPower Systems
blocks are used for modelling the electrical system, while Simulink blocks are used for the
mechanical parts. The traction and vehicle models were addressed in the previous section. In
this section, control of the wheelset lateral position for pure rolling model method are used.
This section addresses the steering systems. Figure 5-8 illustrates the interface connections.
The block on the top in the middle is the electrical traction system; the bottom central block
is the wheelset active steering control system. In Figure 5-8 the far left blocks represent the
voltage source of the wheelset active steering control system.
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Figure 5-8 Simulink model showing high-level input and output of the active vehicle model
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Figure 5-9 Simulink model showing high-level of traction system and vehicle mechanical

system of active vehicle

Figure 5-8 and Figure 5-9 present the blocks for the control of the wheelset lateral position

for pure rolling method. The entire drive system for wheelset active steering control, including
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motor drives, vehicle mechanical model, and controllers can be modelled in the same diagram

using blocks from the electric drives library and Simulink libraries.

The models of these actuators can be described as permanent magnet synchronous motor
drives. This motor is represented by AC6 permanent magnet synchronous motor drive blocks
from the Electric Drives library. This block models a complete permanent magnet
synchronous motor drive including a permanent magnet synchronous motor, an IGBT
inverter, speed controller, and current controller. The AC6 block inputs are the speed
commands and load torque the outputs are the motor torque, which are fed to the inputs of the

wheelset.

Three control loops connected in a cascade configuration make up the control system: the
outer loop is the position loop, inside are the speed and torque control loop and an innermost
current control loop. The inner speed control and torque loop are already included in the drive
model. The position loop is added to the model. Figure 5-9 shows the blocks in SimPower
Systems. The first block is an electrical input (three-phase voltage to terminals a, b and c).
The output from this block is rectified to DC voltage by a Rectifier block then the DC voltage
is converted by the IGBT inverter, which is controlled by PWM signals to three-phase AC
voltage. This voltage is applied to the permanent magnet synchronous motor. There is a torque
signal input, which is the torque from the mechanical load. The electrical and mechanical

mathematical model for this block is identical to that mentioned in Chapter 4.

5.4 Conclusion

It is obvious from the critical review of the existing publications that there was not a great
emphasis put on the links between the energy consumed by the vehicle traction system and
energy dissipated at contact points between wheel and rail. Therefore, in this chapter, the
Simulink model including the vehicle, traction model and the wheelset steering model was
developed in Simulink using the features of the recent versions of the SimPower toolbox. The
Simulink model is used for calculating the energy losses at contact patches and its influence
on the required energy from traction motors. The simulated 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 model was built by combining the passive vehicle model and the wheelset
active steering control system, the model was built 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 interaction between the components of the traction and steering system (which are the
power supply systems, rectifiers, convertors and the control systems) and the vehicle
mechanical components were modelled by MATLAB/Simulink. The model enabled the

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

In this chapter, both mathematical equations of the active and passive systems have been
solved numerically in a MATLAB/Simulink environment. The applied models of the traction
and wheelset active steering control system were selected from the ready-to-use modules
presented in the Simulink library and modified to suit the traction system and the active system

requirements.
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Chapter 6
Wheelset Active Steering Effects on the Relationship between Wheelset

Dynamics and Traction Power

In a railway vehicle, the contact forces between wheels and rails are important parameters
that increase the vehicle’s resistance to motion, consequently increasing the power required
from the traction motor. However, data about the influence of wheelset active steering control
on the correlation between the traction power of the railway vehicle, and creep contact forces
at the contact patches between wheel and rail are limited. The purpose of this chapter is to
advance the understanding of the impact of: first, wheelset active torque on the wheelset
dynamics, second, how this impact consequently affects creep forces between wheel and rail,
and third, how the impact of wheelset dynamics on contact forces subsequently affects the

power required by the electrical railway traction system.
6.1 Introduction

Power provided to the railway vehicle is used to accelerate the train, to move the rotating parts
(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 configurations (RM Goodall, 1997; RM Goodall & Kortiim, 2002). The possible
benefits regarding reducing rolling contact fatigue (RCF) are considered by Javier Perez et al.
(2006), however, the influence of wheelset active steering control on the relationship between
wheelset motion dynamics and traction power has not yet been thoroughly studied or 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 effect of wheelset active
torque control on wheelset motion dynamics and consequently, on wheel-rail creep forces and
subsequently, on the traction power. To accomplish this investigation, the following

subsections are divided into three parts. First, the mathematical representation of the
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moderating effect of wheelset active steering control on the influence of wheelset motion
dynamics on the traction power consumption of the traction system is illustrated, in order to
show the link between the wheelset motion dynamics and the traction power. In the second
part, the moderating effect of wheelset active steering control on the influence of wheelset
motion dynamics on traction power consumption is graphically represented. Finally, in order
to understand the relationship 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 control on the

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 vehicles, however, 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 is not 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 theoretical understanding 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 stages as shown in Figure 6-1.

The main objective of this section is to discuss the mathematical representation of the
moderating effect of wheelset active steering control on the influence of wheelset motion
dynamics on traction power consumption. Figure 6-1 shows how any change in the curve
radius, wheelset conicity, vehicle speed or wheelset active steering torque control has an effect
on the vehicle traction power through the effect of wheelset motion dynamics. From 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 acceleration force, 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 dynamics. This 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.
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Figure 6-1 The moderating effect of wheelset active steering control on the influence of

wheelset motion dynamics on traction power

The chain from the traction motors to the wheels is presented mathematically in the following
equations. Equation (6-1) illustrates how the power consumption of the traction motor by the
wheelset is related to the electromagnetic torque:

P =Ty, (6-1)

However, Equation (6-2) 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.

-

W

n

dw,

dt

(6-2)

€q
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w, is rotor speed and |, is total inertia referred to the motor which includes motor

m

LA

inertia and wheelset inertia 1, =—-+1_,where |, and I, are moment of inertias of
n

wheel and motor/gearbox respectively, N is the gearbox ratio.

Equation (6-3) presents how the tractive force influences the torque applied to the wheelset.
T,=rF
n.F,+r.F,

rac

(6-3)

Where (1, )are the rolling radius of left and right wheel. In addition, (F,,F,)are

xr? b oxl
longitudinal creep forces of left and right wheel. The 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.

Free =M (1+ 2)V +[A+ BV +CV2]+Mgsin(a) +F,,

2 2 2 2
ZZFb(ij + ZZFrxij =M (1+ )V +[A+BV +CV 2]+ Mgsin(a) + F,, (6-4)

i=1 j=1 i=1 j=1
%/_/

Total Vehicle Resistance

Flong ,creep left wheel Flong ,creep right wheel

Tractive Force

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 constant. Therefore, 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, micro-slip, which is referred to as “creepage”, takes place in the wheel/rail
contact patch due to rigidly restrained vehicle axles. Energy loss at the creepage is equivalent
to the resistance of vehicle steady-state curving. Therefore, any reduction in curving resistance

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

Equation (6-5) below illustrates the curving resistance between wheel and rail,
2 2 2 2

I:t:urve = ZZ( leij é:lxij + I:Iyij érlyij )+ ZZ( I:rxij é:rxij + I:ryij é:ryij ) (6'5)

i=1 j=1 i=1 j=1
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In this study, the heuristic non-linear creep model was used in order to adopt the creep forces
Fui» Fyii» Fij» Fryiy inthe x & y directions. This was done by combing Kalker’s linear creep
theory with a non-linear saturation representation «,; . 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

rear bogies were obtained directly from Kalker’s linear theory as:

le = f33‘§|x (6-6)
I:rx == f33 rx
I:Iy == fllfly
I:ry == fllgry} (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 seen in Equation (6-8). The rolling radius is proportional to the lateral displacement

y,, and the wheel conicity 4 as can be seen in Equation (6-10). Equation (6-8) shows how

the curve radius impacts the longitudinal creepage.

(V —at/}+aF\Q/j—a)r|
élx = V
iy (6-8)
(V +a1/)—)—a)rr
£y = R
rx V
(y+r —pV )secs,
gly = vV
. 6-9
(y+4r, —pV )secs, )
Sy = v
n=r+A1y,
rI =r,—Ay } (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 the traction 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 them. Li and Goodall (1998) have
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.

2, 26, F V2
oy T VR o
__2fzal _2f33a2!/,/+T_,,Jr2f33a2

Lr IV "1 IR

z

y:

(6-12)

Equations (6-11) and (6-12) describe the behaviour of the wheelset. It can be observed that
each equation 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. Importantly, those
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 makes the wheelset move in the yaw
direction (rotate around the z axis), and conversely, yaw dynamic leads to lateral
displacement. Mathematically, the lateral displacement motion and yaw motion are ‘coupled’.

The link between those motions are provided by creep forces.

In a study conducted by Li and Goodall (1998), it was shown that the lateral and yaw equations
above have two contributions to the creepage. This _fn_il/l y+ %f“w part in the lateral

displacement Equation (6-11) is caused by lateral velocity and the wheelset yaw angle. Those

terms V /R —gg,, allow for the moving axis system under the influences of track curve radius

1/R and track superelevation angle ¢,, in other words, it introduces the centrifugal curving

force. The (2f33a/1/lzro)y 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 (2f33a2/|2v)¢/ is due to

the wheelset yaw velocity. The last 2f.,a?/1 R part represents the correction that allows for
the moving axis system, (the rotational effect of traversing the curve). T, is the yaw torque

applied to the wheelset active control.

The creep forces are influenced by the vehicle forward speed, in the case where the vehicle is
travelling at low speed, by examining Equation (6-11) and Equation (6-12) it can be observed
that the creep forces are large, consequently the system will behave similarly to a rigid
mechanism. The wheelset will follow a path almost as predicted by Klingel (Simon Iwnicki,
2006, p. 07). In another case where the forward speed V is large the creep forces diminish and
inertial factors come into play. In this case the wheelset will behave similarly to a mass

attached to a spring.

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 synchronised with a phase shift
between them90°. This behaviour can be considered as a closed-loop feedback process
(Wickens, 2005, p. 59). As 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. Therefore, the wheelset could be stabilised by applying
external effort such as force or torque (Roger Goodall & Li, 2000). By implementing yaw
torque the wheel lateral displacement of the wheelset with respect to the track, and contact
force can be reduced (Michalek & Zelenka, 2011; Rai, 2016). Consequently, the traction
power also could be reduced.

This theoretical analysis section has established the links between wheelset motion dynamics
and traction power. The observations of Equation (6-11) and Equation (6-12) show that
wheelset motion dynamics are frequently affected by any change of train speed, track or wheel
profiles and are also controlled by active steering torque effort. However, the interactions
between large wheel-rail contact forces due to large curve and high vehicle forward speed
with active steering torque, and large wheel-rail 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

quantified, 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 traction power consumption. Following this, the statistical analysis investigates
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

Dynamic active steering control has very challenging needs. The major aim of wheelset active
steering control is to decrease the creep forces that arise due to the contact between the wheels
and the track. The creepages are responsible for forces that result from relative velocities
caused by flexible distortions at the interaction points between wheels and rails. These forces
lead to wear and noise at the interaction points, and should be minimised to the least values.
The mechanism to minimise these forces should, however, not interfere with the vehicle
stability. The existence of creep forces in the lateral direction is however necessary in order
to offset the centrifugal forces present on the curved tracks. To achieve perfect steering
conditions, the following should hold: 1) The longitudinal creep forces in the wheels on the
same axle are the same. 2) Lateral creep forces should be equalised, as some force in the lateral
direction is needed to compensate for the cant deficiency. Distributing the lateral forces
between all wheelsets is preferred (S. SHEN et al., 2004).

The effects of equal longitudinal forces on the wheels (perfectly distributed traction/braking
force) tended to eliminate wheel wear and damage. In order to balance the centrifugal forces
caused by cant deficiency or cant excess, equal lateral creep forces are required.
Conceptualising an idea for the control procedures that tackle all the factors stated above is
simply not straightforward. In fact, a number of strategies that have varying benefits can be
adopted. The control of the wheelset lateral position for pure rolling strategy, as described in
chapter 4, is assessed in this section.

In this section, the graphical representation of the moderating effect of wheelset active steering

control on the influence of wheelset motion dynamics on traction power consumption is
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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 traction system to 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 for a passive 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 y = ar, /AR

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 presented in Figure 6-2 and Figure 6-3.
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Figure 6-2 Lateral and yaw displacement of leading wheelset with conicity 0.15 and 0.08
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Figure 6-3 Lateral and yaw displacement of trailing wheelset with conicity 0.15 and 0.08

It can be seen in Figure 6-2 and Figure 6-3 that lateral displacements (y,,, Y, ) 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 diagrams shown in Figure 6-2 and Figure 6-3, compare the
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 lateral displacement 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 1500m with cant deficiency 85mm and conicity 0.15, are 4.55mm and 4.93mm
respectively. The active steering reduces those values to 1.32mm. This finding, and the
finding on lateral displacement and attack angle of the wheelset, is consistent with findings of
past studies by (J Perez et al., 2002; G. Shen & Goodall, 1997; Sim et al., 2014). 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 by active strategy 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 the wheelset behaviour. 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 literature.

Referring to Equation (6-8) and Equation (6-9), the lateral and yaw angle of the wheelset have

an effect on the flange and creep forces. Therefore, it is now important to discuss this effect.
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Figure 6-4 Flange contact force of leading wheelset with conicity 0.15 and 0.08
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Figure 6-5 Flange contact force of trailing wheelset with conicity 0.15 and 0.08

Analysing the flange contact force Figure 6-4 and Figure 6-5 shows how the flange contact

force is linked to the lateral displacement of the wheelset and how it depends on the

characteristics of vehicle speed, wheel conicity and track curvature. The flange contact force

represents the acting force between the wheel and rail at the flange contact zone in the lateral

direction. Hence, a strong flange contact force destabilises the behaviour of the railway

vehicle.

It can be observed that the results of the flange contact force in the front and rear bogies are

increasing as the wheelset lateral displacement rises to the value above flange clearance. The

flange contact force of the leading wheelsets in the passive vehicle is considerably stronger

than the flange contact force of the trailing wheelsets as shown Figure 6-4 and Figure 6-5.

Additionally, a wheel conicity of 0.15 reduces flange contact forces in the passive vehicle

more efficiently than a wheel conicity of 0.08. Furthermore, the flange contact force of the

leading wheelset is extensively reduced in the active steering strategy, as shown in Figure 6-4
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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 shown in Figure 6-6. In the curve the wheelset

moved in the lateral direction to the left by a small distance y, as shown in Figure 6-3. This

led to the rolling radius of the left 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,
the rate of yaw is no longer determined by wheel geometry: the wheelset must obey Newton’s
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 forces and cant deficiency 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 y, . In turn, the longitudinal creep forces that makes the wheelset
yaw will be proportional to y, . In conclusion, the bigger the lateral displacement, the bigger

the longitudinal creep forces that make the wheelset 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 wheelsets. The results of the longitudinal creep forces in the front and rear bogies are
similar with respect to the trend of the results for the lateral displacement of the wheelset. The
longitudinal creep forces represent the acting force between the wheel and the rail at the
contact zone. Moreover, the longitudinal creep forces are significantly reduced when using
wheelset active steering control in most cases, as indicated in Figure 6-6. A conicity of 0.15
reduces longitudinal creep force in the passive bogie more effectively than a conicity of 0.08
. For large radius curves, any small offset in wheelset lateral 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
anti-steering moment of the bogie. Consequently, the flange force of the leading wheelset

increases.
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Figure 6-6 Longitudinal creep forces of leading and trailing wheelset with A 0.15, 0.08
A final observation is that all longitudinal creep forces for all wheelsets are equalised by the
influence of wheelset active steering on wheelset motion dynamics. As presented before, the
inertial mass plays a role, but in this section the inertia mass is in the linear direction, rather
than being rotational inertia. The creep forces this time act in the lateral direction rather than
longitudinal direction. From previous discussion, the lateral displacement leads the wheelset
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 forces. From Figure
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 lateral creep 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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Figure 6-7 Lateral creep forces of leading and trailing wheelset with conicity 0.15 and 0.08

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

forces after the application of active control. Equation (6-3) has presented the link between

tractive force and the torque and Equation (6-1) and Equation (6-2) show the link between the

torques applied to wheelsets and the traction power. The traction power of leading and trailing

wheelsets are visualised in the following figures.
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Figure 6-8 Traction power applied to leading and trailing wheelset with conicity 0.15
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The different vehicle speeds, curve radii, and wheel conicities scenarios result in different
probabilities in the lateral displacement and the yaw angle of leading and trailing wheelsets
caused by the active steering. Each probability has a different effect on the traction torque and
the traction power. The control torque applied to the leading and trailing wheelset are
massively increased by those forces, as defined previously, as seen in Figure 6-9. The torque
reduces the lateral displacement, this leads to avoiding flange contact, and consequently, a

reduction of the traction torque and power.
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Figure 6-9 Traction power of leading and trailing wheelset with 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 reducing the required 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 dynamics are a dominant factor on the size
of the forces generated between wheel and rail.

2. Based on the results, controlling lateral displacement and the attack angle of the
wheelset may lead to a reduction in contact forces between wheel and rail and
consequently a reduction in traction power.

3. The investigation of wheelset active control has shown that, on the deterministic track,
wheelset active control gives a much-improved 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 place of 0.08 conicity for the wheels
for a passive system, but using active steering reduces the influence of conicity on

wheelset dynamics.

The visual analysis in this section contributes to our knowledge by addressing two important
issues. First, how the wheelset active 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 expected. Therefore, the next section discusses the
significance of the 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 illustrated how the
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 the relationship 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 traction power consumption, it can also

compare statistics to quantify this relation.

The analysis uses correlation and regression analyses, neither of which can be interpreted as
establishing a cause-and-effect relationship (Aladjev & Haritonov, 2004, p. 121). They have
the ability to indicate how one variable relates to another variable or identify to what extent
variables are associated. Both correlation and regression analyses deal with relationships
between variables. The correlation coefficient measures the strength and direction of the
association between two variables. The range of the correlation coefficient always extends
from -1 to +1 . A correlation coefficient of +1 suggests a perfect positive association between
two variables (a positive relationship means if one variable increases the other variable

increases as well), while a correlation coefficient of —1 indicates a perfect negative association
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(a negative relationship means if one variable increases the other variable decreases). A
correlation coefficient of 0 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 following figure. In this graph, a very strong relationship is shown although the Pearson
coefficient and Spearman coefficient are both approximately 0. Both the Pearson and

Spearman coefficients are described below (perfect quadratic relationship).

L]
B
Figure 6-10 Coefficient of 0

There are two types of correlation method to measure the relationship between paired data.
First, Pearson’s correlation is a statistical measure of the strength of linear association between
two variables. Its calculation requires two assumptions: linearly related or bivariate normally
distributed. In the case where the data does not meet the above assumptions, then and dated
has a monotonic relationship and the second method can be used, which is Spearman’s rank
correlation. In other words, in order to make a decision which correlation method is more
appropriate, it is required to identify the type of relationship between two quantitative
variables, if a linear relation, then Pearson’s correlation will be used or if the relation is
monotonic, Spearman’s will be used. This assessment can be done in two ways, a scatter plot
as can be seen in Figure 6-11 while a normal distribution probability plot can be seen in 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 result indicates a negative linear trend between lateral displacement
and yaw angle except with (Omm) cant deficiency, when the result is positive as shown in
Figure 6-11 (a). However, this becomes negative under the influence of active steering as can
be seen in Figure 6-11 (d). Whereas, there is a positive 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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Figure 6-11 Scatterplot of the relationship between variables of leading wheelset (curve
radius 1000m and wheel conicity 0.15)

Figure 6-12 assesses 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 wheel-rail profiled shape and the vehicle
running on track data from Leeds to Hull. The Pearson’s correlation coefficient is used when
both variables are normally distributed, otherwise Spearman’s correlation coefficient is used.
Spearman’s correlation coefficient was proven to be more robust to outliers than Pearson’s
correlation coefficient (Mukaka, 2012). Using a passive vehicle running on track data from
Leeds to Hull, the histogram plot can determine whether or not variables are normally

distributed as can be seen in Figure 6-12.
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Figure 6-12 Histogram with a distribution fit of lateral and attack angle and traction power
of leading and trailing wheelsets
The histogram Figure 6-12 does not appear to show a normal distribution, with the one peak
in the middle at around Omm in Figure 6-12 (a-b), Omrad in Figure 6-12 (c-d) and finally,
60KW in Figure 6-12 (e-f). The normal curve drawn over the histogram in Figure 6-12 fits
poorly. Therefore, the histogram shape for the wheelset motion dynamics (lateral and yaw

angle of leading and trailing wheelsets) and traction power are non-linear.

The findings from the scatter distribution and histogram distribution determine the type of
correlation coefficients that are used to assess the strength and direction of the relationships
between the wheelset dynamics and the traction power, in this case, Spearman’s correlation
coefficient. The formula for the Spearman rank correlation coefficient is (Liebetrau, 1983, p.
56):

—ﬁ (6-13)

n(n?-1)
where d; indicates the difference in paired ranks and n number of cases. These references

p=1

describe the Spearman rank correlation coefficient in more detail (Cleff, 2013, p. 88; Gibbons
& Fielden, 1993, p. 3).
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6.4.1 Assess the Strength and Direction of the Association between Wheelset Motion

Dynamics and Traction Power of Passive Vehicle.

This section investigates to what extent traction power and wheelset motion dynamics are
associated with each other. Therefore, the correlation coefficient is used to quantify the degree
of association between two variables. A non-linear relationship is observed from the
histogram and scatter plots; therefore, the Spearman correlation is used. The correlation
coefficients are quantified and the results are presented in Table 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 0.08. The direction of the correlation is illustrated
in Figure 6-13.

Direction of motion A/

Figure 6-13 Lateral and yaw coordinates of wheelset
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Table 6-1 Correlation coefficients between traction power and wheelset motion dynamics of

passive system with wheel conicity 0.15 and 0.08.

Conicity A4=0.15 A1=0.08

Passive Leading wheelset Trailing wheelset Leading wheelset Trailing wheelset

R=2000m Ywi,2 Y2 Pu2 Ywi,2 Y2 Pua2 Ywi,2 Ywi,2 Pua.2 Ywi,2 Ywi,2 Pu12

Yu2 1 0.627 0.451 1 -0.922 | 0.450 1 0.702 0.473 1 -0.884 | 0.478
0 Ywi,2 1 0.456 1 -0.451 1 0.459 1 -0.478
Pua,2 1 1 1
Yui,2 1 -0.827 | 0.532 1 -0.963 | 0.546 1 -0.765 | 0.534 1 -0.930 | 0.542
40 | vw2 1 -0.547 1 -0.553 1 -0.542 1 -0.554
Pua2 1 1 1 1
Ywi2 1 -0.851 | 0.553 1 -0.967 | 0.575 1 -0.800 | 0.549 1 -0.947 | 0.569
85 | ww2 1 -0.580 1 -0.586 1 -0.577 1 -0.586
Pua2 1 1 1 1
Ywi2 1 -0.854 | 0.558 1 -0.966 | 0.582 1 -0.781 | 0.595 1 -0.876 | 0.613
105 | w2 1 -0.589 1 -0.595 1 -0.564 1 -0.558
Pua2 1 1 1 1
Ywi2 1 -0.847 | 0.566 1 -0.969 | 0.592 1 -0.842 | 0.604 1 -0.859 | 0.609
125 | vz 1 -0.597 1 -0.603 1 -0.600 1 -0.588
Pua2 1 1 1 1

R=1500m Yu2 Y2 Pu,2 Yu,2 Y2 Pua,2 Yu1,2 Y2 Pya,2 Yui,2 Y2 Pua2

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

0 W2 1 0.488 1 -0.500 1 0.516 1 -0.542
Pui2 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 Vw2 1 -0.555 1 -0.567 1 -0.544 1 -0.563
P 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 W2 1 -0.584 1 -0.592 1 -0.589 1 -0.600
Pui2 1 1 1 1

Vw12 1 -0.841 0.562 1 -0.966 | 0.585 1 -0.769 | 0.559 1 -0.844 | 0.554

105 | wwi2 1 -0.590 1 -0.598 1 -0.484 1 -0.513
Pui2 1 1 1 1

V1,2 1 -0.844 0.566 1 -0.966 | 0.591 1 -0.733 0.567 1 -0.823 | 0.564

125 | wwi2 1 -0.596 1 -0.603 1 -0.442 1 -0.488
Pua 1 1 1 1
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Conicity A1=0.15 A1=0.08
Passive Leading wheelset Trailing wheelset Leading wheelset Trailing wheelset
R=1000m Va2 Va2 Putz Yoiz | w2 Puz | Vw2 Vw2 Pui2 Yoz | Y2 Pus.2
Va2 1 0.714 | 0.584 1 | -0.900 | 0.568 1 0.741 | 0.569 1 -0.866 | 0.457
[ 1 0.570 1 -0.569 1 0.563 1 -0.395
Pui2 1 1 1
Yoz 1 -0.731 | 0.559 1 | -0944 | 0577 1 0.429 | 0.549 1 -0.939 | 0.548
40 | vz 1 -0.545 1 -0.584 1 0.537 1 -0.534
Pui2 1 1 1 1
Yoz 1 -0.810 | 0.560 1 | -0.960 | 0586 1 -0.617 | 0.560 1 -0.880 | 0.558
85 | vz 1 -0.588 1 -0.601 1 -0.323 1 -0.517
Pu2 1 1 1 1
Vo2 1 -0.817 | 0.564 1 | -0.961 | 0591 1 -0.605 | 0572 1 -0.819 | 0.569
105 | waae 1 -0.594 1 -0.605 1 -0.313 1 -0.465
Pu2 1 1 1 1
Yoz 1 -0.825 | 0.568 1 | -0.962 | 0595 1 -0.589 | 0.583 1 -0.784 | 0582
125 | yaae 1 -0.599 1 -0.610 1 -0.311 1 -0.444
Pu2 1 1 1 1
R=500m Yua2 Ywz | Pua Yurz | Vw2 | Puz | Ywp Yz | Puz Yuz | Vw2 | Pug
Yoz 1 0.702 | 0.558 1 | -0.838 | 0435 1 0.685 | 0.668 1 -0.164 | 0.292
[ 1 0.594 1 -0.348 1 0.779 1 0.406
Puz 1 1 1
Vo2 1 0.636 | 0.561 1 | -0.878 | 049 1 0.695 | 0.625 1 -0.762 | 0.485
40 | ywz 1 0.604 1 -0.439 1 0.721 1 -0.351
Pus2 1 1 1 1
Yoz 1 0.405 | 0.575 1 | -0953 | 0567 1 0.634 | 0.603 1 -0.922 | 0.608
Y 2 1 0.531 1 -0.562 1 0.661 1 -0.610
Pus2 1 1 1 1
Vo2 1 0.356 | 0.582 1 | -0956 | 0574 1 0.515 | 0.588 1 -0.832 | 0.606
105 | vz 1 0.489 1 -0.570 1 0.637 1 -0.582
Pu2 1 1 1 1
Va2 1 0.296 | 0.583 1 | -0.959 | 0.580 1 0.483 | 0.582 1 -0.742 | 0.599
125 | yaayp 1 0.438 1 -0.577 1 0.616 1 -0.481
Pu2 1 1 1 1

This section interprets 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 vehicle. This discussion

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

and presents when the effect of the wheel-rail contact forces influence the traction power.

Generally, from 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 angle are proportional 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 correlation 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 =g N N
wheelset is negative this means the vehicle will run in '
the curve with 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 association

between lateral displacement and the yaw angle of the trailing Wheeﬂlset 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 with 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 changes from a strong association to a i i
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 yaw angle of wheelset 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 the trailing 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 beak of the quadratic curve as shown in Figure
6-14 (d), whereas the correlation coefficient of the trailing wheelset with conicity 0.15 is
negative and strong with a range of (0.8-0.95) see Figure 6-15.
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Figure 6-14 The correlation coefficient between lateral displacement and the attack angle of

the trailing wheelset when in flange contact with wheel conicity 0.08
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Figure 6-15 The correlation coefficient between lateral displacement and the yaw angle 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. The correlation is always positive. Figure 6-16 shows that the cant
deficiency has a negligible influence on the relation strength between lateral displacement of
the wheelsets and the traction power. Therefore, 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.
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Figure 6-16 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 all curves when the vehicle runs with balance speed.

This positive relationship changes 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. Therefore, 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 consequently avoid the
increase in traction power. Thirdly, with low wheel conicity, the relationship direction of

change is moderately unpredictable.
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Figure 6-17 The correlation coefficient between yaw angle and traction power of leading and

trailing wheelsets with wheel conicity 0.15 and 0.08.

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

Dynamics and Traction Power of Actively Steered Wheelset Vehicle.

This section investigates to what extent the active steering control influences the relationship
between the traction power and wheelset motion dynamics. Therefore, the correlation
coefficient is used to quantify the degree of association. 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 motion dynamics of both passive and active systems with wheel
conicity 0.15 and 0.08 are plotted in Figure 6-18and Figure 6-19 and quantified in Table (D-
1) and Table (D-2) in Appendix C.
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Figure 6-18 Influence of active control on the relationship between lateral displacement, yaw

angle and traction power of leading wheelset
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Figure 6-19 Influence of active control on the relationship between lateral displacement, yaw

angle and traction power of trailing wheelset

The observation from Figure 6-18and Figure 6-19 is that the strength of the relationship
between lateral displacement and yaw angle, lateral displacement and traction power and, yaw
angle and traction power of the leading and trailing wheelset are influenced by a pattern that
makes their behaviour uniform. Even though the curve radius, wheel conicity and the vehicle
speed are changed, the behaviour takes a single pattern, different from passive vehicle.

For example, the relationship between lateral displacement and yaw angle becomes 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 from (-0.9) 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 the behaviour of the movement of the wheelset.
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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 and yaw angle is changed in the passive vehicle. For
instance, the positive relationship under the influence of stiffness of suspensions and balancing
speed of the vehicle become negatively correlated by the effect of wheelset active control by
limiting the effect of the suspension’s stiffness in the case of balancing speed while the vehicle
runs on a curved track. In conclusion, the relationship between lateral displacement and yaw
angle has become constant within a narrow negative range, regardless of the elements (wheel
conicity, curve radius and cant deficiency) that were affecting the passive vehicle. The type
and value of each element on a unit, or all together, determines the behaviour of the system in

a particular pattern in the passive vehicle.

All the above explanations can in some way be applied to the relationship between lateral
displacement and traction power and, yaw angle and traction power of leading and trailing
wheelset. In other words, the wheel conicity, curve radius and cant deficiency are no longer
directly influencing the dynamic behaviour of the wheelset under the influence of wheelset
active control. Additionally, the relationship between the variables (lateral displacement and
yaw angle, lateral displacement and traction power and, yaw angle and traction power) of the
passive vehicle are quite different from the active vehicle. Figure 6-20 shows the narrowness
in the strength of the relationship and unifies the direction of the relationship that occurred
with the effect of wheelset control. The 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 represented in Figure 6-20 and the
range of the correlation coefficient between lateral displacement and the yaw angle of the
wheelset is presented in Figure 6-20 (A). Whereas, the correlation coefficient range between
lateral displacement and the traction power of the wheelset is presented in Figure 6-20 (B).
The correlation coefficient range of the yaw angle and traction power of the wheelset is
presented in Figure 6-20 (C). A, B and C are divided into three parts. The first part (A-1, B-1
and C-1) 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 part (A-2, B-2 and C-2) which
contains a medium cant deficiency (40 mm, 85 mm). Finally, the influence of higher speed is
presented in the third part (A-3, B-3 and C-3) which contains medium cant deficiency (105

mm, 125 mm).

Starting with Figure 6-20 (A-1) (balanced speed); the range of lateral displacement and the

yaw angle of leading wheelset of passive system is between (-0.60) and (-0.75) with zero

cant deficiency. When applying active steering strategy this range is shifted to the left

becoming (-0.60) to(-0.70), Whereas, the range of the trailing wheelset of the passive
system with zero cant deficiency is between a negative weak correlation of (—0.15) to a strong
negative correlation of (—0.90) . When applying wheelset active steering this range is shifted
to the right approximately with the same range, with passive starting from (+0.60) on the right

side and ending with (-0.30) on left side.

In order to assess the influence of rising speed on those relations, Figure 6-20 (A-2) (moderate

speed) shows a range of (-0.80) to (+0.70) for leading wheelset of passive system. Active

wheelset steering control reduces this range significantly and remains on the left in the
negative side from (-0.70) to(-0.80) which is aligned with the passive in the left side. The

case is relatively different with the trailing wheelset, the passive range is small and strong in

the negative direction from (-0.75) to(-0.95). This range is shifted and reduced to the right
under the influence of active wheelset steering control from (-0.70) to (-0.80) . Increasing

the speed further, Figure 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 (+0.30) to (—0.90) , while the leading wheelset active has a
range exactly the same with a moderate speed as shown in Figure 6-20 (A-2) of (-0.70) to

(-0.80) . For the trailing wheelset, it almost the same as the leading wheelset.
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Figure 6-20 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
between lateral 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 lateral displacement increases and this typically occurs in
trailing wheelset. For example see result from

3. Figure 6-21 active steering wheelset control strategy for case 1000m curve, cant

deficiency 85mm, and wheel conicity 0.05.

Both possibilities have a significant impact on wheel-rail contact forces and energy dissipated

between wheel and rail. An example of those possibilities is illustrated below.

The leading yaw angle (-1.1mrad) has increased to (-2.2mrad) this increase in yaw angle
leads to first reducing lateral displacement from (6.5mm)to (2mm). Second, it increases
lateral creep force (for the left wheel) from (8.2kN)to (16.3kN ). For the trailing wheelset the
yaw angle is reduced by wheelset active steering control from (-3.5mrad) to (-2.2mrad ), and

consequently, the lateral displacement is reduced to the same value of the leading wheelset for

pure rolling(2 mm)and also lateral creep force (for left wheel) is reduced from (25kN) to
(16.3kN ) 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 force of the passive vehicle of leading wheelset

is (17 kN) whereas the trailing wheelset is (14.5kN) those values are significantly reduced

and equalised to the value of (0.5kN).
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Figure 6-21 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 (+0.45) and (+0.70) with zero

cant deficiency. When applying wheelset active steering control strategy this range shifts to
the left and becomes a weak relationship (+0.10) to (+0.35).

Figure 6-20 (B-2) (moderate speed) shows a moderated positive association for both leading
and trailing wheelsets. Both passive and active strategies almost have the same range.
Moreover, in contrast to the behaviour at balanced speed, the range for the active system
shrinks and is less than the range for the passive system. Figure 6-20 (B-3) (highest speed),
shows similar ranges to moderate speed for both leading and trailing wheelsets.

For the correlation between yaw and power Figure 6-20 (C-1) shows that the range of the

leading passive wheelset is between (+0.45) and (+0.80) with zero cant deficiency. When
applying wheelset active steering control this range is reduced and shifted to the left becoming

(-0.15)to (—0.30) . Whereas the passive trailing wheelset range is extended from a moderate
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negative relationship of (—0.50) to a moderate positive relationship of (+0.40) . The wheelset

active control shifts and reduces this range to the left from (+0.30) to (-0.10)

In Figure 6-20 (C-2) (moderate speed), the passive leading wheelset has a range of (-0.55) to
(+0.70) , however this range is significantly reduced when applying the wheelset steering
active control strategy, with a range from (-0.60) to (-0.45) . For the railing wheelset as can
be seen in Figure 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 moderate negative relationship with a value starting from (-0.40) and ending at

(~0.60).

Increasing the speed further, shown in Figure 6-20 (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 a narrow range of (-0.55to—0.60)instead of what was
(-0.60to +0.60) . The passive trailing wheelset remains at (—0.60) onthe leftand at (-0.40)
on the right side, however, this range is shrunken to (-0.50) on the left by the wheelset active

control strategy .
6.5 Conclusion

First, the initial indications from the simulation results pose the following question: “what
operating conditions for the active steering will reduce the power required from the traction
system?”. It is inevitable that real-world railway vehicles will run on variable 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 to effectively 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 show 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. Table 6-2 has been created from Figure 6-22 and Table 6-3 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 traction power

consumption
Cant Deficiency 0 Moderate High
Conicity Low high Low high Low high
X X
x x X X
Wide curve small small
no effect no effect no effect no effect . .
reduction reduction
x v v v v
x - - - . o
Moderate curve very small ff significant very small high significant
no effect
reduction reduction reduction reduction reduction
v v v v v v
Small curve high high very high high very high high
reduction reduction reduction reduction reduction reduction
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Figure 6-22 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

Curve Cant Traction power (kW) Traction power (kW)
Radius Speed Deficiency \{vheel conicity 0.15_ \{vheel conicity 0.08 _
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, it is essential to 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 combination of these
factors mentioned above is at a sufficiently low level. Consequently, 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 order to show the link between the wheelset motion dynamics and the traction
power and improve the understanding of the moderating influence of wheelset active steering
control on the relationship between wheel and rail contact forces and traction power was
investigated mathematically. This mathematical representation was supported by a graphical
demonstration. The graphs show how the 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 the relationship 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 consumption, statistical 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 reduction of traction energy. The
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 of the actively 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 compared to the passive vehicle, showing only minor differences between them

in wide curved track at speeds close to balanced speed.

Therefore, the main objective of active steering control is to tune the wheelset lateral
displacement and the yaw angle in a way which mitigates the wheel-rail contact forces,
consequently reducing the traction power.

An important aspect of active wheelset steering control planning applications is ensuring that
the traction power consumption is at the best lowest level for the problem at hand. The active
yaw torque applied to steer the wheelset on the curve and the motion dynamics of the wheelset
are important factors in any planning exercises to ensure the traction power is at the lowest
level. Therefore, there is a need to be able to predict the traction power. This could be by
assessing the ability to predict the traction power from the lateral displacement and the yaw
angle of the wheelset using an algebraic regression model.

This finding provides the following directions for 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 (suspension
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 appropriate control strategy,
therefore a framework is established in order to guide 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 dependence of the 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 hypothesis. This may include the
use of mediation analysis to facilitate a better understanding of the relationship between
the independent and dependent variables.

3. Finally, test all control strategies that have been used to steer a solid axle wheelset in
order to quantify how much energy can be saved. In the following chapter, one strategy

is tested.

To sum up, the traction power declines or increases in line with the yaw angle and the wheelset
lateral displacement with different probabilities. The Figures above depict the dependency of
traction power on lateral displacement and yaw angle of wheelset. Table 6-3 compares the

required power for traction of the passive vehicle and actively steered vehicle

6.6 Summary of Chapter 6

In summary, this chapter has presented the findings from testing the relationships between
traction power and the wheelset motion dynamics. In order to provide comparable run data,
different vehicle speeds and track curves were applied. To check that the dynamics of the
vehicle model were performing correctly, the measured results from the model were validated
with theoretical lateral and yaw angles of wheelsets for ideal curving.

Firstly, the mathematical representation of the moderating effect of wheelset active steering
control on the influence of wheelset motion dynamics on the traction power consumption of
the traction system was illustrated to show the link between the wheelset motion dynamics and
the traction power. Secondly, the moderating effect of wheelset active steering control on the
influence of wheelset motion dynamics on traction power consumption was graphically
represented. Finally, the correlation between wheelset dynamics and traction power were
identified using statistical analyses. Furthermore, the effectiveness of wheelset active steering
control strategies 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
Benefits of Wheelset Active Steering on the Traction

Energy Consumption

The results from chapters 3 and 4, energy dissipated between wheel and rail, traction and
steering energy, are quantified. Additionally, the influence of controlled yaw torque on energy
dissipated between wheel and rail and consequently traction and steering energy consumption
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 and to improve the sustainability of
railway systems. Researches have studied the active wheelset control to 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 operating 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 wheel-rail. This chapter analyses the
data from the active and passive 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 benefits of 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 Passive Railway Vehicle

In order to focus attention on the dominant and therefore relevant area related to railway
vehicle energy demand reduction, it is necessary to first get an overview of the quantity of
energy distributed inside the vehicle. Therefore, the current section contributes to our
knowledge by addressing three important points. First, quantifying the total energy

consumption of the traction system, second, quantifying the energy required to overcome train

127



motion resistances, and finally, quantifying the dissipated energy across contact points
between wheel and rail. The findings of this section will help to develop a strategy to reduce

this energy loss.
7.2.1 Quantify the Passive Vehicle’s Traction Energy Consumption

Knowledge of the quantity of energy consumed by the traction system is important for reasons
of cost effectiveness and environmental impact in order to develop a strategy to reduce this
energy consumption. Therefore, the present section is designed to determine the quantity of
total traction energy, traction energy losses, and energy needed to overcome the motion
resistances of the rail vehicle and their dependence on track curvature, wheel conicity and
vehicle speed. As a result of the numerical calculations carried out, the total traction energy,
traction energy losses, and energy needed to overcome motion resistances of the passive
vehicle (Chapter 3) were obtained. To compare the energy consumption, the results are
presented in Table 7-1. In this table, the right-hand half of the top row (coloured green)
quantifies the energies mentioned above, while the left-hand side shows curve radii, vehicle
speeds and cant deficiencies for 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

Curve Radii | Vehicle Speed Cant Deficiency Traction Energy Motion Resistance Traction Losses
(m) (km/h) (mm) (kwh) (kwh) (kwh)
Wheel Conicit 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 simulation results show that the energy needed to overcome train motion resistances is
slightly different from the traction energy. This difference comes from the traction losses.
Traction losses comprise inefficiencies in the converters, the electric motors and the
transmission system. Speed and power range, and also duty cycle may have an impact on the
efficiency of these components. Recent reports show that the efficiency of traction converters
(mainly GTO and IGBT), DC traction motors, induction traction motors, and also gear systems
are 98.5-99.5%, 90-94%, 93-95%, and 96-98%, respectively (Gonzélez-Gil, Palacin, Batty, &
Powell, 2014).

This study has shown that the characteristic of resistance to motion directly influences the
traction consumption for railway vehicles. The above results show that the traction energy
increases as the motion resistance increases. For example, for curve radius 1000m and conicity
0.15, with a balanced speed of 112 km/h, the traction energy was 0.73 kWh, when the speed
was increased to 140km/h and 151 km/h, the traction energy was 1.14kWh and 1.38kWh

respectively, meaning that the energy consumption around doubled at the highest speed.

These increases were due to a strong positive correlation between traction energy and vehicle
motion resistance energy. Furthermore, a positive correlation was found between motion
resistance energy and train vehicle speed. For example, when using the same conicity, curve
radius and speeds as the example above, the results for train motion resistance showed the
same pattern, with the highest speed producing a value of 1.37kWh, which is again more than
the motion resistance energy obtained for the speed of 112km/h, which was 0.72kWh.

On the other hand, a significant negative correlation was observed between motion resistance
energy and low conicity. Again, with the same speeds and track curve radius as above, but
using two wheels conicities (0.15 and 0.08). The results for traction energy showed an increase
as the speed increased for both conicities, however, using the conicity of 0.08 the energy value
was higher than conicity 0.15 for any speed. For balanced speed, both conicities produce an
approximately equal result for traction energy of wide curves such as 2000m and 1500m. For
instance, on a 2000m curve the traction energy is 1.3kWh for both conicities and 1.03kwWh for
1500m, while this increased for conicity 0.08 on smaller curves such as 1000m and 500m. For
example, on a 500m curve traction energy at balancing speed is 1.33kWh for conicity 0.15 and

2.84kWh for conicity 0.08. However, for the highest speed for all cases, the traction energy
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increases again for both conicities, with conicity 0.08 introducing a larger increase than

conicity 0.15.

To assess the influence of the curve radius on the traction energy, the results for balancing
speed will be presented here. For curve radii 2000m (162km/h), 1500m (137km/h), 1000m
(112km/h) and 500m (79km/h) the traction energy values become smaller as the curve radius
decreases, for example for wheel conicity 0.15 (1.3kWh, 1.0 kWh and 0.7kwWh). However, for
curve radius 500m traction energy consumption increases to 1.3 kWh. Similarly, with wheel
conicity 0.08, the traction energy decreases as the curve is reduced with balance speed, while
conversely, the energy re-increases from the curve of 1000m as can be seen in Figure 7-1.
Generally, the correlation between the traction energy and the curve radius is negative, when
the track radius become smaller the traction energy becomes higher. However, the results
appear to show a positive correlation for the three largest curve radii as can be seen in Table
7-1 (largest curve with highest cant deficiency leads to largest traction energy consumption),
because the effect of the train motion resistance is a combination of different resistances and
the effect of the aerodynamic resistance is bigger than the effect of the contact forces on the

curve, therefore giving the shown result.
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Figure 7-1 Traction energy with different track radius and wheels conicities for balanced

speed

Based on these simulation results, the next section will quantify the distribution of motion
resistance energy in order to understand the way in which the train motion resistances impact

on traction energy consumption. Motion resistance energy demand falls into two main
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categories: energy required to overcome inertia (i.e. accelerating the train and grade

resistance), and energy needed to overcome running resistance (friction and drag).
7.2.2 Quantify the Distribution of VVehicle Motion Resistance Energy

The knowledge of the quantification of energy distribution across train motion resistances is
important for understanding the way in which the vehicle motion resistances impact on traction
energy consumption. Therefore, this section initially aims to determine the values of curve
resistance energy, and total motion resistance. Additionally the percentage of curve resistance
energy from the total motion resistance energy is shown in Figure 7-2. The overall

measurement results are summarised in Table 7-2

Table 7-2 Quantification of train motion resistance energy and curving energy

Curve Radii | Vehicle Speed Cant Deficiency Motion Resistance Curve Resistance
(m) (km/h) (mm) (kWh) (kWh)
Wheel Conicit 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

Considering Table 7-2, which quantifies the distribution of vehicle motion resistance energy,
it can be concluded that the energy expended at wheel-rail contact patches is significantly
influenced by vehicle speed, conicity of the wheel, and curve radius, whereas the energy
needed to overcome aerodynamic resistance is significantly influenced by vehicle speed. By
contrast, the energy used by bearing and acceleration resistance does not correlate with the
vehicle speed, conicity of the wheel or curve radius. The contact energy increases as the
vehicle travels faster than balancing speed on a curve (described as cant deficiency). The result
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shows that the tightness of the curve, especially when the vehicle is running at a higher than
balanced speed, is proportional to energy dissipated in the contact patches. In the next section,
the numerical values will be quantified in detail. Consequently the energy consumed by the

traction system is increased.

The following bar charts, Figure 7-2, give a very clear impression of the percentage
distribution of the components. Therefore, one can evaluate how the share occupied by energy
dissipated between wheel and rail is impacted by the speed of the vehicle, and how much it
depends on the wheels’ conicity and track curve radius.
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Figure 7-2 Percentage distribution of the curve resistance energy to motion energy consumption
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Energy consumed by the vehicle is grouped into four broad categories. The first category, and
by far the largest at high speed, is the energy needed to overcome aerodynamic drag. The
aerodynamic drag is important, not only for energy considerations but also for noise reduction,
safety of high speed operation, and passenger comfort (Solomon, 2016, p. 42). This force
depends on the square of the instantaneous speed and on the air density; it does not depend on

the train’s mass or wheel-rail profile.

The second category, which is the energy needed to overcome bearing friction, is relative to
the train mass. Along the whole route (straight and curved) this energy is assumed to be
proportional to the train’s mass in this study. However, on curves, the energy required is
proportional to the mass and to the distance travelled, and inversely proportional to the curve

radius.

The third category is the energy dissipated in increasing speed (when the vehicle is
accelerating). This energy depends on the vehicle’s mass, the rotating masses and the distance
between stops. However, if the train has regenerative braking, some of this energy can be

recovered: either to be used by other trains, or to be returned to the public power network.

The fourth major category of energy is central to the aim of this study: energy dissipated due
to forces at the contact patch between wheel and rail. This energy includes two components:
the first one is energy dissipated at the tread area, while the second is energy dissipated at the
flange contact area. The contact energy is inversely proportional to the curve radius and
proportional to speed increases; this will be investigated in the following sections.

Again considering curve radius 1000m, the vehicle motion resistance energy rises from
0.72kWh, to 1.13kWh then to 1.37kWh with increasing speeds of 112km/h, 140km/h and
151km/h respectively. With conicity 0.15, the percentage of curving resistance energy from
the total motion resistance, with the balanced speed (112km/h) represents 1.8%, with vehicle
speed of 140km/h it represents 6.8% and with 151km/h it is 11% while with conicity 0.08 it
represents 28%, 32% and 53%. The motion resistance energy without curve energy represents
89% and 47% at 151km/h with conicity 0.15 and 0.08 respectively. However, while the
percentage of the total motion resistance energy represented mainly by aerodynamic energy,

changes dependant on the wheel conicity for speeds above balanced speed, the actual values
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are not changed. For example, at radius 1000m, speed 151km/h, the motion resistance without
curving resistance energy is approximately 1.2kWh for both conicities but the percentage
share changes from 89% to 47%. The change in percentage is due to the influence of contact
energy which dramatically increases dependant on wheelset conicity, in the case mentioned,
it increases from 0.14kWh (conicity 0.15) to 1.30kWh (conicity 0.08) therefore taking up a
larger percentage share, increasing from 10% to 35% of the total motion resistance energy

when the conicity is changed.

For the curve radius of 500m the energy dissipated during curving is above 50% of the total
motion resistance, at speeds of 79km/h, 97km/h and 108km/h with conicity 0.15, while
curving energy is 0.38kWh, 0.56kWh and 0.68kWh and motion resistance is 0.82 kWh, 1.17
kWh and 1.37 kWh respectively. In contrast, the curving energy with conicity 0.08 is 1.07kWh
at balanced speed and at higher speeds of 97km/h and 108km/h the energy dissipated is
1.39kWh and 1.85kWh while the total motion resistance is 1.46 kWh, 1.94 kwWh and 2.47
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 in Figure 7-2.

Summing up the results, the following points emerged from the present investigation:
changing of the forward speed, wheel conicity and track curve radius affects the wheel-rail
contact energy; however, the aerodynamic energy is affected only by vehicle speed, while
altering the above-mentioned parameters has no effect on inclination energy, acceleration
energy or bearing energy. One of the more significant findings to emerge from this study is
that the curve energy resistance from total motion resistance value becomes directly
proportionally significant to speeds and significantly inversely proportional to the curve

radius.

The curve energy in some cases is significantly high whereas in other cases curve energy is
relatively small. When varying the speed, wheel conicity and track curve radius, it appears
that energy dissipated at the tread contact zone remains small, whereas the energy dissipated

in the contact between wheel and rail at flange contact zone varies.

To sum up, the results in Table 7-2 show the contribution of contact energy to 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 curve radius becomes tighter. In addition, the low
conicity of the wheel (0.08) leads to increased energy dissipated at contact points between

wheel and rail.

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.
Wheelset steering active control strategies are becoming more widely researched. Based on
the recent research results, they are capable of reducing noise, contact fatigue and wear, thus
reducing the overall maintenance cost as well as providing advantages for riding comfort. But
the questions now are: first, is the wheelset active steering control system able to save energy
by reducing the energy dissipated between wheel and rail? Second, how much energy can be
saved? Therefore, to answer those questions, the energy consumed by the passive and active

systems are quantified and then compared.

As a result of the carried out numerical calculations, the total traction energy of the passive
system, the traction energy of controlled wheelset, and the energy consumed by wheelset
active steering control actuators were obtained. To compare the energy consumption, the
results are presented in Figure 7-5. The knowledge of the quantity of energy dissipated at
contact patches is important in order to measure the effectiveness of the proposed control

method.

Figure 7-3 and Figure 7-4 quantify the effect of reducing contact energy consumption with
wheel conicity 0.15 and 0.08 respectively. The figures show the energy required 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 resistance, this does not include
curving resistance (represented by the green colour), the lower part includes curving resistance
(represented by the orange colour). The chart shows the general picture of the cases where the
wheelset active control system has a useful effect on reducing the energy dissipated between

wheel and rail.
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Figure 7-3 The effect of wheelset active control on wheel-rail friction energy with wheel conicity 0.15
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Figure 7-4 The effect of wheelset active control on wheel-rail friction energy with wheel conicity 0.08
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The figures also show that there is a negative correlation between wheel 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 radius. This 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,

significantly responding to any increase to vehicle speed.

From Figure 7-3 and Figure 7-4, it can concluded that three factors, if combined, will increase
the probability of high energy loss at wheel-rail contact points. These factors are small track
curve radius, low wheel conicity and high vehicle forward speed. The control system has a
high ability to reduce friction energy between wheels and rail, though there are differences in
whether the three factors mentioned above are combined or separate. In the passive system,
these factors act independently in terms of energy consumption, while when using active
steering the effects of the different factors are largely neutralised, with energy consumption
remaining stable across the different simulations. For 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 reduced 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
(0.062kWh) 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 small values and these values are equal as can

be seen in Figure 7-3 and Figure 7-4.

The previous discussion has shown the ability of wheelset active steering to save energy by
reducing the energy dissipated between wheel and rail. The following discussion quantifies

how much energy can be saved from the traction system.
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The bar chart in Figure 7-5 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. The top 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, 155 km/h, 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 consumption 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. These black bars are
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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Figure 7-5 Comparison of Energy consumed in the Passive System and both wheelset active steering control systems.
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Simulations have been carried out with 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
differences between 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 curve. 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 at wheel-rail
contact points 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 balanced speed of 137 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 energy in all cases, 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 applying the active 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. Generally, the wheel-rail
contact energy is reduced but still not significantly with different values depending on
wheel conicity and cant deficiency as shown Figure 7-5.

3. CUR 1000: With this curve radius and using conicity 0.08, the control wheelset steering

strategy 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: From Figure 7-5 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. It reduces the level of traction energy consumption of both to the same level
for each wheel conicity case. For example, the traction energy of the passive vehicle
when the cant deficiency is 125mm for 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 inevitable consequence 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.
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Figure 7-6 Traction energy consumption after applying wheelset 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 conicity. 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 reduction 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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compared to the traction energy consumption, the maximum consumption of the steering
system for all cases is 0.0099kWh. The evaluation of the benefit of implementing wheelset

active steering control systems on the traction energy consumption is presented in section 7.5.

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 active control 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 the effectiveness
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.
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Figure 7-7 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 was added 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). When the active 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 strategies; presented a
detailed evaluation of different active steering schemes, actuation arrangements and control
approaches; discussed the critical safety and reliability issues; and considered the advantages

to describe the principles and advantages of the actively controlled wheels.

Numerous studies have attempted to present the development of active control strategies for
railway wheels and wheelsets. (Bruni et al. (2007); Mei & Goodall, 2003c) offered a review
of different active steering schemes, actuation arrangements and control approaches by
combining a number of studies that addressed different practical and design issues. They not
only described the major problems in the development of active controllers but also shown
how they can be mitigated. Additionally, these authors have also discussed a number of
aspects, for example, the critical safety and reliability issues, also they consider modern design
methods and techniques for the development of a fault-tolerant wheelset active steering

control system.

While many researchers have examined different methods and configurations, generally it has
been shown that railway vehicle active control offers an answer to the conventional passive
vehicle’s compromise between stability and curving performance. All active control strategies
offer highly improved curving performance, with the possible addition of better ride quality.
An additional benefit, illustrated by (Kim et al. (2008); Sim et al., 2014) is wheelset active
steering control system for railway vehicles designed to reduce wheel/rail contact forces in

curves and to decrease wheel/rail wear. Mei 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 the wheel-rail interface and also
minimised the track shifting forces on curves. Javier Perez et al. (2006) studied the benefits
of implementing wheelset active steering control systems in railway vehicles for the
mitigation of RCF on rails. The actuation requirement was evaluated by (Bruni et al. (2007);
Mei & Goodall, 2003c; Mei, Nagy, Goodall, & Wickens, 2002) who found that on one hand,
the actuation requirement for curving is relatively low, but on the other hand the control effort
is more significant when the vehicle speed is high and the control action is needed to deal with
track irregularities. The above-mentioned authors demonstrated that because of the low
actuator velocity, the average power was fairly low overall. They also showed that the required
power to steer the active solid-axle wheelset was a few hundred Watts, and around one tenth
of that for independently-rotating wheels. They concluded that wheelsets with independently-
rotating wheels, rather than solid-axles achieved the best performance. Additionally, the
control design was less demanding, and a better ride quality may be achieved, with reduced
actuation requirement. Table 7-3, as compiled by Bruni et al. (2007) shows the requirement
when the maximum control force or torque is determined by random 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).

Table 7-3 Wheelset active steering control actuation for active primary suspensions Bruni et

al. (2007)

Reference Track Torque/force Actuator Speed Power Notes
requirement requirement

(Mei & Goodall, | Random | ¢ _ 19 |nm (rms) 0.035—0.085 rad/s ( rms) Range of values

2000b) for different
3065 kNm (peak) control strategies

(Mei & Goodall, | Random | ¢5_g kNm(rms) 0.02 — 0.04 rad /s(rms) Range of values

2000a) for different
30 — 70 kNm ( peak ) control

parameters

(Mei etal., 2002) | Random 12.5kNm ( rms) 0.035rad /s 0.5kw Yaw actuation

(Meietal., 2002) | Random | 1ggkN ( rms) 0.14mrad 2.6kW Lateral actuation

(Mei etal., 2002) | Curve 0.12 kNm ( max) Yaw actuation

(Mei etal., 2002) | Curve 0.8kN (max) Lateral actuation
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A valuable conclusion of the study as shown in Table 7-3 is first that that the torque demand
is relatively high, and second that the average actuator power requirement is relatively low
because of the low actuator velocity. According to the work of Mei et al. (2002), presently
available actuators cannot generate high torque/force at low velocities; therefore rather than
basing one’s selection of actuators on the power requirement, the torque/force requirement

may determine the selection, unless actuators can be designed to consider both requirements.

In summary, the power consumption of actuators is low and active control mitigates the wear
problem at the contact patch between wheel and rail, in addition, the active control of
independently-rotating wheelsets is easier and better. Mei and Goodall (2003c, p. 432) state
that:

the potential offered by active schemes is large, and it seems most likely that
active steering techniques will progressively become incorporated. The major

hurdle is related to safety and reliability

In addition to this statement, the impact of active steering control on the overall energy
efficiency of a vehicle has still not been considered. This thesis attempts to provide a more
detailed evaluation regarding the effects and benefits of implementing wheelset active steering
control systems in terms of the mitigation of wheel-rail contact forces and how this mitigation

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 efficiency 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.

Figure 7-5, section 7-4 shows the comparison of the traction energy reduction with the passive
vehicle using the two wheelset active steering control strategies. Considering all simulation
results, compared 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 curving performance 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 reduction; therefore explaining how controlling
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 chapter has presented the influence of wheelset active steering control on
energy dissipated at contact points between wheel and rail and consequently on the traction
energy. In order to quantify how much energy can be saved by using active control, the energy
consumed by the passive and active systems were quantified and then compared. These results
are shown in Figure 7-2. Some variations were found in the performance of the active system,
in order to explain this, the relationships between the energy dissipated in the contact patches
between wheels and rails and the traction and steering energy consumption of the railway
vehicle were determined. Finally, the benefit of implementing a wheelset active steering
control system in terms of the mitigation of contact forces between wheels and rails and how

this mitigation influences traction energy consumption was evaluated.
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Chapter 8

Conclusions and Future Work

The key conclusions of this study are summarised and presented in this chapter, beginning

with a summary of key research findings. This is followed by a summary the author’s key

contributions to knowledge. Finally, recommendations are made for future research avenues

assessing the benefit of applications of a wheelset active steering control system, and for

further improvements of the scheme developed in this thesis.

8.1 Key Research Findings

To check that the dynamics of the passive vehicle model were performing correctly, the
measured results from the model were validated by comparing the Simulink model result
with Boocock (1969), who designed a steady-state motion of railway vehicle on curved
path model, which is comparable to the validity of the vehicle behaviour. The findings
showed that simulation results for lateral displacement agreed well with Boocock’s model
(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 available in the lab, therefore;
experimental tests were undertaken on an actual two-induction motor driven by FOC. The
first induction motor power is 4kW and the second motor 15kW. In those tests, the motors’
speeds, electromechanical torque, stator current and terminal voltage were measured.
Those measurements were compared with two Simulink models simulating the 4kwW and
15kW motors. The comparison between simulation and experimental results validated the
model of the whole induction system of 4kW and 15kW. Therefore, we assume that 900kW
is also valid.

The findings for assessing the influence of active steering on the relationship between the
traction power and the wheelset motion dynamics shows that different combinations of
vehicle speed, wheelset conicity and track curve radius have a range of results, from a
massive reduction in traction power when using the active solution, to a negligible
reduction in traction power consumption. Additionally, the probability of the occurrence

of high power consumption under different conditions was assessed to ensure that power
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consumption is reduced wherever possible.

Three aspects of train driving resistance were investigated as part of this study: energy
dissipated at the wheel/rail contact patch, vehicle traction energy and steering energy
consumption. The result showed that tightness of the curve is proportional to energy
dissipated in the contact patch and consequently the energy consumed by the motor. In
addition, when the speed is relatively high, both contact patch energy and traction energy
consumed are also high. The simulated results show the influence of the railway vehicle
dynamic behaviour on the energy dissipated between wheels and rails, and consequently,
its effect on the energy consumption of the AC motors.

An important finding was that, in addition to the curving performance of the wheelset of
the vehicle, the potential energy reduction benefits of active wheelset control were assessed
for the proposed scheme. The results showed that the proposed strategy was effective at
managing this energy reduction in the majority of the cases. The finding for quantifying
how much energy can be saved by using active control showed that active wheelset control,
when used on the combination of cant deficiency and low conicity, produced the best
possible energy saving.

Despite the benefits from improved running dynamics that active steering provides, authors
such as Mei & Goodall (2003c, p. 432) have stated that safety and reliability can be a major
issue in the implementation, and the associated cost is a significant factor. The potential
energy savings identified from work in this thesis provide an additional financial

motivation for the use of active steering.
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8.2 Contribution to Knowledge

The research project utilised a novel feature not previously applied by other researchers, which

is summarised below.

e Although modelling the railway vehicle including an electric traction motor is not new,
incorporating the bogie 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 vehicle. The developed scheme based on the energy
efficiency of a railway vehicle as investigated by this model, is not found in the present

literature.

e The application of association analysis to assess the effectiveness of wheelset active
steering control strategies on reducing traction power has not been undertaken 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 conicities and 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

e The author believes that this is the first study to apply and compare passive steering 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 and rail when implementing an active

wheelset steering strategy.
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8.3 Recommendations for Future Work
Recommendation One:

This PhD was unable to validate the model experimentally, however the model is validated
with the theoretical model provided by Boocock (1969). Fully validating the model using
an experimental set up was not possible due to constraints in time, funding, availability of
an expert team etc. Therefore, experimental 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
systems. While validating against a 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, the license 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 forces in order to 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 (correlation coefficient). 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 energy. Additional valuable information could be obtained if other advanced
statistical analysis schemes were used. This could 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 demonstrated the potential of a strategy used to steer a wheelset to reduce
traction energy consumption. However, obtaining more detailed information about the
effectiveness of wheelset steering control on saving energy consumed by the traction
system can be enhanced 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 research should
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 actively steered wheelset
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. No work has been found regarding

the advantages of using this novel method of analysis.
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Appendix A

Table A- 1 Data used in numerical simulation

quantity Sl
a half of track gauge 0.7465 m
b, half of primary longitudinal spring and damping arm 0.978 m
b, half of the secondary longitudinal spring arm 1.21m
L, half of the primary lateral spring and damping arm 1.28 m
Lc longitudinal distance from wheelset centre of gravity to car body 9m
A wheel conicity 0.08 & 0.15
Iy nominal wheels rolling radius 0.4575 m
) flange clearance 0.00923 m
Dse superelevation angle of curved track 0.1 rad
| roll moment of inertia of the car body 75060 Kg m?
Iey pitch moment of inertia of the car body 2086 x 10°Kg m?
I, yaw moment of inertia of the car body 2086 X 10°Kg m?
Iy roll moment of inertia of the bogie 2260 Kg m?
Ipy pitch moment of inertia of the bogie 2710 Kg m?
Iy, yaw moment of inertia of the bogie 3160 Kg m?
Ly roll moment of inertia of the wheelset 915 Kg m?
lwy spin moment of inertia of the wheelset 140 Kg m?
Lz yaw moment of inertia of the wheelset 915 Kg m?
m. car body mass 34000 Kg
mg bogie frame mass 3000 Kg
my, wheelset mass 1400 Kg
fi1 lateral creep force coefficient 10.2 X 10° N
fio lateral/spin creep force coefficient 3120 Nm?
f33 longitudinal creep force coefficient 15 X 10°N
U coefficient of friction 0.15
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Appendix B

Coordinate Transformations

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 system. This is given by rotating the rail coordinate system

with angle ¢ around its own x axis. This rotation changes the rail coordinate from (X,,Y,,Z,)
to(X",Y",Z"). Let’s set the canonical basis for the (X,,Y,,Z,) and (X",Y",Z") coordinate
system to be (exr,eyr,ezr) and (e:,e;,e;). The matrix T,that switches the rail coordinate to
(X*,Y",Z") coordinates is the coordinate matrix for (&€&, ) With respect to the basis

(e* e e*) which is:

X1Vyrvz

1 0 0
e =0 e, =| cos¢ e, =|sing (B-1)
0 —sing CoS ¢
1 0 0
T,=|0 cos¢ sing (B-2)
0 -sing cos¢

C

< *
Left I | Ye X X Right

Figure B- 1 Rotate the angle ¢ around X

then rotating the (X™,Y",Z") coordinate system y around z axis and results in the wheelset
coordinate system. The matrix that switches (X*,Y",Z")coordinate to wheel coordinate

system(X,,.Y,.Z,) is the coordinate matrix for (e;,e;,e:)with respect to the basis (e, €, )
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cosy siny 0

e, =| —siny e, =| cosy e,=|0 (B-3)
0 0 1
cosy siny 0
T,=|-siny cosy O (B-4)
0 0 1
Left
y A AY
w
W
XW
\/VVV'
Z,® ot
Z
Right

Figure B- 2 Rotation y around z

The matrix that transforms the rail coordinate system to wheelset coordinate system is:

cosy siny 0]|1 0 0 1 w O
Wl =T,T,=-siny cosy 0|0 cos¢g sing|~-wv 1 ¢ (B-5)
0 0 1{|0 —sing cos¢g 0 ¢ 1

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 (e,,e,,e, ) with respect to the basis (e,,.e,,.€,,) is:

1 0 0
e, =0 e, =| Cosg, e, =| —sing, (B- 6)
0 sin ¢, COS 9,
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Therefore

1 0 0
WJJg=|0 coss, —sing, (B-7)
0 sing, coso,
1 0 0
e, =0 e, =| COsJ, e, =| sing, (B-8)
0 —sin g, COS J,
Hence
1 0 0
Je =0 coss, sing, (B-9)

0 -sing, coso,

Figure B- 3 Contact coordinate system

The transformation matrix from contact coordinate to rail coordinate is:
1 —wycoso, wsing,
y cos(S +¢) —sin(s +9) (B- 10)
0 sin(+¢) cos(d+¢) |
1  -ycosd, —ysing, |
y cos(s,—¢) sin(S, —¢) (B- 11)
0 -sin(s,—¢) cos(6, —¢)
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Appendix C
Creepages’ derivation

As previously defined, these coordinate systems are contact(X,,Y,,Z,), wheelset(X,.Y,.Z,)
and track (X;,Y;,Z,) respectively. It is essential to calculate the velocity in reference to
(X..Y.,Z.), velocity of the contact point related to the rail, so as to derive the creepages for

all points on the wheels.

The speed of contact points comprises two components. First, the translational velocity of
wheelset’s contribution, and second, the angular velocity of the wheelset’s contribution. This

is expressed as:

Vcontact :Vw,trans +Vw,rot (C'l)
The translational velocity of the wheelset’s centre of mass is
Vw,trans :V iT + y jT +Z kT (C-Z)

The wheelset’s rotational velocity is

Vw,rot = a)w x rc + a)w, frame x rw (C'3)

Where

@, =Pi. +Q J, +yrK, (C-4)

The vector with originating from the wheelset’s centre of mass to the point of contact is
re' =0.i, +a" j, —rky (C-5)
Where (a*, r) =(-a, ) for right contact point and (a*, r) =(a, 1) for left contact point.

Additionally, we have:
Dy, trame =0. iT _%Sinﬂ' jT —%COS@ kT (C-G)

The @, 4. IS because our original rail frame (X;,Y;,Z;) is constantly rotating with this

o, so as to track the curve and

w, frame

r,=0.i; +a"j; +0 k; (C-7)
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In Figure C-1, the terminologies 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(X,,.Y,,.Z,,).

- R

Figure C- 1 The curve parameters

v $| [0 0 y 0 0
_wrr |y wh T * rl VY G .
VC_WT.¥+ M 0+9 x[a |[+"T RS'”¢r x| a (C-8)
z 0| |y —r v
——CO0S ¢,
L R i
1 v, 0|V 1 w, 0)|d]| [0 0
VC= W, 1 ¢W . y + W 1 ¢W J01+]1 Q1 [x a* +
0 _¢W 1 z 0 _¢w 1 0 l// —r
1y, 0 0 (C-9)
W, 1 B, ——sing, |x|a’
0 _¢w 1 0
——COS ¢y
%cos(gﬁse
V+yy ¢ 0
Vo=| <V +92+ Y |+ 0-yd x| a" |+ _yav cos g, (C-10)
—py +2 y -l 0
VJrl//)'/Jrr(l//¢5—a))—c’:l*t/ﬁr%cowse
(C-11)

—py+2+a’g
Z,) we arrive at:

In reference to (X,,.Y,.Z,)and (Xg,Y,,
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Ie, 1 0 0 I

jCL =|0 COS(é‘I +¢w) Sin(é] +¢w) iT

k) \0 -—sin(5+4,) cos(5+4,)) K
Figure C- 2 Definition of wheelset coordinate System orientation (Rotation only)

Vyy e (ph-o)-ay + Zocosg,
V, =T"|  —yV +gi+y+gr —%cosqﬁse
—-Qy + z'+a¢3

Vrpy e (vh-o)-ap + 2 -cosg,
0 0 R

[EEN

vaVv

Il
o o

| —-sing,  CoS¢, —gy+2+a
. ; .av
\Y +l//y+r|(l//¢—60)_al//+?c05¢se

= (—(//V (1+%cos¢sej+¢z' + y+¢5r,jcos§, +(—gy+12+ag)sing,

—[—y/V (1+%cos¢sej+¢z' + y+¢3r,Jsin§| +(—¢y+2+ad)coss,
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\Y +V/y+ rr (V/é_a))+al/‘/_%cos¢se

V, =T"| N +g2+y+4r, +%cos¢se

—¢y+2-24
_ \Y +Wy+rr(W¢—W)+aW—ﬂCOS¢Se
1 0 0 VR
3 i 1 . o, g yav
=0 coss, -sing, YN + P71+ y+or + R CoS ¢, (C-13)

|10 sing,  coso, 4y +21—-ag

\Y +l//y+ I (W¢_w)+aw_%cos¢se

= (—y/V (1—%cos¢seJ+¢z' + y+¢r,]cosér —(—gy+2-ag)sing,

[—y/v (1—%(305%) + g2+ Y +gr, jsin S, +(~py+2-ag)coss.
sing,, ~ ¢, and cosg,, ~1since super elevation track angle ¢_is small and disregarding high

order products:

V —ar, —al/)+%

V, =| (~wV +y+dr)coss, +(2+ad)sing,
—(—wV +y+4r )sing, +(z+agd)coss,
(o3 i +(2 ad)eos -
V —ar, +al/'/—ﬂ
' R
V,, =| (—ypV + ¥ +dr, )cos s, — (2 —ag)sin s,

(—wV +y+gr )sing, +(2-ag)coss,
The vertical creepage tend to zero when no wheel lift is assumed. This leads to the relations

2+ag=(y+4r-yV)tang,

2-ag=(y+dr, —yV )tans, (C-15)

The right and left wheel lateral creepage is obtained by substituting (5.87) into the lateral

creepage equations

(y+4r —wV)secs,

Sy = v
(y+gr, —wV )secs, (C-16)
Sy = v
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Lastly, the spin creep terminologies are the variation around the normal to the contact plane

standardised by the velocity. Initially, we need to calculate the wheelset’s angular velocity
with respect to (X,,Y,,Z,).

1 0 0 é ¢
O =TV @, =|0 088, sing |-| o—yd|=| (0—yd)coss, +ysins, (C-17)
0 -—sing  cosg y —~(w—wd)sin s, +yrcoss,

1 0 0 é ¢
O = “T" @, =|0 €088, —sind, |-| -y |=| (0—yh)coss, —ysins, | (C-18)
0 sing,  cosd, y (@—-w)sins, +ycoss,
(V—ay'/+av)—a)rr (V+av,[/—av)—a)rr
lerx — R cI§rX — R
V V
as _ (y+4r. —wV )secs, as _ (y+4r, —wV)secs, (C-19)
ry V ry V
. —SiNd, + 7 CoS I, o ®SiN 8, + 7 COS O,
‘é:r,sp = v é:r,sp = V
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Appendix D

Table D- 1 Correlation coefficients of leading wheelset between traction power and wheelset

motion dynamics of passive and active systems with wheel conicity 0.15 and 0.08.

\I/_viigiggt Passive 0.15 Active 0.15 Passive 0.08 Active 0.08

R =2000m Y Y Pu Y Yn Pu Y Y Pu Y Y Pu

Y 1 0.627 | 0.451 1 -0.698 | 0.159 1 0.702 | 0.473 1 -0.670 0']é65

0 Vi 1 0.456 1 -0.167 1 0.459 1 -0.170
Pu 1 1 1 1

Y 1 -0.827 | 0.532 1 -0.800 | 0.468 1 -0.765 | 0.534 1 -0.736 | 0.464

40 Vi 1 -0.547 1 -0.491 1 -0.542 1 -0.478
Pu 1 1 1 1

Ya 1 -0.851 | 0.553 1 -0.757 | 0.546 1 -0.800 | 0.549 1 -0.743 | 0.539

85 Vi 1 -0.580 1 -0.576 1 -0.577 1 -0.574
Pu 1 1 1 1

Y 1 -0.854 | 0.558 1 -0.781 | 0.556 1 -0.781 | 0.595 1 -0.741 | 0.544

105 Vi 1 -0.589 1 -0.583 1 -0.564 1 -0.582
Pu 1 1 1 1

Y 1 -0.847 | 0.566 1 -0.740 | 0.543 1 -0.842 | 0.604 1 -0.739 | 0.550

125 Y 1 -0.597 1 -0.589 1 -0.600 1 -0.590
Pu 1 1 1 1
R =1500m Y Y Pu Y Yn Pu Y Y Pu Y Y Pu

Y 1 0.646 | 0.503 1 -0.684 | 0.169 1 0.724 | 0.545 1 -0.660 | 0.184

0 Vi 1 0.488 1 -0.170 1 0.516 1 -0.182
Pu 1 1 1 1

Y 1 -0.795 | 0.547 1 -0.743 | 0477 1 -0.726 | 0.544 1 -0.728 | 0.476

40 Vi 1 -0.555 1 -0.497 1 -0.544 1 -0.498
Pu 1 1 1 1

Y 1 -0.839 | 0.557 1 -0.748 | 0.538 1 -0.824 | 0.573 1 -0.739 | 0.539

85 Vi 1 -0.584 1 -0.580 1 -0.589 1 -0.579
P 1 1 1 1

Y 1 -0.841 | 0.562 1 -0.744 | 0.541 1 -0.769 | 0.559 1 -0.740 | 0.543

105 Vi 1 -0.590 1 -0.587 1 -0.484 1 -0.586
Pu 1 1 1 1

Y 1 -0.844 | 0.566 1 -0.740 | 0.546 1 -0.733 | 0.567 1 -0.738 | 0.548

125 | Yy 1 -0.596 1 -0.593 1 -0.442 1 -0.591
Pu 1 1 1 1
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Leading

wheelset Passive 0.15 Active 0.15 Passive 0.08 Active 0.08
R =1000m Yua Y Pu Y Y R Y Y Pu Y Y Pu
Yot 1 0.714 | 0584 1 -0.674 | 0.221 1 0.741 | 0.569 1 -0.653 | 0.261
0 Vi 1 0.570 1 -0.226 1 0.563 1 -0.258
P 1 1 1 1
Vo 1 -0.731 | 0.559 1 -0.734 | 0.463 1 0.429 | 0549 1 -0.722 | 0474
40 Vi 1 -0.545 1 -0.494 1 0.537 1 -0.497
R 1 1 1 1
Vo 1 -0.810 | 0.560 1 -0.741 | 0.542 1 -0.617 | 0.560 1 -0.725 | 0.539
85 Vi 1 -0.588 1 -0.587 1 -0.323 1 -0.585
Pu 1 1 1 1
Yot 1 -0.817 | 0.564 1 -0.742 | 0.545 1 -0.605 | 0.572 1 -0.730 | 0.545
105 | Vi 1 -0.594 1 -0.593 1 -0.313 1 -0.591
P 1 1 1 1
Vo 1 -0.825 | 0.568 1 -0.742 | 0.548 1 -0.589 | 0.583 1 -0.734 | 0.549
125 | ¥y 1 -0.599 1 -0.597 1 -0.311 1 -0.595
P 1 1 1 1
R =500m Yua Vi Pu Yo | Y Pu Y Vi Pu Yo | Y Pu
Yot 1 0.702 | 0.558 1 -0.680 | 0.329 1 0.685 | 0.668 1 -0.678 | 0.335
0 Vi 1 0.594 1 -0.309 1 0.779 1 -0.300
P 1 1 1 1
Yor 1 0.636 | 0.561 1 -0.722 | 0.450 1 0.695 | 0.625 1 -0.715 | 0.467
40 Vi 1 0.604 1 -0.482 1 0.721 1 -0.483
P 1 1 1 1
Yot 1 0.405 | 0.575 1 -0.724 | 0544 1 0.634 | 0.603 1 -0.719 | 0.545
85 Vi 1 0.531 -0.592 1 0.661 1 -0.590
P 1 1 1 1
Yo 1 0.356 | 0.582 1 -0.724 | 0.549 1 0.515 | 0.588 1 -0.719 | 0.551
105 | YV 1 0.489 1 -0.599 1 0.637 1 -0.598
P, 1 1 1 1
Vo 1 0.296 | 0.583 1 -0.727 | 0.553 1 0483 | 0.582 1 -0.715 | 0.554
125 | ¥ 1 0.438 1 -0.604 1 0.616 1 -0.602
P 1 1 1 1

171




Table D- 2 Correlation coefficients of trailing wheelset between traction power and wheelset

motion dynamics of passive and active systems with wheel conicity 0.15 and 0.08.

IVLZZ:Q(S Passive 0.15 Active 0.15 Passive 0.08 Active 0.08
R =2000m Yoo | Ve P | Yo | Vw P | Yo | Vw P | Yo | Vo Pi
Yur 1 -0.922 | 0.450 1 0.563 | 0.162 1 -0.884 | 0.478 1 -0.339 | 0.166
0 Va 1 -0.451 1 0.173 1 -0.478 1 -0.099
Pu2 1 1 1 1
Yo 1 -0.963 | 0.546 1 -0.772 | 0471 1 -0.930 | 0.542 1 -0.739 | 0.458
40 | v, 1 -0.553 1 -0.482 1 -0.554 1 -0.481
Pu2 1 1 1 1
Yar 1 -0.967 | 0.575 1 -0.757 | 0543 1 -0.947 | 0.569 1 0.749 | 0542
85 | Vi 1 -0.586 1 -0.575 1 -0.586 1 -0.576
Puz 1 1 1 1
Yoo 1 -0.966 | 0.582 1 -0.775 | 0.555 1 -0.876 | 0.613 1 -0.751 | 0547
105 | Vi 1 -0.595 1 -0.579 1 -0.558 1 -0.584
P2 1 1 1 1
Yo 1 -0.969 | 0.592 1 -0.754 | 0549 1 -0.859 | 0.609 1 -0.749 | 0.553
125 | ¥, 1 -0.603 1 -0.590 1 -0.588 1 -0.591
By 1 1 1 1
R =1500m Yua Ve P2 Yoo Ve P2 Yoo Ve Pz Yoo Ve P2
Yoo 1 -0.914 | 0.496 1 0.506 | 0.173 1 -0.873 | 0545 1 -0.335 | 0.187
0 Va 1 -0.500 1 0.194 1 -0.542 1 -0.083
Pu2 1 1 1 1
Yar 1 -0.957 | 0.558 1 -0.746 | 0.475 1 -0.920 | 0.556 1 -0.726 | 0.478
40 | Ve 1 -0.567 1 -0.495 1 -0.563 1 -0.501
Puz 1 1 1 1
Yar 1 -0.964 | 0.580 1 -0.758 | 0.542 1 -0.883 | 0.579 1 -0.749 | 0544
85 | Vi 1 -0.592 1 -0.579 1 -0.600 1 -0.581
Puz 1 1 1 1
Yoo 1 -0.966 | 0.585 1 -0.759 | 0.545 1 -0.844 | 0554 1 -0.750 | 0.548
105 | Vi 1 -0.598 1 -0.586 1 -0.513 1 -0.588
Pu2 1 1 1 1
Yar 1 -0.966 | 0.591 1 -0.756 | 0.549 1 -0.823 | 0.564 1 -0.749 | 0552
125 | ¥V 1 -0.603 1 -0.591 1 -0.488 1 -0.593
Puz 1 1 1 1
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Leading

wheelset Passive 0.15 Active 0.15 Passive 0.08 Active 0.08
R =1000m Yoz | Ve Pu2 Yuz Va Puz Yuz Va Puz Yuz Va Puz
Yar 1 | -0.900 | 0.568 1 0.406 | 0.224 1 -0.866 | 0.457 1 -0.332 | 0.259
0 Ve 1 -0.569 1 0.200 1 -0.395 1 -0.104
P2 1 1 1 1
Yar 1 | -0944 | 0577 1 -0.728 | 0473 1 -0.939 | 0.548 1 -0.7118 | 0477
40 | Vi 1 -0.584 1 -0.494 1 -0.534 1 -0.500
Pu2 1 1 1 1
Yar 1 | -0.960 | 0.586 1 -0.753 | 0.547 1 -0.880 | 0.558 1 0.732 | 0545
85 | W 1 -0.601 1 -0.587 1 -0.517 1 -0.588
Puz 1 1 1 1
Yar 1 | -0961 | 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
P2 1 1 1 1
Yoo 1 | -0962 | 0595 1 -0.758 | 0.553 1 -0.784 | 0582 1 -0.741 | 0552
125 | ¥, 1 -0.610 1 -0.596 1 -0.444 1 -0.597
P,z 1 1 1 1
R =500m Yoo | Ve Pi Yoo | Ve Puz Yoo | Ve P2 Yoo | Ve P
Yar 1 | -0.838 | 0435 1 0.400 | 0.323 1 -0.164 | 0.292 1 -0.265 | 0.333
0 Vo 1 -0.348 1 0.268 1 0.406 1 -0.088
Pr2 1 1 1
Yao 1 | -0.878 | 0.49 1 -0.706 | 0.453 1 -0.762 | 0.485 1 -0.674 | 0.453
40 | Ve 1 -0.439 1 -0.487 1 -0.351 1 -0.491
P,z 1 1 1 1
Yarz 1 | -0953 | 0.567 1 -0.722 | 0.547 1 -0.922 | 0.608 1 -0.708 | 0.548
85 | VY 1 -0.562 -0.594 1 -0.610 1 -0.595
By 1 1 1 1
YV 1 | -0956 | 0574 1 -0.727 | 0553 1 -0.832 | 0.606 1 -0.710 | 0552
105 | Y 1 -0.570 1 -0.601 1 -0.582 1 -0.602
P, 1 1 1 1
Yao 1 | -0959 | 0580 1 -0.734 | 0559 1 -0.742 | 0599 1 0.712 | 0556
125 | ¥, 1 -0.577 1 -0.606 1 -0.481 1 -0.606
P,z 1 1 1 1
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Table D- 3 Quantify the Curve Resistance Energy of Passive and Active Vehicle

Ta

Curve Radii Vehicle Speed Cant Deficiency - Curve Resis.tance energy (k\_Nh) -
(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

ble D- 4 Quantify the Traction Energy Consumption of Passive and Active Vehicle

Traction Energy Consumption (kWh)

Curve Radii Vehicle Speed Cant Deficiency n ; - -
(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 The effect of wheelset active control on wheel-rail friction energy
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