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ABSTRACT

Railway transport is becoming an increasingly preferable transportation system
worldwide. Due to the demand and emerging technologies in the railway sector, more powerful
rail vehicles are produced. The recent development in power capacity of the vehicles enables
them reaching high torques in a short time. On the other hand, the traction ability of these
vehicles is limited by environmental conditions (i.e. rain, snow, leaves and mud) and human
influences. Because of the mentioned reasons, wheel slip becomes one of the most important
factors influencing the safety, traction performance and lifetime of the rail vehicles. Hence, this
work deals with the use of anti-slip control methods for rail vehicles. Initially, to give readers a
general picture of the research covered in the thesis, the adhesion and slip mechanism are
explained. Furthermore, the slip detection methods and slip control methods based on the
literature review are introduced. To verify the validity of the anti-slip control schemes, a
numerical model of a tram wheel roller rig that includes nonlinear effects caused by time delay
and disturbances to match the values of the experimental test setup has been generated using
MATLAB editor. The provided numerical model consists of a PMSM, an AM, a wheel, a roller
and two drive shafts. Freibauer and Polach adhesion force model has been employed to
determine the coefficient of adhesion and adhesion force taking place between the wheel-roller.
Five wheel slip control strategies -wheel slip control based on single threshold (WSCST), wheel
slip control based on multiple thresholds (WSCMT), wheel slip control based on angular
acceleration of wheel (WSCAA), PI wheel slip control (PI-WSC), and sliding mode wheel slip
control (SM-WSC)- are suggested. In addition to the simulation calculations, this work includes
an experimental part in which extensive experiments are carried out on laboratory test
equipment where the anti-slip algorithms are implemented and tested. The validity of the
developed numerical model is proven with the comparison of the simulation and experimental
results. The performances of all the wheel slip control methods are evaluated through the
mathematical model and experimental setup. The influences of different roller speeds and

control parameters are analysed via validated numeric model.

Keywords: adhesion, wheel slip, anti-slip, acceleration, roller rig, control, PMSM, sliding

mode.




NAZEV: Protiskluzova regulace trakéniho motoru Zelezniéniho vozidla

SOUHRN

Zelezni¢ni doprava se stava celosvétové preferovandj§im dopravnim systémem.
Vzhledem k poptavce a vznikajicim technologiim v Zelezni¢nim sektoru se vyrabéji hnaci
vozidla se stale vysSim vykonem. Nedavny vyvoj vykonové kapacity vozidel umoziuje v
kratkém case dosdahnout vysokych tocivych momentl pfi rozjezdu. Na druhé stran¢ je trakéni
schopnost téchto vozidel omezena podminkami prosttedi (tj. deStém, snéhem, listy a bahnem) a
ovliviiyjicich bezpecnost, trakéni vykon a zivotnost kolejovych vozidel. Tato prace se proto
zabyva vyuzitim metod protiskluzového ftizeni pohonu kolejovych vozidel. Nejprve jsou
vysvétleny mechanismy adheze a skluzu. Dale jsou uvedeny metody detekce skluzu a metody
regulace. Pro ovéfeni platnosti schémat protiskluzové regulace byl pomoci editoru MATLAB
vytvofen numericky model zkuSebniho laboratorniho zafizeni tramvajového kola, ktery
obsahuje také nelinearity. Uvedeny model se sklada ze synchronniho motoru s permanentnimi
magnety, asynchronniho motoru, tramvajového kola, kladky (rotujici kolejnice) a dvou hnacich
htideli. Jednu z nelinearit tvoii model mechanismu adheze. Zde je pouZit model Freibauera a
Polacha. Pro detekci a fizeni skluzu je pouZzito pét strategii (algoritmi): fizeni skluzu kol na
zéklad¢ jednoduché prahové hodnoty (WSCST), fizeni skluzu kol na zakladé vice prahovych
hodnot (WSCMT), ftizeni prokluzu kol na zakladé¢ Uhlového zrychleni kola (WSCAA), PI
regulace skluzu kol (P1-WSC) a metoda Sliding Mode Control (SM-WSC). Kromé¢ simula¢nich
vypocCtll prace obsahuje experimentdlni ¢ast, kde jsou provedeny rozsahlé experimenty na
zku$ebnim laboratornim zafizeni, kde byly uvedené protiskluzové algoritmy implementovany a
testovany. Platnost vyvinutého numerického modelu je prok4zana porovnanim simulacnich a
experimentalnich vysledkii. Vyhodnoceny jsou vlivy riznych parametrli a chovani systému pii

téchto protiskluzovych metodach.

Klicova slova: adheze, prokluz kola, protiskluz, zrychleni, zkuSebni zafizeni tramvajového kola

a rotujici kolejnice, fizeni, PMSM.
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CHAPTER 1. INTRODUCTION

1 INTRODUCTION

The term of ‘Railway transport’ is defined as conveying people, livestock and general
goods using a vehicle mounted on a rail system. In the last century, the importance of railway
transport has increased considerably since it is an environmentally friendly and economical
mode of transport. The railway transportation systems are considered as an essential feature of
all modern economies. In developed countries, railway systems have 10% of the entire transport
network [1]. Furthermore, the railway is known as one of the safest methods of transportation.

Railway transport has become a more prevalent transportation system worldwide. In the
early age of railway transport, the power of rail vehicles was limited. Hence, sophisticated
vehicle control methods were not required. Due to the demand and emerging technologies in the
railway sector, more powerful rail vehicles are produced. The recent development in the power
capacity of the vehicles drive systems enables them reaching high torques in a short time. The
vehicles tractive effort is transferred to the rail in a small contact area that provides the vehicle
with an advantage due to the lower power losses caused by friction in wheel-rail contact [2]. On
the other hand, the traction ability of these vehicles is limited to environmental conditions (i.e.
rain, snow, leaves and mud) and human influences. Besides, it is a well-known fact that the
adhesion between wheel and rail decreases with the increase of the running speed under
contaminated surface conditions [3]. Hence, the wheel slip occurs when tractive effort exceeds
the available adhesion, whereas sliding occurs when the braking effort exceeds the available
adhesion. If the slip/slide reaches the high value, it causes severe wear of wheel and rail surfaces
increases mechanical stress in the system and affects stability. The presence of high wheel slip

is an undesired situation which reduces the safety, traction performance and wheel-rail lifetime.

It is a known fact that anti-slip control methods help to improve the traction performance
of vehicles. Moreover, vehicle safety largely depends on the development of such systems.

Therefore, the development of wheel slip protection systems becomes inevitable.

In the early age of railway transportation, the vehicles were equipped with the sander
which improves the adhesion conditions. However, the sanding increases 10 to 100 times the
wheel and rail wear [2], [4]. Thus, new strategies were sought out to be used for rail vehicles.
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CHAPTER 1. INTRODUCTION

After the 1980s, with the rapid development of automatic control strategies and electronic
technologies, the microprocessors with online processing were used for the detection of wheel
slip and torque adjustment [5]. The first developed wheel slip control methods are the re-
adhesion controller. The conventional re-adhesion control methods use the wheel slip speed or
acceleration criterions to detect wheel slip. The methods do not require exact information of the
wheel-rail contact condition for wheel slip detection and compensation of poor adhesion [5].
However, such strategies do not stop the wheel slip formation but suppress it. Due to the
requirements of the trains hauled by locomotives, more advanced wheel slip control strategies
are developed. The methods aim to stabilize the wheel slip at the peak of the slip curve to
establish the optimum utilization of the adhesion characteristic. Although there is a vast amount
of literature on both re-adhesion and wheel slip control strategies, there is still a need for further

investigations.
1.1 Purpose of the Thesis

Due to the reasons that have been mentioned earlier, re-adhesion control strategies and
wheel slip control strategies are studied in this thesis. Initially, the principles of the adhesion
and slip mechanism are summarised to give the reader a general picture of the research covered
in work. Besides, the available information in the literature about anti-slip protections systems
and control systems for the use of the railway vehicle is briefly introduced. Each technique is
investigated with its pros and cons for further development. After that, using information
gathered from the literature, efficient, practical and viable solutions are proposed for an anti-
slip control mechanism in this study. The algorithms are developed such a way that they are not
only stabilising the wheel slip but also help to establish better utilisation of the adhesion
characteristic regardless of the severity of contaminants between the wheel and the roller. To
verify the validity of the control schemes, A proper numerical model of a tram wheel has been
designed roller rig. The numerical model, which includes nonlinear effects caused by time delay
and disturbances, is generated to match the values of the experimental test setup. The model
consists of five main components: the mechanical model of the torsional system, the dynamic
model of the PMSM, dynamic model of the AM, the Freibauer/Polach adhesion force model,
and the anti-slip control model. Validation of the developed numerical model is carried out by

comparing the simulation results and experimental results. Moreover, the derived algorithms are
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implemented to both a full-scale tram wheel roller rig and its numerical model. It is expected

that the proposed algorithms would work well, under different wheel-roller contact conditions

(i.e. water, grease and water and grease), and the performance results of the refined algorithms

with the numerical model and experimental setup are in good agreement. Finally, the

performance of the wheel slip control strategies is evaluated through the validated numerical

model with various roller speeds and control parameters.

To conclude, the basic premises of this study can be summarised as follows:

(i)

(i)

(iii)

(iv)

(v)

(vi)

Summarising a large number of published studies on the wheel slip, adhesion and
slip control methods.

Reproducing a numerical model of the tram wheel roller rig in MATLAB
environment that can be used for performance evaluation of the wheel slip control
strategies.

Proposing algorithms to control the wheel slip mechanism and establishing
optimum utilisation of adhesion.

Validation of reproduced numeric model.

Verifying the functionality of proposed wheel slip control algorithms by either the
validated numerical model or experimentally obtained results from the tram wheel
roller rig.

Performance evaluation of the proposed wheel slip control algorithms with

different speeds and control parameters.
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2 THEORETICAL BACKGROUND

In this section, initially, the adhesion and slip mechanism are explained to give the reader
a general picture of the research covered in the thesis. In addition to this, the wheel slip detection
methods and wheel slip control methods based on the literature review are introduced with their

pros and cons.

2.1 Adhesion Phenomenon

The general scientific description of adhesion force is the attachment between two
contacting surfaces [6]. In tribological perspective, the adhesion is the force required to separate
two surfaces that are in contact and is usually used to describe how well surface coatings or
paints are bounded to surface they coat [7]. In railway terminology, the adhesion force is defined

as the maximum traction/braking force exerted during wheel-rail contact [8].

The adhesion is the fundamental phenomenon that influences the tractive and braking
performance of rail vehicles [2]. Hence, there is a vast amount of literature on the adhesion
phenomenon [8]-[14]. Fletcher and Lewis [9] analysed adhesion using twin disk machine. In
their research, they investigated slip-adhesion curve at a deficient level of slip (creep). Zhu et
al. [10] present an experiment performed with a mini-traction machine to investigate the
problem of low adhesion in wheel-rail contact for low speeds. However, the main limitation of
the studies mentioned above is that the adhesion tests were carried out for low speeds levels. In
Chinese National Traction Power laboratory, full-scale roller rig was used for the research of

adhesion at higher speeds [11].

In our study, a full-scale tram wheel roller rig, which is similar to the one used by Zhang
etal. [11], is used. However, in our setup, the vehicle is represented by a single wheel only, and
there is no real simulation of the suspension system or bogie frame. The design of the tram

wheel roller rig provides us with a wide range for adhesion research possibility.

The results obtained from the studies mentioned above allow the possibility to put

forward common laws about the process of the adhesion [15]:
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e The force of external friction is the basis of the adhesion;

e Itisimpossible to realise the adhesion in contact point without wheel slip;

e The coefficient of the adhesion decreases when the velocity of the vehicle increases
due to the dynamic characteristic of the wheel-rail interaction;

e The critical wheel slip, which corresponds to the point where the maximum adhesion
is observed, depends on the friction conditions of the contact;

e The coefficient of the adhesion decreases when the normal load increases;

e When the friction condition of the contact begins to get worse, the coefficient of

adhesion drops and critical slip is shifted to the zone of larger value.

The coefficient of the adhesion is usually represented by the ratio of the traction force
(T) and the normal force (N). The forces and velocities acting on a driven wheel are presented
in Figure 1. The coefficient of the adhesion can be calculated using Eq. 1.

Wheel Vi
.................................. +
Expansion \'72\ Contraction
T F
| € A\ N— W) |
Rail Contraction Expansion

Figure 1. The forces and velocities acting on a driven wheel.

T
= — Eq. 1
H=v q
where T is traction force, N is normal load force, and [ is the coefficient of adhesion.

The loss of adhesion between wheel and rail have serious influences on the traction and

braking effort of the vehicles. As it is mentioned below, poor adhesion causes wheel slip during
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the traction process and lead to the damage of wheel and rail [12]. Recently, various approaches
have been proposed to outline the reasons for the loss of the adhesion [3], [16]-[19]. Taken
together, these studies show that the loss of adhesion may occur due to the presence of water
(rain, snow, dew), oil, and leaf contaminants. Moreover, the temperature is another factor which

influences the adhesion.
2.2 Slip Phenomena

Slip is widely considered to be one of the most critical topics in vehicle dynamic and
vehicle traction control areas. The most common definition of the wheel slip in the railway area
is the normalised difference of the angular and longitudinal velocities of the vehicle. The wheel
slip occurs when the tractive effort of the vehicle exceeds the adhesion force, whereas sliding
occurs when the braking force exceeds the adhesion force. The main reason for the wheel
slip/slide is the adhesion force. During the slip/slide event, the contact between the wheel and
rail is not enough to transmit the provided traction/braking force supplied by the drivers. For the
longitudinal movement of the vehicle, the force produced by the vehicle motor is transmitted to
the rail via wheels. The forces that act on the wheel cause stress. The stress on wheel results in
contraction and extension on the wheel, which leads slip between the wheel and rail [20]. The

forces and velocities acting on a driven wheel can be seen in Figure 1.

The CoA is defined as a function of the slip at the contact point of the wheel and rail
[21]. Therefore, the slip must be well-defined. The slip velocity and relative slip (hereinafter is
referred to as wheel slip) can be calculated using the Eq. 2 and Eq. 3 as given below.

We=w"'T, — VU Eq. 2
Wy, —
s = ” Eq3

where ws is slip speed, vt is the vehicle longitudinal speed, w is the wheel rotational speed, rw is

wheel radius, and s is the wheel slip.

The curve showing the relation between the wheel slip and adhesion is indicated in

Figure 2. This curve is known as the slip-adhesion curve (slip curve) in railway terminology.
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When no tangential force is transmitted, wheel slip in wheel-rail contact is zero. This situation
is defined as “free rolling”. However, free rolling is not possible since the deformation between
wheel and rail causes a certain wheel slip [7]. The direction of rolling is the leading edge, and
the other side is the trailing edge. When the driving force of the vehicle motor increase, the
wheel slip starts to form from trailing edge and spreads toward the leading edge. The wheel slip
increases linearly to a certain point; meanwhile, sticking zone decreases and slip zone increases.
After reaching the peak of the curve, the wheel comes up to the full sliding region [7]. This point
is where the adhesion between the wheel and rail reaches the maximum. Moreover, the
coefficient of adhesion is assumed to be equal to the coefficient of the friction at the peak point
of the slip-adhesion curve. Therefore, the determination of the peak point of the slip curve is
one of the main aims of the current studies in the area of slip control [20]. Figure 2 is used for
showing the behaviour of the wheel-rail contact on the slip curve. However, it should be noted
that the coefficient of adhesion is always lower than the coefficient of friction due to the effects
of lateral forces, spin forces and uneven load distributions.

f() N [
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Figure 2. The slip-adhesion curve during the rolling [7].
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2.2.1 Problem Formulation

The adhesion is the function of the wheel slip, as mentioned in the above section. A
certain amount of wheel slip is required to transfer the tractive effort from the wheel to the rail.
As it is illustrated in Figure 3, the slip curve has a nonlinear characteristic. The area on the left
side of the peak of the slip curve is called adhesion zone and the area on the right side of the
peak is the slip zone. The adhesion zone is stable, and adhesion increases when the wheel slip
increases. On the other hand, the slip zone is nonstable part of the curve, and adhesion decreases
when the wheel slip increases. Most of the wheel slip control methods aim to keep the slip in
the stable part of the curve. While the goals of the optimisation method are to control the slip
toward the peak of the curve where the maximum traction effort is achieved at [22]. Therefore,
in this study, conventional and novel wheel slip control strategies are implemented to control
the wheel slip toward the peak of the slip curve. The operation zone of the controllers is limited
with the stable and the unstable parts of the slip curve near the maximum point [2]. The
behaviour of the slip curve depends on two essential factors that are the condition of the wheel-
rail contact and the vehicle velocity. Hence, the wheel slip control methods must be developed

considering the effect of different friction conditions and vehicle velocity.
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Figure 3. Slip-adhesion curve illustrating the characteristic of CoA under dry and wet contact
conditions.
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2.3  Wheel Slip Identification Methods

Identification of the wheel slip is one of the most challenging issues of the control
methods. The problem arises due to the unknown longitudinal velocity of the vehicle. Several
techniques have been proposed for identification of the wheel slip. Some of the techniques are

summarised as follows:

e Current-based wheel slip detection of the all-wheel driving vehicle [23]
e Using the speed difference of driven and non-driven wheels [24].

e Method based time-frequency analysis [25]

e Linear, nonlinear and Kalman filters [26], [27].

e Nonlinear observers [28], [29].

e Using global positioning Systems (GPS) [30].

e Use of the optical-based sensor [31].

Fast and accurate determination of wheel slip is critical for control algorithms since the
termination of slip starts right after the detection. The identification of the wheel slip on the
experimental tram wheel roller rig is straightforward. The wheel and roller angular speeds are
measured via rotary encoders that are mounted on the shafts. In the sequel of measuring, angular
velocities of wheel and roller are multiplied with their radii, subtracted from each other and
divided to reference speed. One can choose wheel speed, roller speed or the average of both as

the reference.
2.4  Wheel Slip Control Methods

Recently, various wheel slip control methods have been put forward to solve the issue
of high slip between the wheel and rail. Pichlik [2] classified the wheel slip control method in
two categories which are used for the electric multiple units (EMU) and the locomotives.
According to Pichlik, the wheel slip control methods that are used in EMU aim to prevent the
high value of slip velocity; thus these methods reduce the power loses and wear of the vehicle
wheels and rails. The wheel slip control methods for locomotive aim to achieve maximum
adhesion rather than preventing the wheel slip [24]. Kondo explains the reason for this

classification due to axle loads of the EMU and locomotive [32]. Since the axle loads of the
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EMU is lower than the locomotive, the adhesive region is too narrow to precisely control the
adhesion at the peak of the slip curve. The wheel slip control methods for EMU and locomotives
are the main interest of this work. Therefore, the current work deals with wheel slip control
algorithms in general. Frylmark and Johnsson have summarised the most common wheel slip

control methods, as indicated in Figure 4 [22]:

Neural
Networks
Model Based Speed
Controllers Difference
Method
St t )
tien Slip Control Hybrid
Gradient Statont Hybrid
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Fuzzy Logic Pattern
Controllers Control

Motor Current
Differences

Figure 4. The wheel slip control strategies [22].

Besides the strategies mentioned above, angular acceleration-based control methods and
PID (proportional, integral and derivative) control methods are some of the other control
strategies used for the slip control. The basic principles of the mentioned methods are described

in the following sections.
2.4.1 Wheel Slip Controller Based on a Certain Slip Threshold Value

This method is a conventional wheel slip control strategy that is known as pattern control
[33]. The wheel slip is detected when its value exceeds a specific threshold value. The torque of
the motor is reduced according to the specific pattern to prevent the wheel from the high slips.
Following this, the wheel slip value reaches a peak and deceleration starts. When the wheel slip
value gets lower than the threshold value, the torque drops stops, and torque starts to rise again.

The action of the controller takes place periodically until the bad track condition disappears.
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The advantage of this method is simplicity. However, the technique does not stop the wheel slip
but suppresses. Hence, the periodic oscillations and excessive torque drops can be listed as the
disadvantages of the technique. The correct setting of the control parameters is required to

reduce the effect of the described disadvantages.
2.4.2 Wheel slip Controller based on Motor Current Differences

The wheel slip controller based on motor current differences has recently been proposed
by Yamashita and Watanabe [34]. The conventional wheel slip control methods use the speed
sensor for detection of the wheel slip. This method provides detection of the wheel slip by
observing the motor current differences in a multiple motor drive. The wheel slip can be detected
in two ways. The first method is based on the constant flux control. If the flux is kept constant,
the motor slip frequency is proportional to the g-axis current component of the motor. The slip
frequency of each motor can be calculated using the vector control approach. The inverter
frequency and motor slip frequency are used to estimate the rotational speed of the motor. Time
differential of the estimated rotational speed provides the wheel axle acceleration by which
wheel slip is detected. The current difference in motors is the second method for detection of
the wheel slip. Reducing the cost of the controller, the probability of failure and the complexity
of the controller are the advantages of this method. On the other hand, this method does not
eliminate the wheel slip, but it suppresses. Thus, the control system suffers from the frequent
wheel slip oscillations and excessive torque drops. These can be listed as the drawbacks of the

method.
2.4.3 Wheel Angular Acceleration Based Wheel Slip Control Method

An alternative way of wheel slip control is the wheel angular acceleration-based control
method. It is also known as the acceleration slip regulation (ASR) method. ASR is widely used
in four in-wheel motor drive electric vehicles to improve acceleration performance [35]-[37].
Moreover, ASR is used in rail vehicles as a part of the hybrid wheel slip control method to
eliminate the disadvantages of the individual control methods [24]. The ASR method is
preferred due to its advantages. The advantages of the ASR can be summarised as follows:

e It does not need longitudinal speed information.
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e Adhesion measurement is not required.
e Implementation of the method is simple.
e The total cost is lower compared to other wheel slip control methods.

e The start of the wheel slip can be detected earlier.

The wheel slip is detected using the wheel rotational acceleration signal from the rotor
of the traction motor. If the acceleration signal exceeds a certain threshold value, the wheel slip
is deemed to have occurred. Thus, the torque of the motor is reduced to prevent wheel slip and
restore the adhesion. The torque reduction continues until the acceleration signal gets lower than
the threshold value. The action of the controller repeats until the adverse wheel-rail contact
conditions disappear [38]. Similar to the previously mentioned methods, ASR controller
suppresses wheel slip. Hence, excessive torque drops are the weakness of the conventional ASR

controller.
2.4.4 Hybrid Wheel Slip Control Methods

The hybrid wheel slip control methods are composed of two or more control methods.
The arrangements are developed to eliminate the disadvantage of the individual control strategy.
The hybrid control methods have higher efficiency than individual methods. Doh-Young Park
et al. [33] have proposed a hybrid wheel slip control method which is a combination of speed
difference, pattern and acceleration control methods. Each of the control strategies is activated
according to the different wheel slip levels [5]. The author claims that the proposed method has

the advantages of reducing wheel slip and improving traction performance.
2.4.5 Neural Network Wheel Slip Control Methods

Recently, there has been considerable progress in vehicle stability, handling and ride
comfort due to the number of the modern control theory application in vehicle dynamics.
However, the on-line determination of some parameters that are required for the control
application is challenging [39]. Neural Networks is an approach for estimating the parameters
that cannot be measured on-line, such as the adhesion coefficient [22]. Cirovi¢ et al. employed

dynamic neural networks for improving the control of the longitudinal wheel slip [40]. The
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nonlinear relationship between the brake actuation pressure and longitudinal wheel slip during
a braking cycle is modelled under the different braking condition and vehicle load states by
dynamic neural network method. The author claims in his work, the proposed method could be
employed for increasing vehicle safety, improving vehicle stability and keeping the wheel slip

at the desired level.
2.4.6 Fuzzy Logic Based Wheel Slip Control Methods

Highly nonlinear, time-varying, and complex nature of the slip curve makes the wheel
slip control a challenging task. In order to overcome the described difficulties, fuzzy logic
controllers have been offered to control the wheel slip [41]-[44]. The fuzzy logic modelling
provides managing the complex systems and representing complex relations by using a
linguistic approach. The mathematical model of the systems is not required for fuzzy logic
controllers. The expert knowledge in the form of linguistic rule and measured data are used to
develop fuzzy logic controllers [41]. Frylmark and Johnsson claim the major advantage of the
fuzzy logic controllers is that they can include experienced human expert linguistic rules,
describing how to design the slip control system. The linguistic rules are essential when access

to the measured data is limited [22].

The fuzzy logic controllers can be implemented to rail vehicles for various applications.
Bauer and Tomizuka [44] present two fuzzy logic controllers. The first one estimates the peak
of the slip curve and regulates the wheel slip at peak while the second one maintains the wheel
slip at the desired value. Garcia-Rivera et al. [42] have developed a nonlinear PD (proportional
and derivative) controller using rule-based fuzzy logic. Cheok and Shiomi [41] designed a fuzzy
logic antiskid controller using both linguistic rule-based on expert knowledge and measured

training data.
2.4.7 PID Wheel Slip Control Methods

The PID (proportional, integral and derivative) controller is the most common control
method in the railway industry [22]. The PID controller has a simple structure and does not
require a system model. The controller continuously calculates the error between the desired

reference point and measured process variable. The corrections are applied to the system based
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on the calculated error. There are several control tuning methods available in the literature for
the PID controller.

Aparow et al. [45] have implemented a conventional PID controller to deal with the
strong nonlinearity in the design of the anti-lock braking system(ABS) controller. A reference
slip value is selected from the slip curve as a control signal. In order to obtain the optimum
braking performance, the control signal is selected close to the peak of the slip curve. The results
that are presented in work show that the PID controller is a very useful controller for the ABS

control system.

The most critical part of the PID control is the reference wheel slip value. The maximum
point of the adhesion differs between dry, wet, and greasy rails. Since there are different
optimum points for each contact conditions, the stability cannot be guaranteed with the PID
controllers due to their linear characteristics [22]. Therefore, the PID controllers can be
combined with fuzzy logic systems and adhesion prediction systems to ensure the stability of

the process.
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3 METHODS AND METHODOLOGY

On-track tests of railway vehicles are challenging, time-consuming and expensive
processes. In keeping with the purpose of the study, the whole vehicle can be reduced to one
powered bogie or a single wheelset [46]. Since the dynamics of the drive system are the main
interest, a full-scale tram wheel roller rig is used for validation of the control algorithms. For
experimental tests, the vehicle is replaced by a tram wheel that is connected to a permanent
magnet synchronous motor with the rail being replaced by a roller connected to an asynchronous
motor. These substitutions differ from the real case. More detailed information about the

replacements and their effects are presented by Voltr [47] and Gerlici et al. [48].

In this thesis, the performances of the wheel slip control algorithms are investigated
using a full-scale tram wheel roller rig and its numerical model that is generated in MATLAB
editor. Therefore, in this section of the work, the structure of the experimental test stand is
explained, and the numerical model of the test stand that is built up based on the described

arrangement is clarified in detail.
3.1 Experimental Setup

The experiments are performed on the tram wheel roller rig, which was constructed by
VUKV (Vyzkum, Vyvoj a Zkusebnictvi Kolejovych Vozidel) and was renewed by the Faculty
of Transport Engineering for further research. The tram wheel roller rig is composed of three
main parts; a tram wheel, a roller, and a mainframe. The roller, which is manufactured from a
railway wagon wheel, represents the rotating rail [49]. A schematic view and photos of the full-

scale tram wheel roller rig are presented in Figure 5 and Figure 6.

Two rotating bodies (tram wheel and roller) are placed toward each other in a
perpendicular direction. The wheel is attached to a swinging arm where an air spring is located
on the top to provide vertical force to press the wheel toward the roller. The swinging arm allows
the movement of the wheel in the vertical axis, while relatively stiff guiding is provided in the
lateral axis. The roller is mounted in the bearings of the base plate that allows for setting the
angle of attack [46]. Traction is provided by a torque-controlled PMSM, type STM 225-524.
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The roller is connected to an AM, which keeps the system at a constant speed by providing
opposing torque.
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Figure 5. Schematic view of full-scale tram wheel roller rig measurement configuration [50].

Figure 6. The full-scale tram wheel roller rig [46],[51].

In order to measure the wheel and roller angular speeds, incremental rotary encoders of
type IRC315 are mounted on both shafts. The air pressure, which is provided to press the wheel

toward the roller, is monitored by a DMP331 type pressure transducer. The adhesion force
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between wheel and roller is monitored by a torque transducer placed on the roller shaft. The
coefficient of adhesion (1 or CoA) is calculated using the measurement from the torque

transducer and the pressure transducer.

The output of all the rotary encoders, transmitter and torque transducer are connected to
a data acquisition device (DAQ-type NI USB-6341). The signals from the DAQ are transmitted
at a 200 Hz sampling rate of measurement to the PC where the data is saved as a binary file by
a program that utilises the NI DAQmx libraries. The saved files are converted to physical
quantities based on the calibration measurement defined for the experiment [46]. Although the
signals are recorded with 200 Hz sampling frequency, the control actions are only performed at
25 Hz frequency.

The measured signals are observed to include parasitic contents. The primary sources of
these disturbances are electromagnetic noise (high frequencies) and mechanical imperfections
of the roller rig (low frequencies). The former is removed by low pass filtering; the latter is also
easily eliminated since its dominant frequency is equal to the frequency of rotation of the roller
[46], [49].

3.2 The Numerical Model of Tram Wheel Roller Rig

In order to evaluate the performance of the developed wheel slip control methods, a
numerical model representing the tram wheel roller rig has been created in the MATLAB
environment. The numerical model consists of five main components: the mechanical model of
the torsional system, the dynamic model of the PMSM, dynamic model of the AM, the
Freibauer/Polach adhesion force model, and the anti-slip control model. The finite difference
method is used for the calculation of the dynamic equations. The step time of integration is
selected as 20 us, to guarantee the accuracy of the calculations. However, the control action of
the anti-slip control model is limited to the period of 0.04 ms to simulate the control action of
the controller in the real tram wheel roller rig. The complete structure of the developed

numerical model tram wheel roller rig is depicted in Figure 7.
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Figure 7. Complete structure of the developed numerical model of the tram wheel roller rig.

3.2.1

Saturation is neglected.

In order to obtain a suitable numerical model, the following assumptions are made:

The stator windings are balanced with sinusoidal magnetomotive force.

Eddy-currents and hysteresis losses are neglected.
The inductances are constant and independent of the rotor position.

Devices used in the power-electronic circuit are ideal.

Dynamic Model of the Tram Wheel Roller Rig

A simple dynamic model of the tram wheel roller rig is depicted in Figure 8. It includes

flexibilities of drive shafts and inertia of the rotating bodies; however, rolling resistance and

resistances in bearings are neglected.
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Figure 8. The dynamic model of the tram wheel roller rig.

The equations of motion of the tram wheel roller rig model are presented as follows:

T, —T
Wy = — Eq. 4
Ja
T, — F T
a)r — r adh 'r Eq. 5
Ir
—T, — F,qn " 1
w.w — w adh 'w Eq. 6
Jw
T, + T
ajp = p w Eq V4
Jo
T, = ksisgn(x)(|x1| — hy) + bsy %y
Eq. 8

Ty = ksasgn(x)(|x2] — hy) + bgpX;

where Ta is the AM torque, Ty is torque at the roller shaft, Tw is torque at the wheel shaft, Tp is
the PMSM torque, Jais the AM rotor moment of inertia, J is the roller moment of inertia, Jw is
the wheel moment of inertia, Jp is the PMSM rotor moment of inertia, Fagn is the adhesion force
acting in the contact area, wa is the rotational speed of AM, wr is the roller rotational speed, ww
is the wheel rotational speed, wy is the rotational speed of the PMSM rotor, r; is the radius of
the roller, rw is the radius of the wheel, ks1 and ks> are torsional stiffnesses of the shafts, bs: and
bs2 are torsional damping parameters of the shafts, hy and h2 represent angular play in CV joints
and x2 and xz are angular displacements in the joints [50]. Values of the dimensions and inertial

parameters of the roller rig are shown in Table 1.
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Table 1: Inertia and radii of the components of the tram-wheel roller rig

Jwlkgm®] . [kgm®] Jp [kgm®] ], [kgm®] 1, [m] r [m]
17.86 47.20 0.95 6.6 0.3482 0.4522

Wheel slip is defined as the normalised difference between the wheel speed and vehicle
speed. The wheel slip that occurs between the wheel and roller is calculated using the data
provided by rotary encoders. In order to obtain the wheel slip speed and wheel slip ratio, the

following equations are used:

Wy Ty — || 7
Ws = Wy "y — |0y |7, S = o, | 1, Eq. 9

where ws is the slip speed, and s is wheel slip.
3.2.2  Electric Motor Control Methods

The control of the AM in experimental tram wheel roller rig is provided by scalar control
(open-loop voltage/frequency) while field-oriented control (FOC) is employed for the control
of the PMSM. However, for the simulations, FOC is replaced with hysteresis current control
due to its simple structure. In this section of the thesis, the current motor control methods of the
PMSM and AM are presented in detail.

3.2.2.1 Coordinate Transformations

The vector control architectures related to the PMSM and the AM use Clarke and Park
transformations. The transformation helps to simplify the analysis of three-phase circuits.

Therefore, in this section, the most common transformation methods are introduced.

Clarke and Inverse Clarke Transformation: Clarke transformation translates three-phase
quantities from the three-phase reference frame to the two-axis orthogonal stationary reference
frame while inverse Clarke transformation converts the two-axis quantities in a stationary
reference frame to three-phase components in a three-phase reference frame [52]. The graphical
representation of the Clarke transformation is indicated in Figure 9.
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Figure 9. Clarke transformation.

The following equation expresses the Clarke transformation:

_ 1 1_

L =3 =3
i i
i; _2 V3 V3 ia Eq. 10
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where ia, Ib and ic are the three-phase quantities and i, and ig are the stationary orthogonal

reference frame quantities.

The following equation expresses the inverse Clarke transformation:

1 0 1
] |1 V3 i
[ib]_ 2 2 ig Eq. 11
ic 1 V3 Lo

2 T2t

Park and Inverse Park Transformation: Park transformation is used to transform two-axis
orthogonal stationary reference frame quantities into rotating reference frame quantities. Inverse

Park transformation transforms the rotating reference frame quantities into two-axis orthogonal
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stationary reference frame quantities [52]. The Park transformation is graphically depicted in

Figure 10.

@ axis I .~ d axis

q > >
o axis

la

Figure 10. Park transformation.

The mathematical expression of the Park transformation is given in the following

equation:
cos(6) sin(@) O
[lq] = [—sm(@) cos(9) 0 Eq. 12
where ig and iq are the rotating reference frame quantities and ¢ is the angle between a-axis and
d-axis.
The inverse Park transformation is expressed by the following equation:

cos(8) —sin(8) 07[la
lﬁ = sm(@) cos(0) 0] [iq Eq 13

0 1 L,

Park-Clark and Inverse Park-Clark transformation: Park-Clark transformation is used to
transform the three-phase quantities from the three-phase reference frame to the rotating
reference frame. The inverse Park-Clark transformation transforms the quantities in the rotating

reference frame into three-phase quantities. The Park-Clark transformation uses two

conventions:
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e The rotating frame aligned with a-axis at the time t=0, which means at t=0, the d-
axis is aligned with a-axis. This type of transformation is called cosine-based Park
transformation.

e The rotating frame aligned 90 degrees behind a-axis at t=0, which means at t=0, the
g-axis is aligned with a-axis. This type of transformation is called sine-based Park

transformation [53]

Figure 11 shows the graphical representation of cosine-based Park-Clarke
transformation. Since the rotating frame is aligned with a-axis, the following relations can be

derived:

. 2 _j2m .21 .
Is=ig+jig=(ig+j-ig)-e? =§(ia+ib-e I3 4i.-el3) e S0 Eq 14

- 21 2T
cos(0) cos(0 ——) cos(0 +—)
i 3 3 i
a 2 21 2w |2
lg| =3 |—sin(6) —sin(6 — ?) —sin(6 + ?) L Eq. 15
‘o 1 1 1 ‘e
2 2 2

o axis

i,
Grta a axis

yC axis

Figure 11. Park-Clarke transformation.
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where ia, Ib and i are the three-phase quantities, ig and iq are two-phase rotating reference frame

quantities and @ angle between a-axis and d-axis.

The inverse Park-Clarke transformation is derived as shown in Eq. 16.

[ cos(@) —sin(@) 1]
[i;] Icos( 0 — —) —sin(0 — —) 1 | [ ] Eq. 16
e llcos(@ + —) —sin(0 + —) 1J o

3.2.2.2 Inverter

A power inverter is an electronic device that changes the direct current (DC) to
alternating current (AC) [54]. A typical circuit model of three-phase voltage source inverter is
shown in Figure 12. The model of the inverter has a full bridge topography with the three
inverter legs. Each leg consists of two power switches. It has six power switches(S1-S6) that
produce the three-phase output voltage. The power switches can be built using the power BJT,
GTO, IGBT etc. The selection of the switching components depend on the desired power,
required switching frequency and amount of the power loss [55]. The working principle of
power inverters is simple. When the upper switch in one leg turns on, the lower switch in the
same leg turns off with the help of the gate signals [56]. Then, the control of the output voltage

became possible by controlling the ON and OFF states of the upper transistor S1, Sz and Ss.

S R g g g

Ve,
S4 Se S2
V2 —— Vi a—l[ V2 o—J':} Vi °—‘|:

Figure 12. Three-phase voltage source inverter.
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The relation between the switching variable vectors (v1, v2, and v3) and phase voltage
vectors (Van, Vbn and Ven) is expressed as in following Eq. 17.

Vanl y,.[2 -1 —1]["

Von| = =211 2 —1]||v Eq. 17
bn 3 2 C].
V., 1 -1 21lvs

3.2.2.3 Current Hysteresis PWM

The current hysteresis PWM method is instantaneous feedback current control method

of PWM. The actual current continuously tracks the reference current in defined bandwidth.

In the current hysteresis controller, the desired current is subtracted from the actual
current. The error is fed to the comparators having hysteresis band. When the error signal crosses
the lower limit of the hysteresis band, the upper switch of the inverter turns on. When the error
signal crosses the upper limit of the hysteresis band, the lower switch of the inverters turns on

[57]. The following equations are used to determine the state of switching variable vector of the

first leg.
le = lref — lact Eq. 18
1 i, > Ai
v, = { 0 i, < —Ai
v,  —Ai<i, <A o 10
0 i, > Ai s
v = { 1 o < —Ai
121 —Ai<i, < Ai

where iref is the desired current, iact is the actual current, 4i is the current hysteresis band, and ie

is the error between the actual and desired current.
3.2.2.4 Space Vector Pulse Width Modulation

Space vector pulse width modulation (SVPWM) is one of the most common pulse width
modulation (PWM) technique for variable-frequency drive applications due to its superior
performance characteristics. The method is used for producing the alternating current

waveforms.
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The SVPWM was originally developed as a vector approach PWM for three-phase
inverters. The method is improved to generate the sine wave with higher voltage and lower total
harmonic distortion (THD). The technique aims to provide the variable output with maximum

fundamental components and minimum harmonics [58].

The Voltage Source Inverter has six-active and two-zero switching states. The switching
status of the active (Vi-Vs) and zero (Vo-V7) vectors are shown in Figure 13. The vectors
constitute a hexagonal where the angle between the two adjacent vectors is z/2 [59]. The zero
vectors (Vo and V7) locate at the origin and provide zero voltage to the system, while active
vectors (V1-Ve) enables the power transfer. The methods approximate the reference voltage
vector (Vref) using the switching states. The reference voltage is generated as the average output

of the inverter in a short period.

%o axis

)* Vi (1,0,0)

Vi (0,1,1 )

Vs (0.0.1) Ve (1,0,1)

Figure 13. Active and zero vectors.

The SVPWM method is implemented as in the following steps:

e Determination of magnitude reference voltage and phase angle (Vrer, and «)
e Determination of the time durations (T1, T2 and To)

e Determination of activation time for each switch (S1-Se)

46



CHAPTER 3. METHODS AND METHODOLOGY

The three-phase voltages are required to be transformed to the two-axis orthogonal
stationary reference voltages. The Clark transformation, which is provided in Eqg. 10, can be
used for this transformation. Vyes and « are determined using V. and Vg as in the following

equations:

[Vrer| = /Vaz + ng

- [/3
a=tan" (=)

Eq. 20

a angle is used for the determination of the sector of the reference voltage. Depending on the
sector, the active vectors that become adjacent to the reference voltage, and zero vectors are

determined [59]. The Eq. 21-Eq. 23 determines the switching time duration in any sector.

V3T, |V, n n
T, = M (sin—m cosa — cos =T sin a) Eq. 21
Ve 3 3
V3T, |V, n-1 n—1
2 = M (—cosa sin——m + sinacos ) Eq. 22
Ve 3
TO = TZ - Tl - T2 Eq. 23

where n is the number of sectors, T; is the switching period, To is the switching period for zero
vectors, T is the switching time duration for the first adjacent vector, T» is the switching time
duration for the second adjacent vector and Vqc is the DC link voltage.

There are several switching patterns which is possible to use to implement the SVPWM
method. In order to minimise the switching losses, only two adjacent active vectors and zero
vectors are used in a sector [55]. The described goal can be achieved by starting each switching
with a zero vector and ends with a zero vector during the sampling time. The discussed pattern
decreases the THD in the output voltage. The corresponding switching sequence for sector 4 is
indicated in Figure 14. It could be seen that the switching sequence is symmetrical during the

whole period. The switching time for each sector can be determined as given in Table 2.
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S
So
S3
Vo Vs o Va i V7, V7 Ve Vs oy,
T, L L Lo L L Ty
s 2 > 2 7

Figure 14. Switching sequence for sector 4.

Table 2: Transmission times of switches.

Sector Upper Switches Lower Switches
Si=T1+T+To/2 S,=To/2
1 S3=T,+To/2 S4=T1+To/2
Ss=To/2 Se=T1+To+To/2
Si1=T1+To/2 So=T,+To/2
2 33=T1+T2+To/2 S4=To/2
Ss=To/2 Se=T1+T+To/2
S1=Tol2 So=T1+To+Tol2
3 Sa=T1+Tr+To/2 S4=Tol2
Ss=To+To/2 Se=T1+To/2
S1=Tol2 So=T1+T+To/2
4 Ss=T1+To/2 S4=Tr+To/2
Ss=T1+T,+To/2 Se=To/2
Si=T»+To/2 So=T1+To/2
5 S3=To/2 S4=T1+T,+To/2
Ss=T1+T2+To/2 Se=To/2
Si=T1+To+To/2 So=To/2
6 S3=To/2 S4=T1+Tr+To/2
S5=T1+To/2 Se=To+To/2




CHAPTER 3. METHODS AND METHODOLOGY

3.2.2.5 Asynchronous Motor Scalar Control (AMSC)

The scalar control is one of the common speed control strategies of the induction motor.
It is also known as voltage/frequency control. The basic principle of the control strategy is
keeping the voltage/frequency ratio constant to avoid variation in magnetic field strength. The
speed control of the AM that is used for the experiment is provided by scalar control. The open-
loop voltage/frequency control structure for the AM is illustrated in Figure 15. The AMSC block
computes the magnitude of the stator voltage based on the reference frequency as expressed in
Eq. 24 [60].

vV

L V=V, cos(2nt,'t) [ | Space Vector

* * 5 i b
V=V, 'sin(rf,'t) [Vp | Pulse Width Oy
»{ Modulation

£y Voltage Source| i Induction

Inverter . Motor

Y

Figure 15.The structure of Open-loop Voltage/Frequency Control.

Vi, — Vi
Vv = (w) fi Eq. 24
: fn - fmin *
where fs" reference frequency, Vn is the rated voltage of AM, Vmin is the minimum voltage, f, is

the rated electrical frequency of AM, and fmin is the minimum frequency.

The voltage components in the stationary reference frame are derived as the following

equations:

V, =V cos(2mfi't)
Eq. 25

Vg = V5" sin(2mfs't)
where V, is the a-axis voltage in the stationary reference frame and V; is the p-axis voltage in
the stationary reference frame. V, and Vg voltages are provided to the SVPWM to generate

switching variables to control the VSI.
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3.2.3 Dynamic Model of Permanent Magnet Synchronous Motor

The permanent magnet synchronous motor (PMSM) is a rotating electric machine which
the construction of the stator is similar to an induction motor and the conventional synchronous
motor. The rotor is a permanent magnet rotor [61]. The equivalent dynamic model of the PMSM

on the rotor reference frame is indicated in Figure 16.

iy R
—-—1
Va

Figure 16. The equivalent dynamic model of the PMSM on the rotor reference frame.

The dynamic equations of the stator currents may be written with respect to Figure 16.

d 1 R L

. . q .
Eld=EVd—Eld+Ewelq Eq.25
d 1 R Ly . ¢

%lqzzvq—glq—ga)eld—ga)e Eq27

where Vg and Vq are d-q axis voltages on the rotating reference frame, iq and iq are d-q axis
currents, R is the resistance of the stator windings, ¢ is the amplitude of the flux induced by the
permanent magnet of the rotor in the stator phases, Lq and Lq are d-q axis self-inductances, and

we 1S the angular velocity of the rotor [62].

The electromagnetic torque produced by the PMSM is calculated using Eq. 28:

3 . .
T, = Ep[(plq = (Lg — Lg)igiq] Eq. 28
where p is the number of pole pairs of PMSM.

The electrical speed and angular position of the rotor are calculated as given in Eq. 29
and Eq. 30:
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d P

d—twe :]—p(Tp—Tw) Eq29
d
Egezwe Eq. 30

where we is the electrical speed of the motor and & is the position of the rotor.

The field-oriented control (FOC) is used to control the PMSM in the experimental test
stand. For the simulations, the FOC has been replaced with the hysteresis current control. The

schematic of the hysteresis current control of the PMSM is shown in Figure 17.

T Adhesion
lvm Force
L3
i ix sk __Hla g - Si »
Teom_ | g q lq + Y,
spo Y PL Inverse i -Ai, | Current s, | Voltage
e Park-Clarke ? Hysteresis Source
. if id | Transf ir K PWM Invert
it % - ansform . in S5 nverter
+
R
9() Integrator I‘-.
la

Park-Clarke |,
Transform

e

Figure 17. The hysteresis current control of the PMSM [63].

The electrical parameters of the PMSM are provided in Table 3. Details of the PMSM
and its drive system are presented by Simanek et al. in [64].

Table 3: Electrical parameters of the PMSM

Power 58 kW
Current (rated) 122 A
Number of poles 44
Torqgue (nominal) 852 N.m
Flux 0.2 Wb
Speed (nominal) 650 rpm
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3.2.4 Dynamic Model of Asynchronous Motor

The asynchronous motor (AM) used in test stand provides the opposing torque against
the PMSM to keep the roller at a constant speed. Therefore, an accurate dynamic model of AM
plays a vital role in the numerical model of the test stand. The model of the motor is developed
based on the dynamic equivalent circuit of AM that is represented in the rotating reference frame
as provided in Figure 18 [65]. All quantities are referred to the stationary reference frame side.

i ds I
L i M, )} A<
+ VRYS\' 2 Lis l L w R, *
wes(pqs ( Wes - wer) (pqr
ViS L m [/dr

d-axis equivalent circuit

i 177) I ANWS
_) -
x R, L Is L Ir U R - *
wES(pds [ Wes - wer) (pdr
[{ys L m Vqr

g-axis equivalent circuit.

Figure 18. Dynamic equivalent circuits of AM [65].

The mathematical model of the squirrel cage motor can be derived according to Figure
18, as provided in Eq. 31-Eq. 34.

dgg .
dts = Vs — Rslgs + WesPqs Eq. 31
deo .
de = V;Js - Rslqs — WesPs £q. 32
dpa .
- = Var = Rrlgr + (Wes — Wer) Pgr Eq. 33
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do .
dt(:JT = V;zr - erqr + (Wes — Wer)Par kq. 34

where d is the direct axis, q is quadrature axis, @ds, ¢qs, @dr and ¢qr are the flux linkages, Vs and
Vs are d-q axis stator voltages, Var and Vqr are d-q axis rotor voltages, igs and igs are d-q axis
stator currents, igr and iqr are d-q axis rotor currents, Rs is the stator resistance, Ry is the rotor
resistance, wer Is rotor electrical speed and wes is reference frame angular speed. It should be

noted that the rotor voltage (Var and Vqr) are zero for squirrel cage motors.

The currents in the above equations can be expressed in terms of flux linkages as given below:

o= L _ L—m Ea. 35
ds LSLr _ L?,n (pds LSLT. _ L%n (pdr q'
L, Lm
o S LL -1, % TLL -5, a.56
. Ls Lm
lar =Tz Par T 2, P Eq. 37
L L
i e = Eq. 38

=7 2 Por — 757 7 @
v Ler_L%n v Ler_L%l ©

where Ls is stator self-inductance, L; is rotor self-inductance inductance, and L is the

magnetising inductance.

The electromagnetic torque of the motor, electrical, mechanical speed of the rotor and the
position of the rotor can be calculated as given in the following equations:

3P o
T, = 2 Lm(lqsldr - lquds) Eq. 39
dw. P W,
=— (T, —T, = ,
T ]a( a—Tr) Wq =5 Eq. 40
d
aees = Wes Eq. 41
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where Ta is electromagnetic torque, P is the number of pole pairs, wer is the electrical angular
speed of the rotor, wa Is the mechanical speed of the rotor, wes is the angular speed of the

reference frame, and 6es is the reference frame position.

The control of the AM is provided by an open loop voltage/frequency method with
SVPWM technique in which the structure can be seen in Figure 15. The electrical parameters
of the AM are provided in Table 4. Simanek et al. present more detailed information about the
AM in his following works [64], [66].

Table 4: Electrical parameters of the AM.

Power 55 kW
Current (rated) 133 A
Number of poles 10
Torque (nominal) 891 N.m
Voltage (rated) 3x380 V/A
Frequency (rated) 50 Hz

3.2.5 Wheel-Roller Contact Model

The model of Polach has been implemented for simulating the tangential contact force
between the wheel and roller. The Polach contact force model allows simulating various wheel-
rail contact conditions using one parameter set. The parameters can be determined from
experimental measurements or recommended parameters for similar wheel-rail contact
condition can be used [67]. The Polach contact force model has an advantage over more detailed
contact models by allowing shorter computation time. The model does not diverge significantly
from more exact models when steady rolling with pure longitudinal and lateral creepage is

considered.

The coefficient of the adhesion (CoA) between the wheel and the roller is modelled
using the function in Eq. 42.

) Eq. 42

2 £
= — t
U 7_[f(a an(£)+1_|_‘92
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where [ is the coefficient of adhesion, defined as the ratio of the tangential force to the normal
force in contact; f is the variable coefficient of friction and ¢ is scaled slip.

The scaled slip is obtained using Eq. 43:

_ aKy|s|

—k Eq. 43
pmaxf red

where a represents the contact half-length, K is the tangential stiffness of the surface layers,
Pmax 1S the maximum Hertzian pressure in the contact, and kreq is the reduction factor of the brush
contact model. The variable coefficient of friction, mentioned in the above equations, depends
on the slip speed as expressed in Eq. 44. A term for the representation of dynamic phenomena

has been added, as explained further.

Eq. 44

dwg
t

f= |f0*((1—A)*e—B|Ws| +A)|+C1 y

where fo is the static coefficient of friction, Cy is the sensitivity parameter, A is the ratio of limit
friction coefficient f. at infinity slip speed to maximum friction coefficient fo, B is the

coefficient of the exponential friction decrease, ws is the wheel slip speed.

Adhesion models usually describe stationary adhesion characteristics (creep curves)
only, while experimental results show that non-stationary phenomena also occur [46]. It is not

within the scope of this study to propose and test hypotheses of their mechanical principles; a

dwg
dt

simple mathematical representation of a class of these phenomena (C; —=) has been added to

the Polach creep curve following [46]. This represents the slender clockwise loops that are
observed in some results. The sensitivity parameter (Ci) is set in accordance with the

experimental measurement.

The typical parameters of Polach contact force model for several surface conditions are
provided in Table 5. The parameters of the Polach adhesion force model are selected

corresponding to the experimental setup that is outlined in section 3.1.
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Table 5: Typical model parameters for different surface conditions of wheel-roller contact.

fol1] A[1] B[s/m] kyeal1]
Half-dry 0.305 0.1 0.4 0.4
Water 0.2556 0.2 0.05 0.2
Grease 0.126 0.2 0.05 0.1
Water-Grease 0.076 0.2 0.05 0.05
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4 DEVELOPED WHEEL SLIP CONTROL METHODS

The wheel slip control block is one of the essential parts of traction control of the vehicle
in terms of reducing wheel/rail damage and improving traction or braking performances. The
wheel slip control methods have been discussed in Section 2.4. Based on the described methods,
several methods have been implemented to the tram wheel roller rig to investigating the

performance. The implemented control methods are introduced in detail in this section.
4.1 Wheel Slip Control Based on a Single Threshold

Wheel slip control based on a single threshold (WSCST) is one of the simplest control
algorithms that is developed to prevent the severe wheel slip. The method has been introduced
in Section 2.4.1. The method is based on the assumption that the maximum value of the adhesion
occurs at approximately at the same wheel slip value. In order to investigate the performance of
the method, it is adapted to the experimental tram wheel roller rig. Moreover, the torque
increase/decrease rate is made adjustable to make the algorithm more flexible. The applied
adjustment provides us with the opportunity of the determination of the optimum control

parameters.

The block diagram of the WSCST is depicted in Figure 19. The actual value of the wheel
slip is determined using the Eq. 9. The determined wheel slip value is compared with a constant
threshold value. If actual wheel slip exceeds the threshold value, the controller regulates the
applied torque according to Eqg. 45. The output of the torque regulator is limited to prevent
excessive torque increase, and the output torque of limiter is compared with the driver torque
request. The smaller torque request is selected as control torque. The wheel slip detection and

torque regulation of the control method are provided in Figure 20.

*

dt
Tcont (1 - A )' Sact = Sth
Tref =

dec Eq. 45

T, 1+ dt
k cont ( A

)' Sact < Sth
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where Tref is the reference torque output of the controller, Tcont is the final output torque request,
dt is the resolution time of speed sensor, Adec IS the control parameter which determines the
deceleration rate of torque, Ainc is the control parameter which determines the increment rate of
the torque, s is the slip threshold value, and sact is the actual wheel slip occurs between the

wheel and the roller.

T driver ————
S . . Comparator Teon >
' > Slip C Torque Tref‘__ Torque | Tret
l—)» Detection Regulation Limitter >
Sact
Figure 19. Block diagram of WSCST.
Slip A Slip detection

>
;tart of In Time
\tart of Drop in Terque
>
- > Time
period

Figure 20. Wheel slip detection and torque regulation for WSCST.

The assignment of slip threshold (st) value is very critical for the control process. The
optimum amount of the threshold value ought to be slightly below the peak of the slip curve,
where the maximum adhesion occurs. The determination of the optimum slip threshold value is
possible via the experimental measurements. Furthermore, Adec IS a vital control parameter

which directly affects the convergence rate of the actual wheel slip. Selecting a high value for
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control parameter Agec might cause an excessive drop in the motor torque. If Agec is set to a low
entity, the wheel slip might reach very high levels. The control parameter Ainc determines the
torque increase rate of the controller. Adjustment a small value for Ainc causes a slow torque

recovery; nevertheless, selecting a higher value might result in unstable wheel slip control.
4.2  Wheel Slip Control Based on Multiple Thresholds

Wheel slip control based on multiple thresholds (WSCMT) is an improved version of
the abovementioned method (WSCST). In order to prevent extreme torque drop and increase,
two threshold values are employed. Both of the threshold values are assigned in the stable part
of the slip curve. The control action of the developed control is illustrated in Figure 21. The
controller allows torque increase of motor until wheel slip reaches the first threshold value.
Then, the motor torque is kept constant to decrease the rate of increase of wheel slip. When the
wheel slip reaches the second threshold value, the controller starts to decrease the motor torque.
The torque drop continues until wheel slip becomes lower than the second threshold value. The
motor torque is kept constant in between the two slip threshold value. When the wheel slip value
becomes smaller than the first threshold, the motor torque starts to rise again. The WSCMT is
expected to provide less wheel slip and better adhesion utilisation than the WSCST. The block

diagram of the developed control method can be seen in Figure 22.

Slip A
Slip detection
T ESS— A
Sth2| :
Sth b .................... ,
\Early Slip
........................... . Detectiof.
| ’ >
Torque A e Time
: \Startg af Drop i iforque
Starti (éf Consta:nt; Torque
HE I )
: Time
period

Figure 21. Wheel slip detection and torque regulation with multiple threshold values.
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le’i ver ——————————3=

Tcont
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| Detection Regulation Limitter
\
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Figure 22. Block diagram of WSCMT.
The torque regulation of the motor is provided by Eq. 46.
( dt
| Teont (1 - K)' Sact = Sth2
ec
T:ef = 4 Teone » Sth1 = Sact < Sth2 Eq. 46

| dt
chont (1 + A )' Sact < Sth1
inc

where sih1 is the first threshold value, and sw2 is the second threshold value.

The torque regulation of the WSCMT is similar to the WSCST. The difference between
these two methods is the number of the threshold value, only. Both threshold value (Siwi-and sin2)
must be selected in the stable part of the slip curve and lower than the optimal wheel slip where
the maximum adhesion is observed. Although the selection criteria for st is clear (slightly less
than optimal value), st can be determined by trial and error method. Setting a high value for
stn1 decreases its influence on the control process while the lower value of sw1 restricts the drive
torque to reach desired levels. The impact of the other control parameters (Adec and Agec) on the
control process is the same as the previous method. The effect of the control parameters and the
threshold value on wheel slip control and adhesion utilisation is investigated by both the

experimental and simulation tests in the upcoming section.
4.3 Wheel Slip Control Based on Angular Acceleration of wheel

The acceleration-based slip regulation (ASR) method is an alternative way of wheel slip
control. Here, it is referred to; the wheel slip control based on the angular acceleration of wheel
(WSCAA). Recently, the acceleration performance of the four in-wheel motor drive electric
vehicles have been improved using the WSCAA systems [35]-[37]. Furthermore, WSCAA is
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used in rail vehicles as a part of the hybrid wheel slip control method to eliminate the
disadvantages of the individual control methods [24].

Most of the methods available in both literature and commercial systems employ the
wheel slip information for control purposes. However, obtaining the longitudinal velocity to
determine the wheel slip level is a challenging task. There are also some control methods that
use the adhesion force as input to control the wheel slip and improve traction performance.
Although they claim to be effective in stabilisation of the slip, measurement of the adhesion
force on track is not possible. Moreover, the control system based on wheel slip and adhesion
force information requires more sensor inputs, which increases the cost of the controllers. Due
to its advantages that have been discussed in Section 2.4.3, the WSCAA is becoming more

popular nowadays.

Acceleration wheel slip regulation is based on the principle that the angular acceleration
of a vehicle wheel, provided that it rolls without slip, is equal to linear acceleration of the vehicle
divided by the wheel radius. The acceleration of the vehicle is limited by the inertia of the
vehicle and the traction force. If the wheel shows higher angular acceleration than what
corresponds to this limit, it means that it accelerates independently of the vehicle motion — in

other words, it slips.

The block diagram of WSCAA is provided in Figure 23. The wheel slip is detected
through comparison of actual angular acceleration and the threshold value of the acceleration.
The wheel slip detection signal is transmitted to the torque regulation block where the control
torque is reduced or increased according to the developed torque regulation algorithm. The
limiter that is seen in the block diagram prevents the control torque from exceeding certain

minimum and maximum values or extremities.
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Figure 23. Block diagram for WSCAA.

The control action of the WSCAA is summarised graphically in Figure 24. Here, it
should be noted that the delay due to filtering and sensors are not included. The torque regulator

in Figure 23 provides the control torque according to Eq. 47.
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Figure 24. Wheel slip detection and torque regulation of WSCAA.

dec Eq. 47

dt
Tcont (1 - A_)’ Agct = ) ” Agct < —Qp
T:ef =
chont (1 + A. )' Aget < ath” Agct = —Qp
inc
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where aact IS the actual angular acceleration of the wheel and ax is the threshold value of angular
acceleration for the wheel slip detection.

The control process of the WSCAA is similar to previous methods. The Ainc is the control
parameter which arranges the rate of the torque increase while Aqec is the control parameter
which determines the rate of the torque decrease. Both parameters have the physical meaning
of time constants. The WSCAA uses the rotation acceleration signal for wheel slip detection.
Therefore, the threshold value of the acceleration (aw) is a very critical parameter for the
implemented method. A small threshold value may guarantee the wheel does not slip heavily;
nevertheless, the tractive force efficiency may drop drastically due to undesired frequent torque
oscillations. On the other hand, a high threshold value might result in severe wheel slip due to
the delay in wheel slip detection. This is why it is important to adjust ot properly for optimal

wheel slip control and adhesion utilisation.
4.4 Pl Wheel Slip Control

PID controllers are a feedback control loop which calculates an error signal by taking
the difference between the output of a system and the desired set point. In most of the process
industries, Pl and PID are generally used due to their simple design and tuning methods.
However, the PI controllers are preferred more than the PID controllers because of being less
sensitive to the noise and more simple [68]. Since the measurement from the tram wheel roller
rig has electrical and mechanical noise, the PI controller is decided to be used for the wheel slip

control.

The P1 controller can be used for the rail vehicles to control wheel slip and improve their
traction performance. For effective control, a reference slip value that is close to the peak of the
slip curve can be chosen to be used as a control signal. It is also essential that the selected
reference wheel slip value is on the stable side of the slip curve. However, determination of such
reference is not easy since the adhesion condition that differs depending on between dry, wet
and greasy rails. Therefore, the Pl controllers are widely combined with adhesion prediction
systems. There is no need for adhesion prediction systems for our work since the adhesion is
directly measured from the tram wheel roller rig using the torque sensor that is attached to the

roller shaft.

63



CHAPTER 4. DEVELOPED WHEEL SLIP CONTROL METHODS

The discrete time form of a Pl controller is expressed as in Eq. 48.

u(k)=ulk—-—1)+ Kp(e(k) —e(k — 1)) + K;e(k) Eq. 48

where u is the output torque of the controller, K; is the proportional gain of the controller, Ki is
the integral gain of the controller, k is the iterative step, e is the error between the actual wheel

slip and desired wheel slip. The error is calculated as shown in Eq. 49.

e(k) =sg — Sgce (k) Eq. 49

where sq is the desired wheel slip value, and sact is the actual wheel slip value.

The functionality of the control parameters of the Pl (K, and Ki) controller can be

summarised as following [69].

e K, provides an overall control action proportional to the error signal through the all-
pass gain factor.

e K reduces the steady-state error through low-frequency compensation by an
integrator.

The effects of increasing the Pl gains independently on a closed-loop system are

summarised in Table 6.

Table 6: Effect of increasing PI gains on a closed-loop system.

Close-loop Rise Time Overshoot  Settling Time Steady-State Stability
Response Error
Kp Decrease Increase  Slight increase Decrease Degrade
Ki Decrease Increase Increase High increase  Degrade

The block diagram of the P1 wheel slip control method (PI-WSC) is provided in Figure
25. The difference between the desired wheel slip and actual wheel slip (error) is calculated and
sent to the PI torque regulator as an input signal. The PI torque controller regulates the torque

applied to wheel according to the error signal. The torque limiter is used to prevent the generated
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torque from exceeding maximum torque of the synchronous motor. The comparator is utilised

to decide between the driver torque and regulated torque requests.

Tariver ——————
T
. Comparator o
S PI Torque | Tref Torque | Trer
ot +§ Controller Limitter [ >
Sact /

Figure 25. Block diagram for PI1-WSC.

4.5 Sliding Mode Wheel Slip Control

The sliding mode controller (SMC) has been widely-studied for vehicle control systems
because of certain advantages [70]-[72]. The controller is an attractive robust control method
which has effective properties to stabilise nonlinear and uncertain systems. The controller keeps
the systems insensitive to uncertainties on a sliding surface. Moreover, the SMC has good and

rapid transient performance [73].

The conventional SMC is designed in two steps. In the first step, the sliding surface is
defined to obtain specific desired characteristics along the sliding surface trajectories. Next, the

controller is designed to lead the system to the desired system trajectories within a finite time.

The sliding surface S(t) for the design of the adaptive sliding mode torque control
systems is defined as follows:

S(t) =s5s—s4 Eq. 50

The main objective of Eq. 50 is to track the desired wheel slip ratio (sq) that is given as
an input to the system, based on experience from previous experimental measurements.
Therefore, the sliding surface is selected as S(t)=0 for the zero-tracking error. It is possible to

keep the wheel slip in a defined trajectory by designing a correct dynamic feedback control law.
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In order to satisfy the reachability conditions that direct the system trajectories toward a sliding
surface where they remain, the derivative of the sliding surface is selected as Eq. 51 [74], [75]:

S=—-DS—K-sgn(S)=—-D(s—sq)—K-sgn(s—sg)- Eq. 51

where the proportional term-DS forces the system state to approach the sliding surface faster
when the sliding surface has a significant value [70]. The parameters D and K are positive
definite design parameters. D determines the convergence rate of the tracking error, while K is

adjusted in compliance with the number of uncertainties and the disturbance in the system.

The determination of the reference slip value sq is challenging in real time. Therefore,
the value of sq is pre-defined from previous experimental data where maximum adhesion is
observed. The sgn function in Eq. 51 above results in a chattering issue because of undesired
noise and delays in the actuator. For this reason, the sgn function is replaced with a saturation
function [76]. Nevertheless, a lowpass filter is implemented to overcome the high-frequency

chattering problem in the system, which is basically to stabilise the algorithm.
The sliding mode control law is designed in the following steps according to Eq. 51:

The wheel slip dynamics during acceleration is obtained by taking the time derivative
of EQ. 9:

w, w,, |,
§=1, ———1, lerl Eq. 52
r’l" Iw'l" I rT' wT

The relationship between the wheel slip dynamic and forces at the contact point can be

obtained by substituting Eg. 6 into Eq. 52:

=1 _Tw_eradh_r Wy, |wy |
Y wt o "

—+ d Eq 53
rr wT

where d is disturbance due to vibration in the system, driving resistances and parameter

uncertainties.
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By taking the time difference of the sliding surface in Eq. 50, and substituting Eq. 51
and Eq. 53, the following sliding law control torque can be achieved:

]w Wy |wr| _]WrT |wr |(_D(S - Sd) -K -sgn(s _Sd)) _]wrr |wr |Sd Eq 54

T =-r,F -
p,con w "adh |(‘)r | T, T

Since the time derivative of sq constant is zero and the acceleration value of the roller is
neglected for the tram wheel roller rig, the sliding mode control law torque is modified to the

following equation [63]:

Jwt |y IDGs = 50) Ju s lwr [K - sgn(s = sa)
rW rW

Tp,con = —Tw Faan — Eq. 55

Asymptotical stability of the sliding mode control law can be proven for closed-loop

control by employing a Lyapunov function [70], [76]:

1

Taking the time derivative of Eq. 56 and substituting Eq. 53:

SS=S5(s—sy)
) -T,, — n, F, w,, |w
S = T, w wadh_rw lerl-l-d—S;i
Jw 1 o | T Wy Eq. 57

SS =S[-D(s —s43) — K -sgn(s —sz) +d]
S$ < —DS? —K|S| + |d]| - |S]

where the disturbance d is physically bounded. If the K is selected larger than |d|, then:

SS<—DS?—|S|-|K—d| <0 Eq. 58

This guarantees the asymptotic stability of the control law for Eq. 55, since
L!irn S(t) =0.
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The Block diagram of the sliding mode wheel slip control method (SM-WSC) is

illustrated in Figure 26. The slip error (e), roller rotational speed (wr) and adhesion force (Fadn)
signals are transmitted as input to the SM-WSC. Based on the input signals, the controller
generates a new reference output torque request to control the wheel slip at the desired level.

Here, Tref” corresponds to Tpcon.

Tdriver —_—»

Sliding
Mode
Controller

Ter’ Torque Trwtr |Comparator Teont Tram Whg:el
Limi > » Roller Rig
1mitter

w, AF. adh

Figure 26. Block diagram for the SM-WSC.
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5 RESULTS AND DISCUSSION

In this section of the work, initially, the numerical model has been validated by
comparison of the simulation and experimental test results. Then, the performances of the
designed wheel slip controllers are evaluated with the help of the experimental tram wheel roller
rig and its numerical model. The tests are carried out for five of wheel slip control strategies.
WSCST, WSCMT and WSCAA are called as re-adhesion control strategies which cannot
prevent the wheel slip formation but limits it. Hence, the tests are focused on the formation and
suppression of wheel slip. The SM-WSC and PI-WSC are the wheel slip control strategies that
aim to stabilise the wheel slip at the desired level. Therefore, the performances of the controllers

are also evaluated in terms of traction efficiency.

5.1 Validation of Numerical Model

In order to use the developed numerical model of the tram wheel roller rig for the
performance evaluation of the implemented wheel slip control strategies, the validity of the
model has to be proven. Hence, the numerical model is tested without any wheel slip controller.
Figure 27 shows the comparison of the simulation and experimental results carried out under
water contaminated test conditions. The tests are performed for the same PMSM torque request,
as provided in Figure 27(a). The resultant wheel slips are illustrated in Figure 27(b). Here, it can
be seen that both results are in good agreement. The slip curves (simulation and experiment) are
presented in Figure 27(c). It is noticed that the slender clockwise loops that are observed in
experiment results are successfully simulated with the numeric model. Furthermore, slight
differences between the simulation and experimental wheel speed results are displayed in Figure
27(d).

When Figure 27 is analysed in depth, several differences between the simulation results
and the experimental results are observed. The first group of factors causing mentioned
differences consist in simplifications of the model which does not include all mechanical details
and imperfections of the real experimental device and testing conditions. Other factors are
related to the measurement procedure including parasitic signals (mainly electromagnetic

noise), resolution of sensors, as well as processing the simulation results — filtering which
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impacts the signals particularly when wheel slip is suddenly terminated. Despite the effects of

mentioned factors, it is seen that the results obtained from the developed numerical model are
consistent with the experimental results. This fact proves the validity of the developed numerical

model.
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Figure 27. The comparison of the simulation and experimental results: (a) PMSM torque
request; (b) Wheel slip; (c) Slip curves; (d) Wheel and roller speeds.

5.2 Simulation Results

In this step of the study, the wheel slip control performances of the algorithms are
verified using the validated numerical model of the tram wheel roller rig (see section 3.2). The
model, which includes nonlinear effects caused by time delay and disturbances, is generated to
match the values of the experimental test setup. The model consists of five main components:
the mechanical model of the torsional system, the dynamic model of the PMSM, dynamic model
of the AM, the Freibauer/Polach adhesion force model, and the anti-slip control model. Polach
contact parameters, which have been found by experimental measurements, are given in Table
5.
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The step time of the integrations is selected as 20 s to guarantee the accuracy of
calculations. However, the control action of the anti-slip control models is limited to the period
of 0.04 ms to simulate the control action of the controller in the real tram wheel roller rig. The
initial peripheral speed of the roller is selected as 5.56 m/s, which corresponds to 20 km/h for a
tram vehicle, in the simulations. To be able to observe wheel slip in low torque value, the normal
force is assigned relatively small. Hence, the normal force is provided to the simulation as an

average value of 4250 N.
5.2.1 Wheel Slip Control Based on a Single Threshold

The first simulation is carried out using the Polach contact model parameters
corresponding to the wet surface case. The control parameters are selected as following;
5th=0.01, Ainc=1 and Agec=0.5. The minimum torque (Tmin) generated by the WSCST controller
is set as 15% of the nominal torque of PMSM. It is assumed that the water is continuously

supplied to the contact area.

Figure 28 shows the simulation results of the WSCST that is conducted under the
assumption of water contaminated test condition. The driver and WSCST torque requests are
shown in Figure 28(a), separately. Initially, the driver torque request is zero, after t=4.4 s, it is
increased approximately linear up to 537 N.m. In the time history between t=13 s and t=44.2 s,
the torque request is kept as a constant value of 537 N.m. At t=44.2 s, the torque request is
reduced approximately linear to zero again. When driver torque request increases, the wheel and
roller angular speeds increase as seen in Figure 28(b). However, the wheel speed gets higher
values than the roller speed. The wheel slip (the relative difference between speeds of the wheel
and the roller) is illustrated in Figure 28(c). When the wheel slip exceeds the threshold value,
the controller rapidly modulates the torque request to prevent the severe slip. The torque
reduction stops when the wheel slip reaches the value below the threshold. It can be seen in
Figure 28(c), wheel slip is controlled cyclically. However, the amplitude and the frequency of
the cycles are not constant due to the nonlinearity, and numerical errors. The response of the

controller is sufficient since the maximum wheel slip ever to occur is merely 7.4 %.
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Figure 28. Simulation result of WSCST performed under the assumption of water
contaminated test condition: (a) WSCST and driver torque requests; (b) Wheel and roller
speeds; (c) Wheel slip.

The second simulation is carried out to investigate the performance of WSCST under
the assumption of steady grease contaminated test condition. The control parameters are set as;
sth=0.015, Ainc=2 and Agec=1. Tmin is selected 1% of the nominal torque of PMSM.

The simulation results of the WSCST performed under the assumption of the greasy
contact surface condition are presented in Figure 29. The driver torque request, which is having
a trapezoid shape, and the WSCST torque requests are illustrated in Figure 29(a). The maximum
driver torque request is displayed as 187 N.m. Unlike the previous simulation, initially, WSCST
torque request increases slower than the driver torque request due to Tmin and Ainc limitations.
The curves that show the wheel and roller speeds are exhibited in Figure 29(b). The resultant
wheel slip is given in Figure 29(c). Similar to the previous simulation, the wheel slip is

controlled cyclically. The dynamic behaviour (non-periodic response, irregular cycles, i.e.) of

72



CHAPTER 5. RESULTS AND DISCUSSION

the wheel slip observed are caused by the uncertainties and disturbances. The WSCST achieves

a successful control within 4.1% maximum wheel slip.

Torgue [Nm)]

(b)

Speed[m/s]

Figure 29. Simulation result of WSCST performed under the assumption of grease
contaminated test condition: (a) WSCST and driver torque requests; (b) Wheel and roller
speeds; (c) Wheel slip.

5.2.2 Wheel Slip Control Based on Multiple Thresholds

The wheel slip control based on multiple thresholds (WSCMT) is an improved version
of WSCST. The simulations aim to point out the robustness of wheel slip control of the proposed

strategy.

The performance of the controller is initially tested under the assumption of the
continuous water existing between the wheel and roller. The control parameters are set as;
Sth2=0.006, sth1=0.008, Ainc=4 and Agec=1. The minimum torque (Tmin) generated by the
WSCMT is set as 15% of the nominal torque of PMSM.
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The simulation results of the WSCMT conducted under the assumption of continuous

water contaminated test condition is summarised in Figure 30. The driver torque request is
increased from zero to a value which is above the maximum adhesion. The adhesion force is not
depicted in Figure 30(a); however, the time course is similar to the WSCMT torque. Due to the
increase in torque request, the wheel speed increases rapidly, as shown in Figure 30(b) whereas
the roller speed increases slightly. Hence, a sudden wheel slip occurs. To terminate the wheel
slip, WSCMT stops the torque increase when the wheel slip exceeds the first threshold
value(sin1). After the wheel slip exceeds the second threshold value (sw2), the torque request is
reduced. When Figure 30(c) is analysed, it can be seen that the maximum wheel slip of 2.3% is
observed during the simulation. Moreover, it is found in Figure 30(a) that the minimum torque
the output of WSCMT is 224 N.m. Based on the results, it is possible to claim that the controller
provides an improvement in the traction characteristic of the wheel. Therefore, the functionality

of the developed wheel slip controller is successfully proven for continuous water contaminant.

0 5 10 15 20 25 30 35 40 45 50
Time [s]

(b)

Time [s]

Figure 30. Simulation result of WSCMT performed under the assumption of water
contaminated test condition: (a) WSCST and driver torque requests; (b) Wheel and roller
speeds; (c) Wheel slip.
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The second simulation has been performed for performance evaluation of WSCMT
under the assumption of steady grease contaminant existing between the wheel and the roller.
The control parameters are set as; St2=0.008, Sth1=0.012, Ainc=1 and Adgec=1. The minimum

torque (Tmin) generated by the WSCMT controller is set as 1% of nominal torque of the PMSM.

The simulation results of the WSCMT carried out under the assumption of steady grease
contaminated test condition is illustrated in Figure 31. The driver and WSCMT torque requests
are presented in Figure 31(a). Similar to the previous results, it is seen in Figure 31(b) that the
wheel speed increases faster than the roller speed. Hence, the wheel slip increases rapidly, as
shown in Figure 31(c). It can be seen from the indicated result; maximum wheel slip of 4%
occurs. When the output of the controller is examined, it is noticed that the minimum torque is
62 N.m. From the results, it is possible to claim that the controller prevents the wheel from the

severe slip effectively. Furthermore, the controller reduces the amount of torque drop slightly.
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Figure 31. Simulation result of WSCMT performed under the assumption of grease
contaminated test condition: (a) WSCST and driver torque requests; (b) Wheel and roller
speeds; (c) Wheel slip.
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5.2.3 Wheel Slip Control Based on Angular Acceleration of Wheel

To confirm the operation verification of the WSCAA method, we conduct the first
simulation under the assumption of water contaminated test condition. The control parameters
are selected as; an=1, Ainc=1 and Adec=0.5. The simulation is conducted for two cases of wheel-
roller surface conditions which are half-dry and wet. Initially, the contact area is assumed to be
half-dry without supplying the additional water. Then, at t=19.8 s, the water is assumed to be

continuously sprayed to the contact area.

Figure 32 shows the response of WSCAA performed under the assumption of the
continuous water contaminated test condition. The slip curves corresponding to both cases of
wheel roller surface conditions are provided in Figure 32(d). It is seen that the CoA reduce from
0.3 to 0.2556. The driver and WSCAA torque requests are shown in Figure 32(a). Due to the
increase in driver torque request and sudden decrease of the adhesion between wheel and roller,
the wheel starts to accelerate instantaneously after t=19.8 s as illustrated in Figure 32(c). When
the acceleration of the wheel exceeds the pre-defined threshold value, the torque request of
PMSM is lowered to restore adhesion as presented in Figure 32(a). Following this, the wheel
slip reaches a peak and deceleration starts. The process repeats until the driver reduces the torque
request. The resultant wheel slip is depicted in Figure 32(b). It is observed that during the first
cycle, the wheel slip raises to 8.6%. However, in the next cycles, the peaks of the wheel slip are
noticed around 5.9%. The results have proved that WSCAA can avoid severe wheel slip when

the sudden changes occur in adhesion condition.
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Figure 32. Simulation result of WSCAA performed under the assumption of water
contaminated test condition: (a) WSCAA and driver torque requests; (b) Wheel slip; (c)
Angular acceleration of wheel and the threshold value; (d) Slip curve.

The second simulation is carried out under the assumption of grease contaminated test
condition. The following values of the control parameters are employed; an=0.75, Ainc=1 and
Adec=0.5. It is assumed that the contact surface is contaminated with steady grease contaminant

(without cleaning effect).

The simulation results of WSCAA performed under the assumption of grease
contaminated test condition are illustrated in Figure 33. The driver and WSCAA torque requests
are depicted in Figure 33(a). Initially, the driver torque request is zero. At t=11.8 s, the driver
torque is increased gradually up to 202 N.m and kept constant at that point. The angular
acceleration of the wheel increases proportionally with the torque increment as it is given in
Figure 33(c). When the wheel acceleration signal exceeds the threshold value, the WSCAA
decreases the torque, as shown in Figure 33(a) to restore the adhesion. The corresponding wheel

slip is depicted in Figure 33(b). It is noticed that during the first cycle; the wheel slip raises to
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9.9%. In the next cycles, the peaks are observed around 7%. It is seen that the WSCAA provides
a successful wheel slip control during the low adhesion condition.
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Figure 33. Simulation result of WSCAA performed under the assumption of grease
contaminated test condition: (a) WSCAA and driver torque requests; (b) Wheel slip; (c)
Angular acceleration of wheel and the threshold value; (d) Slip curve.

5.2.4 PI1 Wheel Slip Control

The dynamic response of the PI-WSC is tested under half-dry, wet and grease
contaminated wheel-roller surface conditions. The friction condition between the wheel and the

roller is set relatively high for the performance tests of PI-WSC.

The initial test is conducted under the assumption of the continuous water contaminant
existing between the wheel and roller. The control parameters are set as; sq=0.01, K,=500 and
Ki=2000. The response of the controller is presented in Figure 34. At t=5.6 s, the driver torque
request is increased gradually up to 600 N.m and kept constant at that level (see Figure 34a).
However, the PI-WSC torque request increases up to 524 N.m since the desired wheel slip
(sa=0.01) is reached as illustrated in Figure 34(b). The desired wheel slip corresponds to the

peak of the slip curve, as depicted in Figure 34(c). When the path of the wheel slip is analysed,
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no significant overshoot is observed. Hence, it is possible to claim that the PI-WSC stabilises
the wheel slip at the peak of the slip curve effectively.
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Figure 34. Simulation results of PI-WSC performed under the assumption of water
contaminated test condition: (a) PMSM output torque, PI-WSC torque request and driver
torque request; (b) Wheel slip; (c) Slip curve; (d) Wheel and roller speeds.

The second test is carried out to test the reaction of the PI-WSC method toward the
sudden change of the friction condition. The control parameters are set as; s¢=0.01, K,=100 and
Ki=1000. The simulation results are summarised in Figure 35. Initially, it is assumed that the
wheel and roller surfaces are half dry. Att=4.4 s, the driver torque request is increased gradually
up to 620 N.m. However, the PI-WSC controller permits torque increase up to 570 N.m due to
the desired wheel slip is reached. Then at t=26.6 s, the water is assumed to be continuously
sprayed to the contact area. Because of the sudden change of the friction condition, the wheel
slip increases up to 11.5% as illustrated in Figure 35(b). To prevent the severe wheel slip, PI-
WSC generates a new torque request and stabilises the wheel slip at 1% in a short time. When

Figure 35(c) is analysed, it is seen that the controller operates at the peak of the slip curves
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successfully for both half-dry and wet surface cases. Furthermore, the controller shows a robust
dynamic response to the sudden change in friction conditions.
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Figure 35. Simulation results of PI-WSC performed under the assumption of half-dry and
water contaminated test condition: (a) PMSM output torque, PI-WSC torque request and
driver torque request; (b) Wheel slip; (c) Slip curve; (d) Wheel and roller speeds.

The last simulation is conducted with the assumption of the steady grease contaminated
test conditions. The control parameters are set as; sq=0.02, Kp=200 and K;i=1000. The
simulation results are presented in Figure 36. The driver torque request, PI-WSC torque request
and PMSM torque response are shown in Figure 36(a). The speed responses of the wheel and
roller are illustrated in Figure 36(d). It is observed that the controller effectively stabilises the
wheel slip at the desired level with a slight overshoot (see Figure 36b). Furthermore, the desired

level corresponds to the peak of the slip curve (see Figure 36¢). Considering results, we can
claim that the controller has an effective dynamic response.
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Figure 36. Simulation results of PI-WSC performed under the assumption of steady grease
contaminated test condition: (a) PMSM output torque, PI-WSC torque request and driver
torque request; (b) Wheel slip; (c) Slip curve; (d) Wheel and roller speeds.

5.2.5 Sliding Mode Wheel Slip Control

To verify the effectiveness of the developed control method, we performed the initial
tests using the validated numeric model. The following values are selected for the control

parameters; D=10, K=1 and s4=0.02.

The simulation results of SM-WSC performed under the assumption of water
contaminated test condition can be seen in Figure 37. Two phases of the adhesion scenario are
selected for the simulation of water contamination. In the first phase, it is assumed that the
contact zone is wet, without spraying additional water onto the contact. In the second phase, the
water is continuously sprayed onto the contact area. The driver torque request is increased up to
a point and kept constant, as presented in Figure 37(a). At t=29 s, the adhesion between the
wheel and the roller drops from 0.28 to 0.22, as shown in Figure 37(c) due to the addition of
water. The sudden drop in adhesion conditions results in a sudden increase in the wheel speed,

while the increase in the roller speed is relatively low, as depicted in Figure 37(d). In other
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words, the wheel starts to slide. The SM-WSC contributes to a reduction in the driver torque
request, as depicted in Figure 37(a) and stabilises the wheel slip at 2%, which can be seen in

Figure 37(b). The maximum overshoot displayed in the wheel slip is about 5.1%, which is a

relatively low value. The indicated results demonstrate the functionality of the proposed

strategy.
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Figure 37. Simulation results of SM-WSC performed under the assumption of water
contaminated test condition: (a) PMSM output torque, SM-WSC torque request and driver
torque request; (b) Wheel slip; (c) Slip curve; (d) Wheel and roller speeds.

Next, Figure 38 illustrates the response of the developed algorithm when the adhesion
condition between wheel and roller is selected for grease contaminated case. In this case, it is
assumed that the grease on the contact surface is steady, as illustrated in Figure 38(c). The driver
torque request is gradually increased after t=5 s, and kept constant after a point, as seen in Figure
38(a). From Figure 38(d), it can be seen that the wheel speed increases, the roller speed increases
proportionally, as well. At t=25 s, the wheel slip increases beyond the desired value. After this

point, the controller begins to step in by reducing the driving torque. It is noticed that the actual
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wheel slip well tracks the desired wheel slip (2%) without any noticeable tracking error, as

presented in Figure 38(b). The noise displayed in the results is due to the PWM inverter.
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Figure 38. Simulation results of SM-WSC performed under the assumption of steady grease
contaminated test condition: (a) PMSM output torque, SM-WSC torque request and driver
torque request; (b) Wheel slip; (c) Slip curve; (d) Wheel and roller speeds.

5.3 Experimental Results

In the previous section, the performances of the control algorithms are verified via
numerical simulations. In this section, tests are carried out with the experimental tram wheel
roller rig (see section 3.1) to investigate the response of the algorithm under real operating
conditions. The control parameters of the algorithms are set identical with ones used in
numerical tests. Experiments are performed under four wheel-roller contact conditions, which
are half-dry, wet, greasy and grease&water. During the trials with the water contaminant, water
is sprayed to the contact zone continuously. Whereas, grease is placed on the contact area

manually and renewed whenever cleaning effect is monitored.
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The sampling rate of data logger that is connected to the test stand is 200 Hz. However,
the control action of the anti-slip algorithm is limited with 25 Hz to gain time for data processing.
The initial peripheral speed of the roller is selected as 5.56 m/s, which corresponds to 20 km/h
for a tram vehicle. The air spring provides no air pressure to obtain the higher wheel slip with
lower traction torque. Whereas, the average of the normal force is measured as 4250 N, due to
weights of the wheel, air spring and swinging arm.

5.3.1 Wheel Slip Control Based on a Single Threshold

Figure 39 shows the experimental results of WSCST performed under water
contaminated test condition. The driver torque request, which can be seen in Figure 39(a), is
identical to the driver torque request in the simulation (see Figure 28a). The wheel and roller
speeds are illustrated in Figure 39(b). The resultant wheel slip is provided in Figure 39(c). The
controller reduces the torque request whenever the wheel slip exceeds the defined threshold
value. Hence, the cyclic wheel slip control is displayed. It is noticed that the magnitude of the
wheel slip cycles varies due to uncertainties and disturbances. We can claim that the controller
prevents the severe wheel slip effectively where maximum wheel slip of 8.1% is seen.
Additionally, the findings substantiate the simulation results that are presented in section 5.2.1

(see Figure 28).
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Figure 39. Experimental result of WSCST performed under water contaminated test condition:
(a) WSCST and driver torque requests; (b) Wheel and roller speeds; (c) Wheel slip.

The experimental test results of WSCST under the steady grease contaminated test
condition are shown in Figure 40. The driver torque requests used in experiment and simulation
(see Figure 29a) are identical. The torque regulation of the controller is illustrated in Figure
40(a). Similar to the simulation result; initially, the WSCST control torque increases slower than
the driver torque request due to the setting of Tmin (1% of nominal PMSM torque) and Ainc. The
speed response of the wheel and the roller are presented in Figure 40(b). The resultant wheel
slip is provided in Figure 40(c). The results obtained under the grease contaminant is quite
similar to findings under the water contaminant. The wheel slip is suppressed successfully with
a maximum of 4%. Hence, it can be claimed that the controller provides an effective
performance. Furthermore, the experimental results match reasonably well with the simulation

results that are presented in section 5.2.1.
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Figure 40. Experimental result of WSCST performed under grease contaminated test
condition: (a) WSCST and driver torque requests; (b) Wheel and roller speeds; (c) Wheel slip.

5.3.2 Wheel Slip Control Based on Multiple Thresholds

The performance of the WSCMT s verified with the help of the experimental tram
wheel roller rig. The initial roller speed is set as 11.2 m/s that approximately corresponds to 40

km/h for a tram vehicle.

Here, Figure 41 shows the response of the WSCMT carried out under the continuous
water contaminated test condition. When the driver torque increases, correspondingly, WSCMT
torque increases, as shown in Figure 41(a). Whereas, closer inspection of the figure shows
WSCMT torque request increases slightly slower due to the selection of Ainc control parameter.
The speed responses of the wheel and the roller is illustrated in Figure 41(b). As it is expected,
the wheel speed increases much faster when the tractive effort exceeds the adhesion limits.
Hence, the sudden wheel slip is seen as presented in Figure 41(c). The proposed algorithm

appears to deliver a satisfactory performance since the strategy provides a cyclic control of
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wheel slip where the peaks are noticed between 1.3-2%. Besides, the controller prevents the

wheel from the excessive torque drops, which reduce traction performance.
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Figure 41. The experiment result of WSCMT performed under water contaminated test
condition: (a) WSCMT and driver torque requests; (b) Wheel and roller speeds; (c) Wheel
slip.

The second experiment is conducted under the steady grease contaminated test
condition. The test is aimed to investigate the performance of the controller under the deficient
adhesion condition. The details of the test results are provided in Figure 42. In Figure 42(a), the
driver and controller torque requests are shown. It is apparent from the figure that initially,
WSCMT torque request increases slower. The speed responses of the wheel and the roller are
illustrated in Figure 42(b). The resultant wheel slip is indicated in Figure 42(c). When the results
are analysed, one can figure out that the controller suppresses the wheel slip effectively where
the peak of the cycles are found to be around 4.4%.
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Figure 42. Experimental results of WSCMT performed under grease contaminated test
condition: (a) WSCMT and driver torque requests; (b) Wheel and roller speeds; (b) Wheel
slip.

5.3.3 Wheel Slip Control Based on Angular Acceleration of Wheel

To confirm the operation of the WSCAA, we conducted the first experimental test under
water contaminated test condition. Initially, the wheel-roller contact zone is wet; however, no
additional water is supplied. At time t=19.8 s, the water is sprayed to the contact area
continuously. The application of additional water reduces the adhesion, as depicted in Figure
43(d). Figure 43 summarises test results performed on the experimental test stand. The driver
torque request is increased progressively up to 503 N.m, as provided in Figure 43(a). Due to the
torque increase and fall in adhesion, the wheel starts to accelerate, as illustrated in Figure 43(c).
When the angular acceleration of the wheel exceeds the threshold value, the WSCAA reduces
the torque, as shown in Figure 43(a). The wheel slip control performance of WSCAA is depicted
in Figure 43(b). During the first five cycles of the control process, the magnitude of the peak of

the wheel slip tends to increase while in the next cycles, the magnitude of the peak of wheel slip
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reduces gradually. A maximum wheel slip of 6.7% is observed during the test. It is found that
the controller has an effective wheel slip control performance in the given experimental results.
Furthermore, the experiment results are consistent with the simulation results presented in

Figure 32.
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Figure 43. Experimental result of WSCAA performed under water contaminated test
condition: (a) WSCAA and driver torque requests; (b) Wheel slip; (c) Angular acceleration of
wheel and the threshold value; (d) Slip curve.

Next, Figure 44 shows the responses of the WSCAA performed under water
contaminated test condition and the different value of threshold (aw). By analysing the path of
wheel slip, it can be seen that the larger aw causes in higher wheel slip. Moreover, the low value
of awn causes the frequent drop of the drive torque, due to the noise component existing in the
acceleration signal. Thus, for practical applications, the threshold value must be selected
carefully for optimal control performance.
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Figure 44. The effect of the threshold value (aw) on wheel slip under water contaminated test
condition.

A comparison of different deceleration rate control parameter (Adec) is carried out under
the same conditions is illustrated in Figure 45. It is seen when the value of Agec is increased, the
magnitude of the peak point of the wheel slip is increased. Moreover, when Agec is selected even
higher, it is noticed that the WSCAA is not able to avoid the severe wheel slip. Besides, setting
the Adec to lower values reduce the traction performance due to the excessive torque drops.

Hence, optimum parameters of Adec is required for an efficient wheel slip control and better

adhesion utilisation.
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Figure 45. The effect of deceleration rate (Adec) On wheel slip under water contaminated test
condition.
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The experimental results of WSCAA conducted under the steady grease contaminated

wheel-roller surface conditions are presented in Figure 46. The WSCAA gives a similar
response to that of traction under the water contaminant. The presence of the grease reduces the
adhesion to a deficient value, as depicted in Figure 46(d). The driver and WSCAA torque request
are given in Figure 46(a), respectively. The torque regulation is provided with the help of the
wheel slip detection signal that is obtained from Figure 46(c). The corresponding wheel slip
control performance under grease contaminant is indicated in Figure 46(b). Due to the system
delay, a sudden wheel slip occurs at the first cycle, and then, the controller reduces the wheel
slip to lower values in the next cycles. The peaks of the wheel slip cycles are observed around
5.9%. These findings validate the usefulness of WSCAA as a wheel slip control strategy.

Moreover, the experimental results are in good agreement with the simulation results.
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Figure 46. Experimental result of WSCAA performed under grease contaminated test
condition: (a) WSCAA and driver torque requests; (b) Wheel slip; (c) Angular acceleration of
wheel and the threshold value; (d) Slip curve.
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5.3.4 Pl Wheel Slip Control

The operation of the PI-WSC is verified initially under the continuous water
contaminated test conditions. Figure 47 illustrates the response of the controller. The driver
torque request is increased gradually from zero to 600 N.m at t=5.6 s, as shown in Figure 47(a).
However, PI-WSC permits the torque increase until 554.7 N.m since the desired wheel slip is
reached as given in Figure 47(b). Closer inspection to Figure 47(c) shows that the controller
operates at the peak of the slip curve. Surprisingly, a constant difference between the wheel and
roller speeds is observed in Figure 47(d), even at free rolling. This difference causes an offset
in the calculated wheel slip value. However, the action of the controller is not affected. Hence,
the results confirm the effectiveness of the controller under the continuous water contaminated
surface condition.
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Figure 47. Experimental results of PI-WSC performed under water contaminated test
condition: (a) AM output torque, PI1-WSC torque request and driver torque request; (b) Wheel
slip; (c) Slip curve; (d) Wheel and roller speeds.

The second experimental test is carried out to examine the dynamic response of the

controller to the sudden decrease in the friction condition. Hence, initially the controller is
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operated under half dry test condition, then continuous water is sprayed to contact area to reduce

the friction condition. The results are presented in Figure 48. It is seen in Figure 48(b); the
controller stabilises the wheel slip effectively at the desired level for the half-dry case. The first
operating point of the controller, which correspond to the peak of the slip curve, is shown in
Figure 48(c). When the water is sprayed, the friction condition drops and 11.7% of wheel slip
Is observed. The controller provides a successful control since the recovery from the unstable
side of the slip curve to the stable side of the slip curve takes in an instant. The PI-WSC stabilises
the wheel slip at 1% (second operating point) which corresponds to the peak of the slip curve
for the water contaminated test condition. Similar to the previous experiment, a constant offset
IS seen in speed measurements, as depicted in Figure 48(d).
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Figure 48. Experimental results of PI-WSC performed under the half-dry and water
contaminated test condition: (a) AM output torque, PI-WSC torque request and driver torque
request; (b) Wheel slip; (c) Slip curve; (d) Wheel and roller speeds.
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5.3.5 Sliding Mode Wheel Slip Control

The control parameters and initial speed for the SM-WSC are selected as in the
numerical model. Experimental tests are conducted for several cases of wheel-roller surface

conditions.

The experimental results of the proposed algorithm performed under water contaminated
wheel-roller surface conditions are presented in depth in Figure 49. The results of the
experimental test are similar to the results obtained from the simulation in Figure 37. The
available adhesion between wheel and roller is high until t=29 s as illustrated in Figure 49(c)
since the wheel and roller contact surface is half dry. The driver torque request is increased
gradually up to 434 N.m, as shown in Figure 49(a). After t=29 s, water is sprayed onto the
contact area. The maximum available adhesion decreases from 0.275 to 0.22. This rapid drop in
adhesion conditions results in a sudden increase in wheel speed while roller speed increases
slower, relatively, as depicted in Figure 49(d). The resultant wheel slip is provided in Figure
49(b). The SM-WSC is activated right after the wheel slip value reaches beyond the desired
amount (2%). The controller reduces the motor torque, as indicated in Figure 49(a), and the
wheel slip is stabilised at 2%. A maximum wheel slip of 7% is observed during this test. Based
on the obtained results, it is possible to claim that the controller has a robust response to the
sudden change in adhesion conditions. Furthermore, when Figure 49(c) is analysed, it can be
seen that the CoA is controlled slightly below the maximum value. This behaviour is due to the

selection of the reference wheel slip value.
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Figure 49. Experimental results of SM-WSC performed under water contaminated test
condition: (a) SM-WSC torque request, AM output torque and driver torque request; (b)
Wheel slip; (c) Slip curve; (d) Wheel and roller speeds.

Figure 50 shows the experimental results of the proposed algorithm performed under the
steady grease contaminated test condition. The available adhesion is relatively low due to the
presence of the grease contaminant in the environment (see Figure 50(c)). Figure 50(a) shows
the SM-WSC torque request, the output torque response of AM and the driver torque request,
respectively. The wheel speed and roller speeds are illustrated in Figure 50(d). It should be noted
that both responses begin from 5.56 m/s, and after t=5 s, a divergence between these two
responses appears. The reason for this divergence is the desired wheel slip introduced to the
controller. At t=25 s, stabilisation of the wheel slip on the 2% level is established, as indicated
in Figure 50(b). The response of the controller is effective for a low level of the adhesion since
the value of the wheel slip is successfully stabilised at 2%. Moreover, when the slip curve in
Figure 50(c) is analysed, it can be seen that 2% of wheel slip corresponds to a point where the
maximum adhesion is seen. The observed fluctuations in output torque response of the controller

are similar to the previous experiment.
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Figure 50. Experimental results of SM-WSC performed under the steady greasy contaminated
test condition: (a) SM-WSC torque request, AM output torque and driver torque request; (b)
Wheel slip; (c) Slip curve; (d) Wheel and roller speeds.

Figure 51 shows the experimental results of the proposed control algorithm carried out
under grease and water&grease contaminated test conditions. The test aims to point out the
dynamic response of the controller to the sudden change of the adhesion condition. The
experimental conditions are similar to the water contaminated case, except that the wheel-roller
contact zone is contaminated with steady grease. Figure 51(a) corresponds to the SM-WSC
torque request, the AM torque response and the driver torque request. The wheel and roller
speeds increase with an increase in driver torque request, as depicted in Figure 51(d). The SM-
WSC regulates the motor torque at a 230 N.m mean value when the reference wheel slip (2%)
is achieved. It can be seen in Figure 51(c) that the maximum available adhesion at the operating
point is 0.16. When the water is sprayed onto the contact area (t=38 s), the available maximum
adhesion drops dramatically, which increases the wheel slip, as can be seen in Figure 51(b). The
SM-WSC reduces the motor torque to a 110 N.m mean value, as seen in Figure 51(a) and
stabilises wheel slip at 2%. After t=56 s, the water flow is stopped. Because of the motion of

the wheel and the roller, a cleaning effect (removal of water) is seen in the contact area. Due to
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the cleaning effect, the adhesion between the wheel and the roller increases up to slightly below

the previous operating point under steady grease conditions. The SM-WSC stabilises the wheel
slip at 2%. Here, it must be noted that 2% of the wheel slip corresponds to the point where the
peak of the slip curve (see Figure 51(c)) is observed. Hence, the controller achieved the

maximum utilisation of the adhesion in all cases.
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Figure 51. Experimental results SM-WSC performed under grease and water&grease
contaminated test condition: (a) SM-WSC torque request, AM output torque and driver torque
request; (b) Wheel slip; (c) Slip curve; (d) Wheel and roller speeds.

5.4 Analysis of Results

In this study, five wheel slip control strategies - wheel slip control based on single
threshold (WSCST), wheel slip control based on multiple thresholds (WSCMT), wheel slip
control based on angular acceleration of wheel (WSCAA), Pl wheel slip control (PI-WSC), and
sliding mode wheel slip control (SM-WSC) - have been implemented. The performances of the

control methods are evaluated via experiments on a roller rig and simulations on its numerical
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model. The conditions of the simulations and the experiments are employed identical to provide

a comparative discussion.

The WSCST is the most straightforward wheel slip control strategy, which uses only a
single threshold value for the control purpose. Whenever the actual wheel slip value exceeds the
threshold value, the PMSM torque request is reduced to prevent the wheel from the severe slip.
Figure 28 and Figure 39 show the simulation and experimental results conducted under the
continuous water contaminated test condition, respectively. As it is expected, the wheel slip is
controlled cyclically. A maximum wheel slip of 7.4% is seen in simulation, while the maximum
wheel slip of 8.1% is seen in the experimental test. When the results for the steady grease in
Figure 29 and Figure 40 are analysed, similar responses are found. A maximum wheel slip of
4.1% is seen in the simulation, and 4% is seen in the experiment. Based on the findings of the
above simulations and experimental analysis, it is possible to claim that the WSCST strategy
suppresses severe the wheel slip successfully. One of the interesting results is observed in the
tests under grease contaminated surface condition (Figure 29(a) and Figure 40(a)). Initially, the
WSCST controller torque request rises slower than the driver torque request. The slow torque
recovery can be attributed to the setting of Tmin and Ainc to low values. Tmin is set as 1% of the
nominal torque of PMSM during the tests under grease contamination. The rise of the WSCST
torque from Tmin is slower due to the nature of the torque regulation algorithm. The faster torque
increase is noticed during the test under the water contaminant since Tmin IS Set as 15% the
nominal torque of PMSM. Furthermore, the increment rate parameter (Ainc) is another reason

for the slow torque increase.

The performance evaluation of WSCST with various roller speeds, threshold values,
deceleration rates and increment rates are conducted through the validated numerical model.
The effects of the variation of the parameters on results are indicated in Appendix-A of the
thesis. Findings from the validated numerical model can be summarised (independent from

surface conditions) as follows:

e Lower wheel slip is noticed at higher roller speeds.
e The lower value of slip threshold value has a negative influence on the utilisation of

adhesion, while high threshold value causes severe wheel slip.
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e Setting the deceleration rate parameter (Adec) lower results in excessive torque drops,
whereas severe wheel slip is seen when it is set higher.
e The higher value of the increment rate (Ainc) causes slow torque recovery of the

electric motor; on the other hand, lower values result in severe wheel slip.

The tests reveal that the WSCST prevents the severe wheel slip effectively. However,
the traction performance of the motor suffers from repeating torque oscillation. Hence, it can be
claimed that WSCST is a re-adhesion controller which primarily aims to suppress the excessive
wheel slip. Thus, it is appropriate to use the WSCST on Electric Multiple Units (EMUs) which

do not requires the maximum utilisation of the adhesion.

Wheel slip control based on multiple thresholds (WSCMT) is an improved version of
the method mentioned above. In order to prevent excessive torque drop and increase, two
threshold values are introduced. Both threshold values are selected on the stable part of the slip
curve. Figure 30 and Figure 41 depict the simulation and experimental results of WSCMT
method performed under the continuous water contaminated test condition, respectively. The
severe wheel slip is prevented effectively in both tests. Similar responses are observed in
simulation and experimental tests under the steady grease contaminated surface conditions (see
Figure 31 and Figure 42). For profound research, the performance of the controller with various
roller speeds, threshold values, deceleration rates and increment rates are conducted through the
validated numerical model. The effect of each parameter on the control behaviour is illustrated

in Appendix-B of the thesis. The obtained results are summarised as follows:

e The peak of wheel slip cycles decreases when the roller speed increases.

e Higher threshold values result in higher wheel slip

e Setting the deceleration rate parameter (Adec) lower causes extreme torque drop,
while higher values result in high wheel slip.

e Setting the increment rate parameter (Ainc) higher results in slow torque recovery

after the suppression of wheel slip, while lower values cause a sudden wheel slip.

The findings are similar to the results of the WSCST due to the nature of the control
strategy. It is concluded from the analysis that the controller can suppress severe wheel slip

effectively. Furthermore, the controller reduces the excessive torque increase, and it is assured
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that the torque drop becomes small. WSCMT method provides cyclic control of the wheel slip.
Thus, the application of WSCMT method is recommended for use on EMUs since the maximum

utilisation of the adhesion is not the primary consideration.

A wheel slip control based on the angular acceleration of wheel (WSCAA) is an
alternative way of wheel slip control strategy. The method is developed to control the wheel slip
via the angular acceleration signal. The simulation and experimental results of WSCAA
performed under water contaminated test condition are given in Figure 32 and Figure 43,
respectively. The resultant wheel slip is indicated in Figure 32(b) and Figure 43(b). A maximum
wheel slip of 8.6% is observed in the simulation, while the maximum wheel slip of 6.7% is
observed in the experiment. Based on the results, it is possible to claim that the WSCAA
provides effective wheel slip control performance in both simulation and experiment under
water contamination. Figure 33 and Figure 46 are the simulation and experimental results
carried out under the steady grease contaminant, respectively. A maximum wheel slip of 9.9%
IS seen in the simulation results, while the maximum wheel slip of 5.9% is seen in the experiment
results. The provided results confirm that the WSCAA controller is capable of preventing the

wheel from the severe slip during deficient adhesion condition.

For more detailed analyses, the effect of roller speeds, threshold values, deceleration
rates and increment rates variations on the performance of the controller are investigated through
the validated numerical model. The impact of each parameter on the control behaviour is given

in the Appendix-C of the thesis. The obtained results are concluded as follows:

e The peaks of the wheel slip cycles reduce with the increase in the roller speed.

e Improper setting of the threshold value to a lower or a higher value cause the failure.

e Setting the deceleration rate parameter (Adec) lower causes excessive torque drop;
nevertheless, higher values result in severe wheel slip (failure).

e Setting the increment rate parameter (Ainc) high causes slow torque recovery after

the suppression of wheel slip, while lower values cause a sudden wheel slip.

The indicated results have a number of similarities with previous work of Yamashita

and Soeda [38] in terms of wheel slip control characteristics. Moreover, high torque fluctuation
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is also observed in their presented work. The method prevents excessive the wheel slip similar

to the previous two strategies. Therefore, it is appropriate to use the WSCAA on EMU:s.

Abovementioned strategies suppress the wheel slip in the same manner. Thus, to provide
a comparative discussion, the responses of the control strategies are tested on the experimental
test stand with the same control parameters (Adec, Ainc @nd Tmin) and surface conditions. Table 7
summarises the experimental results that are carried with the mentioned methods. Here, Smax IS
the mean value of the peak of the wheel slip cycles, AT is the mean value of generated torque
request fluctuations, and tp is the mean value of the time duration of wheel slip cycles. The
WSCST and WSCMT suppress the wheel slip better than the WSCAA. On the other hand, the
fluctuation of the generated torque request and time duration of wheel slip cycles is lower for
the WSCAA. Hence, the WSCAA improves traction performance better than the WSCST and
WSCMT. Consequently, small differences are observed between the performances of
abovementioned methods. Based on this fact, the WSCAA strategy is primarily recommended
to be used on EMUs due to its advantages (see section 2.4.3) over the other methods.

Table 7: Performance comparison of the wheel slip controllers based on the threshold
value (under grease contaminated test condition and identical control parameters).

Method Smax [%0] AT [N.m] tp [3]
WSCST 2.81 155.22 2.88
WSCMT 2.82 139.87 2.81
WSCAA 4.05 125.1 2.46

The PI controllers are widely used in industrial application because of their simplicity,
low cost and robustness [77]. In this study, it is used to stabilise the wheel slip at the desired
level. The simulation and experimental tests of the controller under continuous water
contaminated surface conditions are summarised in Figure 34 and Figure 47, respectively. In
both trials, the controller stabilises the wheel slip at the desired level without significant
overshoot as provided in Figure 34(b) and Figure 47(b). Moreover, the maximum utilisation of
the adhesion is realised since the controller operates at the peak of the slip curves, as shown in
Figure 34(c) and Figure 47(c). Thus, the results confirm the effectiveness of the PI-WSC under
the continuous water contaminated test condition. The second test is conducted to see the
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dynamic reaction of the controller to the sudden change of the adhesion condition. Figure 35
and Figure 48 present the simulation and experimental results of the controller under half-
dry&water contaminated test conditions, respectively. In Figure 35(c) and Figure 48(c), it is
seen the controller has a robust dynamic response to the sudden change of the adhesion condition
since the operation point recover from the unstable side to the stable side in a short time. In both
cases of the adhesion condition, the controller operates at the peak of the slip curves. Therefore,
it is possible to claim that the controller has a robust reaction to sudden changes. Surprisingly,
a constant difference between the speeds of wheel and roller is noticed in experimental results,
even at free rolling. This difference results in 0.4% of offset in the calculated wheel slip. The
reasons for the offset is not investigated since the action of the controller is not interrupted.
Another interesting observation from the tests is the high level of the adhesion condition. It is
seen that the maximum CoA adhesion is to 0.4 for the half-dry case and 0.32 for the continuous
water contaminated case. It is believed the decent cleaning of the wheel and roller surfaces
provides such high adhesion.

Further tests with various roller speeds, desired wheel slip ratios, proportional gain
parameters (Kp) and integral gain parameters (K;) are performed through the verified numerical
model. The performed simulations, which are depicted in Appendix-D, allow formulating the

following conclusion:

e The controller exhibits good wheel slip tracking performance with all roller speeds
and all contact conditions. However, low amplitude vibrations are noticed at lower
roller speeds.

e The controller provides successful performance under the water and grease
contaminated test conditions when the desired wheel slip is set on the stable part of
the slip curve. On the other hand, adjustment of the desired wheel slip to the unstable
part of the slip curve brings the risk of control quality deterioration.

e Higher overshoot is observed with the lower proportional gain parameter (Kp)
independent from the contact conditions. Additionally, it is noted that the controller
is not able to stabilise the wheel slip under grease contaminated case when Kp sets

lower.
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e The integral gain parameter (K;j) influences the rise time to the desired set point.

When K sets to a lower value, the higher rise time is seen.

Based on the observed results, it can be claimed that PI-WSC can be used to control the
wheel slip and improve the traction performance of the electric locomotives. However, the
tunning of the control parameters is very critical for a robust response. Moreover, the desired
wheel slip has a significant influence on the stability of the controller and utilisation of the
adhesion. Hence, the implementation of the PI-WSC with optimal wheel slip ratio tracking
algorithms [22], [78] is adviced for stable control process and optimum traction performance.

Thus, the provided method is advised to be implemented on the electric locomotive.

The sliding mode wheel slip control (SM-WSC) is an attractive robust control method
which has useful properties to stabilise nonlinear and uncertain systems. The controller keeps
the systems insensitive to uncertainties on a sliding surface. Moreover, SM-WSC has good and
rapid transient performance [73]. The experimental and numerical results of the SM-WSC
performed under water contaminated test condition are given in Figure 37 and Figure 49,
respectively. In Figure 37(b) and Figure 49(b), it is noted that the wheel slip with the SM-WSC
converged with the reference value (2%) accurately in a short time when a sudden drop in
adhesion is applied. Furthermore, when Figure 37(c) and Figure 49(c) are analysed, it can be
seen the 2% of wheel slip corresponds to the slightly below the peak of the slip curve. Figure
38 and Figure 50 show the numeric results and the experimental results conducted under the
steady grease contaminant, respectively. The test results in Figure 38(b) and Figure 50(b) reveal
that SM-WSC has a robust performance in the stabilisation of the wheel slip. Moreover, Figure
38(c) and Figure 50(c) prove that the controller provides optimal utilisation of the adhesion.
One of the most significant results of the study is noticed in the experimental test carried out
under grease&water contaminated surface condition. During the experiment, it is found that the
adhesion between the wheel-roller at the steady grease condition drops drastically with the
presence of water in the contact area, as illustrated in Figure 51(c). Using this fact, the response
of SM-WSC is tested experimentally by spraying water on a steady grease contaminated surface.
Figure 51 shows the experimental results of the test. The test result presented in Figure 51(b)

confirms the controller is reasonably effective in the stabilisation of wheel slip under quite low
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adhesion conditions. Furthermore, the traction performance of the wheel is improved when an

improvement in adhesion is seen, as indicated in Figure 51(a).

The performance of SM-WSC with various roller speeds, desired wheel slip ratios,
convergence rate parameters (D) and uncertainties parameters (K) are carried out through the
verified numerical model. The effect of each parameter on the control behaviour is given in
Appendix-E of the thesis. The results of the analysis are summarised as follows.

e The wheel slip overshoot increases slightly at higher roller speeds; however, the
amplitude of vibrations reduces.

e The controller is able to stabilize wheel slip even on the unstable part of the slip
curve.

e The convergence rate parameter (D) influences the damping of the wheel slip. The
higher value of the convergence rate parameter causes higher overshoot and longer
settling time.

e The uncertainties parameter (K) has no significant influence on the results.

The presented results have several similarities with the findings of Kim et al. [74].
Moreover, both the experimental and simulation results are consistent with the previous work
of Nam et al. [70] in terms of stabilisation of the wheel slip and improvement of traction ability.
Kabzinski [79] claims that the proposed method is useful in the stabilisation of wheel slip, even
in the presence of all the unavoidable measurement noises and errors caused by the digital
implementation of the control algorithm. The findings of the tests support the presented claim
since there have been successful results even in the presence of high amplitude noise in the
measurements. It is known that the proposed method has certain limitations for the running of
real vehicles, such as determination of adhesion force and longitudinal velocity. However, these
limitations can be cleared by several means using estimation methods [80]-[82]. Moreover, the
optimal point of the wheel slip where the maximum adhesion is observed is one of the
challenging parameters. In this study, the optimum wheel slip is determined using the results of
previous experiments, while Huang et al. [78] offer an optimal wheel slip ratio searching
algorithm. Consequently, SM-WSC is highly recommended for use on electric locomotives

since the optimum utilisation of the adhesion is the main consideration.
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6 CONCLUSION

The work presented in the thesis is aimed to determine effective and viable solutions to
wheel slip problem. To fulfil our purpose; first, the general background information about the
adhesion, the wheel slip, and the wheel slip control strategies have been studied based upon the
literature sources. Then, the wheel slip control methods available in the literature are
investigated with their pros and cons. After that, to evaluate the performance of the developed
wheel slip controllers, a numerical model representing the tram wheel roller rig is created in the
MATLAB environment. The numerical model consists of five main components: the
mechanical model of the torsional system, the dynamic model of the PMSM, dynamic model of
the AM, the Freibauer/Polach adhesion force model, and the anti-slip control model.
Afterwards, Five wheel slip control strategies -wheel slip control based on single threshold
(WSCST), wheel slip control based on multiple thresholds (WSCMT), wheel slip control based
on angular acceleration of wheel (WSCAA), Pl wheel slip control (PI-WSC), and sliding mode
wheel slip control (SM-WSC)- are suggested.

The validity of the developed numerical model is proven through the comparison of the
numerical and experimental results. Then, the performances of the control methods are
evaluated through experiments on a roller rig and simulation tests on the validated numerical
model. Moreover, the influence of different roller speeds and control parameters are investigated
through the validated numerical model since it provides an advantage by allowing us to set the
identical test condition for each case. It is observed wheel slip control strategies based on the
threshold value (WSCST, WSCMT and WSCAA) suppress the severe wheel slip effectively.
Due to its advantages over the other methods, the WSCAA strategy is primarily recommended
to be used on EMUs. The PI-WSC and SM-WSC successfully stabilise the wheel slip at a
defined reference slip value. Furthermore, the PI-WSC and SM-WSC algorithms do not only
stabilise the wheel slip but also help to establish optimum utilisation of the adhesion
characteristic regardless of the severity of contaminants between the wheel and the roller when
the optimal reference wheel slip is introduced. The SM-WSC has an advantage over the PI-
WSC due to its useful properties in the stabilisation of nonlinear and uncertain systems. Hence,

it is appropriate to use the SM-WSC on electric locomotives.
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6.1 Completed Objectives of Doctoral Thesis

The completed objectives of the thesis are as follows:

(i)

(i)

(iii)

(iv)

(v)

(vi)

Summarising a large number of published studies on the wheel slip, adhesion
and slip control methods: In section 2, initially, the gathered information about
the adhesion and slip mechanism are explained to give the reader a general picture
of the research covered in the thesis. Then the wheel slip detection methods and
wheel slip control methods based on the literature review are introduced with their
pros and cons.

Reproducing a numerical model of the tram wheel roller rig in MATLAB
environment that can be used for performance evaluation of the wheel slip
control strategies: In section 3.2, the numerical model of tram wheel roller rig,
that is introduced in section 3.1, is reproduced in MATLAB environment. The
developed model includes nonlinear effects caused by time delay and disturbances
to match the values of the experimental test setup.

Proposing algorithms to control the wheel slip mechanism and establishing
optimum utilisation of adhesion: In section 4, the developed wheel slip control
strategies are introduced. Strategies in sections 4.1, 4.2 and 4.3 are designed to be
used on EMU while strategies in sections 4.4 and 4.5 are designed to be used on
electric locomotives.

Validation of reproduced numeric model: In section 5.1, the validity of the
developed numerical model (see section 3.2) is proven by comparing simulation
results with experimental results.

Verifying the functionality of proposed wheel slip control algorithms by
either the validated numerical model or experimentally obtained results from
the tram wheel roller rig: In section 5.2, the functionality of the proposed wheel
slip control algorithms is verified by the validated numerical model (under the
assumption of several surface conditions). In 5.3, the functionality of the
controllers is proven with the experimental setup under several test conditions.
Performance evaluation of the proposed wheel slip control algorithms with

different speeds and control parameters: The validated numerical model is used
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for the further performance evaluation of the wheel slip control algorithms with
different speeds and control parameters. The simulation results are presented in
the Appendices of the thesis. The summaries of the simulations are presented in

section 5.4.

6.2 Scientific Contributions of Doctoral Thesis

An advanced numerical model of a tram wheel roller rig that includes nonlinear effects
caused by time delay and disturbances to match the values of the experimental test setup is
developed so that other researchers can easily simulate the dynamic responses of wheel slip and

electric motor control strategies.

Three different re-adhesion (WSCST, WSCMT and WSCAA) are suggested for the use
on the EMUs. The WSCST and WSCAA are conventional re-adhesion strategies. Employing
WSCMT on wheel slip control is unique and proposed by the author. It aims to provide an

improvement to the utilisation of the adhesion.

Two more different strategies (P1-WSC and SM-WSC) for the use of electric locomotive
are also proposed in this thesis. It is known that the PI-WSC method is widely used for industrial
applications. However, the wheel slip control stability cannot be guaranteed with the PI
controllers due to their linear characteristics [22]. On the other hand, SM-WSC is an attractive
robust control method which has effective properties to stabilise the nonlinear and uncertain
systems. The author has modified and applied a control strategy which is presented for a
personal electric vehicle in the previous literature [70]. According to the author's knowledge,
SM-WSC is an original control strategy in the related literature which aims to stabilise the wheel

slip for a roller rig.

The dynamic responses of the implemented anti-slip control strategies are evaluated
under different surface conditions (half-dry, wet, greasy and wet&greasy) on both experimental
tram wheel roller rig and its numeric model. Furthermore, the performance of the control
strategies with different speeds, threshold values, deceleration and increment rates are evaluated
on the validated numerical model. The carried-out simulations and experiments bring

considerable knowledge in the related scientific field.
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6.3 Future Works

The purpose of the slip control methods is to prevent the wheel from severe slip and
improve the traction effort of the vehicle. Furthermore, the development of such systems is very
critical for the safety of the vehicles. Hence, we have presented five of the wheel slip control
strategies. The presented strategies are validated by tests on the experimental roller rig and its
numerical model. The further verification of the developed strategies can be carried on the real
locomotive in future. Another future work can be the development of optimal reference slip
ratio seeking algorithm. In this work, the reference value of the wheel slip is obtained from the
experimental measurements (predefined reference value). However, it is possible to obtain the
reference using the characteristic slip curve. Hence it is planned to adopt recursive least square
with the steepest gradient method (RLS-SGM) to determine the optimal wheel slip ratio online
for the presented control strategies.
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A-Wheel Slip Control Based on a Single Threshold
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Simulation results of PI-WSC performed under grease contaminated test condition and
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Simulation results of PI-WSC performed under grease contaminated test condition and
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K_=100
p

0.03 n ﬁ - - k=300
“ K =600
I e

=
= =
= =)
5} o
T
2
e
<
¥
-

=
[=]
=
i
I
L

- e PR Ty
 tttetiatink ot I I 1 1 WA e ST

] 10 20 30 40 50
Time [s]

Simulation results of PI-WSC performed under grease contaminated test condition and
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E-Sliding Mode Wheel Slip Control
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Simulation results of SM-WSC performed under grease contaminated test condition and
different roller speeds (s¢=0.02, D=10 and K=1).
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Simulation results of SM-WSC performed under water contaminated test condition and
different slip wheel slip ratios (vs=20 km/h, D=10 and K=1); (a) Wheel slips (b) Slip curves.
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Simulation results of SM-WSC performed under grease contaminated test condition and
different wheel slip ratios (vs=20 km/h, D=10 and K=1); (a) Wheel slips (b) Slip curves.
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Simulation results of SM-WSC performed under water contaminated test condition and
different D design parameters (vs=20 km/h, s4=0.02 and K=1).
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Simulation results of SM-WSC performed under grease contaminated test condition and
different D design parameters (vs=20 km/h, s4=0.02 and K=1).

136



APPENDICES

0.025 - K=1
it - = =K=2
¥ K=5
0.02 F 4 D T T e O e L
— 0.015 -
=3
7]
0.01 -
0.005 -
A "
] r;-:;-;:;;:_-v_:’T’f::-_'::,:n'_'ﬁ-‘ - [ I I I i i I =t
0 5 10 15 20 25 30 35 40 45 50
Time [s]

Simulation results of SM-WSC performed under water contaminated test condition and
different K design parameters (vs=20 km/h, s4=0.02 and D=10).
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Simulation results of SM-WSC performed under grease contaminated test condition and
different K design parameters (vs=20 km/h, s¢=0.02 and D=10).
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