Automatic Slip Control for Railway Vehicles
Master’s thesis
performed in Vehicular Systems
by
Daniel Frylmark and Stefan Johnsson
Reg nr: LiTH-ISY-EX-3366-2003
6th February 2003

Automatic Slip Control for Railway Vehicles
Master’s thesis
performed in Vehicular Systems,
Dept. of Electrical Engineering
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Introduction
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Chapter 1

Preface
1.1

Thesis Background

Slipping and sliding have always been major problems in the railway
industry, due to the low friction between rail and wheel. Before the
days of modern automatic control systems, the skill of the driver set
the limits for a successful result. With the increased speed, power
and complexity of the modern railway vehicle, the demand for more
advanced control systems arises. During the last two decades the automobile industry has developed similar automatic control systems.
Bombardier Transportation in Västerås, Sweden, has oﬀered a master’s thesis with the purpose to gather information and to evaluate the
recent research. This master’s thesis extends to full-time work for two
students during 20 weeks. To us, this master’s thesis is the ﬁnal part
of our Master of Science education in Applied Physics and Electrical
Engineering at Linköpings universitet.

1.2

Objectives

To make an inventory of the research progresses within slip control,
concerning both the railway and the automobile industry, and evaluate
the methods we have encountered as possible strategies for railway
vehicles.

1.3

Methods

During the ﬁrst weeks of the project we made a research inventory. The
purpose was not only to get the necessary background knowledge, but
also to ﬁnd approaches of automatic slip control that might be useful
3
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for railway vehicles. Based on the gathered information we constructed
a Matlab-Simulink model of the non-linear slip process. This model
was controlled in Matlab-Simulink, using a few of the strategies we
came in touch with during the research inventory, and also a few strategies of our own. The evaluation of their performance as automatic
control systems for railway vehicles was put down in this report. The
emphasis of this project was to be put on the control strategies and not
on the accuracy of the process modelling.
The report is written in LATEX 2ε . Simulations and calculations were
performed in Mathworks Matlab 6.1 (including Simulink 4.1). We
also used Microsoft Visio Professional for block diagrams and other
ﬁgures.

1.4

Method Criticism

We could have disposed more time on the non-linear process model,
but we are ﬁrmly convinced that this would not lead to correspondingly
better results. Since the focus of this thesis was to ﬁnd and evaluate
diﬀerent slip control strategies, and not to create one optimal controller,
all the methods have not been evaluated to their full extent. Also, all
the evaluated methods have not been fully tuned.

1.5

Organisation

We have had guidance from Bombardier Transportation in Västerås, as
well as from the division of Vehicular Systems, Department of Electrical Engineering at Linköpings universitet. The following persons have
taken part in the project:
Professor Lars Nielsen, examiner, Linköpings universitet,
lars@isy.liu.se
Martin Uneram, instructor, Bombardier Transportation, Västerås,
martin.uneram@se.transport.bombardier.com
Mattias Eriksson, instructor, Bombardier Transportation, Västerås,
mattias.k.eriksson@se.transport.bombardier.com
Fredrik Botling, instructor, Bombardier Transportation, Västerås,
fredrik.botling@se.transport.bombardier.com
Stefan Johnsson, master student, Linköpings universitet,
stejo483@student.liu.se
Daniel Frylmark, master student, Linköpings universitet,
danfr435@student.liu.se

1.6. Target Group

1.6

5

Target Group

This is a technical report which turns to readers with basic knowledge in automatic control theory, though it can also be read by others
with interest in the subjects treated. However, basic automatic control
theory terminology will not be explained in detail.

1.7

Limitations

Because of the limited time, it was not possible to evaluate all the
strategies we have encountered. All simulations were performed in
Matlab-Simulink, since this is the simulation software used at Bombardier Transportation.

1.8

Time Plan

Below follows the preliminary time plan for this master´s thesis, written
in September 2002. The dark grey ﬁelds shows where our focus was to
be put during speciﬁc weeks, but as shown in the light grey regions,
our intention was to work simultaneously with several tasks. There has
not been any changes in this time plan along the project.

Figure 1.1: The preliminary time plan for this master´s thesis.

1.8.1

Project Planning

During the ﬁrst week the time plan of the project was speciﬁed in
association with the supervisors at Bombardier Transportation.

1.8.2

Research Inventory

We spent three weeks of the ﬁrst month at Linköpings universitet.
The research inventory was made both through library research and
discussions with scientists at the Department of Electrical Engineering,
isy. The sources of information were both university research and

6
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industrial development within the railway and the automobile industry.
The goal of this phase was to conclude which of the automatic control
theories we encountered were suitable for railway vehicle slip control.

1.8.3

Non-Linear Slip Model

Based on the research inventory, the behaviour of the non-linear slip
process was modelled.

1.8.4

Modelling Control Systems

We built automatic control systems to control our non-linear slip model.

1.8.5

Evaluating Control Strategies

When the control system models were ﬁnished we evaluated their performance as possible strategies for slip control. We also looked at possible enhancements and modiﬁcations of these control systems.

1.8.6

Report Writing

This report was written all along the project, but the last few weeks
were fully dedicated to this task. The main objective was to put all
the separate pieces together in order to complete the project. By the
time the report was ﬁnished, a presentation was given in Västerås and
another one at Linköpings universitet.

1.9

Report Disposition

This report is divided into three parts, starting with this introduction
part. The second part consists of three chapters. The ﬁrst of these
chapters treats the theoretical background of the slip phenomenon and
the problems concerning slip control. Thereafter follows a brief presentation of the techniques and strategies for slip control we have encountered during our research inventory. Finally there is a chapter
describing the process model we have built to evaluate some of these
strategies. The third part starts with a short discussion concerning all
of the slip control methods treated in the background part. We have
divided some of these strategies into three packages and examined them
more in detail. The third part of this report ends with a comparison
of these slip control methods and a short discussion of improvements
that can be made in the future.

Part II

Theoretical Background
and Research Inventory

7

Chapter 2

Theoretical Background
2.1

What Makes a Railway Vehicle Move
Forward?

One of the most fundamental theories in vehicle dynamics is the slip
theory: A driven wheel does not roll, but actually rotates faster than
the corresponding longitudinal velocity of the vehicle. As shown in Figure 2.1 the deformation of a car tire causes the reactive normal force
to shift horizontally [19].
The diﬀerence between the angular velocity of the wheel and the
corresponding longitudinal velocity causes the slip. We use the following deﬁnition of slip
ωr − v
(2.1)
s=
v
where r is the radius of the wheel, ω the angular velocity of the wheel
and v the longitudinal velocity of the vehicle. The numerator of Equation (2.1) we deﬁne as slip velocity vs , i.e.
vs = ωr − v

(2.2)

Sometimes a separate deﬁnition of the slip is used when the slip velocity
is negative. This is often called slide, but we choose to refer to it as
negative slip.
In railway vehicles the traction procedure is slightly diﬀerent. First,
there are no rubber tires on the wheels, but metal both in the rail and
in the wheels. As explained above, the slip is necessary to transmit the
motor torque into vehicle movement.
What makes the wheel of the railway vehicle slip? The explanation
given by [16] is that due to the massive weight of the railway vehicle,
both the wheels and the rail expands and contracts in diﬀerent regions
9
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Figure 2.1: How the deformation of a car tire causes the reactive normal
force N to shift horizontally.

when the wheels are driven. This contraction and expansion will make
the small slip occur. This phenomenon is shown in Figure 2.2.

2.2

Adhesive Force

A general scientiﬁc deﬁnition of the adhesive force is, the force of attachment between two contacting objects. If this deﬁnition is translated
into a railway deﬁnition, it will be the ability of the wheel to exert the
maximum tractive force on the rail and still maintain persistence of
contact without exceeding the optimal slip [27].
With these deﬁnitions it might seem like the adhesive force is equal
to the friction force, but this is not the fact. The available adhesion
is always lower than the friction between the rail and the track. Parts
of the friction are consumed by other friction phenomena [1], such as
heat.
Adhesion is the amount of force available between the rail and the
wheel. Therefore, one can say that the adhesive force comes about as a
result of the frictional forces. Further, the friction force is a resistance of
motion, and as such an undesirable eﬀect, while adhesion is a coupling

2.2. Adhesive Force
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Figure 2.2: How slip occurs between the wheel and the rail.
force and therefore something desirable. The adhesive force is given by
Fa = µa N = µa ma g

(2.3)

where Fa is the adhesive force, µa the adhesion coeﬃcient, N the normal force, ma the adhesive mass of the vehicle and g the gravitational
constant. The adhesive mass is deﬁned by the total mass on all the
driven wheels [1]. There may be diﬀerences in adhesive mass between
wheel axis, depending on the speciﬁc load of the trailer et cetera.
The adhesive force Fa changes in time, though the normal force N
is constant, which implies that the adhesion coeﬃcient µa changes in
time. There are several factors that can aﬀect the value of the adhesion
coeﬃcient. Below, a few of them are listed:
• Contaminants: Due to the very high stress at the wheel-rail
contact point, high adhesion levels could be obtained. This is
however not all good. Due to high stress, molecular levels of
contaminants can lower the adhesion considerably. Also, larger
amounts of contaminants like oil, leaves and moisture (snow, dew
and rain) lead to major reductions in adhesion. These factors are
random and are therefore hard to model but it is crucial to do
so [27].

12
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• Vehicle velocity: As the wheels roll along the track, they bounce
on surface irregularities. This reduces the normal force between
the wheel and the track. Equation (2.3) shows that if the normal force decreases, so will the adhesive force. This phenomenon
is diﬃcult to model and would demand a great deal of computational power. In general it can be said that the adhesive force is reduced with increasing vehicle velocity, as shown in Figure 2.4 [27].
• Slip velocity: The slip velocity, deﬁned in Equation (2.2), is the
most important factor inﬂuencing adhesion. The adhesion coeﬃcient becomes higher if the slip velocity is controlled eﬀectively [1].
This means that diﬀerent reference slip velocities should be used
depending on the current rail condition. Much experimental work
has been done to derive a general relationship for how slip velocity eﬀects the adhesion coeﬃcient, and thereby the adhesive
force [13, 28]. This will be addressed further in Section 2.3.

2.3

Slip, Slip Velocity and Slip Curves

As described in Section 2.1, some slip is required in order to transfer
the motor torque to vehicle movement. The adhesive force increases
when the slip increases, as long as the slip does not become too large.
Measurements recently done by [15] conﬁrms that the adhesion coeﬃcient (see Section 2.2) has a peak at a certain slip velocity. This is often
presented in ﬁgures similar to Figure 2.3. In this ﬁgure, the region to
the left of the peak is referred to as the stable region, while the right
side is called the unstable region.
What is shown in Figure 2.3 is simpliﬁed. Measurements have also
shown that the adhesion maximum decreases with increasing vehicle
velocity [25]. This is illustrated in Figure 2.4.
We have come to the conclusion that slip is used in slip curves in the
automobile industry, while the railway industry mostly uses slip velocity. Which one is the better suited for describing the slip phenomenon
is disputed. There are also slip models using both. In this case the
slip is used in the stable region of the slip curve and the slip velocity
in the unstable. This is addressed further in Section 4.2 and described
in detail in [25].

2.4

Problem Formulation

The goal of all slip control methods is to control the slip in order to
prevent wear of the wheels and the rail and to use the present adhesion
eﬀectively. Optimizing methods also adds a search of the maximum
adhesive force. This is achieved when the slip is controlled towards the

2.4. Problem Formulation
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peak of the slip curve. To be able to do this, two major problems must
be solved:
• The slip present must be detected.
• The slip must be controlled towards the optimal slip.
Both of these issues are a lot more complex then they might seem at
ﬁrst. This is what will be treated in the rest of this report.

Figure 2.3: How the adhesion between the rail and the wheel varies
according to slip.
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Figure 2.4: How the adhesion coeﬃcient varies with the vehicle velocity.

Chapter 3

Slip Control
– Techniques and
Strategies
There are several problems to overcome to be able to control the slip.
Many of the slip control strategies put their focus on detecting the
adhesive force or the adhesion coeﬃcient. This can be done in several
diﬀerent ways. We will now present the ideas behind the strategies we
have encountered during the research inventory.

3.1

Different Ways to Determine the
Velocity

If the true velocity of a railway vehicle is known, detecting the slip
is fairly easy, and the slip can be controlled by for instance using the
steepest gradient method (see Section 3.3.6). The conventional way of
calculating a vehicle velocity is to multiply the angular velocity ω of a
non-driven wheel with the wheel radius r. In most railway motor cars
all wheels are driven, and therefore the use of this method can be fairly
complicated, since the speed sensor has to be put on a non-driven shaft,
if such a shaft exists. There are however no guarantees this non-driven
shaft will never slip, why this method still provides some uncertainty.
For instance, mechanical brakes are nowadays considered low-cost and
therefore placed on all shafts to increase the braking performance. This
may cause uncontrolled negative slip that may lead to brake locking,
which will cause massive wheel deformation.
The conventional way of calculating vehicle velocity described above
works as follows: A speed sensor is installed at the end of a wheel
15
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shaft or the traction motor shaft. This sensor calculates pulses. The
sensors used in many of the Bombardier Transportation railway vehicles
calculates between 100 and 120 pulses per revolution. Some believe
that the result will be improved signiﬁcantly by adding the average
pulse width into the calculation. This has been done successfully in
many years according to [30]. They calculate pulses with a counter
frequency of 100 kHz, which gives them a renewal of velocity every
25 ms. They also use this knowledge to calculate the acceleration using
velocity diﬀerences between the latest calculation made and the one
made 100 ms ago. However, others would say that it is not the number
of pulses per revolution that is crucial, but whether to trust them or
not.
The proﬁle of a railway vehicle wheel is slightly conical (see Figure 3.1). This will help the railway vehicle when turning, since the
centripetal force will push the vehicle outwards, which will increase
the wheel radius. In time the proﬁle of the wheel will change due to
wear and become more weld [1], which of course also will eﬀect the radius. During its entire lifetime, the wheel diameter decreases about 8 %.
Manual calibration when a wheel is re-conditioned can be done with an
inaccuracy of 1 % [17]. In a modern railway vehicle automatic calibration may be performed on-line.

Figure 3.1: A principle railway vehicle drive shaft. Observe the conical
proﬁle of the wheels.
In aeroplanes the velocity is determined through a pressure sensor in
the front. This method is accurate enough to calculate the aeroplanes
approximate velocity, but we doubt it can handle the precision needed
for detecting the slip of a railway vehicle. According to [29] the goal is
to detect errors of 0.1 km/h in slip velocity, and therefore this is also
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what they recommend as a threshold value for slip detection.
Gps might also be a solution to this problem. Hahn et al. [12] have
taken this one step further and propose the use of gps not only for
velocity detection but also for slip detection in automobile vehicles. The
problems with gps today are the accuracy and the renewal frequencies.
Two other strategies that might be possible for detecting the velocity
of a railway vehicle are interference measurements in reﬂected light and
Doppler radars.

3.1.1

Speed Difference Method

For reasons described in Section 3.1, it is hard to know the actual
velocity of a railway vehicle. Yasuoka et al. [32] proposes the following solution to overcome this problem: Calculate the slip velocity as
vs = ωr − vref (compare with Section 2.1), were vref is estimated from
the minimum of the angular wheel velocities, ωmin . The more wheels
used to determine the minimum velocity, the higher the accuracy of the
reference speed becomes. However, an extra speed sensor on a trailer
is probably the best way of increasing the accuracy.
This method has a few disadvantages. If the surface provides low
friction for a long time, or if all wheels slip too much simultaneously,
this will not be detected [24]. This method is normally used in railway
vehicles.

3.2

Slip Detection

To be able to control the slip it has to be detected. A few methods to
estimate the tire-road friction for an automobile proposed by [10] are:
• Use the diﬀerences in velocity of a driven and a non-driven wheel.
• Analyse the vehicles dynamic behaviour.
• Use optical sensors in the front of the vehicle to observe reﬂections
in the surface.
• Let acoustic sensors catch the sound of the tires for analyse.
• Put strain sensors in the tires.
Some of these methods cannot, for obvious reasons, be used for slip
detection in railway vehicles. In most railway motor cars all wheels are
driven. Therefore the ﬁrst method mentioned above cannot be used as
it is formulated, though a small modiﬁcation makes it very useful, see
Section 3.1.1.
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Control Strategies

Below follows a brief description of the diﬀerent slip control strategies
we have come in touch with during our research phase. In Chapter 5
follows a ﬁrst short evaluation of these methods, there to conclude
which of them to continue working with and which of them to leave
behind.

3.3.1

Neural Networks

An approach for estimating the parameters that cannot be measured
on-line, such as the adhesion coeﬃcient, µa , is to use neural networks.
They can, together with fuzzy control and optimal control theory, be
classiﬁed as intelligent transportation systems. Gadjár et al. [5] have
investigated the use of neural networks to estimate µa . They made
simulations using a single wheel unit model of a railway vehicle, claiming that this is suﬃcient to fully observe the system dynamics. After
having simulated this model with µa varying randomly, they conclude
that the most representing signals to be used to estimate µa is the
wheel and vehicle speed diﬀerences (see Section 3.1.1) and the angular
acceleration of the wheel.
In the simulations, the neural networks were trained by error back
propagation. The sample period used was 0.01 seconds and the number
of samples in use were 201. They concluded this to be optimal, since
an increase of samples would slow down the learning process too much.
The net in use have two input signals and one output (µa ). There are
two hidden layers, one with 14 and one with 7 neurons [5].
Gadjár et al. [5] recommend combining neural networks with conventional computation based estimation, for example based upon measurement of the wheel velocity. This partly since the learning process
of the neural networks is time consuming. Therefore, this combined
method is faster than the use of neural networks alone.

3.3.2

Diagnostic Algorithms

Diagnosis theory can be used to detect the slip. The most simple form
is to use so called thresholds, for instance on the slip, that will trigger
the control process when exceeded.
Diagnostic algorithms are often combined with observers of various
kinds or with consistency relations, which provide information about
how the system is expected to behave according to known physical
relations [4]. Change detectors can be used to overcome the setback of
the slow tracking that linear ﬁlters will lead to [9]. These are only a few
examples of what might be useful for slip control within the diagnoses
research area.
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Park et al. [24] uses diagnosis theory in their slip control. They
forcibly reduce the motor current when a slip velocity threshold value
is exceeded. This method is also known as the Pattern control method.

3.3.3

Detection through Motor Current Differences

This method is a novel slip control method in the way that it does not
use conventional speed sensors. Instead it measures the traction motor
current. This can be done since when the rotor speeds of the diﬀerent
traction motors diﬀers from one another, the relevant traction motor
current also diverges [31].
According to Watanabe et al. [31] detecting slip through measurements of motor current diﬀerences is a well working method. They
claim this method to be better at detecting small slips than the conventional method using speed sensors. For example, the diﬀerences
in wheel diameter due to imbalance or motor characteristics can be
compensated for. They believe that it soon will be possible to achieve
at least the same adhesive performance without speed sensors as with
them.

3.3.4

Model Based Controllers

A key to a successful optimizing slip control is to estimate the adhesion
coeﬃcient with µ̂a and thereby be able to tell were the peak of the slip
curve is [20]. One way of doing this is to use an adhesion observer.
The adhesion observer estimates the adhesive torque with T̂a through
the information given by the motor speed, ωm , and the motor torque,
Tm [22]. Two advantages with adhesion observers are that they have
a simple structure and are robust against disturbances and parameter
variation. The relationship between the adhesion coeﬃcient and the
adhesive torque is given by
Fa

= µa N

(3.1)

Ta

= rFa

(3.2)

Here N is the normal force, r the radius of the wheel and Fa the
adhesive force. If Equation (3.1) and (3.2) are combined, µa can be
estimated according to
1
T̂a
(3.3)
µ̂a =
rN
With this information at hand a simple controller can be based on
a
the partial derivative of the adhesion coeﬃcient, ∂µ
∂t , together with a
pi-controller. We will refer to this method as the direct torque feedback
method. Three articles describing this in detail are [20, 21, 22].
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Another way of using the adhesion observer is to use the time diﬀer∂s
a
ential of both the adhesion coeﬃcient, ∂µ
∂t , and the slip, ∂t , combined
with some adaptive identiﬁcation algorithm. This enables an on-line
estimation of the current slope of the slip curve. In [26] two diﬀerent
algorithms doing this are evaluated.

3.3.5

Hybrid Slip Control Method

Park et al. [24] proposes to combine the pattern control method (Section 3.3.2) with the speed diﬀerence method (Section 3.1.1). Here, the
speed diﬀerence method includes a pid-controller, controlling the slip
towards a reference slip.
The speed diﬀerence method will quickly detect the development
of the wheel slip. However, in case of too much slip for a long time,
it will fail for reasons described in Section 3.1.1. This is when the
pattern control becomes active. If the wheel slip reaches its threshold,
the pattern control will forcibly reduce the wheel slip.
This can be even more reﬁned if one also takes acceleration into
consideration. The vehicle velocity is only allowed to be increased and
decreased at a rate deﬁned by the vehicles maximum acceleration and
deceleration. This hybrid method shows remarkably better results than
the two methods used separately [24].

3.3.6

Steepest Gradient Method

The steepest gradient method is not a complete control method in itself,
but more somewhat of a control strategy. It can easily be combined
with for instance pid- or fuzzy controllers. The essentials of this method
are:
• Estimate the adhesion coeﬃcient with µ̂a . How this can be done
is described in Section 3.3.4.
• Estimate the slip s, deﬁned in Equation (2.1).
• Generate

∂ µ̂a
∂s

and control this diﬀerential quotient towards zero.

The last step is equivalent with searching for the maximum adhesive
force, i.e. the top of the slip curve (see Figure 2.3) [20].
This method can also be applied to the adhesive force Fa directly.
[13] and [15] describe how to estimate the diﬀerential quotient according
to
∂ Fa  ∂s
∂Fa
≈
(3.4)
∂s
∂t
∂t
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They also recommend the use of an adhesion observer to estimate the
adhesive force Fa . The optimal slip (the reference aimed for) is calculated using
∂ Fa
(3.5)
vs,ref (t + 1) = vs,ref (t) + α
∂s
where α is constant. Kawamura et al. [15] uses α = 1.0 × 10−5 . Equation (3.5) shows that the size of the steps when searching for the optimal
slip are non-linear; they are small when close to the optimum and larger
when further away.

3.3.7

Fuzzy Logic Based Slip Control

Building an eﬀective slip controller is diﬃcult due to the slip being a
complex, non-linear and time varying process. Therefore a non-classical
methodology, like fuzzy logic based control, is useful. There are several
other non-classical methodologies like neural networks and evolutionary
algorithms. The disadvantage with these methods is that they rely on
numeric or measured data to form system models [2].
One major advantage with fuzzy logic is that it can include experienced human experts linguistic rules, describing how to design the slip
control system. These linguistic rules are especially important when
the access to measured data is limited. The reason is that they often
contain information that is not included in the numerical values. These
rules can be translated into if-then rules and in this form be included
in the fuzzy logic algorithm.
A fuzzy logic control structure can be tuned simply by changing the
weight of some rule. Garcı́a-Riviera et al. [6] use fuzzy logic to get a
fast, non-linear pd-controller, while Palm et al. [23] use it to calculate
an optimal slip reference to be controlled towards. More information
about fuzzy logic can be found in [3] and [7].

3.4

PID-Controller and its Limitations

The proportional-integral-derivative controller (pid) is by far the most
used controller in the railway industry today. There are several reasons
for this. One is that a pid-controller does not depend on a system
model. For more information on how pid-controllers work and are
tuned we recommend [7] and [8].
The role of the pid-controller may be to regulate the wheel slip and
thereby the use of the adhesive force. A control method can be formulated by examining the adhesion characteristics, see Figure 2.3. This
can be done by choosing a reference slip and use this as a control signal.
From the characteristics of the slip curve it is easy to observe that different slip, depending on the rail condition, implies diﬀerent optimums
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of the adhesive force. The reason is that the adhesion coeﬃcient diﬀers
between dry, wet and icy rail. This is why a pid-controller cannot be
used single handed.
As described in Section 2.3, it is important to be on the stable
linear side of the slip curve. The optimal position on the slip curve
is when the slope is positive and at the same time close to the peak
of the adhesive force. But since the adhesion changes in time, so will
the optimal position on the slip curve. This is why stability cannot
be guaranteed with pid-controllers. An interesting approach would
be to combine an adhesion prediction system with a pid-controller, as
described in Section 3.3.4 and in Section 3.3.6.

3.5

Summary of Techniques and Strategies

All together, most of the methods described in this chapter have quite
a lot in common. Few of them use other signals than vehicle velocity
and the adhesion as inputs. The diﬀerences lie more in how to interpret
and process these signals. In Figure 3.2 we have visualized the main
features of this chapter.

Neural Networks

The Speed
Difference
Method

Model Based
Controllers

Groups of Slip
Control
Strategies

The Steepest
Gradient Method

Fuzzy Logic
Controllers

The Hybrid
Method

Diagnostic
Algorithms/
Pattern Control
Motor Current
Differences

Figure 3.2: The groups of control strategies described in this chapter.

Chapter 4

Modelling
To be able to evaluate a few slip control strategies, chosen from the ones
described in Chapter 3, a model of the slip phenomenon is necessary.
We have developed a dynamic system model with reference torque as
input and the velocity of the vehicle as output. This model consists of
two fundamental parts. The ﬁrst is the mechanical transmission, which
converts the input torque into the angular velocities of the wheels. The
second part consists of the outer conditions, used to produce the present
vehicle velocity. This velocity depends on the angular velocities of the
wheels, the adhesion present and other losses one might want to take
into consideration, such as air resistance, rolling resistance etc.

4.1

Mechanical Transmission

The mechanical transmission consists of a traction motor, a gearbox
and two wheels. The principle appearance is shown in Figure 4.1.
These parts are connected to one another by shafts. We will describe
the model part by part, leading towards the total model, shown as a
block diagram in Figure 4.3.
Traction Motor
To model the torque dynamics of the traction motor and the converter
we use a low pass ﬁlter
Tm =

1
Tref
τs + 1

(4.1)

where Tm is the motor torque, τ is a time constant and Tref is the
reference torque given by the driver. The maximum reference torque
23
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Figure 4.1: The principle appearance of the modelled mechanical transmission, including traction motor, gearbox, shafts and wheels.
accessible is limited according to Figure 4.2. The output torque Tt of
the motor can be described by the following equation
Jm θ̈m = Tm − Tt

(4.2)

Jm is the moment of inertia of the motor, θm the motor angle, Tm the
input torque and Tt the output torque.
The output torque of the motor is transmitted to the gearbox by a
shaft. This transmission is a function of the angular diﬀerences of the
shaft on the motor side and on the transmission side and the derivatives
of these diﬀerences.
Tt = Km (θm − θt,in ) + ζm (θ̇m − θ̇t,in )

(4.3)

Km is the spring constant and ζm the damping coeﬃcient of the shaft,
θm is the motor angle and θt,in the angle on the gearbox side of the
shaft.
Gearbox
The gearbox scales the input torque and speed according to a ratio
speciﬁed as the gear ratio it . In the gearbox there is also a loss due
to viscous friction. This is described by the term bt θ̇t,out . θt,in and Tt
are the angle and the torque before the shifting and θt,out and Tw the
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Figure 4.2: The maximum torque available.
angle and the torque after the shifting. Jt is the moment of inertia of
the gearbox.
θt,in = it θt,out

(4.4)

Jt θ̈t,out = Tt it − bt θ̇t,out − Tw

(4.5)

After the gearbox the torque is transmitted to the left and the right
wheel via the drive shaft. Since the distance from the gearbox to the
left and right wheel are diﬀerent, so will the spring constants and the
damping coeﬃcients of the diﬀerent sides be. The equation describing
the drive shaft torque transmission to one of the wheels is given by
Tw = Kt (θt,out − θw ) + ζt (θ̇t,out − θ̇w )

(4.6)

Tw is the wheel torque, Kt the spring constant, ζt the damping coefﬁcient, θt,out the angle on the gearbox side and θw the angle on the
wheel side of the shaft.
Wheels
Finally, the wheels will transmit the torque to the rail. This is where
the outer conditions appears, since the amount of torque that can be
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transmitted depends on the adhesion coeﬃcient as described in Section 2.2.
Jw θ̈w = Tw − Ta

(4.7)

Ta is the adhesive torque, i.e. the adhesive force Fa multiplied with the
radius of the wheel, r. Jw is the moment of inertia of the wheel.
Mechanical Transmission in Total
Above we have presented all the parts in the mechanical transmission,
and how they connect to one another. The result in total is given in the
block diagram in Figure 4.3. Notice that we present the wheels separately in this ﬁgure. We have implemented the mechanical transmission
in Matlab-Simulink following this structure.

Figure 4.3: The mechanical transmission in total presented as a block
diagram.

4.2

Outer Conditions

The amount of force that can be transmitted to the rail from the wheels,
i.e. the adhesive force Fa , is determined by what we have chosen to call
the outer conditions.
Adhesive Force
To model the adhesion coeﬃcient, µa , we use a slip curve model, containing a few diﬀerent curves to represent various conditions. Measurements have shown that the adhesion coeﬃcient has a peak at a certain
slip velocity [15] and that the maximum value at this peak decreases
with increasing vehicle velocity [25]. Whether the slip or the slip velocity is to be used when modelling a slip curve is often discussed. We
have chosen to implement a slip curve model with both slip and slip
velocity as inputs and the adhesion coeﬃcient as output. The principle
behaviour of this model is shown in Figure 4.4.
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Figure 4.4: The principal behaviour of the slip curve model.

To calculate the slip and the slip velocity for a wheel the angular
velocity of the wheel, ω, and the vehicle velocity, v, are needed. The angular velocity is given directly from the mechanical transmission model,
described in Section 4.1, since ω = θ̇w . In our model the vehicle velocity is actually calculated from µa and fed back into the system. We
will return to this later on.
From µa,w , the adhesion coeﬃcient of a speciﬁc wheel, the adhesive
force of this wheel, Fa,w , is calculated. This is done for both wheels
individually according to
Fa,w = µa,w ma,w g

(4.8)

ma,w is the adhesive mass of this wheel and g the gravitational constant.
Since there are two wheels per drive shaft, the total adhesive force for
one drive shaft, Fa , is the sum of the adhesive forces transmitted from
the two wheels.
The adhesive torque, Ta = rFa is fed back into the mechanical transmission as described in Equation (4.7). This completes the dynamics
of the mechanical transmission part of the model.
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Vehicle Velocity
The velocity of the vehicle is needed for two reasons. Firstly, it is needed
in order to be able to calculate µa . Secondly, it is used in comparison
with the wheel velocities when analysing the wheel slip. We calculate
the velocity based on Newton’s second law of motion:
 t1
1
(Fa − Floss )dt
(4.9)
mtot v̇ = Fa − Floss ⇔ v =
m
tot
t0
The total mass, mtot , refers to the mass this particular drive shaft has
to accelerate, i.e. this is the total mass of the vehicle divided by the
number of driven shafts. Floss is the sum of the outer losses, described
below.
Outer Losses
All of the equations listed in this section have been derived by [1]
and [19]. Floss indicates the losses due to roll, air resistance, cornering and the angle of the lateral slope in which the vehicle is currently
driving. These losses can be described by
Floss = Fair + Fr + Fc + mtot g sin(ϕ)

(4.10)

The last term, mtot g sin(ϕ), is the loss due to the lateral slope angle ϕ
of the rail.
The loss due to roll, Fr , depends on the mass of the vehicle, mtot ,
and the velocity by which the vehicle is currently driving, v.
Fr = mtot (Cr1 + Cr2 v)

(4.11)

Cr1 and Cr2 are vehicle speciﬁc parameters, depending on for instance
wheel characteristics.
The cornering loss, Fc , is the loss due to increased friction between
the rail and the wheels when the vehicle is taking a curve. It can be
described by the empirical formula
Fc =

6.5
mtot
R − 55

(4.12)

R is the radius of the curve. This empirical formula is to be seen as an
upper limit of the losses. Often the actual cornering loss is limited to
20–70 % of Fc .
The air resistance is the most complex of the losses
Fair =

1
Cd Aρair v 2 + (q + C0 Lt )v
2
Cd = Cp + Cl Lt

(4.13)
(4.14)

4.3. The Train Modelled
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Lt is the length of the train, ρair the air density and A the cross section
area of the vehicle front. Cd is the air resistance coeﬃcient. It can be
divided into Cp and Cl . Cp depends on the shape of the front section
and Cl on objects along the train, such as the space between wagons.
q is the total ventilation ﬂow. C0 is the coeﬃcient for aerodynamic
phenomenon which cannot be described as functions of v 2 .
In our system model, we have implemented all of the losses, though
we neglect them during normal simulation. Both Fc and mt g sin(ϕ) represent special circumstances; they do not appear when driving straight
ahead on ﬂat surface. According to [1], the air resistance does not have
any crucial eﬀect for railway vehicles in their normal velocity range,
that is up to 160 km/h. Since most slip appear in the low speed region,
we chose to neglect the aerodynamics. As the focus in our model is
the slip phenomenon, we are convinced that also the roll resistance is
insigniﬁcant.

4.3

The Train Modelled

In order to make this model realistic, there is of course a need for data
on the parameters, such as the moment of inertia for each shaft and
wheel and, also, the masses in the system. Therefore, a speciﬁc railway
vehicle had to be selected. We found the Öresund train, otu (Figure 4.5), suitable for this purpose. Otu operates Malmö and Copenhagen. It is somewhat of a typical electrical multiple unit (emu). This
means that there are traction motors on several driven shafts along the
train, instead of having only one locomotive and trailers. Otu comes
in units of three cars. These units can be connected in up to ﬁve units,
which makes it possible to have 15 cars in total. Each unit have eight
driven and four non-driven shafts. The driven shafts are placed in the
ﬁrst and the last of the cars in the unit.
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Figure 4.5: View of the Öresund train, otu.

Part III

Slip Control Packages
– Theory and Evaluation
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Chapter 5

Discussion of Slip
Control Methods
This chapter marks the beginning of the third part of this master’s
thesis. The second part consisted of the theoretical background and
the strategies from the research inventory. In this chapter a discussion
will be made about which of these diﬀerent slip control strategies should
be evaluated further.

5.1

Slip Control Method Evaluation

If we were able to, we would have implemented and evaluated all of the
diﬀerent slip control methods we have encountered during the research
inventory. However, this could not be done, so we had to choose a few
of them. One positive thing is that we found that many of the diﬀerent
methods were suitable to combine. We were able to combine the greater
parts of these ideas into three diﬀerent control packages. These three
packages will be referred to as the hybrid slip control method, model
based controllers and fuzzy logic slip controllers.

5.1.1

Hybrid Slip Control Method

This package, presented in detail in Chapter 6, is similar to the one
presented brieﬂy in Section 3.3.5. The so called speed diﬀerence method
assures fast control of small deviations from the slip wished for. If this
deviation becomes to large, the pattern control becomes active, and in
case of all-wheel slip, so does the acceleration criterion.
The hybrid slip control method can be reﬁned to any extent by including any of the diﬀerent strategies described in Chapter 3. However,
33
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we decided to implement it in a basic form, similar to the one described
in [24], without any additional optimizing algorithms.

5.1.2

Model Based Controllers

In this package, the cornerstone is the observer presented in Section 3.3.4.
With this observer as base we have built a few diﬀerent slip controllers.
A common factor in these methods is that they use model equations to
detect and control the slip.
There are two main leads in this package for detecting the peak of
a
the slip curve. One is based on ∂µ
∂t and the other one use a modiﬁed
recursive least square algorithm. The ﬁrst one ends up in a method
called the direct torque feedback method, see Section 3.3.4. The latter
is combined with the steepest gradient method, see Section 3.3.6. This
control package is presented further in Chapter 7.

5.1.3

Fuzzy Logic Slip Controllers

The ﬁnal control package, presented in Chapter 8, consist of three different slip control strategies. What they have in common is the use of a
fuzzy logic control surface. The ﬁrst of them uses fuzzy logic in order to
get a fast, non-linear pd-controller, used to control the slip towards the
slip reference. The others use fuzzy logic in a slip optimizing algorithm,
which calculates an optimal slip reference.
The essence of this control package is the use of fuzzy logic, though
a lot of ideas from other strategies in Chapter 3 are used as well. For
instance, an adhesion observer and ideas similar to the ones in the steepest gradient method are used in the last of the three control strategies
mentioned above.

5.1.4

Strategies not Further Evaluated

Due to limitations in both time and literature, we have chosen to exclude further evaluation of two of the strategies from Chapter 3. The
ﬁrst one to be left out was the neural networks strategy, described in
Section 3.3.1. The major reasons for leaving this method was the lack of
literature, and also our belief that similar results can be achieved with
for instance fuzzy logic. The other excluded strategy was the one with
slip detection through torque current diﬀerences in Section 3.3.3. This
strategy was excluded for more or less the same reasons as the neural
network strategy. Also, the authors describing this method in [31] do
not believe it yet to be possible to achieve the same performance with
speed sensorless controllers as with controllers using them. Inspite of
this, we believe both of these strategies to have great future potentials
as slip controllers.

5.2. Test Cycles

5.2
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Test Cycles

In order to analyze the strategies we have evaluated further, we need
test cycles. The demands on these cycles must be:
• They should be demanding, so that the controllers have to work
at their best to handle them.
• They should be repeatable.
• There should be no diﬀerences in behaviour when applying the
test cycles on the diﬀerent control strategies.
These demands call for well speciﬁed, repeatable tests. Together with
our supervisors at Bombardier Transportation, we decided to use the
test cycles described in Section 5.2.1 and Section 5.2.2.

5.2.1

Rail Condition Test

The essence of this test is to analyse how the controllers handles different types of slip curves, and sudden changes between these curves.
The vehicle speed is ﬁxed and so is reference torque, which is set to the
maximum reference torque allowed. Two diﬀerent ﬁxed velocities, 10
and 40 km/h, are used.
Test Curves
Firstly, we had to construct slip curves that would not change with
the vehicle velocity, as the ones described in Section 4.2 do. This is
less realistic, but it will be easier to compare the performance of the
diﬀerent controllers. Two of the curves corresponds to poor and very
poor conditions. Their appearances we believe to be quite realistic; the
ﬁrst (curve a) peaks at the slip ratio s = 5.4% with µa,max = 15.0 %,
while the other (curve b) peaks at s = 7.9 % with µa,max = 5.1 %.
Then, we have a third slip curve (curve c), which is not as realistic as
the other two. This curve peaks at s = 16.5 % with µa,max = 15.0 %.
Note that µa,max is the same for this curve as for the ﬁrst curve, though
this peak appears at a higher slip. Its objective is to test the controllers
adaptability to unknown rail conditions, under the assumption that the
reality is not what it is expected to be. If we would not use such a test
curve, many controllers could be tuned to function exemplary for the
other two more realistic test curves. Still, we would not know whether
or not these controllers could handle unknown conditions. The three
test curves are shown in Figure 5.1.
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Figure 5.1: The test curves used when evaluating the diﬀerent control
strategies.
Test Algorithm
The next step was to formulate the test algorithm. To get the most
out of the evaluation, we change between all of the three slip curves
in all diﬀerent orders. Between the changes, the controllers should
have enough time to control the slip before another change appears.
We have named the three curves a, b and c, and we swap between
them every ﬁfth second, starting after ten seconds, in the following
order: c-a-b-c-b-a-c. This is done with the reference torque set to
maximum and the vehicle velocity ﬁxed at 10 and 40 km/h.

5.2.2

Acceleration Test

The second test is an acceleration test. In this test we use curve b,
with µa,max = 5.1 % at s = 7.9 % (see Figure 5.1), i.e. the worst of our
simulated rail conditions. The reference torque is set to its maximum
and the initial vehicle velocity is 0 km/h. In this test we compare both
the velocity and the performance of the controllers under very bad
conditions.

Chapter 6

Hybrid Slip Control
Method
One of the methods we have evaluated further is the hybrid slip control
method. The basic idea is to let direct feedback of the calculated slip
handle small slip corrections, while larger ones are handled by the pattern control and the acceleration criterion. The last two are triggered
when the calculated slip and acceleration exceeds speciﬁc thresholds.
Park et al. [24] strongly recommend this approach.

6.1

Control Structure

The hybrid slip control method combines two conventional slip control
approaches, feedback control and threshold triggered control, into one
more powerful control package. The control signals used are the slip
velocity and the vehicle acceleration.

6.1.1

Calculations and Control Structure

The slip velocity is calculated by using the angular velocities of the
diﬀerent drive shafts. When accelerating, a reference speed, vref , is
calculated as the minimum velocity of all the shafts taken into consideration.
vref = min(v1 , v2 , ..., vn )
(6.1)
When decelerating, vref is calculated as
vref = max(v1 , v2 , ..., vn )

(6.2)

If there is a non-driven shaft present that can be used in this calculation,
this will of course improve the result signiﬁcantly. Park et al. [24] uses
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Figure 6.1: Block diagram of the hybrid slip control method. All of the
terms used in the diagram are explained in Section 6.1.1.
four driven shafts and one non-driven shaft in their reference speed
calculation.
From the velocity of the driven shafts, the average speed for each
bogie is calculated. Thereafter the slip velocity is calculated for a bogie
as
(6.3)
vs,i = va,i − vref
where va,i is the average velocity of the speciﬁc bogie. This velocity is
also used when calculating the acceleration of this bogie. After doing
this, all the control signals needed have been calculated.
There are three control blocks in the control structure (Figure 6.1),
containing the speed diﬀerence method, the pattern control and the
acceleration criterion. v1 and v2 are the velocities of the shafts in the
ﬁrst bogie and v3 and v4 the velocities of the shafts in the second
bogie. v5 represents additional speed information, for instance from a
non-driven shaft situated in some other bogie. va,1 and va,2 are the
average speeds, calculated for each bogie, a1 and a2 the accelerations
of the bogies. ∆T1 and ∆T2 are the compensating torques, which shall
be subtracted from the reference torque, Tref .

6.1.2

Speed Difference Method

The speed diﬀerence method becomes active after a dead zone. It is
there to quickly handle small slip corrections, while the pattern control
takes care of larger ones. The calculated slip velocity is subtracted from
the reference value of the slip velocity, sent through a pi-controller and
subtracted from the reference torque, Tref , to the motor. How to choose
this reference value is a problem. It can be set to a small ﬁxed value,
expected to guarantee not passing the peak of the present slip curve.
On the one hand, setting this value to low will result in a far from
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optimal use of the available adhesion. On the other hand, setting it
to high will instead lead to wear of both the wheels and the rail, if
this reference is on the unstable side of the slip curve (see Figure 2.3).
Another solution is to use an algorithm to calculate the optimal slip
velocity. How this can be done is described in Chapter 7 and Chapter 8.

6.1.3

Pattern Control

The pattern control becomes active if the slip velocity exceeds a speciﬁc
threshold. If so happens, the reference torque to the motor will be
forcibly reduced according to a speciﬁc control pattern. The pattern
used may have ﬁxed or variable steps. If ﬁxed steps are used, the
compensating torque is ramped down for a ﬁxed time period, then
constant for short period and ﬁnally ramped up again towards zero.
This is illustrated in the middle plot in Figure 6.2. In the variable step
Vehicle Velocity and Wheel Velocity

Threshold 2
v

Threshold 1

∆T

t

t1

t2

Fixed time periods

t

t1

∆T

Variable time periods
Fixed time period

t

t1

t2

Figure 6.2: When threshold 1 is reached, the reference torque will be
forcibly reduced. In the second plot this is done with a ﬁxed step
method and in the third plot with a variable step method.
algorithm, the torque will be ramped down until another, lower slip
threshold is reached. The behaviour of this algorithm is shown in the
third plot in Figure 6.2. When this happens, it will remain low for a
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ﬁxed time period and will then be ramped up again towards zero, if the
ﬁrst threshold is not exceeded again. Therefore, also this time period
is variable.

6.1.4

Acceleration Criterion

If all the shafts slip uncontrolled simultaneously, neither the speed difference method nor the pattern control will work properly, since they
both are in need of a correct vehicle velocity, v. Therefore, it is important to have an acceleration criterion that reduces the torque when this
happens. The acceleration criterion is triggered when an acceleration
threshold is exceeded. This threshold is determined by the vehicles
maximum acceleration.

6.2

Evaluation of the Hybrid Slip
Control Method

The hybrid slip control method is well known by Bombardier Transportation. Parts of it is similar to what is used in some of their projects.
As we have presented this method, it contains no optimizing parts, i.e.
it is controlled towards a ﬁxed slip velocity reference. If the rail conditions are bad, this may cause a lot of trouble, especially if the ﬁxed slip
velocity reference chosen is far from what is optimal. Anyhow, we have
been told that this type of solution is used for instance in the southern
parts of Germany. In these parts, bad rail conditions seldom occur,
since there are not a lot of falling leafs near the track and hardly ever
ice on the rail.
Since this control method is well known by Bombardier Transportation, we decided together with our supervisors not to put an eﬀort in
constructing smart variable step pattern control algorithms (see Section 6.1.3) or tuning this controller. Instead we have focused more on
the methods described in Chapter 7 and Chapter 8. Therefore, we will
not present any simulation results, since we believe it would be unfair
to this method.
The hybrid slip control method is a very interesting control foundation. The diﬀerent control blocks, i.e. the pattern control etc., can
be combined with almost any of the other methods we have looked
into. If the slip control in the speed diﬀerence method where to be
replaced with an optimizing algorithm, this will be a very powerful
slip control solution. We also believe that the acceleration criterion
can be developed further. For instance, it may be possible to deﬁne
smart acceleration and deceleration limits based on the reference torque
requested by the driver.

Chapter 7

Model Based Controllers
This chapter describes and evaluates model based strategies for slip
control. There are a few diﬀerent methods available. What is in common between them is that they all have an observer of the adhesion as
base.

7.1

Derivation of an Adhesion Observer

The adhesion coeﬃcient, µa , deﬁned in Section 2.2, can be calculated
according to
Fa = µa N =

1
Ta
Fa
⇐⇒ µa =
=
Ta
r
N
Nr

(7.1)

where N is the normal force, r the radius of the wheel, Fa the adhesive
force and Ta the adhesive torque. The problem is that the adhesive
torque cannot be measured. To solve this, an adhesion observer will be
derived.
In Chapter 4 the necessary equations for an adhesion observer were
presented. To simplify these equations, the shafts in the mechanical
transmission are assumed to be stiﬀ according to Figure 7.1. This
assumption reduces the mechanical transmission equations to
Jm θ̈m
θm
θt,in
Jt θ̈t,out
θt,out
θt,out
Jlw θ̈lw + Jrw θ̈rw

= Tm − Tt
= θt,in

(7.2a)
(7.2b)

= it θt,out

(7.2c)

= Tt it − bt θ̇t,out − Tw

(7.2d)

= θlw
= θrw

(7.2e)
(7.2f)

= Tw − Ta

(7.2g)
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Figure 7.1: The reduced block diagram of the mechanical transmission.
Here the shafts are assumed to be stiﬀ and thereby the shaft dynamics
can be overlooked. Compare with Figure 4.3
.
By combining the equations in Equation (7.2), and thereby eliminate the intermediate variables, the following equation is deduced
Jtot θ̈m = i2t Tm − bt θ̇m − it Ta

(7.3)

The total moment of inertia, Jtot , is deduced to
Jtot = Jm i2t + Jt + Jlw + Jrw

(7.4)

The adhesive torque can be extracted from the Equation (7.3) which
results in the following equation
T a = it T m −

bt
Jtot
θ̇m −
θ̈m
it
it

(7.5)

By adding a lowpass ﬁlter, the minimal order observer can be deduced
to
ωc
T̂a =
(Tm − bt θ̇m − Jtot θ̈m )
(7.6)
s + ωc
Here ωc is both the pole and the cut-oﬀ frequency of the observer and
at the same time the only tunable parameter. Through simulations we
have found that ωc = 100 results in a satisfactory observer. In other
words, a suitable combination of sensitivity and speed of the observer.
This also agrees with what we have found in the literature, for example
in [14] and [15]. If the Equations (7.1) and (7.6) are combined, the
adhesion coeﬃcient can be calculated according to
µ̂a =

7.2

1
T̂a
Nr

(7.7)

Detection of the Adhesion Peak

The adhesion coeﬃcient is a function of the slip velocity. This relationship is often shown in slip curves, see Section 2.3. The slope of
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a
these slip curves are equal to ∂µ
∂vs . Both µa and vs are time dependent
variables, hence the following result can be achieved by the use of the
chain rule
∂vs
∂µa  ∂vs
∂µa
, if
= 0
(7.8)
=
∂vs
∂t
∂t
∂t
a
The problem is that ∂µ
∂t , due to µa , cannot be measured. This is
solved by diﬀerentiating the adhesive torque of the adhesion observer,
Equation (7.6). The adhesion coeﬃcient is then calculated from Equation (7.7). Therefore, the slope of the slip curve can be calculated
through
∂vs
∂ µ̂a  ∂vs
∂ µ̂a
if
= 0
(7.9)
≈
∂vs
∂t
∂t
∂t

At the peak of the slip curve the following is fulﬁlled
∂µa
∂ µ̂a  ∂vs
=0
= 0 ⇐⇒
∂vs
∂t
∂t

if

∂vs
= 0
∂t

(7.10)

This is developed further in the articles [20, 21, 22] in the following
way: If
∂µa  ∂vs
=0
(7.11)
∂t
∂t
a
then ∂µ
∂t must equal zero according to Equation (7.10). Hence the peak
a
of the slip curve can be detected simply by examining ∂µ
∂t . According
dµa
dµa
to [20], the timing point of dt = 0 and dvs = 0 is almost identical and
a
therefore it is enough to examine when dµ
dt = 0 to detect the peak of the
slip curve. This approach is interesting, because if it is successful the
peak of the slip curve can be detected without calculating the actual slip
velocity. This means there is no need for measuring the vehicle velocity.
This is a huge advantage, since the velocity of the vehicle is diﬃcult
and often troublesome to measure. In Section 7.3.1 this method will
be examined further and developed into a complete control method.

7.3

Slip Control based on an Adhesion
Observer

There are several ways to use the adhesion observer in Equation (7.6)
for slip control. Below two of the ones we found interesting are presented.

7.3.1

Direct Torque Feedback Control

This method, like any other slip optimizing control method, has the
control goal of maximizing the use of the adhesion coeﬃcient. But
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unlike the other methods, this approach uses the fact that at the peak
a
of the slip curve ∂µ
∂t = 0, according to the discussion in Section 7.2.
The interesting thing with this method is that it detects the peak of the
slip curve without using any slip calculations. This strategy is therefore
independent of the vehicle velocity.
One way of using this was realised by [21] with the use of a picontroller.
TP I =

KI + KP s
· sµa = KI µa + KP sµa
s

(7.12)

KI is the gain of the integrating part of the pi-controller controller and
KP the gain of the proportional part. TP I is the reference torque that
is fed back. If Equation (7.1) is applied to Equation (7.12) the following
result is obtained
KI
KP
Ṫa
TP I =
Ta +
(7.13)
N rw
N rw
This pi-controller, Equation (7.13), is useful in the stable region of
the slip curve. However, in the unstable region it is diﬃcult for this picontroller to keep the desired locus of operation point slightly below the
peak on the stable side. To be able to handle this and large variations
in the adhesion coeﬃcient, i.e. diﬀerent rail conditions, [22] proposes
a torque command function C(t). This function rapidly lowers the
motor torque and then smoothly recovers it according to Figure 7.2.
The torque command function is added to TP I , Equation (7.13). The
complete control loop is realized according to the block diagram in
Figure 7.3.

7.3.2

RLS with the Steepest Gradient Method

Rail Condition Estimator
This method uses the fact that the slope of the slip curve , k, is given by
∂µa
∂s and therefore, as been described in Section 7.2, can be expressed
by
∂µa  ∂s
∂µa
=
(7.14)
k=
∂s
∂t ∂t
∂s
a
The problem is that both ∂µ
∂t and ∂t are signals with noise. Another
even bigger problem is when the peak is closing in, ∂s
∂t turns to zero.
∂µa
When this occurs it cannot divide ∂t . One solution to this problem is
to use an adaptive identiﬁcation algorithm. Equation (7.14) is suitable
for the use of various adaptive identiﬁcation algorithms.
A way of implementing an adaptive identiﬁcation algorithm is presented in [26]. For a further presentation of identiﬁcation algorithms
see [11] and for an in depth presentation see [18]. One algorithm that
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Figure 7.2: Torque command function, C(t). This function rapidly
lowers the torque and then smoothly recovers it.

Figure 7.3: Block diagram of the direct torque feedback method.
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we have implemented is the recursive least square (rls) with a dynamic
forgetting factor. The algorithm is formulated as follows
y(t) =

ϕ(t)T θ(t)

θ̂(t) =
Q(t) =

θ̂(t − 1) + Q(t)[y(t) − ϕ(t) θ̂(t − 1)]
(7.15b)
P (t)ϕ(t)
(7.15c)


P (t − 1)ϕ(t)ϕT (t)P (t − 1)
1
P (t − 1) −
(7.15d)
λ
λ + ϕT (t)P (t − 1)ϕ(t)

P (t) =
λ =

(7.15a)
T

1
1 + γϕ(t)2

(7.15e)

Equation 7.15 is a combination of the algorithms presented in [11]
and [26]. A rail condition estimator can be designed by giving the
estimation parameters according to

ϕ(t)

=

y(t) =
θ̂(t) =

∂s
∂t
∂µa
∂t
k

(7.16a)
(7.16b)
(7.16c)

By inserting Equation (7.16) into the rls algorithm and using the fact
that the signals are scalars and not vectors, the rls algorithm can be
reduced to
∂µa
∂t

=

∂s
k
∂t


 ∂µ
∂s
a
−
k̂(t − 1)
k̂(t) = k̂(t − 1) + Q(t)
∂t
∂t
∂s
Q(t) = P (t)
 ∂t

2
P 2 (t − 1)( ∂s
1
∂t )
P (t − 1) −
P (t) =
2
λ
λ + P (t − 1)( ∂s
∂t )
λ

=

1
2
1 + γ( ∂s
∂t )

(7.17a)
(7.17b)
(7.17c)
(7.17d)
(7.17e)

The special thing with this version of the rls algorithm is the dynamic
forgetting factor λ in Equation (7.15e). λ decides how many of the
previous values that will be taken into account when the next value is
estimated. If λ is near 1 the rls will remember all the previous data and
when close to 0 it will not remember any old data. So, when λ is chosen
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according to Equation (7.17e) it depends on ∂s
∂t and will therefore not
remember any of the previous values when the rail condition is changed.
In the same way when the rail condition is persistent the rls will take
previous data into account and therefore be able to estimate a more
correct value of the slope k̂.
To trace the peak point of the slip curve it is enough to use this
estimation of the slope. That is since the slope is positive on the stable
side and negative on the unstable side of the slip curve. The slope also
decreases to zero when the peak is approached. Therefore it is suitable
to use the steepest gradient method.
Steepest Gradient Method
This method uses the fact that k̂ = 0 at the peak of the slip curve.
To estimate k̂ = 0, the rls algorithm with a dynamic forgetting factor
is used. When this is done, a slip velocity reference can be calculated
according to what is known as the steepest gradient method
vsref (t + 1) = vs (t) + αk̂

(7.18)

The constant α is positive. vsref (t+1) is the slip velocity reference. This
implies an optimal use of the adhesion, as was described in Section 3.3.6.
When we implemented this in Matlab-Simulink we found it to
be preferable to separate the two cases when k̂ was positive and negative. The reason is that the slope of the slip curve is diﬀerent on the
stable and unstable side. On the stable side it is almost linear with
a large slope in the beginning and a smaller slope when the peak is
approaching. On the unstable side on the other hand the slope is large
right after the peak and thereafter decreasing. This implies that when
we are far away from the peak of the curve on the unstable side, αk̂ is
small, but we need it to be large to enable a fast recover to the stable
side. With this in mind, we constructed this variant of the steepest
gradient method
k̂

≥0

⇒ vsref (t + 1) = vs (t) + αk̂

(7.19a)

k̂

<0

⇒ vsref (t + 1) = vs (t) − β

(7.19b)

When we are on the unstable side we use a constant step length to
enable a quick recovery. In our simulations we used α ≈ 2 × 10−8 and
β ≈ 3 × 10−3 .
When the slip velocity reference, vsref (t + 1), is calculated it still
remains to construct a control signal. This is done by adding the vehicle
velocity and dividing with the radius of the wheel according to
vsref (t + 1) + v
ωref r − v + v
=
= ωref
r
r

(7.20)
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When the reference angular velocity ωref is known, a simple p-controller
can be used to calculate the reference torque as follows
Tref = Kp (ωm − ωref )

(7.21)

The complete realization of the rls with the steepest gradient
method is presented in Figure 7.4.

Figure 7.4: Block diagram of the rls with the steepest gradient
method.

7.4

Evaluation of Model Based Controllers

The two diﬀerent methods in Section 7.3.1 and Section 7.3.2 are evaluated in this section. They are tested according to the test cycles
presented in Section 5.2.

7.4.1

Direct Torque Feedback Control

When we implemented this controller it was not successful. There
were mainly two reasons for this. The ﬁrst came of the fact that the
slip curves used in [22] lacked a plateau after the peak. A slip curve
with a plateau is shown in Figure 7.5. A plateau, like a peak, implies
∂µa
∂t = 0 and therefore this controller does not recover once a peak is
exceeded and a plateau is entered. This happens because the controller
experiences it like it already is at the peak. This is something we found
to be a major setback with this control method. The shape of the slip
curves is not something that is well known and therefore not a thing
that can be taken for granted.
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Figure 7.5: Slip curve with a plateau after the adhesion coeﬃcient peak.
The other setback with this method is that it demands an excitation
of the system. This shows if the reference torque is set to a ﬁxed value,
a
since when the ﬁxed value is reached, ∂µ
∂t will turn to zero. The reason
is that there is no longer any changes of the adhesion coeﬃcient in time.
This also implies a diﬃculty and an extra uncertainty.
These two negative factors were the reason why we did not lay the
time needed for an implementation that could show reasonable results
in the diﬀerent test cycles. We still believe that this way of detecting
the peak of the adhesion curve is interesting. The main reason is that
it is often hard to get a reliable value of the vehicle velocity. There are
many examples of when a faulty value in the velocity formation have
led to a malfunctioning slip control. Being independent of the vehicle
velocity is a rare advantage with this method. Maybe it can be used as
a complementary part of another slip control method. Thereby, maybe,
faults in the vehicle velocity formation can be detected.

7.4.2

RLS with the Steepest Gradient Method

This control method was successfully implemented and tested with the
rail condition test and the acceleration test as described in Section 5.2.
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Rail Condition Test
The results of the rail condition test at the speed of 10 km/h is shown
in Figure 7.6. We also performed the test with the speed of 40 km/h
and this result can be found in Appendix A, Figure A.1.
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Figure 7.6: The rail condition test for the rls with the steepest gradient
method.
This test starts with curve c for ten seconds. As seen in Figure 7.6,
the rls with the steepest gradient method gets closer and closer to the
peak. After ten seconds the rail condition switch to curve a and the
controller handles it without any trouble. The next switch take place
after 15 seconds from curve a to b. This shift is even more successful
than it ﬁrst looks like, since the recovery from the unstable side to the
stable side of the slip curve is instant. In the adhesion coeﬃcient plot
in Figure 7.6 it seems like it has not recovered until after about 17
seconds, but it is already on the stable side and working its way up to
the optimal value from the stable side. The next switch between curve
b and c is no problem either, except that it does not have the time
needed to reach the optimal slip. After 25 seconds the most diﬃcult
switch from curve c to curve b occurs, but the controller handles it
well. After less than one second the controller has recovered to the
stable side. If one looks close at the adhesion coeﬃcient plot it is
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seen, like before, that it recovers to the stable side and then starts the
optimization process. The last switches from curve b to a and from a
to c are performed without any problems.
One positive thing with the rls with the steepest gradient method
is that it enables quick recovery into the stable region. Once there,
the optimization process starts to maximize the use of the adhesion
coeﬃcient. Another great thing with this method is that the rls in
general is robust against noise. A negative thing with the method is
that it does not reach the optimal adhesion coeﬃcient for curve c during
the ﬁve seconds in the the rail condition test. The reason is that the
diﬀerent parameters in the rls, the steepest gradient method and the
p-controller is not tuned to their full extent. Still the results are more
than satisfying.

Acceleration Test
In this test the maximum acceleration was tested on curve b; the one
with the lowest adhesion peak of our test curves. The test is presented
in Figure 7.7. Here, it is clearly seen that the rls with the steepest
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Figure 7.7: The acceleration test for the rls with the steepest gradient
method. In the vehicle velocity plot, v is measured in km/h.
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gradient method performs well. What ﬁrst may seem like a problem
is that in the plot of the adhesion coeﬃcient it almost seems like a
stationary fault in the optimization process. This is the natural result of having an optimization controller with non-linear steps of this
type. When the vehicle velocity increases, the slip velocity reference is
updated with too small steps due to the fact that the peak of the slip
curve is near. This result appears like a stationary fault in the adhesion
coeﬃcient plot. Once the velocity is constant the controller will have
the necessary time to eliminate this small existing fault. Note that this
cannot happen on the unstable side, since the recovery is using ﬁxed
steps.

Chapter 8

Fuzzy Logic Slip
Controllers
Fuzzy logic controllers have become very popular in the last few years.
Since slipping is a non-linear, time varying process, a non-linear controller may be well suited. This is one of the reasons why fuzzy logic
is interesting when it comes to slip control.
We have encountered a few diﬀerent ways of using a fuzzy controller
to control slipping and evaluated two of them. We have also added a
third method, combining a few of the ideas we have come in touch with
and added a few of our own. The ﬁrst method uses slip and the slip
diﬀerential as control signals and the other two uses the diﬀerences in
adhesive force and slip. Before presenting these theories, we will give a
brief description of how to realize a fuzzy logic controller.

8.1

Realization of a Fuzzy Logic
Controller

A fuzzy logic controller is based on a set of logical rules. The ﬁrst
thing to do when realizing such a controller is to deﬁne these rules. An
example of such a rule is
If the slip is positive big and the derivate of the slip is positive big, then the compensation should be positive big.
This rule has two inputs, the slip and its derivate, and one output, the
compensation. To each one of these signals a so called membership
function is tied. This function represents a sliding degree of membership. The most common form to be used is a triangular function.
Three triangular membership functions called ”Negative”, ”Zero” and
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Membership Functions

Negative

Zero

Positive

Figure 8.1: Three triangular membership functions, ”Negative”, ”Zero”
and ”Positive”.
”Positive” are shown in Figure 8.1. This ﬁgure shows how the degree
of membership changes between the three functions. All of this is addressed further in [7] and described in detail in [3].
One way of realizing a fuzzy logic controller is to construct it as a
control surface. When doing so, the set of rules are written in a table,
similar to the one shown in Table 8.1. This can be translated into a
three-dimensional control surface. How the diﬀerent rules will overlap
depend on the shape of the membership functions.
This is a simple and eﬀective way of constructing a non-linear controller. It gives the constructor the freedom of being able to make
case-speciﬁc adjustments, simply by changing the weight of any membership function in the control structure.

8.2

Slip Control Methods using Fuzzy
Logic

In the following sections we will describe three diﬀerent control strategies. The factor they all have in common is the use of fuzzy logic. The
ﬁrst method uses fuzzy logic to produce a fast controller and the latter
two for optimization towards the optimal slip, and thereby maximize
the adhesive force. Before presenting these methods, we will give a
description of the ideas behind such controllers.
The goal of a slip optimizing algorithm is to produce an optimal
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slip reference, to be used when controlling the slip. This can be done
without knowledge of the actual appearance of the slip curves. By
analyzing the time diﬀerential of the slip, ∂s
∂t , and of the adhesive force,
∂Fa
∂t , one can tell if being far from or close to the maximum use of
adhesive force. This is illustrated in Figure 8.2.

Figure 8.2: The slip optimizing algorithm described in Section 8.2.
∂s
a
1. When ∂F
∂t is big and positive and ∂t is small and positive, the
optimal slip is a higher value than the current value. The same
∂s
a
goes for the case when ∂F
∂t is big and negative and ∂t is small
and negative.
∂s
a
2. When ∂F
∂t is small and ∂t is big, the current slip is close to the
∂s
a
optimal slip. If the sign of ∂F
∂t is equal to the sign of ∂t , then
the current position is on the stable region of the adhesion curve.
∂Fa
∂s
a
3. If ∂F
∂t is big and negative and ∂t is small and positive, or if ∂t
is big and positive and ∂s
∂t is small and negative, the optimal slip
is a lower value than the current value.

of

It is possible to create slip optimizing algorithms using only the sign
and ∂s
∂t to decide whether to add or subtract a ﬁxed contribution

∂Fa
∂t
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to the reference slip. When using fuzzy logic, the size of this contribution can be calculated from a non-linear fuzzy logic control surface.
This gives great possibilities to tune the regulator, using diﬀerent gains
in diﬀerent regions. For instance, if being in the unstable region of the
slip curve, maybe the priority to decrease the torque is higher than it
is to increase it when being in the stable region. Also, the gain should
be higher when being far from the optimum. The fuzzy rule set can be
chosen in line with these arguments. This has a lot in common with
the steepest gradient method, described in Section 3.3.6.

8.2.1

Fuzzy Logic Non-Linear PD-Controller

Garcı́a-Riviera et al. [6] have successfully implemented a fuzzy logic
slip controller on a physical scale model of an electrical locomotive
with carriages. We have implemented a similar control structure as a
controller for our model described in Chapter 4.
The control structure in use has an outer loop for speed control and
an inner loop for slip control (see Figure 8.3). This means the reference
to the motor is not the torque wished for, but the speed wished for. The

Figure 8.3: The control structure of the fuzzy logic non-linear pdcontroller.
speed controller in use is a pi-controller. The input to this controller
is the diﬀerence between the motor speed wished for and the current
speed. When using this type of control structure, the slip will actually
be aﬀected by the speed controller, since when the slipping increases,
so does the motor speed, and therefore the torque will be reduced. On
the other hand, the maximum accessible acceleration will not be used
all the way to the speed wished for even when the conditions are good.
The inner loop contains a fuzzy logic control structure. This is based
on a table of fuzzy rules, similar to the ones described in Section 8.1.
The table of rules in use is shown in Table 8.1. n, p and ze stands
for negative, positive and zero and s, m and b for small, medium and
big. These rules are implemented in the control structure as triangular
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membership functions. The control surface these rules result in is shown
in Figure 8.4.
Table 8.1: The set of rules for the fuzzy logic pd-controller of Section 8.2.1.
ṡ\s
NB
NM
NS
ZE
PS
PM
PB

NB
NB
NB
NB
NB
NB
NB
NB

NM
NB
NB
NB
NM
NB
NM
NM

NS
NB
NB
NM
NS
NM
NS
NS

ZE
NB
NM
NS
ZE
PS
PM
PB

PS
ZE
PS
PM
PS
PM
PB
PB

PM
PS
PM
PB
PM
PB
PB
PB

PB
PM
PB
PB
PB
PB
PB
PB

3000
2000

∆T

1000
0
−1000
−2000
−100
−3000
0.1

−50
0.05

0
0
50

−0.05
−0.1

100

ds

s

Figure 8.4: The principle appearance of the control surface for the fuzzy
logic non-linear pd-controller.
Since the inputs of this controller are slip and the slip diﬀerential,
the result will become a non-linear pd-controller. This structure will
assure fast compensation of torque when far from the optimal slip value
and only small compensation when being close. The input slip should
be the diﬀerence between the optimal slip and the current slip. However, this method provides no information of what really is optimal.
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Either a ﬁxed reference slip must be presumed to be optimal or an
optimizing algorithm has to be added.

8.2.2

Ideal Fuzzy Logic Slip Optimizing
Controller

The fuzzy logic controller described in Section 8.2.1 used fuzzy logic
to create a non-linear pd-controller. Fuzzy logic can also be used in
order to calculate an optimal reference slip, as described in Section 8.2.
Palm et al. [23] have used these ideas in order to create a fuzzy logic slip
optimizing controller. They use the adhesive force from their process
model as a control signal, though this signal is not measurable, which
makes this an ideal control structure.
Table 8.2 shows the set of rules used by [23]. They have implemented
their control structure on a model of a locomotive. The notation in the
table, nb etc, is the same as used in Section 8.2.1. From the set of rules
in Table 8.2, a control surface was realized. This is shown in Figure 8.5.

Table 8.2: The set of rules for the slip optimizing controller used by [23].
∂ F̂a ∂s
∂t \ ∂t

NB
NS
ZE
PS
PB

NB
PB
PS
ZE
NS
NB

NS
PS
PS
ZE
NS
NS

ZE
ZE
ZE
ZE
ZE
ZE

PS
NS
NS
ZE
PS
PS

PB
NB
NS
ZE
PS
PB

This control surface is a part of the whole control structure, shown
in Figure 8.6. In the block called the ”Fuzzy Logic Slip Optimizer”,
the adhesive force and slip are ﬁrst diﬀerentiated and then sent into
the fuzzy logic control surface. The output of this surface is a small
contribution ∆I, positive or negative, which is integrated in order to
produce the optimal slip reference. This integration corresponds to the
recursive algorithm in the steepest gradient method, Equation (3.5).
We found it necessary to low pass ﬁlter ∆I, in order not to get to large
signals when there is a sudden change in rail condition. This can probably be avoided by putting more eﬀort into tuning the control surface.
When using a low pass ﬁlter, this has to be done before integrating the
signal. After the integration, the calculated optimal slip is compared
with the current slip and sent through a controller. We have tried both
p- and pi-controllers. However, the oﬀset is insigniﬁcant, and therefore
we use the p-controller in our evaluations. The gain in this p-controller
has to be very high, since it translates slip error into torque compen-
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PB
PS

dI ZE

NB

NS
NB

NS

NB
ZE
NS
ZE

ds

dF

PS
PS
PB

PB

Figure 8.5: The slip optimizing control surface corresponding to the set
of rules in Table 8.2.

Figure 8.6: The control structure of the ideal slip optimizing fuzzy
controller.
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sation. The last step is to add this compensation to the torque set by
the driver, in order to produce the new reference torque sent to the
traction motor.

8.2.3

A Novel Fuzzy Slip Optimizing Controller
using an Adhesion Observer

The ideal fuzzy logic slip optimizing controller described in Section 8.2.2
works, but it can not be implemented in reality, since the adhesive force
is not measurable. Also, the fuzzy logic rule set in use is not optimal
for constructing a fast and accurate slip optimizing controller.
We have developed a new, more powerful, fuzzy logic control structure and combined it with the adhesion observer, derived in Section 7.1.
Before presenting the details of this work, we will motivate why this
has been done.
In Figure 8.2, it is shown how the diﬀerences in adhesive force and
in slip can be used to determine the current position on the slip curve.
This information can be used to create protecting barriers, preventing
the adhesive force from dropping down on the unstable side of the slip
curve (see Figure 2.3). For instance, if the change in the estimated
a
F
, is negative and big and the change in slip, ∂s
adhesive force, ∂∂t
∂t
is positive and small, we have just dropped over the peak into the
unstable region (position 3 in Figure 8.2), and therefore we want the
a
F
is positive
torque to be reduced quickly. Also, when the change in ∂∂t
∂s
and big and the change in slip ∂t is positive and small, we are furthest
away from the optimum (position 1 in Figure 8.2). Therefore, the
compensating torque should be maximal at this point. This is not the
case in the control structure proposed by [23] and presented in Table 8.2
and Figure 8.5.
The discussion above has led to a new control structure (see Figure 8.7) and a new set of rules, presented in Table 8.3. As in the
Table 8.3: The set of rules for the novel slip optimizing fuzzy controller.
∂ F̂a ∂s
∂t \ ∂t

NB
NS
ZE
PS
PB

NB
PSM
PS
ZE
NS
NSM

NM
PM
PSM
ZE
NSM
NM

NS
PB
PM
ZE
NM
NB

ZE
ZE
ZE
ZE
ZE
ZE

PS
NB
NS
ZE
PM
PB

PM
NM
NSM
ZE
PSM
PM

PB
NSM
NS
ZE
PS
PSM

previous sections, n and p stands for negative and positive, while s, m
and b means small, medium and big. sm represents a state between
small and medium.
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Figure 8.7: The control surface of the novel slip optimizing fuzzy controller.
The new box observer/calculations in Figure 8.7 represents the adωc
prohesion observer and the slip calculations. The observer gain s+ω
c

vides a natural ﬁltering of the estimated adhesive force, Fa . In the box
called fuzzy logic slip optimizer, these signals are ﬁrst derivated and
then sent through the fuzzy logic control structure. The output of this
structure is a small contribution, ∆I, which is integrated to calculate
the optimal slip (compare with Section 8.2.2). We saturate ∆I before
the integration, in order not to get too large signals when there is a
sudden change in rail conditions.
Also added in this strategy was a small sinus signal in the reference
torque. The thought with this signal was to excite the system if necessary, to avoid the optimizer from getting stuck somewhere that is not
optimal on the slip curve. Whether this have any eﬀect or not, we have
not looked into any closer.
The content of Table 8.3 represents the principles of the new set of
rules, though we used diﬀerent degrees of the level sm etc. This was
however only small deviations from what is shown in the table. The
resulting fuzzy logic control surface is shown in Figure 8.8.

8.3

Evaluation of the Fuzzy Logic Slip
Control Methods

Here, we present the advantages and disadvantages of the control structures described in this chapter. We also present various simulation
results. Since the objective in this master’s thesis has not been to optimize a speciﬁc method, but to compare several diﬀerent methods, one
should keep in mind that none of the controllers have been tuned to
the full extent possible.
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Figure 8.8: The control structure of the novel slip optimizing fuzzy
controller.

8.3.1

Fuzzy Logic PD-Controller

This section contains the evaluation of the slip control method described in Section 8.2.1. The major advantages and disadvantages of
this controller were also mentioned there, but now we will take this discussion one step further. The strength of this non-linear pd-controller is
its speed. It is fast when far away from its reference slip and slow when
close. The use of a ﬁxed reference slip is the greatest disadvantage.
Under the assumption that this reference is close to the real optimal
slip, and also that the slip curves behave as assumed, this method will
perform very well. We will now present the result of the two tests. The
tests performed are described in Section 5.2.
Rail Condition Test
The ﬁrst test performed on the fuzzy logic pd-controller was the rail
condition test. Starting after ten seconds, the rail condition is changed
every ﬁfth second. Figure 8.9 shows the results of this test when the vehicle velocity was 10 km/h. The results when the velocity was 40 km/h
is found in Appendix A, Figure A.2.
As seen in the adhesion coeﬃcient plot, this method is very fast
when it comes to convergence towards the reference slip. However, it
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Figure 8.9: The performance of the fuzzy logic pd-controller in the rail
condition test, 10 km/h.

can also be seen that it never ﬁnds the optimal µa for any of the diﬀerent
slip curves, though it is close when the optimal slip is 7.9 % (curve b).
This is a consequence of the fact that this method works towards a
ﬁxed reference slip, i.e. it is not optimizing. This ﬁxed reference seems
to agree quite well with the optimal slip of curve b, though the oﬀset
is larger for curve a and really large for curve c.
The speed of the controller can also be seen in the slip curve. When
changing between the diﬀerent curves, the slip never exceeds 18 %, and
hardly ever even 10 %. The slip plot shows that the 18 % slip occurred
when changing from curve b to curve a. Note that this controller never
experiences the diﬃcult change from the peak of curve c to the peak
of curve b. This comes of the fact that it never stabilizes on the peak
of curve c.
Acceleration Test
Figure 8.10 shows the result of the acceleration test. Here, µa comes
quite close to its optimal value, though there is a small oﬀset. This is a
consequence of the selected slip reference value. Obviously, this value
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Figure 8.10: The performance of the fuzzy logic pd-controller in the
acceleration test. In the vehicle velocity plot, v is measured in km/h.
works quite well for curve b, which we have already concluded when
evaluating the rail condition test. The resulting performance would
probably not be very good if the reference slip was for instance three
times as big.
Another observation is the a bit nervous behaviour of the slip in the
beginning. It takes some time for the controller to determine whether
to increase or decrease the compensating torque ∆T . Once the velocity
has increased to a few km/h, it becomes more stable, and ﬁnally ﬁxates
∆T at the value in line with what is controlled towards.
With detailed knowledge of the slip curves behaviour, this controller
may be unbeatable in speed contra performance, since it can be tuned
very precisely. However, as long as such knowledge does not exist, this
will just be another fast controller.

8.3.2

The Ideal Fuzzy Logic Slip Optimizing
Controller

This control strategy represents some of the most interesting ideas we
have come in touch with during this master’s thesis. It combines the
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advantages of an optimizing algorithm with the possibility to use nonlinear gain depending on the current position on the slip curve. As
mentioned in Section 8.2.2, this method has not been reﬁned to its full
extent. During simulation we have seen that it not only works, but also
performs very well, though it is by far slower than the novel fuzzy slip
optimizing controller of Section 8.2.3. As also mentioned, in the model
presented by Palm et al. [23] they have used the adhesive force Fa as a
control signal, which is not possible, since it is not measurable.
We will not present any simulation results of this control strategy,
since the optimizing ideas of the control structure are similar to the
ones presented in Section 8.2.3, the only diﬀerence is that this method
performs worse in our tests.

8.3.3

The Novel Fuzzy Slip Optimizing Controller
using an Adhesion Observer

We will now present the test results of the novel fuzzy slip optimizing
controller of Section 8.2.3. There are two major advantages with this
method compared to the other methods of this chapter. The ﬁrst is
that it is adhesion optimizing, which the method of Section 8.2.1 is not.
The second is that it is based on measurable signals, which the method
of Section 8.2.2 is not. The control structure in use provides a much
faster optimization than the ones used in Section 8.2.2.
We would like to point out that this controller has only been tuned
to the extent that the control signal are of reasonable size. Therefore
there are room for a lot of improvements when it comes to tuning.
Rail Condition Test
The results of the rail condition test with vehicle velocity 10 km/h is
shown in Figure 8.11. The same test performed in 40 km/h is presented
in Appendix A.3. Figure 8.11 shows that the optimizing algorithm not
only works, but also works fast. The ﬁrst optimum was reached after
only 1.8 seconds. The longest interval ever to occur was when changing
from curve c to curve b, which took 2.5 seconds. When this happened
we reached the slip 30 %, which was the largest slip ever to occurred in
this test. This can probably be reduced quite a bit if a higher gain is
used in the fuzzy logic control surface when the change in slip, ∂s
∂t , is


Fa
,
positive and big and the change in the estimated adhesive force, ∂∂t
is negative and small. Note that this was the only time the slip ever
exceeded 18 %!
The calculation of the optimal reference slip is the most time consuming part of this controller. The gain of the p-controller controlling
the slip towards the optimal reference slip is high, and will not provide
any noticeable time delay to the process. If the reference slip where
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Figure 8.11: The performance of the novel fuzzy slip optimizing controller in the rail condition test, 10 km/h.

to be added in the slip plot, this signal and the slip signal would be
almost identical. This comes of the fact that the oﬀset is insigniﬁcant,
as mentioned in Section 8.2.2.
The result of the rail condition test conducted with the vehicle velocity constant at 40 km/h (Appendix A, Figure A.3) is quite similar to
the test done at 10 km/h, only optimizing a lot faster. Here, the maximum slip ever to occur was merely 20 %. This happened when changing
from curve c to curve b, just like when the test was performed with
the velocity 10 km/h. The the longest optimizing time was around 2.0
seconds, which happened when changing from curve c to curve a.
The fact that the maximum slip is lower and the optimization times
are shorter when the vehicle velocity is higher is a result of the slip
deﬁnition, Equation (2.1). Since the vehicle velocity is the normalizing
factor in this deﬁnition, it will take a larger change in wheel velocity
to cause a certain slip at a higher than a lower vehicle velocity.
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Acceleration Test
Figure 8.12 shows the results of the acceleration test performed on our
optimizing fuzzy logic slip controller. The slip curve shows that the conAdhesion Coefficient
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Figure 8.12: The performance of the novel fuzzy slip optimizing controller in the acceleration test. In the vehicle velocity plot, v is measured in km/h.
troller reacted very quickly when exceeding the optimal value. It is a
bit oscillative the ﬁrst few seconds, just like the non-linear pd-controller
evaluated in Section 8.3.1. However, the ﬁnal velocity reached by this
optimizing controller is approximately 24 % higher than the ﬁnal velocity of the non-linear pd-controller. The small oscillations that can be
seen in the slip plot comes from the generated sinus signal we use to
excite the system, see Section 8.2.3.
As shown in the tests, our optimizing fuzzy logic slip controller is
very fast and very accurate, even though it has not been tuned to the
extent possible by far. In Chapter 9, we will brieﬂy compare the methods of this chapter with the methods from Chapter 6 and Chapter 7.
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Chapter 9

Conclusions and Future
Improvements
In this chapter we will summarize the advantages and disadvantages of
the methods described in Chapter 6–8. We will propose a few improvements and present ideas that may be interesting in future research.
The major problem when it comes to slip control today is the low
reliability in the calculated vehicle velocity. As described in Section 3.1,
this comes of the fact that most railway vehicles have mechanical brakes
on all the shafts, since it is considered low-cost. The intention is of
course to increase security, but this is not achieved if the calculated
vehicle velocity cannot be trusted when breaking hard. We have brieﬂy
looked at alternative solutions to this problem, but did not ﬁnd any well
working realistic alternatives. As presented in Section 5.1.4, not even
the scientists working with speed sensorless control believe it yet to be
possible to achieve the same results with as without speed sensors. Our
recommendation to overcome this problem is to always have at least
one non-driven and non-breaking shaft in all railway vehicles.
Looking back at the slip control methods in this master’s thesis,
two of them are more interesting than the others. These two methods
are the rls with the steepest gradient method of Section 7.3.2 and
the novel fuzzy slip optimizing controller of Section 8.2.3. They can
be classiﬁed as non-linear slip optimizing control methods; they both
use non-linear gain, where the gain is set by their current position on
the slip curve. We believe both of these methods to have great future
potential as slip controllers.
The hybrid slip control method of Chapter 6 provides a good foundation for a control structure. The pattern control makes a good redundancy if an optimizing slip controller for some reason should malfunction and the acceleration criterion will prevent all-shaft slipping. In its
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present shape, this method is not optimizing. It may perform well if
bad rail conditions seldom occur, but hardly under rougher conditions.
This goes for all of the non-optimizing methods we have evaluated.
As long as measurements have not conﬁrmed every possible rail condition, we believe optimizing algorithms should be used for eﬀective
performance.
Many attempts have been made to achieve optimizing slip controllers with algorithms similar to the steepest gradient method. Most
of these attempts use some exceptional case when the algorithm comes
near the peak of the slip curve.
 This is done to avoid dividing by zero
∂µa
∂µa
s
when calculating ∂s = ∂t ∂v
∂t . An example of such an attempt is
the direct torque feedback method of Section 7.3.1. The rls and the
novel fuzzy method provides much classier solutions to this problem.
When it comes to the rls with the steepest gradient method, this is
not an unique solution. Instead of using rls with a dynamic forgetting
factor, a Kalman ﬁlter with a cusum-detector can be used. In the
same way that the forgetting factor is reduced when a change in the
rail condition occur, the cusum-detector will change the priority of the
Kalman ﬁlter. This was not evaluated in this report but it is something
that can be addressed in future works.
The non-linear pd-controller of Section 8.2.1 is a fast controller,
but then again not optimizing. It can of course be combined with some
optimizing slip calculation, but we doubt this would improve much,
since the optimization is the slow process in such a control structure
and not controlling towards the optimal reference. This fact places this
controller in the same category as the hybrid slip control method; it
will perform very well if knowing which reference to use.
The novel fuzzy logic slip optimizing controller also have a lot of
room for improvements. If putting more eﬀort in developing a smother
and more detailed control surface, it is possible to tune the behaviour
of this controller to optimize the gain when being at any position of a
slip curve.
The rls with the steepest gradient method and the novel fuzzy logic
slip optimizing controller are with no doubt the best performing controllers evaluated in this master thesis. Although they perform so well
without being properly tuned, there are still room for improvements.
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Notation
Variables and parameters
a
ai
A
bt
C0
Cd
Cl
Cp
Cr1
Cr2
Curve A
Curve B
Curve C
Fa
Fa,w
Fair
Fc
Floss
Fr
g
it
Jlw
Jm
Jrw
Jt
Jtot
KI
Km
Kp
Kt
Lt

Acceleration
Acceleration of bogie i
Maximum vehicle cross section area
Coeﬃcient of the viscous friction in the gearbox
Aerodynamic coeﬃcient for phenomenon independent of v 2
Air resistance coeﬃcient
Aerodynamic coeﬃcient depending on objects along a railway vehicle
Aerodynamic coeﬃcient depending on the shape of the front section
Coeﬃcient depending on wheel characteristics
Coeﬃcient depending on wheel characteristics
A slip curve with µa,max = 15.0 % at s = 5.4 %
A slip curve with µa,max = 5.1 % at s = 7.9 %
A slip curve with µa,max = 15.0 % at s = 16.5 %
Adhesive force
Adhesive force of a speciﬁc wheel
Air drag
Cornering loss
Force loss
Roll resistance
Gravity acceleration
Conversion ratio of the gearbox
Moment of inertia of the left wheel
Moment of inertia of the motor
Moment of inertia of the right wheel
Moment of inertia of the gearbox
Total moment of inertia of a mechanical transmission
Integrating gain of a pi-controller
Spring constant of the motor shaft
Proportional gain of a pi-controller
Spring constant of the drive shaft
Length of the railway vehicle
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Notation

ma
ma,w
mtot
mw
N
q
r
s
si
sref
t
Ta
Tl
Tlw
Tm
TP I
Tref
Trw
Tt
Tw
v
vi
va
va,i
vref
vs
vs,ref
α
β
∆T
∆Ti
ζm
ζt
θlw
θm
θrw
θt,in
θt,out
θw
µ
µa
µa,max
ρair
τ
ϕ

Adhesive mass
Adhesive mass on a speciﬁc wheel
Total vehicle mass
Wheel mass
Normal force
Total ventilation ﬂow
Radius of a wheel
Slip
Slip of bogie i
Reference slip
Time
Adhesive torque
Torque loss
Wheel torque, left wheel
Motor torque
Compensating torque of a pi-controller
Reference torque
Wheel torque, right wheel
In going torque to the gearbox
Wheel torque
Vehicle velocity
Velocity of shaft i
Average velocity
Average velocity of bogie i
Reference velocity
Slip velocity
Reference slip velocity
Coeﬃcient used in the steepest gradient method
Fixed contribution used in the steepest gradient method
Compensating torque
Compensating torque for bogie i
Damping of the motor shaft
Damping of the drive shaft
Angle of the left wheel
Motor angle
Angle of the right wheel
Ingoing gearbox angle
Outgoing gearbox angle
Wheel angle
Friction coeﬃcient
Adhesion coeﬃcient
The maximum value of the adhesion coeﬃcient
Air density
Time constant of the traction motor
Slope of the track

Notation
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ω
ωc
ωmin
ωmax

Angular velocity of a wheel
Cut-oﬀ frequency
Lowest angular wheel velocity
Highest angular wheel velocity

Operators
min
max
s
∂
⇒
⇐⇒

Minimum of argument
Maximum of argument
Laplace operator
Partial derivate
Implies
If and only if
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Appendix A

Rail Condition Test,
40 km/h
In this appendix the results of the rail condition test (see Section 8.3.1)
performed in 40 km/h are presented.
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Figure A.1: The Rail Condition Test for the rls with the Steepest
Gradient Method.
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Appendix A. Rail Condition Test, 40 km/h
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Figure A.2: The rail condition test performed at the fuzzy pd-controller
in 40 km/h. For details, see Section 8.3.1
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Figure A.3: The rail condition test performed at the novel fuzzy slip
optimizing controller in 40 km/h. For details, see Section 8.3.3
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Index
Acceleration criterion, 40
Acceleration test, 36, 51, 63, 67
Adaptive identiﬁcation algorithm,
44
Adhesion, 10
Adhesion coeﬃcient, 27
Adhesion coeﬃcient, 11
Adhesion maximum, 12
Adhesion observer, 20, 41, 60
Adhesion peak, 42
Adhesive force, 10, 26
Adhesive mass, 11
Adhesive torque, 26
Air resistance, 28
Average velocity, 38

Fixed steps, 39
Friction force, 10
Future improvements, 69
Fuzzy logic, 21
Fuzzy logic slip controllers, 34,
53
Fuzzy rule set, 53

Bogie, 38

Linguistic rules, 21
Loss due to roll, 28

Gearbox, 24
Goal of slip control, 12
GPS, 17
Hybrid slip control method, 20,
33, 37
Ideal fuzzy controller, 58

Calibration, 16
Cars, 29
Conclusions, 69
Control strategies, 18
Control surface, 54
Cornering loss, 28
Cut-oﬀ frequency, 42

Measurable, 58
Mechanical brakes, 15
Mechanical transmission, 23
Membership functions, 53
Method criticism, 4
Methods not further evaluated,
34
Minimum velocity, 37
Model based controllers, 19, 34,
41
Moment of inertia, 24
Motor current diﬀerences, 19

Damping coeﬃcient, 24
Deformation, 9
Determine the velocity, 15
Diagnostic algorithms, 18
Direct torque feedback method,
43
Drive shaft, 16
Dynamic forgetting factor, 46

Neural networks, 18
Non-driven shaft, 37
Non-linear PD-controller, 56
Normal force, 9

Electrical multiple unit, 29
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Novel fuzzy controller, 60
Objectives, 3
Optimal slip, 13
Optimal use of adhesion, 60
Optimizing algorithm, 54
Organisation, 4
OTU, 29
Outer conditions, 26
Outer losses, 28
Pattern control, 39
Pattern control method, 19
Peak of the slip curve, 13
PID limitations, 21
Plateau, 48
Pressure sensor, 16
Pulse calculation, 16
Rail condition test, 35, 50, 62,
65
Realizing fuzzy logic, 53
Reduced mechanical transmission, 42
Reference torque, 24
Report disposition, 6
RLS, 44
Sinus signal, 61
Slide, 9
Slip, 9, 27
Slip velocity, 9, 27
Slip curve, 12, 26, 35
Slip detection, 17
Slope, 43, 44
Speed diﬀerence method, 17, 38
Speed sensorless, 19
Speed sensors, 16
Spring constant, 24
Stable region, 12, 44
Steepest gradient method, 20
Target group, 5
Test curves, 35
Test cycles, 35
Thesis background, 3

Index

Thesis methods, 3
Threshold, 18, 39
Time plan, 5
Torque command function, 44
Total mass, 28
Traction motor, 23
Unstable region, 12, 60
Variable steps, 39
Vehicle velocity, 12, 28
Viscous friction, 24
Wheel proﬁle, 16
Wheel radius, 26
Wheels, 25

