
KTH Engineering Sciences

On Active Suspension in Rail Vehicles

Alireza Qazizadeh

Doctoral Thesis
Stockholm, Sweden

2017



Academic thesis with permission of KTH Royal Institute of Technology,
Stockholm, to be submitted for public examination for the degree of
Doctor of Philosophy of Engineering in Vehicle and Maritime Engineer-
ing. The PhD defense planned for 31st of May 2017 at 10.00 am, in room
F3, Lindstedtsvägen 26, KTH Royal Institute of Technology, Stockholm,
Sweden.

TRITA-AVE 2017:32
ISSN 1651-7660
ISBN 978-91-7729-408-5

c©Alireza Qazizadeh, May 2017

Postal address: Alireza Qazizadeh, Dep. of Aeronautical and Vehicle
Eng., KTH, SE-100 44 Stockholm, Sweden
Visiting address: Room 6515, 3rd floor, Teknikringen 8, Stockholm
Contact: alirezaq@kth.se

ii



Abstract

The topic of this PhD thesis is active suspension in rail vehicles which
is usually realized through sensors, controllers and actuation compon-
ents. A well established example of an active suspension is the tilting
control system used to tilt the carbody in curves to reduce centrifugal
acceleration felt by passengers. Active suspension for rail vehicles is be-
ing studied since 1970s and in this PhD thesis it has been tried to expand
on some aspects of this topic.

This study extends the research field by both experimental and the-
oretical studies. In the first phase of the study which led to a licentiate
degree the focus was more on experimental work with active vertical
suspension (AVS). This was implemented by introducing actuators in
the secondary suspension of a Bombardier test train, Regina 250, in the
vertical direction. The aim has been to improve vertical ride comfort by
controlling bounce, pitch and roll motions.

In the second phase after the licentiate, the studies have been more
theoretical and can be divided into two parts. The first part of the work
has been more focused on equipping two-axle rail vehicles with differ-
ent active suspension solutions for improving the vehicle performance
regarding comfort and wheel-rail interaction. Three papers are written
on active suspension for two-axle rail vehicles. Two of the papers dis-
cuss the use of H∞ control for wheelset guidance in curves to reduce
wheel-rail damage. The third paper shows that by use of active vertical
and lateral suspension (AVS and ALS) in two-axle rail vehicles good
comfort can be achieved as well. The paper then studies how the three
active suspension systems (ALS, AVS, and ASW) interact once imple-
mented together on a two-axle rail vehicle.

The second part is a study on safety of active suspension systems.
The study discusses a possible procedure to ensure that a designed act-
ive suspension for a rail vehicle will be safe in all possible failure situ-
ations.

Keywords: active suspension, ride comfort, wear, skyhook control,
H∞ control, two-axle rail vehicle, safety
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Sammanfattning

Den här doktorsavhandlingen fokuserar på aktiv fjädring i spårfordon.
Aktiv fjädring förverkligas vanligtvis genom sensorer, regulatorer och
aktuatorer. Ett välkänt exempel på aktiv fjädring är korglutning som an-
vänds för att minska centrifugalkraften på passagerare i kurvor. Aktiv
fjädring i spårfordon har studerats sedan 1970-talet och här expanderas
ämnet vidare.

I denna avhandling har både experimentella och teoretiska studier
genomförts. Den första fasen som ledde till licentiatexamen, var mer
fokuserat på experimentella studier med aktiv vertikal fjädring (AVS).
Syftet var att förbättra vertikal åkkomfort genom att minska vertikal-,
nick- och rollrörelser.

Den andra fasen som började efter licentiatexamen har varit mer
teoretisk och kan delas up i två kategorier. I den första kategorin har
komfort och hjul-räl interaktion på tvåaxliga spårfordon förbättrats genom
olika typer av aktiv fjädring. Tre artiklar har skrivits om aktiv fjädring
i tvåaxliga spårfordon. Två av artiklarna handlar om hjulparsstyrning
(ASW) i kurvor med hjälp av H∞-kontroll för att minska hjul-rälslitage.
Därefter visas i den tredje artikeln att god komfort också kan uppnås
med aktiv vertikal- och lateralfjädring (AVS och ALS). Artikeln går sedan
igenom hur tre typer av aktiv fjädring (ALS, AVS, och ASW) samspelar
när de har implementerats tillsammans på ett tvåaxligt spårfordon.

Den andra kategorin handlar om felfall och säkerhet i aktiv fjädring.
Studien presenterar en möjlig metod för att säkerställa att en designad
aktiv fjädring kommer att vara säker i alla möjliga felsituationer.

Nyckelord: aktiv fjädring, åkkomfort, skyhook, H∞, tvåaxliga spår-
fordon, säkerhet
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Outline of thesis

The scope of this thesis is active suspension in rail vehicles. The thesis
is divided into an OVERVIEW part which starts with a general discus-
sion on active suspension and continues with providing material useful
for understanding this PhD work. This part ends with chapters on sum-
mary of the work and possible future works. The second part of the
thesis named APPENDED PAPERS A-F includes the following six pa-
pers as scientific contribution of this thesis work.

Paper A
A. Qazizadeh, R. Persson, and S. Stichel, "Preparation and execu-
tion of on-track tests with active vertical secondary suspension,"
International Journal of Railway Technology, vol. 4, no. 1, pp. 29-46,
2015.

Paper B
A. Qazizadeh, R. Persson, and S. Stichel, "On-track tests of active
vertical suspension on a passenger train," Vehicle System Dynamics,
vol. 53, no. 6, pp. 798-811, 2015.

Paper C
A. Qazizadeh and S. Stichel, "Improved curving performance for
two-axle rail vehicles with actuated solid wheelsets using H∞ con-
trol," in 2016 Joint Rail Conference, April 12-15, (Columbia, South
Carolina, USA), ASME, 2016.

Paper D
A. Qazizadeh, S. Stichel, and H. R. Feyzmahdavian, "Wheelset
curving guidance using H∞ control," Submitted for publication to
journal of Vehicle System Dynamics.

Paper E
A. Qazizadeh and S. Stichel, "Active lateral and active wheelset
steering interference." To appear in the proceedings of the First In-
ternational Conference on Rail Transportation, July 10-12, (Chengdu,
China), ICRT, 2017.

Paper F
A. Qazizadeh, S. Stichel, and R. Persson, "Proposal for systematic
studies of active suspension failures in rail vehicles," Proceedings

ix



of the Institution of Mechanical Engineers, Part F: Journal of Rail and
Rapid Transit, 2016.

Division of work between authors

Papers A & B: This study has been carried out collaboratively between
KTH and Bombardier Transportation. Qazizadeh performed all the sim-
ulation studies, participated in the on-track tests, post processed meas-
urement data and finally wrote the papers. Persson defined require-
ments for actuators, defined safety scenarios, prepared the test train
for measurements and took the main role in leading the measurements.
Stichel and Persson supervised Qazizadeh during the study and reviewed
the papers.

Paper C: Qazizadeh outlined the study, performed all the analyses and
wrote the paper. Stichel supervised and reviewed the paper.

Paper D: Qazizadeh outlined the study, performed all the analyses and
wrote the paper. Stichel and Feyzmahdavian supervised vehicle dynam-
ics and control parts respectively. Feyzmahdavian also contributed by
providing guidelines on selecting parameters for the sensitivity weight-
ing function.

Paper E: Qazizadeh outlined the study, performed all the analyses and
wrote the paper. Stichel supervised and reviewed the paper.

Paper F: Qazizadeh outlined the study, performed all the analyses and
wrote the paper. Stichel and Persson supervised and reviewed the pa-
per.

Publication not included in this thesis

A. Qazizadeh, S. Stichel, and R. Persson, "Studying Variations of Sky-
hook Method for Comfort Improvement," The Stephenson Conference -
Research for Railways, April 21-23, (London, UK), 2014.
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Thesis contribution

In general this thesis work has contributed to the increase of knowledge
about how to implement active suspension in rail vehicles. The contri-
butions are summarized in more detail as follows:

• Development and test of active vertical suspension which is shown
to be very effective in improving vertical ride comfort while hav-
ing simple design.

• Introducing and testing simpler active and semi-active suspen-
sion technologies. These technologies provide a good compromise
between performance, cost and energy consumption.

• Developing a controller for active wheelset steering in curves based
on closed-loop transfer function shaping and H∞ optimization.
The controller design is performed for both nominal and uncer-
tain plants and both stability and performance are checked.

• The developed active wheelset steering reduces wheel-rail wear
and hence allows for two-axle vehicles with larger wheelbase, i.e.
higher capacity.

• Reviving the old two-axle rail vehicle concept by using active ver-
tical and lateral suspension and active wheelset steering. The res-
ult is a vehicle with improved comfort and better wheel-rail inter-
action.

• Proposal of a flowchart for systematic studies of active suspension
failures in rail vehicles. The flowchart provides a solid methodo-
logy to make sure that every possible failure of active suspension
is safe. Furthermore, six conservative and inclusive failure modes
of active suspension are introduced which can be also useful for
other studies.
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Part I

OVERVIEW





Chapter 1

Introduction

This chapter starts with a general introduction to active suspension in
rail vehicles followed by a reflection on what is done during this PhD
study. Afterwards, some basic concepts necessary to understand this
thesis work will be introduced.

1.1 Active suspension

In general the structure of an active suspension control for a railway
vehicle can be described as shown in Figure 1.1. The active systems
are an integration of mechanical, electrical and control engineering sub-
systems.

As the name implies, passive suspension can just react to the vehicle
motion and dissipate energy while active suspension can insert energy
into the vehicle to achieve the desired motion and behavior. This fact
enables active suspension to perform better compared to passive sys-
tems. Active systems may even be used to achieve a better control over
contradictory requirements. An example of this is the longitudinal stiff-
ness of the primary suspension which should be low for radial steering
in curves and should be high to maintain stability on straight tracks.
Meeting such contradictory performance requirements by passive sus-
pension is very hard while the active suspension can solve this type of
contradictions.

Active technologies which improve rail vehicle dynamics can be di-
vided into two main categories which are active primary and active sec-
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CHAPTER 1. INTRODUCTION

Rail vehicle 

Mechanical 

system 

Monitoring 

system (sensors) 

Actuator 

system 

Controller 

Track inputs 

Vehicle outputs 

(acceleration, 

displacements, etc.) 

Figure 1.1: Generalized active suspension concept, regenerated from [1]

ondary suspension. Usually active secondary suspension is aimed at
improving ride comfort while the aim with active primary suspension
is to improve wheel-rail interaction conditions and dynamic stability.

A better comfort can be very important from the customers’ point
of view who want to enjoy a smooth ride and possibly want to spend
their time reading or working onboard. This can attract more passen-
gers to the railway service which would be a big step forward in green
transportation. Improved comfort can also be interpreted in two other
ways. The vehicle may be allowed to run at higher speeds or on track
with lower quality while maintaining the same comfort as the passive
vehicle. Higher speed reduces travel time which is appealing not only
to passengers but also to operators who seek a more efficient use of in-
frastructure and rolling stock. Allowance to run on lower track quality
can also be very attractive to the infrastructure managers who need to
invest substantial time and money to keep very good track quality espe-
cially when it comes to high speed lines.

Improved wheel-rail interaction means less wheel-rail damage which
contributes to maintenance and in turn cost reduction. Furthermore,
with improved wheel-rail interaction better vehicle stability, higher speeds
and lower or zero squeal noise in curves can be achieved. These are not
only important from the vehicle dynamics point of view but also make
rail transportation an enjoyable experience for passengers.

Hence, the correct implementation of active suspension can have
positive environmental and economical effects. By making train trips
more enjoyable, more people will be attracted to railway transportation
service which is environmental friendly and is considered to be a sym-
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1.2. A SHORT SUMMARY OF APPENDED PAPERS

bol of sustainable societies.
Reviewing literature in the field of active and semi-active suspen-

sion, it can be concluded that both enhance the performance compared
to passive suspension. However, fully active solutions are usually more
effective compared to the semi-active ones. But this comes at the cost
of higher price and maintenance need and issues with reliability. In this
PhD study the focus has been on active solutions.

The chapters of this thesis are organized as follows. Different active
system technologies in rail vehicles are discussed in Chapter 2, with an
overview of the state of the art research. Chapter 3 discusses different
types of actuators. Chapter 4 gives an overview of two control methods
used in this study. Afterwards, in Chapter 5, methods for evaluating
ride comfort, wear and stability are discussed. The focus in Chapter 6
is on the simulation model and the on-track tests performed together
with Bombardier. Chapter 7 provides a short background about old and
more recent examples of two-axle rail vehicles. Introduction to differ-
ent methods for performing a safety and reliability analysis is provided
in Chapter 8. Finally, the summary and conclusions of the six appen-
ded papers are presented in Chapter 9 and future steps are suggested in
Chapter 10.

1.2 A short summary of appended papers

This PhD study has been focused on active suspension in rail vehicles.
The study started with a collaboration between KTH and Bombardier in
testing active vertical suspension. This was done by replacing vertical
secondary dampers with actuators to improve comfort. The measure-
ment results were promising and showed about 35% ride comfort im-
provement in the vertical direction for speeds above 120 km/h. Results
of this study are reflected in the two first appended papers, Papers A &
B [2] [3].

As active suspension elements get cheaper and more reliable, they
are considered more often to be used in rail vehicles. However, a quick
look at current rail vehicle fleets shows that application of active sus-
pension in rail vehicles is far from wide spread. Besides reliability is-
sues, one reason of that could be low benefit to cost ratio brought by the
technology. One way to increase this ratio is to implement these techno-
logies in simple rail vehicles to reduce cost. Examples of this could be
two-axle rail vehicles which usually have simple structures with just one
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CHAPTER 1. INTRODUCTION

level of suspension. On the other hand it is known that these vehicles
have very poor dynamic performance when it comes to ride comfort,
stability and curve negotiation. There is a potential to solve these issues
effectively by active suspension technologies. This means that high be-
nefit can be achieved. Therefore, two-axle rail vehicles provide a good
platform for faster appearance of active suspension technologies in rail
vehicles. Hence, this type of vehicle has been considered in most studies
after finishing the tests with Bombardier.

Improving wheel-rail interaction of a two-axle rail vehicle in curve
negotiation is considered in Papers C & D [4] [5]. The two papers show
how H∞ control can be used to control the wheelset yaw angle for better
curving and hence less wear.

In the next research work, Paper E [6], the two active suspension sys-
tems developed for improving comfort (active vertical and lateral sus-
pension - AVS & ALS) are implemented together with active wheelset
steering. Implementations are made on a two-axle rail vehicle to see
not only how the performance of the vehicle is improved but also to
investigate the interaction and possible interference of the three active
suspension systems.

The emergence of active suspension technologies in rail vehicles con-
tinues to grow. This can be a matter of concern from a safety point of
view. Operators do not risk safety of the passengers for gaining per-
formance improvement. Hence, there is a critical need for adapting ex-
isting standards e.g. the current EN14363 standard [7] to include meth-
ods for ensuring safety of active suspension systems. As part of this PhD
study a flowchart is proposed for a systematic study of different active
suspension technologies in rail vehicles, see Paper F [8].

1.3 Research framework

This section describes the research methodologies used throughout the
conducted PhD study. The research methodology clarifies the research
questions, states what are the expectations through hypotheses and fi-
nally lists the steps taken to perform the research. The methodologies
can vary between different papers which if applicable is stated clearly.

Research questions

Following is a list of questions to be answered in this research.
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1.3. RESEARCH FRAMEWORK

• How can active suspension be used to improve a rail vehicle dy-
namics performance? (papers A-E)

• How should the controllers be designed? (papers A-E)

• How should active systems be implemented? (papers A-E)

• How much improvement can be achieved? (papers A-E)

• What are the limitations? (papers A-E)

• Is it possible to improve dynamic performance of two-axle rail
vehicles and introduce them again for passenger transport? (pa-
pers C-E)

• Can different active suspension solutions interfere into each others
objectives? (Paper E)

• What are the failure modes of active suspension and their effects
on safety? (papers A & F)

• Can a procedure be defined to make sure that any possible failure
of the designed active suspension is safe? (paper F)

Hypotheses

The following is a list of the main hypotheses used in this study with a
reference to the theory.

• Ride comfort can be improved on a vehicle equipped with active
suspension and skyhook control compared to a passive vehicle.
The hypotheses is based on a mathematical comparison of two
single degree of freedom systems, one with passive and the other
with skyhook controlled suspension.

• Active wheelset steering in curve contributes to a better wheelset
alignment and hence a better wheel-rail interaction and less wear.
This is claimed based on lower creepages and creep forces for a
better aligned wheelset.

• There should be a method to make sure that all possible failures of
active suspension are safe and harmless. Methods in safety and re-
liability engineering should be capable of providing the backbone
of this method.

7
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Research approach
The research approach can be broken down as follow

• Defining the aim of the study and questions to be answered.

• Literature study to review the related state of the art knowledge
and techniques.

• Proposing solutions.

• Design of experiment to compare different possible solutions and
evaluate effectiveness of each.

• Simulation studies to evaluate different solutions objectively.

• On-track tests for evaluating active suspension performance in prac-
tice. (Papers A-B)

• Analyzing the results and drawing conclusions.

• Publishing results for professional scrutiny.

1.4 Basic concepts

In this section some basic concepts and technical terms essential for un-
derstanding the discussions in the next chapters are explained.

Track geometry
Track geometry can be divided into two main categories which are track
deterministic features and track irregularities. General layout and geo-
metry of tracks are known as track deterministic features like tangent
track, circular track, cant, etc. The characteristic which is common among
these geometries is their low frequency behavior. Deviations from these
geometries are called track irregularities, which have high frequency be-
havior.

Cant may be the only quantity needing further explanation. In most
curves the outer rail in the curve is super-elevated to counteract the ef-
fect of the centrifugal acceleration for a vehicle negotiating a curve. This
is called cant or superelevation. The cant, ht, is defined according to
Figure 1.2. For this definition the base, 2bo, is the distance between the
nominal wheel-rail contact points on the left and right side. If a cant is
not large enough to fully counteract the centrifugal force, cant deficiency
occurs.

8



1.4. BASIC CONCEPTS

Track components, geometry and flexibility

2:8

Figure 2-9 Curve radius R for a horizontal circular curve.

Examples of typical minimum curve radii on standard gauge track are:

- 190 m in switches.
- 60-90 m at workshops.
- 30-60 m for metro lines and
- 15-20 m for tramways.

On mainlines built a century ago or so, the curve radii are typically in the span of 500 to
2000 m. For mainlines built during the last 1-2 decades the radii are about 2000-5000 m,
sometimes even wider.

In most curves, except on tramways and diverging track of switches, the outer rail in a
curve is superelevated to reduce the effect of the centrifugal acceleration for a vehicle
negotiating a curve. This is called cant or superelevation. The cant, ht, is defined according
to Figure 2-10. For this definition the base, 2bo , is the distance between the nominal
wheel-rail contact points on the left and right side. For standard gauge track, 2bo is equal to
1.500 m. For canted curves the outer and inner rails are also called high rails and low rails
respectively.

track
plane

horizontal
plane

outer
rail

inner
rail

2bo

ht

�t

�t

Figure 2-10 Cant ht and cant angle �t .

The angle �t in Figure 2-10 is called cant angle and given by

�t� arcsin
ht
2bo

(2-1)

A typical maximum value for permissible cant is 0.150 m. On some lines with only
passenger traffic 0.180-0.200 m are permitted. A more detailed introduction into the
vehicle-track interaction in curves and a presentation of permissible values for cant, lateral
acceleration, vehicle speed etc., is given in Chapter 4.

2.2.3 Transition curves and superelevation ramps

A circular curve with cant can not be combined directly to a tangent track. A transition
between these two types of alignment elements is thus necessary. Usually the curve radius
(or the curvature) is changed continuously between tangent track and circular curve, on the
so called transition curve. Also the cant is changed continuously and thuswe get a so called

Figure 1.2: A superelevated track with cant ht and cant angle φt, from [9]

Primary and secondary suspension

Passenger rail vehicles most often have two suspension levels, primary
and secondary suspension, while freight wagons usually have just one
suspension level, primary suspension. The primary suspension con-
nects the wheelset to the bogie and the secondary suspension connects
the bogie to the carbody. The main duties of the primary suspension are
to reduce wheel-rail forces; provide acceptable curving; maintain wheel-
set stability; and also reduce wheel unloading on twisted tracks for pre-
venting derailment. However, without secondary suspension between
bogie and carbody, the vibration level on the carbody would be unac-
ceptably high for passengers. Therefore, passenger rail vehicles need
two suspension levels where the primary suspension deals with wheel
rail forces and stability issues while the secondary suspension improves
ride comfort. For a passenger rail vehicle the primary suspension usu-
ally includes coil or rubber springs and viscous dampers, and the sec-
ondary suspension includes air-springs and viscous dampers.

Creep and creep forces

The sliding velocity between wheel and rail in the contact zone normal-
ized by the average velocities of the two contact surfaces is known as
creep or creepage. The sliding velocity can be divided into three com-
ponents which are longitudinal creep, lateral creep and spin or spin
creep. Spin is an angular sliding velocity calculated around an axis
normal to the contact patch. These three creepages are crucial for the
determination of tangential (creep) forces in the contact patch [9]. The
three creepages are defined by the following equations
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υξ =
νwξ − νrξ

1
2 (νw + νr)

=
sliding velocity in longitudinal direction

the mean speed

=
νξ

ν
longitudinal creep

(1.1)

υη =
νwη − νrη

1
2 (νw + νr)

=
sliding velocity in lateral direction

the mean speed

=
νη

ν
lateral creep

(1.2)

φ =
ω

ν
spin creep (1.3)

where νw and νr are the absolute velocities of wheel and rail at the
contact respectively. The terms νwξ and νwη are projections of wheel ab-
solute velocity in longitudinal and lateral direction of the contact patch
coordinates. Finally, ω is the relative angular speed of the wheel and rail
at contact.

The tangential forces (creep forces) in the wheel-rail contact patch
depend on the creepages which have been defined above. The creep
force law is in general nonlinear. For small creepages the relation is
almost linear, and the creep forces can be calculated with a linear theory.
The maximum possible creep force is µN, i.e. the product of normal
force and friction coefficient. One of the linear theories which explain
the relation between creep forces and small values of creepage is Kalker’s
linear theory [10].

Fξ = −κ11 · νξ longitudinal creep force (1.4)

Fη = −κ22 · νη − κ23 · φ lateral creep force (1.5)

Mφ = κ23 · νη − κ33 · φ spin moment (1.6)

Parameters κij are the creep coefficients which can be obtained from [9].

Hunting motion
Hunting is a situation of wheelset instability where the wheelset shows
sinusoidal motion. Hunting motion is the result of wheel rail contact
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geometry and the fact that the whole wheelset is solid i.e. both wheels
have the same rotational velocity. Once the wheelset is laterally dis-
placed compared to the track center-line, the rolling radius on the two
wheels varies, see Figure 1.3. The solid wheelset has a rotational velo-
city which can be found by the vehicle speed. However, the velocities at
the contact points are different and the wheel with larger rolling radius
will have a larger velocity. The difference between the velocities at the
contact points force the wheelset to yaw and roll back to the centered
position. Then because of yaw angle and inertial forces the wheelset
passes the track center-line until it reaches a maximum lateral displace-
ment on the other side. This process will repeat itself and the result will
be a sinusoidal motion or as it is usually called hunting motion. Hunting
instability is further discussed in Chapter 5.

Rail vehicle dynamics

7:9

7.2.1 Sinusoidal motion of wheelset

Imagine a wheelset running on tangent track with an initial lateral displacement, as in
Figure 7-10. In this case the rolling radii of the left and right wheel differ from each other,
because of the coned wheels. As said above both wheels have the same angular velocity,
which means that the wheel with the greater rolling radius will run a longer distance than
the other wheel. This forces the wheelset to yaw and to roll back to the centered position.
Because of the yaw angle the wheelset will pass the centered position and the rolling radius
of the other wheel becomes greater. This process continues.

Figure 7-10 A wheelset's steering capability on tangent track.
Sinusoidal or hunting motion for wheelset with coned wheels.

Following the centre of gravity of the wheelset we would observe an almost sinusoidal
lateral motion of this point around the centreline of the track. Klingel and Boedecker
derived in the 1880's an equation which describes the sinusoidal motion - often called
hunting motion - of a non-suspended wheelset [58]. The wavelength Lw is described by

Lw� 2�
bo � ro
�

� (7-10)

where

bo = half the lateral distance between contact points
ro = nominal wheel radius
� = conicity or equivalent conicity, see Section 7.1.4.

It can be seen that an increasing conicity leads to a smaller wavelength. With a constant
forward speed v of the wheelset the higher conicity leads to higher frequency f of the
sinusoidal motion, because of f = v/Lw .

Figure 1.3: Hunting motion for a wheelset with coned wheels, from [9]

Curving

Good curving performance is achieved by minimizing creep forces. For
a single wheelset this is achieved when the axle of the wheelset is aligned
with the curve radius. This condition is known as radial steering. Run-
ning with radial steering reduces wear, damage and also noise. How-
ever, radial steering provides no radial force when there is a cant defi-
ciency, which is the typical operating condition. This problem can be
solved in an optimal way by controlling the wheelsets to form a desired
and equal attack angle as shown in Figure 1.4 [11]. This type of curving
is known as perfect steering and has two main characteristics: 1- Zero lon-
gitudinal creep (or equal creep between the two wheels) 2- Equal lateral
creep for all wheelsets (or equal angle of attack) [12].

According to [1] perfect steering can be obtained if the angle of attack
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3.2.3 Control strategies for curving. Control strategies for curving are concerned with
the reduction and ultimately elimination of all unnecessary creep forces and associated
wear/noises at the wheel–rail interface when wheelsets negotiate curved tracks. The most
well known steering strategy is the concept of ‘Radial Steering’, and there have been a num-
ber of successful applications of the concept, based upon mechanical linkages, although the
principle can also be implemented using active means [64]. The strategy will work perfectly
on curves if there is a zero cant-deficiency. However, there will be no provision of the curv-
ing force when the cant-deficiency is not zero, which is the usual operating condition. The
shortcoming of the radial steering concept can be overcome by controlling wheels/wheelsets
to form a desired (and equal) attack angle, in addition to the radial angle, as illustrated in
figure 9 [43].

The longitudinal creep that tends to cause any yaw motion is unwanted and should be
eliminated (or forced to be equal for traction/braking) by steering control. In the lateral
direction, however, some creep will be desirable to provide the necessary curving force to
compensate for any cant-deficiency, as the force resulting from the difference in contact angles
of the two wheels of a wheelset may not be always adequate without causing other problems.
For a whole vehicle, there is also a requirement to minimize track shifting forces on curves and,
therefore, it is highly desirable to distribute the curving force evenly between all wheelsets.
Therefore, the idea of a ‘perfect curving’ can be considered as:

• No longitudinal creep (or equal creep between two wheels)
• Equal lateral creep for all wheelsets (or equal angle of attack).

Those may be achieved by controlling the yaw angles of the wheelsets and bogie frame [43],
or by minimizing the longitudinal creep – the concept of yaw relaxation [36].

For the AIRW concept, a steering strategy is proposed in [48], where a yaw torque is
applied to obtain a controlled difference of angular speed between the inner and outer wheel,
the reference value being defined to keep the wheelset running centred on the track.

Figure 9. Perfect steering. (from [43]).
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Figure 1.4: Perfect steering, from [11]. Direction of motion is to the right.

for the two wheelsets can be controlled to be equal, and the bogie to be
aligned with the curved track. This can be implemented by controlling
the yaw angles of the wheelsets with respect to the bogie, assuming that
the bogie is aligned with the track curvature. The controlled yaw angles
for the two wheelsets of the bogie are then desired to be

ϕleading = arcsin(
Fc

2κ22
)− arcsin(

lx

R
) ≈ Fc

2κ22
− lx

R
(1.7)

ϕtrailing = arcsin(
Fc

2κ22
) + arcsin(

lx

R
) ≈ Fc

2κ22
+

lx

R
(1.8)

where R is the curve radius, Fc is the necessary lateral force for each
wheelset, κ22 is the creep coefficient (from Equation 1.5) and lx is the
bogie semi-wheelbase (half the distance between two wheelsets in a bo-
gie).

There is also another method to achieve perfect steering which is
known as yaw relaxation and is focused on minimizing longitudinal creep [13].

Cut-off frequency

In control and electrical engineering, a cut-off frequency or corner fre-
quency is a boundary in a system’s frequency response at which en-
ergy flowing through the system begins to be reduced (attenuated or
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reflected) rather than passing through. The power can be the output of
an amplifier, actuator or filter. Most frequently the cut-off frequency is
defined to be where the power is dropped to half the pass-band power,
also referred to as the 3 dB point since a fall of 3 dB corresponds approx-
imately to half power. In Figure 1.5 the cut-off frequency for a low pass
filter is shown.
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Figure 1.5: Cut-off frequency of a first order low pass filter
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Chapter 2

Active suspension

In this chapter different active suspension technologies for improving
the dynamic performance of rail vehicles will be discussed. As stated in
the previous chapter these technologies can be divided into two major
categories according to the suspension level they are implemented at.
These two categories are active primary and active secondary suspen-
sion.

2.1 Active primary suspension

The ultimate reason for using active primary suspension is to improve
wheel-rail interaction. The primary suspension should be capable of
providing good performance both on curved and tangent tracks; how-
ever, this puts contradictory requirements on primary suspension which
is hard to meet with passive suspension. Good curving performance re-
quires soft longitudinal and lateral primary suspension while for stable
running on tangent track a stiff one is needed. Therefore, designing a
passive primary suspension requires a compromise between good per-
formance on curved and tangent track. However, with active suspen-
sion it is possible to provide good performance on both track geomet-
ries. Some of these solutions will be discussed in more details in the
following subsections.

15



CHAPTER 2. ACTIVE SUSPENSION

2.1.1 Actuated solid wheelset (ASW)
The concept of actuated solid wheelsets was first mentioned by Shen
and Goodall [13] to increase curving capability without compromising
stability. This is implemented in two ways either by applying a lateral
force or by applying a moment as shown in Figure 2.1. The idea is that
by re-positioning and correcting for the yaw angle of the wheelset, wear
and squeal noise decrease.

752 S. Bruni et al.

Two actuation schemes have been proposed and are schematically shown in
figure 4 – lateral actuation, where control is realized by a lateral force, and yaw actuation,
where the control effort can be either a yaw moment or a couple produced by two longitu-
dinal actuators. Reference [37] has demonstrated that yaw actuation is preferable to lateral
actuation, since it requires a lower control force to achieve the same degree of stability and
provides better ride quality levels. All the above mentioned studies were performed consider-
ing a simplified two-axle vehicle structure, based on the vision that the use of active primary
suspensions would allow for substantial simplifications of vehicle mechanical structure.

The advantages of applying the ASW concept to conventional bogie-based vehicle architec-
tures for high-speed/long-distance service was investigated by Perez et al. [39], with the main
emphasis on improving curving performances. In the paper, important benefits are demon-
strated with respect to the passive vehicle, and the problems of sensors requirements and state
estimation needed for practical implementation of the active control strategies are also dealt
with. Another reference dealing with the application of ASW to bogie-based vehicles is [40],
where the interactions between curving control and stability control are examined, demon-
strating that controllers may be designed to improve stability and curving performances at the
same time.

Finally, a comprehensive study of the application of the ASW on bogie-based vehicles
is described in references [41, 42–43], covering together stability and curving issues and
providing physical demonstration of the concepts investigated, while Mei and Lu [44] have
treated the possible interactions of the ASW concepts with the traction system of a motorized
wheelset, and have pointed out the effect of torsional flexibility in the axle, in view of wheelset
stability.

Recently, the benefits of implementing ASW systems for the mitigation of rolling contact
fatigue (RCF) in rails was numerically demonstrated by Perez et al. [45], again considering
a conventional vehicle architecture – different modes of RCF damage are considered, and for
each of these, the requirements to be set on the active suspension system pass-band in order
to reduce RCF are pointed out.

3.1.2 Actuated Independently Rotating Wheel (AIRW). The concept (illustrated by
figure 5) was introduced by Mei and Goodall [37] and compared with the ASW concept,
considering the application of a two-axle vehicle architecture, actuation is introduced in the
form of a steering torque applied on the axle, and it is demonstrated that the control torque
required to run the IRW vehicle through a curve is much lower than the one required for a solid

Figure 4. The actuated solid wheelset (ASW) concept. (a) Lateral actuation (b) yaw actuation.
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a simplified two-axle vehicle structure, based

Figure 2.1: Actuated solid wheelset (ASW) implemented in two ways. (a) Lateral
actuation-top view (b) yaw actuation-top view, from [12]

The conventional solid axle is kinematically unstable. This can be
shown theoretically by solving for the transfer function of applied torque
to yaw angle of the wheelset. The transfer function has two unstable
poles [14]. In a passive suspension system stabilization is provided
by longitudinal stiffness between journal box and the bogie. The lon-
gitudinal stiffness should be high enough to provide stability at high
speeds. On the other hand high stiffness deteriorates curving perform-
ance. To solve this contradiction actuators can be used for controlling
wheelset stability with the configurations shown in Figure 2.1. Mie and
Goodall [15] have shown that active yaw damping, second configura-
tion in Figure 2.1, needs less actuation force compared to the first con-
figuration and is better regarding the ride quality.

It is possible to implement both curving and stability control together
on any of the configurations shown in Figure 2.1. The curving con-
troller has low bandwidth and the stability controller has high band-
width. Therefore the two controllers have two different working fre-
quency ranges and they can operate in parallel to each other without
serious interference.
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Active control of solid wheelsets was tested on a full size roller rig in
Munich, Germany. The study was performed on a modified version of a
Bombardier VT612 bogie, see Figure 2.2. Control strategies for stability
and curving were designed separately [11] [16] and then implemented
together on the controller. The modified bogie had a soft primary sus-
pension and no secondary yaw dampers. Removing yaw dampers con-
tributes to weight reduction and ride comfort improvement but reduces
stability of the passive vehicle. The critical speed with passive suspen-
sion is around 90-100 km/h while with active control speeds up to 300
km/h are tested without stability issues.

© 2006 by Taylor & Francis Group, LLC

Figure 2.2: Modified version of a Bombardier VT612 bogie equipped with actuated solid
wheelset (ASW) for controlling curving and stability, from [1]

The same technology with the focus on active radial steering was
developed and tested on track as part of the Gröna Tȧget (Green Train)
project [17].

2.1.2 Actuated independently rotating wheel (AIRW)

The concept of actively controlling independently rotating wheels was
first mentioned by Mei and Goodall [15] with the same actuator config-
uration as shown in Figure 2.1. The only difference is that the wheelset
is not solid anymore and the wheels can rotate independently.

Wheelsets with independently rotating wheels have a weak instabil-
ity mode which should be controlled. More importantly they need a
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guidance control system to stop wheelset running with flange contact [1].
In the following paragraphs the application of active control for stabil-
ity, guidance and curving control of independent rotating wheels is dis-
cussed.

The instability of IRW is caused by the need of a longitudinal creep
to rotate the wheels [1] or as mentioned in [18] the instability is the con-
sequence of the dynamic coupling via inertial effects. However, the in-
stability of these types of wheels is much weaker compared to a solid
axle and as mentioned in [12] it is easy to stabilize IRWs.

IRW need guidance as they have lost the self steering characteristics
of solid wheelsets. To be able to guide the wheels, the controller should
have a high bandwidth to avoid flange contact due to short wavelength
track irregularities [12]. By high bandwidth it is meant that the cut-off
frequency of the controller and actuators should be high enough to have
control over all frequencies needing control. A difficulty faced for im-
plementation of this controller is the need to know the lateral wheel-rail
displacement which is very expensive to measure directly. Estimating
this variable by state estimators like Kalman filter can be one option but
according to [19] the controller structure may get very complicated and
observers may not work efficiently in the presence of large parameter
variations. To solve the problem, Mei and Goodall [20] propose a control
method based on the fundamental characteristic of the solid wheelset
that enables its self-centering action, i.e. having the two wheels rotating
with the same rotational speed. Studies show that the torque required
to steer this type of wheelset is much less than for rigid wheelsets. This
is due to the fact that the longitudinal creep forces on IRW are virtually
zero.

To provide curving performance for AIRW [21] one needs to know
the curve radius at any given time. Knowing the curve radius it is theor-
etically possible to calculate the rotational speed needed for each wheel
to achieve perfect steering. Then the difference between the rotational
velocities of the two wheels calculated theoretically will be used as refer-
ence against the rotational velocity difference measured on the wheels.
An error is then calculated based on the difference of calculated and
measured relative rotational velocities. Finally, the error is used to find
the deviation from perfect steering and to calculate the needed yaw mo-
ment to achieve perfect steering.
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2.1.3 Driven independently rotating wheel (DIRW)
The idea of DIRW design is that each wheel is driven independently by
its own traction motor, see Figure 2.3. This concept can be especially use-
ful on trams where low car floors are preferred and tight curves are fre-
quent. An obstacle for achieving low floor vehicles are axles; However,
with the DIRW design concept there is no need of keeping the axles.

The control strategy used for controlling traction motors is very im-
portant. In a study by Cheli et al. [22] two different control strategies are
used for controlling the traction motors. One control strategy is used
on curves and the other on tangent tracks. The controller behavior on
curved track is optimized to reduce the derailment coefficient and the
wear rate, while on tangent track wheels are forced to behave like a
solid axle by equalizing rotational speed on both wheels. As the control
strategies on tangent and curved track are different, track deterministic
geometry should be provided as input data to the controller.

Control and monitoring for railway vehicle dynamics 753

Figure 5. The Actuated independently rotating wheelset (AIRW) concept. (a) Lateral actuation (b) yaw actuation.

wheelset. This advantage of the AIRW concept is due to the fact that longitudinal creep forces
on an IRW are virtually reduced to zero. On the other hand, during straight track running, the
AIRW needs to provide active guidance, which may pose sensing and control challenges.

Other references dealing with the AIRW concept [44, 46–48] mainly focus on defining
appropriate control strategies and are treated in section 3.3. Reference [49] presents a combined
application of the AIRW and DIRW concepts.

3.1.3 Driven Independently Rotating Wheel (DIRW). The concept, illustrated by
figure 6, has been investigated by Gretzschel and Bose [50, 51] with reference to high-
speed/long-distance applications. As a first approach, driving torques on the IRWs were
applied by a servomotor connected to the wheels through a differential gearbox, but the use of
wheels driven independently by separate traction motors was also considered. The results of
numerical simulations and tests on a 1:5 scaled roller rig demonstrate the potential to obtain
vehicle stability well above the maximum service speed and improved curving performances,
with respect to conventional passive vehicles.

Also, with reference to high-speed/long-distance applications, but considering a conven-
tional vehicle architecture with bogies, Perez et al. [49] investigated the combined use of the
AIRW and DIRW concepts to improve curving performances. Active control is applied using
one active steering actuator for each wheelset and one traction motor for each wheel.

Cheli et al. [52] investigated the application of the DIRW concept to an articulated tramcar
trainset, to provide guidance in tangent track and improve curving. In tangent track, active
control of the traction torques is used to mimic a solid axle connecting the wheels, while in
curve it is used to introduce a steering moment that reduces the derailment coefficient and the
wear rate.

Mei et al. [53] have explored the use of permanent magnet motors embedded inside the
wheel to implement the DIRW concept, in view of obtaining a compact and lightweight design
solution.

Figure 6. Driven independently rotating wheel (DIRW) concept.
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Figure 2.3: Driven independent rotating wheel (DIRW), from [12]

Gretzschel and Bose [23] proved effectiveness of a PID controller
to control DIRW guidance by means of simulation and roller rig tests.
Curving performance is achieved by either keeping the wheelset in ra-
dial position or by centering it on the track.

2.1.4 Directly steered wheels (DSW)
In this design the axle is eliminated and the wheels are connected to a
frame. The wheels rotate independently but are steered through a mech-
anism, see Figure 2.4. The mechanism is controlled to achieve the best
possible guidance and curving performance. This idea was first men-
tioned by Aknin et al. [24].

Wickens suggested steering the wheels in proportion to the tracking
error to achieve a good guidance [25]. This error is defined as the vehicle
lateral positioning compared to track center line. The study shows that
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754 S. Bruni et al.

3.1.4 Directly Steered Wheels (DSW). In the DSW concept, a pair of independently
rotating wheels is actively steered, to achieve guidance and curving (see figure 7). The concept
was initially treated by Aknin et al. [54]. Wickens [55] considered a vehicle architecture
with carbody and two bogies equipped with DSW guided by feedback on lateral wheel/rail
displacement, and investigated vehicle stability and response to curved track, demonstrating
very good running performances in comparison with a conventional passive vehicle.

Powell [56] treated the interactions between the traction control and active guidance, where
guidance forces are provided by applying a differential torque on the two traction motors of
the wheel pair. The robustness of this concept with respect to low adhesion conditions and
failure of one traction motor is discussed as well.

A recent application of the DSW concept is proposed by Michitsuji and Suda [57], where
active wheel steering control is used to complement and improve the performances of a vehicle
with independently rotating steerable wheels. A DC motor acts as a passive electro-magnetic
damper to improve damping of yaw oscillations in tangent track and as a powered actuator to
facilitate the negotiation of curve transitions. The demonstration of the concept is supported
by numerical results and by tests on a 1/10 scaled model of a two-axle vehicle.

3.1.5 Secondary Yaw Control (SYC). This concept is based on applying a yaw torque on
the bogie, to improve stability and/or curving performances (see figure 8).

The concept has been treated by Diana et al. [58], with reference to a tilting body/high-
speed train and with the control force being provided by an electro-mechanical actuator. In

Figure 7. Directly Steered Wheels (DSW) concept

Figure 8. Secondary Yaw Control (SYC) concept.

D
ow

nl
oa

de
d 

by
 [K

un
gl

ig
a 

Te
kn

is
ka

 H
og

sk
ol

a]
 a

t 0
7:

22
 0

9 
O

ct
ob

er
 2

01
3 

Figure 2.4: Directly steered wheels (DSW), taken from [12]

flange contact can be avoided and lateral creep forces will be minim-
ized. To provide curving, track geometry should be known and fed into
the controller to provide the needed torque for steering the wheels on
curves.

2.2 Active secondary suspension

This section focuses on the possibilities of applying active technology to
the secondary suspension. As mentioned earlier the main purpose with
active secondary suspension is usually improving ride comfort.

2.2.1 Tilting

Tilt technology maybe regarded as the most welcome active solution in
railway industry. This technology has been already implemented on
Talgo Pendular in Spain (1980), ETR 450 Pendolino trains in Italy (1988)
and the X2000 in Sweden (1990).

Tilting is a form of roll control but in the low frequency region. Tilt
control is not for the sake of safety, rather, it is for improving ride com-
fort. That is, the speed on curves is limited due the comfort issues and
not due to the overturning risk or high lateral wheel-rail forces. Tilt-
ing counteracts the centrifugal force applied to the passenger during
curving and allows higher speed without deteriorating comfort.

There are three different active tilting configurations according to [1]
and [26]. These are: tilt through or across the secondary suspension;
tilt above the secondary suspension; and tilt below the secondary sus-
pension. Tilt across the secondary suspension can be achieved by imple-
menting actuators on the vertical secondary suspension or by modifying
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existing air-springs and letting them take care of the tilting action [27].
Tilt above the secondary suspension is not very common as it increases
curving forces on the secondary lateral suspension. An example of this
are the Pendolino trains with the swing link scheme designed by Fiat
in Italy [26]. Finally, the most common method is tilting below the sec-
ondary suspension where the rotation mechanism is provided by either
a pair of inclined swing links or a circular roller beam. Examples of
these configurations are Bombardier X2000 and Alstom Pendolino re-
spectively, see Figure 2.5. In general the maximum tilt angle is limited
by the vehicle mechanical design and gauging.

© 2006 by Taylor & Francis Group, LLC

Figure 2.5: Tilt below secondary suspension concept, taken from [1]. Bombardier X2000
(left) and Alstom Pendolino (right)

Motion sickness is a problem associated to tilting. It is subjective
and does not occur instantaneously, rather it takes some time to occur
as the train runs through several curves at high speed with large tilting
angles. High tilting rates for 100% compensation of lateral acceleration
is known to be one reason of motion sickness caused by tilting techno-
logy. Persson et al. [26] have reported reduction of lateral acceleration
compensation to 50 - 70 % in today’s active tilting trains. In another
study Persson et al. [28] concluded that using stored track data to calcu-
late the tilt reference force not only reduces the risk of motion sickness
but also improves comfort.
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2.2.2 Hold off device (HOD)

The hold off device concept was first proposed by Allen [29]. When
a rail vehicle negotiates a curve at high speeds, quasi-static centrifugal
forces push the carbody outside of the curve. The result would be large
lateral quasi-static displacement of the carbody with respect to the bo-
gies. The lateral displacement can be large enough for the carbody and
the bogie to hit each other at the bumpstop, see Figure 2.7. Once bump-
stop contact is occurred, vibration is transferred directly form the bogie
to the carbody. This short-cutting of the secondary suspension leads to
deterioration of ride comfort. Hence one advantage of avoiding bump-
stop contact is maintained ride comfort. A hold off device can center
the carbody over the bogies and avoid bumpstop contact. This can be
implemented through lateral actuators between carbody and the bogies
which counteract the centrifugal forces. The other advantage of using a
HOD is that carbodies can be designed wider as the play between car-
body and the bogie does not need to be as large as before [30].

A hold off device was tested together with active lateral suspension
in a collaboration between KTH and Bombardier on Bombardier’s test
train, called Regina 250. Results of the study show that bogie-carbody
lateral displacement can be reduced significantly [31].

2.2.3 Active lateral and vertical secondary suspension
(ALS & AVS)

Active secondary suspension is usually implemented in the lateral or
vertical direction. If implemented in lateral direction it allows controlling
yaw, lateral and partly roll rigid body modes and if implemented in ver-
tical direction it allows controlling pitch, roll and bounce. Active ele-
ments can be mounted either alone or together with passive elements. If
used alone they have to support static weight as well, resulting in a final
design which is probably large, expensive, unreliable, and energy inef-
ficient. Therefore using passive and active elements together is more
common. As an example actuators can be installed in parallel to air-
springs where static force is provided by air-springs and actuators are
used to counteract dynamic response [2]. The other arrangement could
be to use a spring in series with the actuator. This will compensate for
the stiff behavior of the actuator at high frequencies well over the cut-
off frequency. According to [1] the best practical solution is having one
spring in parallel to the actuator to carry the static weight and quasi-
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static curving forces and another spring in series with the actuator to
compensate for the stiff behavior of the actuator as mentioned earlier.
The three different configurations are depicted in Figure 2.6. The stiff-
ness of the series springs depends on the actuator type used. For actu-
ators with good high frequency performance like hydraulic ones, stiff
springs should be used and softer springs should be used for actuators
with lower bandwidth.

Rail vehicle 

Mechanical 

system 

Monitoring 

system (sensors) 

Actuator 

system 

Controller 

Track inputs 

Vehicle outputs 

(acceleration, 

displacements, etc.) 

(a) 

Spring Actuator 

(b) (c) 

Figure 2.6: Three different configurations for installing an actuator

The aim with active secondary suspension is to improve ride com-
fort but this may not be very attractive for operators who have to pay
the extra price of the active system and may already be satisfied with
the comfort level. However, one may look at the active suspension from
a different perspective. The train equipped with active secondary sus-
pension may be allowed to run with higher speed or run on low quality
track while the active suspension keeps ride comfort at the same level
as before. Higher velocity is attractive for operators as it means shorter
running times and increased capacity. Allowing running on lower track
quality eliminates the need for very high quality track and hence the
track maintenance cost reduces.

In the following some important studies on active lateral and vertical
secondary suspension are summarized.

Lateral suspension:

The first full scale test of active lateral suspension dates back to the late
1970s [32]. According to Bruni et al. [12] the world’s first operational act-
ive lateral suspension has been used since 2001 on E2 and E3 Shinkansen
trains for the East Japan Railway Company. The system uses pneumatic
actuators and has an advanced H∞ control [33].

Shimamune and Tanifuji [34] studied the application of oil-hydraulic
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CHAPTER 2. ACTIVE SUSPENSION

actuators for active secondary lateral suspension of rail vehicles. The
study has been performed on a half vehicle model with 3 degrees of
freedom system. LQG (Linear Quadratic Gaussian) controller was used
together with a state estimator.

Orvnäs et al. [35] tested active secondary lateral suspension on a
Bombardier test train called Regina 250. The well-known skyhook con-
trol method was used to calculate the actuators reference force. Actu-
ation was provided by two hydraulic actuators placed diagonally on the
two bogies. The configuration of actuators allowed controlling lateral,
yaw and roll motions. Installation of one of the actuators is shown in
Figure 2.7. It should be mentioned that the actuators worked also as a
hold-off-device to center the carbody over the bogies. Test results show
that lateral comfort, evaluated according to the standard EN12299, is
improved by 34% in small radius curves and 39% on straight tracks.

Carbody 

Bogie frame 

Bumpstops 

Actuator 
Gap Air-spring 

Figure 2.7: Installation of the actuator between the bogie and carbody for implementation
of ALS and HOD, taken from [36].

Vertical suspension

There have been many theoretical and a few experimental studies focus-
ing on active vertical secondary suspension. Some of the most important
ones are discussed in the following.

In a theoretical study by Foo and Goodall [37] active vertical suspen-
sion for improving ride comfort of a light railway vehicle is investigated.
The study is performed on a two-dimensional model with four rigid and
two flexible degrees of freedom. Two hydraulic actuators are located at
the front and rear secondary suspension pivot points and the third one,
an electro-magnetic actuator, is located under and in the middle of the
carbody. The aim with the third actuator has been to control the first
bending mode of the carbody. The controller used in this study is sky-
hook. The study also considers actuator dynamics and shows how much
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2.2. ACTIVE SECONDARY SUSPENSION

it can reduce the functionality of active suspension compared to ideal
actuators. The overall conclusion is that the active suspension has been
very effective in improving comfort and the center actuator has reduced
the bending vibration mode effectively.

In a recent theoretical study [38] active vertical suspension is studied
by use of a parameter adaptive PID controller. The model is a quarter-
rail vehicle model and has five degrees of freedom. The new paramet-
ers of the adaptive controller are optimized by means of the genetic al-
gorithm toolbox of Matlab. Parameters are tuned online under varying
rail irregularities. The authors compare results for three different cases
which are uncontrolled (passive suspension), PID and Adaptive PID in
time and frequency domain. The adaptive controller shows significantly
better performance.

Besides, there have been researchers who have implemented and
tested active vertical suspension in addition to simulation studies.

A Japanese study [39] has reported 50% reduction of the acceleration
PSD for the rigid body mode vibration of the carbody around 1 Hz by
use of active vertical suspension. The active vertical secondary suspen-
sion in this study is implemented by modifying the functionality of the
already existing air-springs and controlling their damping based on sky-
hook control. According to the authors this suspension is mostly useful
for controlling the rigid body modes.

In a study by Sasaki et al. [40] a seven degrees of freedom model is
considered for evaluation of ride comfort. After theoretical considera-
tion a test model is prepared to test active vertical suspension on a roller
rig. This was done with both pneumatic and hydraulic actuators and it
is concluded that the vertical vibration can be reduced by 50% to 70%.

Orukpe et al. [41] investigated active vertical suspension on a two
dimensional model with 4 degrees of freedom. The actuator force is
calculated based on a new model predictive control (MPC) based on a mixed
H2/H∞ control approach. Then performance of this new control method
is compared against the classical skyhook control, concluding that the
new controller shows the capability of achieving a more sophisticated
multi-objective control.

Stribersky et al. [42] tested semi-active vertical dampers on the sec-
ondary suspension together with skyhook control and achieved up to
15% reduction of vertical acceleration RMS. The test was performed on
a straight track at a speed of 150 km/h.
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Actuators

This chapter gives an introduction to different types of actuators. Semi-
active dampers are not discussed here but it is important to know how
to differentiate them from actuators. The main difference between ac-
tuators and semi-active dampers is that actuators not only can dissipate
energy of the system but also inject energy to the system while semi-
active dampers can just dissipate system energy. This is why all actuat-
ors are accompanied by a power unit like a hydraulic pump. In the rest
of this chapter four types of actuators are presented.

3.1 Actuators

Actuators used for implementations of active suspension should fulfill
some performance characteristics. Among others are: affordable cost,
high reliability, easy and affordable maintenance, good input-output
performance, etc.

There are different actuators available which are mostly named after
how they work. Some of the most important ones are electro-mechanical,
electro-magnetic, hydraulic, and pneumatic actuators. In this chapter an
introduction to each of these actuator types is given together with a ref-
erence to their previous implementations in rail vehicles.
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3.1.1 Electro-mechanical actuators
As the name implies, this type of actuator converts electrical energy to
mechanical energy. Electrical energy is converted to rotational motion
through an electric motor. Afterwards, mechanisms like ball-screws or
rack and pinions are used to convert rotational motion to translational
motion. Two advantages of these actuators are higher efficiency and
band-width (cut-off frequency) compared to other designs. The draw-
back is the high stiffness at high frequencies and also jamming possibil-
ity. If jamming occurs, the actuator will make a rigid connection between
bodies resulting in high vibration transfer to the carbody. A schematic
view of an electro-mechanical actuator with ball-screw mechanism is
shown in Figure 3.1. The figure also includes a component named har-
monic drive which is a mechanism for changing the ratio between the
motor and the screw. Change of rotation ratio can be achieved with
more common mechanisms like gears but a harmonic drive has some
advantages like compactness, high gear ratio and no backlash.

Figure 3.1: Schematic drawing of an electro-mechanical actuator

In a study by Pacchioni et al. [43] electro-mechanical actuators are se-
lected to investigate ride comfort improvement of a two-axle rail vehicle
with single stage suspension. The authors mention that this type of ac-
tuator is selected as it meets requirements like force to size ratio, weight,
required bandwidth, cost, and maintainability.

3.1.2 Electro-magnetic actuators
Electro-magnetic actuators can be divided into two main groups which
are solenoids and linear electromagnetic. Both generate force based on
the same principle by using magnetic field but are implemented in dif-
ferent ways. The first type is simpler and more common, while the
second type is more complex and has better performance.
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These actuators consist of two basic parts, electric and magnetic cir-
cuits. The electric circuit is a cylindrical coil wound around a cylindrical
frame and the magnetic circuit is a movable ferromagnetic core. Electric
current in the coil produces a magnetic field around the core which gives
rise to a Maxwell force and sliding of the core. To reduce friction and
mutual impact between the core and cylindrical coil, a non-magnetic
shell is used in between.

A schematic view of a linear electro-magnetic actuator is shown in
Figure 3.2. As shown in the figure the actuator has 6 main parts which
are explained below [44]:

1. Actuator shaft
2. Stator, path for electromagnetic flux
3. Bobbin, made of nylon and containing coil windings
4. Selenoid, generating electromagnetic flux
5. Inner stator, path for electro-magnetic flux
6. Joiner, joining the two halves of the assembly

Electromagnetic Linear Actuator                                         

Prototype 1 – Solenoid Type Actuator 

File Name: JustinGRIMM_2009.docx                                                                                              Page 35 
Version No.: 1.0 
Author: Justin John Grimm  

44.3 Construction 
Prototype 1 was constructed from the following components: 

Item Part Material Quantity Purpose 

1 Actuator AISI 1010 Steel 1 Moving actuator 

2 Stator AISI 1010 Steel 2 Path for electromagnetic 

flux 

3 Bobbin Nylon 2 To contain coil windings 

4 Solenoid 0.2mm2 enamelled copper 

wire 

2 To generate 

electromagnetic flux 

5 Inner Stator AISI 1010 Steel 2 Path for electromagnetic 

flux 

6 Joiner Aluminium 1 Join the two halves of 

the assembly 

Table 4-2: Part list for Prototype 1. 

 

 

 

Figure 4-9: Chosen design for Prototype 1 (lateral section). 

 

 

Figure 4-10: Machined parts for Prototype 1. 

1 

2 

3 

4 
6 

5 

Figure 3.2: Electro-magnetic actuator with six different parts, from [44]

Foo et. al. [37] have studied the effect of using electromagnetic actu-
ators in the middle of a flexible carbody model. The aim has been to con-
trol the bending mode by this actuator. This actuator has high enough
cut-off frequency to be capable of controlling flexible modes. One prob-
lem associated with this type of actuator is its instability due to air gap
variation; however, this can be controlled by a properly designed force
feedback loop [37]. Some other disadvantages are low stroke length,
high unit weight and limited generated force [45].

This type of actuator was also tested in the secondary vertical sus-
pension of the British Rail Maglev project. The report shows that the
bandwidth of the actuator is higher than 50 Hz which is very signific-
ant.
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3.1.3 Hydraulic actuators

These actuators work on the basis of pressure difference on the two
sides of a movable piston inside a cylinder. The pressure difference is
achieved by controlling the valves connected to the chambers on either
side of the piston. An example of a hydraulic actuator is shown in Fig-
ure 3.3. Hydraulic actuators are also known as electro-hydraulic actuat-
ors.

Some advantages of hydraulic actuators are relatively low price, smal-
ler size , less risk of jamming compared to electro-mechanical actuat-
ors [36], and higher efficiency compared to pneumatic actuators. Be-
sides, hydraulic fluids like oil are nearly incompressible which leads to
a relatively fast response of the actuator and a high cut-off frequency,
around 10 Hz [45]. On the other hand, there are some disadvantages
associated with hydraulic actuators including high maintenance cost in
case of prolonged use and risk of environment contamination in case of
hydraulic fluid leakage. Besides for some designs, the system may be
simple in theory but once implemented with all necessary components
becomes very complex, highly non-linear and is subject to parameter
uncertainty [46] [47].

Application of hydraulic actuators for rail vehicles active suspension
is studied by some researchers. Shimamune and Tanifuji [34] studied
application of an oil-hydrauilc actuator on a 3-DOF half-vehicle model
using LQG controller. The study reports that the control effect of the
actuator is up to 12 Hz which should be enough for controlling the first
vertical bending mode. Foo and Goodall [37] conducted a theoretical
study where hydraulic actuators were considered to be used in the ver-
tical secondary suspension. In the current thesis work the application of
hydraulic actuators in the vertical secondary suspension has been stud-
ied and significant ride comfort improvement is achieved, see the two
first appended papers for detailed results.

Figure 3.3: Schematic view of an hydraulic actuator
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3.1.4 Pneumatic actuators
Pneumatic actuators have the same working principle as hydraulic ac-
tuators except for the fact that pressurized gas is used instead of hy-
draulic fluid. Usually this gas is regular air. A schematic drawing of
a pneumatic actuator with a servo valve is shown in Figure 3.4. The
servo valve duty is to control the direction of the piston by controlling
the pressure on either side of the piston. Two other important compon-
ents of a pneumatic actuator, not shown in the figure, are a pump for
providing compressed air and a reservoir for storing high pressure air.
The figure shows a case where the servo valve directs the actuator to the
left side.

This type of actuator is easy and economic to implement especially
when there is already a pneumatic supplier which is the case for most of
the trains. The components are cheap and leakage is not a hazard to the
environment. The other advantage is the fact that these actuators are soft
enough at high frequencies so that they do not transfer high frequency
vibration if used in the suspension system. A disadvantage of this type
of actuator is its low bandwidth due to high compression of air which
decreases the controllable frequency to a maximum of 2-3 Hz [45].
Actuators: Hydraulic

servo servo

• energy in the high pressure fluid reservoir (1000-3000 psi)

• open-loop control - fork lifts, back hoes

• good bandwidth (5 KHz - fluid reverses direction 5 msec)

PROS

1. good power/weight

2. safe in explosive environments

CONS

1. expensive servos

2. messy

3. high maintenance

15 Copyright c©2014 Roderic Grupen

Figure 3.4: Pneumatic actuator with a servo valve, from [48]

The E2 and E3 Shinkansen trains for the East Japan Railway Com-
pany use pneumatic actuators for full lateral control. Besides, Sasaki et
al. [40] studied a seven degrees of freedom test model on a test rig using
pneumatic actuators. Results of this study show that vertical vibration
can be reduced by 50% to 70%.
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Chapter 4

Control strategies

This chapter will present the two control methods used in this PhD
study which are skyhook and H∞ control.

4.1 Skyhook control

Skyhook is a control concept which can be used for reducing vibration
transfer. This is done by decoupling track or road irregularity from the
passenger cabin. To explain the concept, first a one degree of freedom
system with conventional suspension can be considered , see Figure 4.1.
For this model the force of the damper can be calculated according to
the following equation

Fcp = −cp(żp − żw). (4.1)

In the next step the system is modified as shown in Figure 4.2. In the
modified system the damper cp is connected to the mass mp from one
end and the other end is hooked to an imaginary fixed point in sky. This
indicates that the damper force is

Fcp = −cp żp. (4.2)

Comparing Equations (4.1) and (4.2), it can be observed that the term
żw which is related to the track irregularity does not appear in the latter

33



CHAPTER 4. CONTROL STRATEGIES

  

 
 

 

ungrouped 

  

 
 

 

grouped 

 

Actuator 

 
 

 

 

 

Controller 

 

 

 
 

 

 

Track Irregularities 

 

 
 

 

 

Track Irregularities 

Figure 4.1: One degree of freedom conventional suspension model
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Figure 4.2: Skyhook - one degree of freedom system with one end of the damper connected
to a fixed point in sky

equation. This concept is called skyhook as it functions as if the vehicle
is hooked to sky. The difference between the performance of these two
configurations will be more clear by comparing their transfer functions
from track irregularity zw to mass displacement zp.
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Zp(s)
Zw(s)

=
cps + kp

mps2 + cps + kp
for conventional suspension (4.3)

Zp(s)
Zw(s)

=
kp

mps2 + cps + kp
for skyhook (4.4)

Comparing the two equations it can be observed that the term cps
does not appear in the numerator of the equation for skyhook. This
means reduction of vibration transfer at high frequencies (s = iw, where
i is the imaginary unit and w is the angular frequency). The effect of
elimination of this term can be observed clearly in Figure 4.3. The figure
compares the performance of the conventional suspension and the sky-
hook concept with a damping ratio ξ = 0.2 against an undamped sys-
tem. Addition of damping to the undamped system through both con-
figurations reduces the vibration level around the resonance frequency;
however, at high frequencies the conventional suspension transfers more
vibrations compared to the undamped system while the skyhook concept
keeps the behavior as good as the undamped system. Thus, it can be
concluded that the skyhook concept can reduce the resonant vibration
effectively without deteriorating the high frequency behavior.
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Figure 4.3: Comparison of two different ways of adding damping to an undamped sys-
tem. Damping addition with a conventional suspension causes high frequency vibration
transfer to the body

Since it is not feasible to hook a damper to the sky, a practical method
for implementation of the skyhook method should be devised. To this
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end, an actuator and a feedback control loop can be used as shown in
Figure 4.4. The control loop starts by measuring the acceleration of the
mass and then it is integrated to obtain velocity. The velocity is then
multiplied by a damping coefficient which will result in the same force
value as given by the skyhook method in Equation (4.2). This is known
as skyhook control.
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Figure 4.4: The skyhook control

Many studies of active suspension use the skyhook method as it is
straight forward, robust and effective both in theory and practice. This
method is used in a study by Stribersky et al. [42] to control a semi-active
damper installed in the secondary vertical suspension. Yi and Song [49]
introduced a new adaptive skyhook control with a road detection al-
gorithm based on neural networks. The designed neural network selects
the optimal skyhook gain according to the frequency content of vibra-
tions. Finally, the skyhook control method is also used in this thesis
work in Papers A, B & E.
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4.2 H∞

4.2.1 H∞ norm
Before explaining the H∞ control principle, it is necessary to introduce
the infinity norm or H∞ norm.

The H∞ norm for a SISO (single input, single output) system is ba-
sically its maximum magnitude as function of frequency. The transfer
function of the system being G(s), its H∞ norm can be shown by

‖G(s)‖∞ , sup
w
|G(iw)|, (4.5)

where the sign sup stands for supremum value which is basically the
same as the maximum of |G(iw)| in the studied frequency range.

However, in case of a MIMO (multiple input, multiple output) sys-
tem G(s), there are more than one transfer function and the infinity
norm will instead be the maximum value of the maximum singular value,
σ̄, of the system as function of frequency

‖G(s)‖∞ , sup
w

σ̄(G(iw)), (4.6)

where σ̄(G(iw)) is indicative of the maximum amplification by the MIMO
system G(s) as function of frequency.

4.2.2 H∞ control
To explain H∞ control, a plant P as shown in Figure 4.5 can be con-
sidered. The aim is to find a feedback law u = Kv that gives a well
controlled system. Plant P is shown in terms of its state space matrices
and is partitioned. The system P is partitioned such that inputs to B1 are
the disturbances, inputs to B2 are the control inputs, outputs of C1 are
the errors to be kept small, and outputs of C2 are the output measure-
ments provided to the controller.

The aim with H∞ control is to design a controller so that the closed
loop system infinity norm is minimized. This means minimizing the
following equation

γ = ‖Pc‖∞ (4.7)
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Figure 4.5: Plant P with a controller K

where Pc is the transfer function or state space of the closed loop system
(In case of a MIMO system, Pc is the maximum singular value of the
closed loop system).

The problem is now reduced to find a controller K, which minimizes
the value of γ. The controller, K, stabilizes the plant P and has the same
number of states as P.

Model P can be extended by adding weighting functions for modi-
fying the inputs or outputs of the model. This modification is aimed to
penalize the desired signals at the desired frequencies. The extended
open loop model is shown by Pe and the weighting functions by W1 and
W2 in Figure 4.6. Weighting functions should be designed in a way to
penalize the outputs of the extended closed loop system shown by Pec
in the figure. Penalizing is done by amplifying the output magnitude
in the frequency ranges where the system output is high and it is de-
sirable to press down the magnitude. This will make the infinity norm
sensitive to these frequency ranges and then minimization of γ leads to
a controller that should make the output small at these frequencies.

For example in the case of vibration of a single degree of freedom
system it is desirable to reduce vibration at the natural frequency of the
system. One can penalize the vibration signal with a transfer function
that has a peak at the natural frequency of the system. This can be done
through expanding the model to include the weighting function. The
weighting function penalizes vibration with the natural frequency. Then
performing the H∞ control design and minimizing γ in Equation (4.7)
for the extended closed loop system, should yield a controller capable
of damping vibration with system natural frequency.
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Figure 4.6: Extended plant model P for H∞ control design. The extended open loop sys-
tem Pe (inside the dashed box), the controller K, and the extended closed loop system Pec
(inside the dashed-dotted box)

It can be said that the most important task in H∞ control design is
to select and adjust the weighting functions in order to get the desired
output behavior. Weighting functions are actually the adjustment knobs.
However, it is hard to find a good weighting function and understand its
effect on the system by just varying their structure or parameters. One
technique which can facilitate the H∞ design and provide the designer
with a vision is the well-known loop shaping technique.

In loop shaping the goal is to design a controller K such that the de-
sired loop shape is achieved and the controller should stabilize the plant
G. Loop shaping can be used to shape the open loop transfer function
L = GK. A desirable shape for L starts with high magnitude at low fre-
quency and decreases as frequency increases [50]. This can be explained
by writing the transfer functions from inputs to outputs as function of L
for the system shown in Figure 4.7.
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y =
L

I + L
r +

I
I + L

Gdd− L
I + L

n, (4.8)

e =
I

I + L
r− I

I + L
Gdd− L

I + L
n. (4.9)

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

  

 

 

 

 

 

Figure 4.7: One degree-of-freedom control configuration: reference input r, disturbance
d, noise n, output y, control error e, control signal u, plant G, disturbance plant Gd, and
controller K

For a perfect control it is desirable to have reference following which
means y (output) should be as close as possible to r (reference input).
Equation 4.8 shows how these two variables are related and also the
effect of disturbance and noise on the output y. To achieve reference
following, it is desirable to have large open loop gain. This provides
good reference tracking and disturbance rejection as the limits of coef-
ficients of r and d approach one ( L

I+L −→ 1) and zero ( I
I+L −→ 0) re-

spectively for large values of L. However, by selecting large L almost all
noise gets transferred to the output y. Fortunately, in most engineering
problems reference following and disturbance rejection is required in
low frequency range and noise rejection is necessary at higher frequen-
cies where noise is present. This means the desired open loop should
have high magnitudes at low frequency for good command following
and rejection of disturbance. As frequency increases, the open loop gain
should drop to provide noise rejection. In the same way it can be justi-
fied that this open loop shape suits Equation 4.9 for output error reduc-
tion in the low frequency range where control is important.
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Shaping open loop transfer function L can be hard for complicated
problems and furthermore the method is not clear about the controller
performance around |L| ≈ 1 which defines the bandwidth of the system.
A better replacement for open loop shaping is the closed-loop shaping
where I

I+L and L
I+L are shaped instead. These two transfer functions

are called sensitivity (S) and complementary sensitivity (T) functions re-
spectively and are related by S + T = I. Shaping closed loop transfer
functions have the benefit that the effect of the designed controller K on
the output can be observed directly. Rewriting Equations 4.8 and 4.9 in
terms of S and T gives

y = Tr + SGdd− Tn, (4.10)
e = Sr− SGdd− Tn. (4.11)

If the control problem has no uncertainty and noise then it is enough
to shape the sensitivity function. Knowing the desirable shape of the
open loop transfer function, L, and its relation to the sensitivity func-
tion, S = I

I+L , the desired shape for S can be found. Sensitivity should
have low magnitude for low frequency ranges and reach unity at higher
frequencies. Now the closed loop shaping technique can be mixed with
the H∞ control design method to achieve the desired shape for S. This
should be done by selecting a proper weighting function which forces
the desired shape on S. This can be done by extending the system shown
in Figure 4.7 by a weighting function Ws as shown in Figure 4.8 and
forcing the H∞ norm of the closed loop transfer function to drop be-
low unity. In the extended model, noise n is neglected. To explain how
this shapes the sensitivity function S, one should look at the closed loop
transfer function which for the extended system can be obtained as fol-
lows by the help of Equation 4.11

ew = Wse = Ws(Sr− SGdd) = WsS(r− Gdd). (4.12)

So the closed loop transfer function neglecting Gd is WsS. Applying
H∞ optimization and forcing the norm to drop below unity is equivalent
to

‖WsS ‖∞< 1 ⇐⇒ |WsS |< 1, ∀w (4.13)
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and from the multiplicative rule it can be equivalently expressed by

| S |< 1
|Ws |

, ∀w (4.14)

This means that 1/|Ws | works as the upper bound of the sensitiv-
ity function or in other words the sensitivity function is shaped below
1/|Ws | through H∞ norm minimization. Thus the closed loop shaping
and the H∞ control design methods are mixed to design the controller
K.

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

  

 

 

 

 

 

Figure 4.8: Extended one degree-of-freedom control configuration in Figure 4.7 with the
weighting function Ws for shaping the sensitivity function S.

Finally, to check the performance of the derived controller, K, it should
be implemented in the control loop in Figure 4.5. In case the response
is not satisfactory, the weighing functions should be modified and all
the procedures should be repeated to design a new controller. It should
be mentioned that in general the solution to the infinity-norm optimal
control problem is non-unique.

H∞ control is a model based controller meaning that designing it
requires a mathematical model of the system. However, in many cases
such a model is not available and it can be very complex to find a good
one. This fact limits the applicability of model based controllers like H∞
control.

Examples of H∞ control application in rail vehicles suspension can
be found on the well-known E2 and E3 Shinkansen trains for East Japan
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Railway Company. The controller is used as part of the active lateral
suspension and has an advance structure [33].

In this PhD study H∞ control is used together with and without
closed loop shaping technique to design a controller for wheelset guid-
ance in curve. The aim of the control is to allow for better curving and
hence less wheel-rail wear. Results show that significant wear improve-
ment can be achieved, see Papers C & D.
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Chapter 5

Performance evaluation

The general aim with the use of active suspension technologies on rail
vehicles is improving performance. This performance can be best char-
acterized by ride comfort, wear and stability. In the following the meth-
ods used to evaluate these three performance criteria are discussed.

5.1 Ride comfort

Passenger comfort is a very wide topic which relates to different factors
like ease of boarding, temperature, lighting, seating comfort, etc. The
aspect which is in focus in this section is motion or vibration related
comfort which is more commonly known as ride comfort. As reported by
Andersson et al. [9] there have been many attempts in the last 50 years
for defining technical measures and evaluation criteria to quantify ride
comfort felt by passengers.

Ride comfort evaluation can be devided into two main categories.
The first category deals with transient vibration in the range of 0.5-80
Hz while the second category focuses on very low frequency causing
motion sickness. In this section just the first category will be studied
by introducing two common methods of evaluation. The first method
is called Wz (Wertungszahl) and the other method is according to the
EN12299 standard. Both methods will be discussed in the following sub-
sections. It should be added that both methods use frequency weight-
ing functions to represent human sensitivity to vibration while in many
studies the un-weighted rms-value of acceleration is used to evaluate
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ride comfort.

5.1.1 Wz criterion
This criterion roots in research studies from 1940s and 1950s [51] and
it has been dominating in ride comfort evaluation of rail vehicles until
1990 [9].

Wz values are obtained from acceleration signals measured on the
floor of the vehicle. The acceleration signals correspond to a defined
time interval or a defined section of the track. This criterion is expressed
mathematically as follows

Wz = [100 · B( f ) · a0]
0.3 (5.1)

where B( f ) is a frequency weighting function, f is frequency and a0 is
acceleration amplitude (zero to peak) in m/s2 measured on the floor at
a specific frequency. The equation can be used to calculate ride comfort
in both vertical and lateral direction but then corresponding filters and
acceleration signals have to be used.

Varied sensitivity of the human body to different frequencies is the
reason for applying frequency weighting functions. Furthermore, these
functions are different in lateral and vertical direction, see Figure 5.1.
The lateral weighting function differs from the vertical one by a factor of
1.25 [52]. According to the figure it can be concluded that Wz considers
the human body to be most sensitive to vibration in the range of 3 - 7 Hz
in both vertical and lateral direction.

This Wertungszahl value can also be calculated by the following equa-
tion

Wz = 4.42(awrms)0.3 (5.2)

where awrms is the rms value of the frequency weighted acceleration
aw(t). According to [9], Wz is actually a frequency weighted root mean
square (rms) value of acceleration, presented in a logarithmic scale. Dif-
ferent levels of Wz values can be expressed verbally as shown in Table 5.1.

5.1.2 Standard EN12299
The other very common criterion for evaluation of ride comfort is defined
in the European standard EN12299 [53]. This standard is very detailed
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Ride comfort

11:2

11.2 Criteria for average comfort levels

11.2.1 Wertungszahl (Wz) and Ride Index (RI)

Wz and Ride Index are very similar criteria. They originate from German research
(Sperling et al.) in the 1940s and 1950s [92], [93], and are described by an ORE (later
ERRI) Committee C116 [N25] in 1977. These criteria have been dominating in ride
comfort evaluations of rail vehicles up to about 1990.

Wz and RI are evaluated from accelerationswhich aremeasured on the floor of the vehicle.
They are evaluated over defined time intervals or over defined track sections (for example
each kilometer interval). Wz and RI are defined by following equation

Wz� �100 � B(f) � ao�
0.3

(11-1)

whereB(f) is a frequencyweighting function to be realized trough a filter, f is frequency, ao
is acceleration amplitude (m/s2) (zero to peak) measured on the inner floor of the vehicle
(laterally and vertically).

Filter functions B(f) for lateral and vertical directions inWz are illustrated in Figure 11-1.
According to Wz and RI the passenger is considered to be most sensitive to frequencies
around 3 - 7 Hz in both vertical and lateral directions. There are small differences between
Wz and RI in the low frequency range, below 1.0 Hz.

Frequency weighting functions B(f)

G
ai
n
(d
B
)

Frequency [Hz]

Wz lateral
Wz vertical

Figure 11-1 Frequency weighting B(f) forWz, for lateral and vertical accelerations
[92], [93], [N25]. To be applied to passenger vehicles and drivers cab on
locomotives. In freight wagons other filters are used.

Technically and mathematically Wz (RI) is a frequency weighted root mean square (rms)
value of accelerations, presented in a logarithmic scale. It can be shown that Wz (RI) may
alternatively be calculated as

Figure 5.1: Lateral and vertical frequency weighting functions according to Wz criterion

Table 5.1: Interpretation of different levels of Wz values for passengers

Wz vibration level Ride quality

1 just noticeable very good
2 clearly noticeable good
2.5 pronounced, but not unpleasant -
3 strong, but tolerable tolerable
3.5 very strong and unpleasant -
4 extremely strong and unpleasant not tolerable
5 - dangerous

and includes 3 different methods for evaluating comfort at different oc-
casions. Evaluation of comfort on curved transitions and comfort on
discrete events are two of the methods but will not be described here as
they will not be used in this study. The third method which is the most
important for this study is evaluation of continuous comfort. In short
the basic equation used by this method for calculation of ride comfort is

awrms =

[
1
T

∫ T

0
[aw(t)]2dt

] 1
2

(5.3)

where aw(t) is the frequency weighted acceleration as function of time
in m/s2 and T is the duration of the measurement, in seconds. However
in practice ride comfort is evaluated continuously in different directions
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and at different locations which can all be expressed by

ãWi
dir,j(t) =

[
1
T

∫ T

t−T
[aWi

dir,j(τ)]
2dτ

] 1
2

(5.4)

where the tilde sign shows the rms value, T =5 s and t is a multiple
of T. The frequency weighting function Wi indicates human sensitivity
to vibration in different directions, dir shows the direction of measured
acceleration and j refers to the location of measurement. These three
indicators can take on different values as listed in Table 5.2.

Table 5.2: Different possible values for Wi , dir and j mentioned in Equation (5.4)

Wi-weighting curve dir-motion direction j-measuring position

Wb: vertical direction x longitudinal P: the floor interface
Wc: longitudinal direction (backrest) y lateral A: the seat pan interface

Wd: lateral/longitudinal direction z vertical D: the seat back interface

The magnitudes of the weighting functions, Wi, are shown in Fig-
ure 5.2. Unlike the Wz criterion, in EN12299 the sensitivity of the human
body to lateral and vertical vibration is at different frequency ranges.
These ranges are 0.5-2 Hz and 4-20 Hz in lateral and vertical direction
respectively.
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Figure 5.2: Magnitude of frequency weighting curves Wb, Wc, Wd
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5.2 Wear

A well known method to represent wheel-rail wear is to calculate dis-
sipated energy at the contact patch using Tγ method, where T is the
traction force (coefficient of friction multiplied by normal contact force
in case of full adhesion) and γ is the slip (difference of surface speeds
for wheel and rail in percentage). The method provides the dissipated
energy per unit distance and is representative of wear performance

Tγ = |Txνx|+ |Tyνy|+ |Mzφz| (5.5)

where Tx and Ty are longitudinal and lateral creep forces with the cor-
responding creepages νx and νx. Spin moment and spin creepage are
shown by Mz and φz. The wear number has the dimension of force [N];
however, it is usually shown by [N m

m ] to show that the dissipated energy
is normalized per distance unit. The wear number can be calculated as
function of time to present how wear varies along track.

5.3 Stability

The sinusoidal motion of a wheelset known better as hunting becomes
unstable after a certain speed. This speed depends on the nonlinear
wheel and rail profiles, suspension configuration and parameters, and
also the whole trainset dynamics. Above this speed which is known as
the critical speed, the lateral oscillation starts increasing which can be
dangerous from running stability point of view and can be harmful to
track alignment. Hence it is very important to find this speed and make
sure it is higher than the service speed.

Vehicle stability can be divided into two main categories. If instabil-
ity is just observed for wheelsets and bogie then it is referred to as bogie
instability. However, sometimes all bodies including not only the wheel-
sets and bogies but also the carbody run unstable. This is called car-
body instability and usually occurs with lower frequency and on smooth
track [1].

There are different methods for identifying if a vehicle is stable or
not. The methods can be divided into two main categories which are
linear and nonlinear methods. Linear methods are suitable in an early
design stage but later full nonlinear methods should be used to make
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sure that the vehicle fulfills the stability requirements at the maximum
service speed [1].

5.3.1 Linear stability analysis

For a linear stability analysis, the dynamic model should be linearised
for all the components and wheel-rail contact. Wheel-rail contact is a
nonlinear function of wheel lateral displacement, gauge, and wheel-
rail profiles. There are different methods to linearise the contact model
where the most widely used ones are the works by Mauer [54] and Wick-
ens [55].

Once the equations of motion are linearized they can be solved for
the eigenvalues and eigenmodes. From a dynamic point of view a sys-
tem is identified as being unstable once the real part of the eigenvalue
is positive. The same method can be used here to find the critical speed.
Writing equations of motion and solving for the eigenvalues yields a
characteristic equation as function of speed. This means that the calcu-
lated eigenvalues are speed dependent. Thus the root loci of the eigen-
values as function of speed can be plotted in the complex plane. The
speed at which the root locus crosses the imaginary axis and enters the
real positive region can be identified as the critical speed. At this speed
the relative damping is zero where relative damping can be calculated
from an eigenvalue λ = α ± iω by ξ = |α|/|λ|. For design safety it is
more common to recognize the speed at which relative damping drops
below 5% as critical speed.

Equivalent conicity is an important parameter for studying critical
speed. Therefore sometimes critical speed is reported as function of con-
icity [1]. Both low and high conicity values can be problematic. High
conicity can excite bogie instability while with low conicity carbody in-
stability may occur.

5.3.2 Nonlinear stability analysis

There are two methods for nonlinear stability analysis. The first one is
based on the theory of nonlinear dynamics and yields the well-known
bifurcation diagrams. The second one is used more in measurements for
bogie and vehicle acceptance tests [1].

The bifurcation diagram shows the stable limit cycle amplitude as
function of speed, see Figure 5.3. The diagram usually provides two crit-
ical speeds which are called linear and nonlinear critical speed. Accord-
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ing to the diagram the linear critical speed, vl−cr, is the speed at which
the wheelset starts oscillating with the stable cycle amplitude while the
excitation amplitude has been zero. The nonlinear critical speed, vn−cr,
is the lowest speed at which the limit cycle can occur. This is the speed
used to check if a vehicle is stable at its highest service speed. Below the
nonlinear critical speed, the vehicle is always stable. In the speed range
between linear and nonlinear critical speed stability depends on the ex-
citation amplitude. If the excitation is below the unstable saddle-cycle,
see Figure 5.3, the vehicle is stable otherwise it should be considered
unstable with a stable limit cycle. Finally, above the linear critical speed
the vehicle is on a stable cycle regardless of the excitation amplitude.
Bifurcation diagrams can be obtained through on-track tests, measure-
ments on roller rigs or multibody simulations [1].
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Figure 5.3: Bifurcation diagram showing limit cycle as function of speed for different ex-
citation amplitudes.

As mentioned earlier the second nonlinear method to find if a vehicle
is stable or not is to use methods defined for measurements and accept-
ance tests of rail vehicles. An example of this is the EN14363 [7] with
the stability criterion defined as the filtered track shift force. Track shift
force is band pass filtered and then the root mean square (rms) of the
signal is calculated over 100 meters. This is repeated every 10 meters
and finally the maximum value is selected, SBP f ilter,100m,rms,max. To pass
the stability criterion the calculated value should be less or equal half
(for passenger vehicles) of the limit value according to Prud’homme
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SBP f ilter,100m,rms,max ≤
1
2
(10 +

2Q0

3
) [kN]. (5.6)

where Q0 is the static wheel load.
Other measurements to check for stability of a vehicle are analyzing

bogie lateral acceleration [1].
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Chapter 6

Simulation and on-track
tests

Implementation and test of active vertical suspension in this study was
motivated and justified by numerical simulations. Afterwards, on-track
tests were performed to investigate whether active vertical suspension
can be as successful in real tests as in the simulations. This chapter will
give an overview of the simulation model and how the on-track tests
were prepared and performed. Detailed results are published in Papers
A & B.

6.1 Simulation model

Performing on-track tests with rail vehicles is very expensive and time
consuming. Therefore, a new concept would not be tested until it is sup-
ported by very strong reasons and promising results. So the common
procedure is to test the new concepts first through simulation studies.
In the same way the potential of using active vertical suspension (AVS)
in the secondary suspension had to be studied first through simula-
tions. Simulations were performed on a model of Regina 250, which
is a Bombardier test train. Simulation studies regarding AVS where first
performed on this model By Orvnäs et al. [56] and later in the present
study.

As mentioned above a simulation model was used to evaluate the
potential of comfort improvement by use of AVS. Therefore once the
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CHAPTER 6. SIMULATION AND ON-TRACK TESTS

model was prepared, different ways of signal analysis and also different
choices of parameters were considered to optimize the performance of
AVS. This is discussed in more detail in Paper A. Further the simula-
tion model played another important role in this study namely to assure
running safety in case of active suspension failure. Such a study was es-
sential to get permission from the authorities to run the test train among
other trains in traffic. Five different failure scenarios were defined and
each of them was evaluated according to three different safety criteria
which are track shift force, stability and derailment according to EN14363
[7]. More details of the safety study are presented in Paper A.

The simulation model is composed of two main parts. The first part
is the multi-body model of the Regina 250 in the Simpack software and
the second part are the controller and actuator model in Simulink (Mat-
lab). The two software products do calculations in a loop through an
interface called Simat, see Figure 6.1.

Multibody 

model

Controller
Actuator 

model

Simpack

Simulink

Figure 6.1: Simulation model architecture, interaction between Simpack and Simulink is
done through an interface called Simat

The vehicle model in Simpack is built mainly by Bombardier Trans-
portation and is based on a Regina 250 EMU. The model has a flexible
carbody, but all other bodies are modeled as rigid. The Regina 250 mech-
anical configuration is very similar to most passenger trains with air
springs and anti-roll-bars in the secondary suspension. To implement
active suspension, the vertical dampers in the secondary suspension
were replaced with hydraulic actuators, see the active car in Figure 6.4.
The wheel and rail profile chosen for simulation are S1002 and UIC 60
respectively and the rail inclination is selected to be 1:30 which is used
in Sweden. Simulations are performed with a time step of 1 ms to assure
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good accuracy using a nonlinear integration method called SODASRT.

Controller and actuator are modeled in Simulink as shown in Fig-
ure 6.1. The controller is based on the skyhook control method and
mode separation technique is used to allow individual damping rates
for each mode. Three of the modes which can be controlled by active
vertical suspension are bounce, roll and pitch of the carbody. These
three modes can be extracted by use of four accelerometers on the car-
body floor as shown in Figure 6.2. This figure also shows how each
mode is derived (mode separation) and then sent to a band-pass filter
and finally multiplied with a skyhook damping coefficient. The band-
pass filter has two functionalities. At high frequencies the filter behaves
almost like an integrator and hence the outcome will be velocity which
is needed for the skyhook control. The second functionality of the band-
pass filter is at low frequencies where it eliminates the low frequency
content. Elimination of low frequencies is necessary as otherwise they
cause large drifts in the output force.
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Figure 6.2: Schematic of controller showing implementation of the skyhook control in
connection with mode separation (actuator model is not included)
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According to the controller setup discussed above, three parameters
need to be tuned for each of the modes. The three parameters are the
low and high cut-off frequencies of the band-pass filter and the skyhook
damping coefficient. Having three modes and each with three paramet-
ers will lead to nine parameters in total which are shown in Table 6.1.
Tuning these parameters has been part of the simulation studies to find
approximate ranges to be used as guidance during the on-track tests.

Table 6.1: Parameters of the active suspension to be tuned during simulations and meas-
urements

bounce pitch roll

skyhook damping cb cp cr
band-pass filter fbl , fbh fpl , fph frl , frh

6.2 On-track tests

The achievement of significant ride comfort improvement according to
simulation results [56] motivated tests of active suspension on track. The
test procedure can be divided into three major parts which are test pre-
paration, on-track tests and finally post processing of data.

Preparation for the tests was partly done by simulations to assure
safety in case of failure and also to optimize the controller parameters
and structure. The other part of the test preparation was preparing the
test train and equipping it with sensors, controller and hydraulic actu-
ators.

The controller was implemented on a control unit by Bombardier,
the unit is shown in Figure 6.3(a). Signal handling like mode separation
and calculation of actuator input force according to the skyhook control
is performed in this unit.

Hydraulic actuators were chosen for the tests as this type of actu-
ator has a good high frequency behavior. The actuator was designed to
provide 10 kN in push and 9 kN in pull with a minimum stroke of ±40
mm. To provide ease of installation, the actuators were designed with
the same dimension as the vertical secondary dampers. Therefore, there
was no need for modification of the brackets for installing the actuators.
Figure 6.3(b) shows the actuator installed in the secondary suspension
between the bogie and the carbody.
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Acclerometers were placed on the carbody floor, above the air-springs
and also at the middle of the carbody. Figure 6.3(c) shows an accelero-
meter fixed to the floor. Measured accelerations are then sent to a com-
puter unit for online evaluation of ride comfort, see Figure 6.3(d). This
device made it possible to directly observe the effect of parameter vari-
ation on comfort values.

(a) Control unit (b) Hydraulic actuator (c) Accelerometer

(d) Online monitoring of res-
ults

Figure 6.3: Four main parts of the active system

The test train comprised of two car EMU vehicles with one active and
one passive vehicle. The active car was equipped with the developed
AVS and also the previously developed ALS [31]. The passive car has
conventional passive suspension and its presence makes it possible to
compare ride comfort from the two cars at any given moment. A schem-
atic view of the test train is shown in Figure 6.4. It may be doubted if
testing AVS together with ALS could have shadowed the pure effect of
AVS alone in improving vertical suspension; however, results of a test
shown in Paper A prove that ALS has almost no effect on the vertical
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comfort.

Figure 6.4: Schematic view of the test train with one active and one passive car

Tests were performed in May 2013 on different lines with a max-
imum speed of 200 km/h. The lines were chosen to be representative
of operational conditions including low and high quality tracks both on
straight and curved track. Tuning of the nine parameters mentioned
earlier was performed during the on-track tests. To evaluate the ef-
fect of selected parameters, Wz and EN12299 ride comfort criteria were
used. Besides, to achieve a deeper understanding of the results in the
frequency domain, FFT and PSD techniques were applied to the acceler-
ation signals. Finally the results of the on-track tests were analyzed and
reported in Paper A and Paper B. Ride comfort improvement as high as
38% is achieved according to the EN12299 criterion in vertical direction.

Further, a series of tests was performed to evaluate the behavior of
active vertical suspension in case of reduced functionality. Reduced
functionality can be related to three different elements of active suspen-
sion which are the actuator, pump and controller. By reduced function-
ality of the actuator it is meant to use the actuator just for pushing like
a single acting actuator rather than a double acting one. Reduced func-
tionality for the pump is equivalent to turning it off, meaning that there
would be no oil pumping. The last element is the controller and redu-
cing its functionality is equivalent to commanding the actuators to ap-
ply zero force. Having two options for the working condition of each of
the three elements, creates eight different operational cases. The study
showed that these new cases with reduced functionality can provide
ride comfort benefits compared to the passive suspension, but they are
at the same time less effective compared to the fully functional active
suspension. It is believed that these intermediate cases can be designed
to a lower cost, and some of them are more energy efficient. More about
this study and its results can be found in Paper B.
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Two-axle rail vehicles

7.1 Rise and fall of two-axle rail vehicles

Two-axle rail vehicles are usually identified as vehicles with just two
axles where axles are connected directly to the chassis frame through
one level of suspension. Early two-axle rail vehicles were usually called
railbus. The terminology roots in the fact that they shared many con-
struction aspects and components with buses.

This type of vehicles started appearing in the early 20th century.
They were intended to be low cost and provide light transportation in
sparsely populated regions like suburbs and rural areas with low trans-
portation demand.

The simple structure of these vehicles keeps them cheap and easy to
maintain; however, the vehicle has two main limitations which are poor
dynamics behavior and low capacity.

Poor dynamics more specifically means poor ride comfort and wheel-
rail interaction. Having just one level of suspension it is hard to achieve
good comfort. Poor wheel-rail interaction leads to problems like wheel-
rail wear and fatigue and also low critical speed.

Usually the primary suspension is designed for a good wheel-rail in-
teraction and the secondary suspension is designed for improving com-
fort. Having just one level of suspension, eliminates this opportunity
and a compromise between comfort and wheel-rail interaction perform-
ance has to be made. Furthermore, when it comes to wheel-rail interac-
tion requirements for good wear and stability performance are contra-
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dictory and a compromise should be made. This compromise is less crit-
ical on bogie vehicles as the bogie allows better alignment of the wheel-
sets in curves and there are more parameters to play with for increasing
stability.

Low capacity is another limitation of this type of vehicle which is due
to the limited axle distance or wheelbase. This is forced by the incapab-
ility of the wheelsets to align themselves in curves and also limitation
on axle load. The axles of a two-axle rail vehicle with one level of sus-
pension do not get the same freedom to align themselves in curves com-
pared to those installed in bogie vehicles. Hence the wheelbase should
be short enough to allow for an acceptable curve negotiation.

Due to the limitations mentioned, this type of vehicle was gradually
phased out and got replaced by bogie vehicles. The bogie vehicles made
improvement on all the aforementioned issues but this came at a cost of
higher weight, price, complexity and maintenance need.

Two-axle rail vehicles may have a chance to get back into rail ser-
vice again. The low initial cost of this type of vehicle and its suitability
for lines with low transportation demand can be attractive to operat-
ors; however, there is a need for performance enhancement. In this PhD
study the effectiveness of AVS, ALS and ASW are investigated, see Pa-
pers C-E. Having all active systems on the same suspension level can be
very challenging as there might be a risk for interference or instability of
the feedback systems. This is partly addressed in Paper E.

It is believed that the application of active suspension technologies
on two-axle rail vehicles can have a bright future. This is because the be-
nefit to cost ratio achieved by active suspension technologies, is higher
for two-axle rail vehicles compared to the bogie vehicles. This is due to
the lower initial cost and relatively higher achievable performance im-
provement with two-axle rail vehicles compared to the bogie vehicles.

In the following a short history on some of the different railbuses is
provided. Examples range from the very first models to a more recent
example in Copenhagen and also a pilot study model by DLR (German
Aerospace Center).
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7.2 Two-axle rail vehicles through history

7.2.1 Wismar railbus

Wismar railbus (in German Wismarer Schienenbus) was used in north-
ern Germany to provide transfer services in low traffic zones.

The vehicle was built with several components from road vehicle
industry. This together with the simple structure of the vehicle contrib-
uted to its low price which was half the price of a normal rail vehicle.
The vehicle was powered by a petrol engine mounted in front of the
carbody [57], see Figure 7.1. There have been different variants of the
Wismar model. Some parameters of the Wismar type A are provided in
Table 7.1 alongside with those of the other two-axle vehicles introduced
later in this section.

Table 7.1: Parameters of different two-axle rail vehicles

Model Length - Wheelbase Weight seats speed
[m] [tonne] [km/h]

Wismar (A) 11.6 - 4.4 6.6 56 56
Uerdingen 14 - 6 19.4 58 90
Pacer 15.5 - 9 24 106 121
Litra SE 10.5 - × 15.5 37 120

Figure 7.1: A Wismar vehicle at Bochum Dahlhausen Railway Museum [57]
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7.2.2 Uerdingen railbus

Uerdingen railbus was developed in Germany for Deutsche Bahn (DB)
in the 1950s. The vehicle was a big success despite its drawbacks. It
served from 1958 to 2000 and got the name Red Buzzer (Roter Brummer)
due to its high running noise. The vehicle was employed on tracks
where operation of steam or diesel trains was less profitable. The pro-
duction cost of the vehicle was cut by using parts used for manufac-
turing buses like interior furniture. The engine used on model VT 98.9
of Uerdingen railbus was taken from the double-decker buses in Berlin.
The vehicle is shown in Figure 7.2 and some parameters of this model
are listed in Table 7.1.

Figure 7.2: The Uerdingen railbus model VT 98.9 [57]

7.2.3 British examples

The first generation of British railbuses emerged in the late 1950s after
the British Rail (BR) called different manufactures to produce railbuses
with a certain budget. As the result different vehicles were built by
manufacturers like AC Cars and Bristol/Eastern Coach Works, see Fig-
ure 7.3. During their short life span, the vehicles were found to be
economic but unreliable. As the result all were withdrawn in the mid
1960s [58].

BR came back to the idea of railbuses in the mid-1970s and went
through production of five prototypes which became the base of the
second generation rail buses. Many attempts were made to find a mar-
ket abroad with no success. However, BR continued with the idea and
based on experiences from the prototypes ordered a series of two- and
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(a) AC Cars (b) Bristol/Eastern Coach Works

Figure 7.3: Examples of two-axle rail vehicles from the first generation British Railway
railbuses [59]

three-car railbuses known as Pacers, see Figure 7.4. Some models of
Pacer are still operational today.

Figure 7.4: Pacer class 142 - From the second generation BR railbuses [60]

Pacers were built to have low running costs and to be used in sub-
urban and rural areas. To achieve low initial cost bus bodies and com-
ponents where used in building them.

Pacers are criticized for showing poor wheel-track interaction like
high wear and noise when negotiating tight curves. Furthermore, poor
comfort on switches and tight curves has been a problem. Other repor-
ted problems are low acceleration and reliability for some parts [61].

7.2.4 Copenhagen S-train
The Copenhagen fourth generation S-train came into service in 1996.
The vehicle is provided in two models which are Litra SA and Litra SE
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having eight and four carbodies respectively. Each intermediate car runs
just with one wheelset on one side and on the other side it rests on the
neighboring car, see Figure 7.5. This means ten wheelsets for the Litra
SA model with eight carbodies. This vehicle has bogies which accom-
modate one wheelset and is called KERF (Kurvengesteuerte Einzelradsatz-
Fahrwerke) which means curve-steered bogies with self-steering wheel-
set, see Figure 7.6. The main feature of this bogie is its passive self-
steering mechanism. This is achieved by passive hydraulic devices in-
stalled between the coaches which orient the wheelset according to the
angle between the coaches [62] [63]. To improve comfort, air springs are
used in the secondary suspension.

Some parameters of the Litra SE model are shown in Table 7.1 where
length, weight and capacity are provided in average for each carbody to
be comparable with other results. A study on energy efficiency shows
that the wegiht reduction achieved by lighter bogies and use of fewer
wheelsets can contribute to 1-3% improved energy efficiency in main
and high-speed lines and as high as 9% in regional and local trans-
port [63].

Rail Vehicle Concept – The Railbus  SD2229 & SD2230 January 6, 2017 
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 Modern railbuses 
 Litra SA (S-tog Copenhagen) running gear 

In order to reduce the overall mass through single-axle bogies, the new Copenhagen S-trains 
may be considered as an attractive example. They consist of two different models, the Litra SE 
and the Litra SA. As a special design aspect of these trains, apart from the control carbody cabin, 
each carbody is equipped with only one single-axle running gear instead of conventional bogies. 
Litra SA consists of 8 carbodies resting on 10 new single-axle bogies which are called KERFs. 
The KERFs are curve-steered single-axle running gears with self-steering wheelsets.  Litra SE 
has 4 carbodies running on 5 single-axle running gears, see Figure 5.1. The S-tog Copenhagen 
bogie weight is 50-60% of a conventional bogie. The weight reduction to be achieved with 
single-axle running gear is in the order of 7-14% that improves energy efficiency and provides 
lower adverse impacts on the environment [12]. 
 
This train came into service in 1991 to operate in the Copenhagen S-tog network. This 
articulated train is a fourth generation commuter train built by Alstom LHB and Siemens in 
Salzgitter, Germany. The maximum speed is 120 km/h and the maximum acceleration is around 
1.3 m/s2. It is desirable to develop running gears with low life cycle costs that do not have 
negative impacts on the environment. Table 5.1 describes the differences between the two Litra 
models in capacity and number of carbodies [9, 12, 13]. 

 
Table 5.1: Capacity and number of carbodies for Litra SE and Litra SA [13] 

Train unit type Technical name Number of seats Number of carbodies Length [m] 

 Litra SE 150 4 42.58 

1 Litra SA 336 8 88.78 
 

 
Figure 5.1: The different DSB S-tog car unit types [13] 

 
In KERFs, the connection of the frame to the carbody is equipped with air springs. The wheelset 
guidance can rotate in perpendicular direction to the track plane. To control the angle of attack a 
secondary hydraulic cylinder is used [9]. 

To control the angle of attack a 
secondary hydraulic cylinder is used aa [9].

Figure 7.5: Two types of Copenhagen S-trains [64]
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Figure �.�:  S-Tog Copenhagen 

Source: [��] 
 

Possessing a primary frame, the wheelset guidance is able to rotate about 
its axis perpendicular to the track plane. Hydraulic slave cylinders whose 
master cylinders are mounted between the car bodies of the adjacent joint 
can control the angle of attack. [20] 

 

 
Figure �.�:  S-Tog Copenhagen running gear 

Source: [��] Figure 7.6: Running gear of the Copenhagen S-train known as KERF [62]
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7.2.5 Next Generation Train (NGT) concept

DLR is working on a project called Next Generation Train (NGT) where
different rail vehicles using new technologies are being developed. The
project aims at developing energy efficient vehicles with good dynamic
and wheel-rail interaction performance. To achieve energy efficiency,
topics like aerodynamic resistance, auxiliary energy management and
light weight structures are considered. For improving dynamics and
wheel-rail interaction innovative mechatronic running gears are being
developed.

One of the suggested vehicles is a high-speed multiple unit double
decker with two-axle intermediate coaches, see Figure 7.7. Each run-
ning gear appears as a frame equipped with two driven independently
rotating wheels, see Figure 7.8, which allows for guidance of the run-
ning gear both on straight and curved track. This can improve stability
on straight and wear and noise on curved track. The existence of the
frame allows for two levels of suspension which increases comfort and
decreases dynamic wheel-rail forces.110 B. Kurzeck et al.

Figure 1. Side view of the NGT with leading train head and the first intermediate coach.

The mechatronic track-guidance contains a control system, which enables centring in the
track and active radial steering for IRW pairs during curve passing. The wheel wear and noise
generation can thus be considerably reduced. As far as advantages are concerned, the system
offers the multi-functional use of the traction motors for traction, braking and track guidance
tasks [2,3] and the compatibility with low floor concepts: In the NGT, continuous floors on
both levels allow the passengers to easily walk through the train on both decks. In combination
with an aerodynamically optimised train shape and lightweight structures, the train concept
offers 75% more seats per length unit and 50% less energy consumption per seat compared to
a conventional single-decker high-speed train at the same running velocity. The train concept
is a proposal for a sustainable and highly efficient train of the future, because it offers a higher
capacity in combination with reduced energy consumption, which is an important contribution
on the way to a zero emission transportation sector.

Bruni et al. nominated three distinguished active concepts in their 2007 IAVSD state-
of-the-art paper [4]: active primary suspensions, including the proposed mechatronic track
guidance, active secondary suspensions and tilting. They concluded that for active primary
suspensions ‘… that the prospective rewards for the railway system as whole are much larger
than for active secondary suspensions – probably larger than for tilt …’, but also that ‘…
active suspensions applied to running gear are undoubtedly the most challenging to introduce
…’ This demonstrates the importance of such a system within an innovative train concept,
but also that there are many research tasks. Therefore, several researcher teams have worked
or currently are working in this field, e.g.[4–8] The mechatronic track guidance is a further
development of the mechatronic wheelset.[3]

Because of their special design, the running behaviour of the NGT intermediate wagons
(Figure 1) is in the main focus. These are two axle vehicles with four IRWs. The intermediate
wagons of the NGT have a large axle distance of 14 m which requires an active radial steering
in curves in order to ensure low wheel wear. In contrast, the running gears of the train heads
have four IRWs because they have to carry more traction equipment and are more similar to
a bogie. Because of the smaller axle distance in the bogie, lower steering angles are needed
for radial steering. Therefore, the control of the intermediate coaches is more challenging and
this is the reason for the presentation in this paper.

The general feasibility of the mechatronic track guidance system also for a high-speed
application and the advantages on the wheel wear were shown in [2] using multi-body simula-
tions. But the preliminary controller used in [2] unfortunately exposes high-frequency peaks
with amplitudes up to 2600 Nm, which corresponds to local performance peaks of 460 kW
per wheel at a velocity of 400 km/h. However, the predesign of the traction motors considers
only a nominal power of 260 kW to be installed per wheel at the intermediate waggons. At
a speed of 400 km/h, the main part of the installed power (75%) is needed to overcome the
assumed running resistance, the remaining 25% are needed for acceleration or driving uphill.

In the following, the question is discussed, how the differential torques for the guidance
task could be reduced to an acceptable value without a significant increase of the wheel wear.
Hereby, the example of the NGT concept is utilised in order to gain insight into the design of a
running gear with mechatronic guidance. Quantitative figures on properties and capabilities,
significant parameters that rule the behaviour are in particular interesting. It is not the idea
of the paper to present a read-to-use control set-up. Therefore, the main focus of the paper

Figure 7.7: The NGT concept vehicle with intermediate two-axle coaches [65]
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is the handling of the disturbances caused by track irregularities acting on a mechatronic
track guidance system in a high-speed train. A further description of the DLR NGT project
can be found in [2,9]. The vehicle model and its control scheme are described in Section 2.
Section 3 includes an overview to the used optimisation tool. The influence of the track layout
is analysed in Section 4.An improved controller that overcomes short-comings of the standard
proportional-derivative (PD) controller is presented in Section 5.An outlook to the future work
in this project is given together with the conclusions in Section 6.

2. Multi-body simulation models

2.1. Vehicle model

For the simulations with SIMPACK®, a shortenedNGT unit comprising four intermediate cars
and two end cars is used (Figure 1). Four intermediate wagons form a reasonable compromise.
On the one hand, such a train unit enables investigations of the dynamic interactions between
vehicles when inter-car dampers and the like are used, which are needed for improved running
comfort. On the other hand, the computational costs are not unnecessarily increased.
The intermediate coaches consist of two running gears with one pair of IRW each and the

car body (Figure 2(a)). An illustration of the running gear is shown in Figure 2(b). The wheels
(1) of the running gear have a wheel radius of 0.625m and are pivot-mounted on the opposite
sides of the cranked beam (2). The primary springs (3) are stiff in the vertical direction and
softer in the horizontal direction. At present, the primary springs are only defined by their
stiffness (Table A2). The mechanical properties of the primary suspension are combined in

10 000 mm

(a)

(b)

7 000 mm

z

x

z

x

COSCB COSRG

Figure 2. Multi-body-system (MBS)-structure of the NGT intermediate coach: (a) side view with co-ordinate
systems; (b) running gear in detail.Figure 7.8: The NGT running gear with two independently rotating wheels; 1: Wheel, 2:

Cranked beam, 3: Primary suspension, 4: Traction motor, 5: Brake disc, 6: running gear
frame, 7: Four horizontal levers 8: Secondary suspension [65]
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Chapter 8

Reliability and Safety

The main aim of all different active suspension systems is to improve
performance of the vehicle. However, a failure in these systems might
lead to catastrophic incidents. Active suspensions affect the dynamics
of the vehicle and this ability can be a potential safety risk if the control
over the system is lost. Hence it is very important to perform reliabil-
ity and safety studies for the designed active suspension. Before active
technologies in rail vehicles become widespread, it is important to de-
velop a methodology for study of active suspension safety and assuring
that any failure will maintain safe running conditions. Unfortunately,
this topic is barely studied. During this PhD study a flowchart is pro-
posed for systematic studies of active suspension failure (Paper F). The
backbones of the proposed methodology are two commonly used meth-
ods in safety engineering practices which are failure modes and effects
analysis (FMEA) and fault tree analysis (FTA) and also the standard on
rail vehicle running safety, EN14363. This work has taken the first steps
towards a possible homologation procedure but much more research is
required in this field. It is believed that for reaching a mature and widely
accepted methodology, contributions from researchers in academia and
industry are needed.

This chapter starts with an introduction to safety engineering to provide
the readers with a short background and continues by introducing four
reliability and safety methods used in this realm.
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8.1 Introduction to reliability and safety
engineering

In most systems failure is inevitable. Generally speaking, reasons for
failure are poor design and manufacturing, human error, poor main-
tenance, and improper use. Improving the system can help in redu-
cing occurrences of failures and hence increasing the reliability of the
system. However, human life has become increasingly entangled with
man-made systems and machines and their failures can affect human
life in different ways. With this in mind, it is not enough to design sys-
tems which are just reliable. Being safe is also essential. It should be
made sure that even in case of a failure, the consequences will be lim-
ited and acceptable. Reliability and safety engineering discusses these
topics and tries to quantify systems in terms of reliability and safety,
identify failure modes and provide methods for improving the systems.

According to IEEE standards [66] “reliability is the ability of a sys-
tem or a component to perform its required functions under stated con-
ditions for a specified period of time”. Reliability can be improved by
using better components and stricter quality control during production.
During operation, this should be done by timely maintenance services.

Safety and risk are inversely related to each other as high safety
means low risk and vice versa. Kaplan and Garrick defined risk as be-
ing dependent to the answers of the three following questions: “What
can go wrong?, How likely is it to go wrong?, If it does go wrong, what are
the consequences?” [67]. For improving safety, first reliability should be
improved to minimize the occurrence of failures in the first place. Then
consequences should be minimized to an acceptable level.

Emergence of reliability studies can be dated back to World War II.
During the war it was found that 50% of the military equipment has
already failed while being in the storage. Most failures were in electronic
systems and in particular due to malfunction of vacuum tubes [68]. In-
cidents like this highlighted the need to investigate the reliability of
products. This can be recognized as the rise of reliability engineering
and a decade later in the 1950s it became a branch of engineering in
USA.

During the 1960s methods which are still in use today started appear-
ing. Fault tree analysis (FTA) was introduced by H. A. Watson in 1961
at Bell telephone laboratories to be used in aerospace industry. The fail-
ure mode and effects analysis (FMEA) was also developed by aerospace
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industry in the early 1960s and later used in automotive industry.
In the 1980s the main focus has been on developing methods to cap-

ture system dependencies and include operator actions. The examples
are common cause failure models by Fleming [69] and Mosleh [70] and
the study by Swain [71] on human reliability analysis methods.

During the 1990s previous methods were criticized for being based
on statistical analysis of field or life test data which caused uncertainty
in these models. To compensate for that, failure analysis based on the
degradation mechanism of different components were developed. This
was found to be useful but at the same time it added to the complexity
of the problem. Therefore, more advanced methods started emerging
which combined statistical and phenomenological degradation calcula-
tion methods. This brought together the benefits of the two methods
providing a balance in modeling difficulty level and accuracy.

Nowadays with the availability of powerful computers the possibil-
ity of computer simulations are being explored. The methods are based
on a combination of deterministic and probabilistic methods. An ex-
ample of this is the Monte Carlo simulation method.

8.2 Reliability modeling

In this section four well-known methods in reliability and safety engin-
eering are discussed. Two of the methods, FTA and FMEA, are used in
Paper F and the other two methods, Markov models and Monte Carlo
simulation, are added to introduce the reader to other possible tools of
safety engineering. A general introduction to these methods can be help-
ful in future studies of active suspension failure.

8.2.1 Markov models

The Markov model provides a basis for mathematically studying reliab-
ility of systems. The model allows for multiple states, the possibility to
repair, and dependent components. The ability of the Markov models
to account for repairs as well as failures makes it very suitable to de-
termine maintenance intervals needed to achieve a certain safety level.
The method is based on the theory of stochastic processes and is de-
veloped by a mathematician named Andrei Markov. Markov models
are memory-less, meaning that the future state of the system is just de-
pendent to the present state and not the past history. This is an import-
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ant assumption allowing solving many problems which are otherwise
intactible. On the other hand the disadvantage of the Markov modeling
is that it explodes in size for large systems. One way to handle this prob-
lem is to combine Markov modeling and fault tree analysis method [72].

To build a Markov model first all the states of the system should
be identified. Each state is shown in a circle. Afterwards possible trans-
itions between states should be shown by drawing arrows between states
considering the direction of the transition and its rate. Usually states in-
dicate the success or failure of the system. If there are different failure
modes, each is modeled as a separate state. Transitions indicate the fail-
ure or repair of the system and the corresponding rates. The Markov
model in Figure 8.1 shows a system with two states. State 0 refers to
healthy and full operational conditon and state 1 refers to a failure situ-
ation. The symbol λ shows the transition rate from healthy to failed
state.

State 0: 

Healthy 

State 1:  

Failed 

 

State 0: 

Healthy 

State 1:  

Failed 

 

 

 

State 2:  

A 

State 3:  

Failed 

State 0: 

A, B 
 

 

State 1:  

B 

  

  

 

Figure 8.1: A two states Markov model

Afterwards probability functions are defined to indicate the probab-
ility of each state as function of time. As an example Pj(t) is the prob-
ability of the system being in state j at time t. So if the initial condi-
tion implies that the system is in healthy condition then P0(0) = 1 and
P1(0) = 0. In Markov modeling the transition rate between states is
considered to be constant which is a good approximation of failure rate
for many electrical components. Having a constant transition rate, the
probability variation of the two states over time dt can be expressed by

dP0 = −P0λdt, dP1 = P0λdt (8.1)

Dividing both sides by dt yields the differential equations
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dP0

dt
= −P0λ,

dP1

dt
= P0λ (8.2)

This means as time rolls the probability of being in the healthy state
decreases with a constant rate and the probability of being in the failed
state increases with the same rate. A third equation can be derived by
considering that the system should be in one of the two states at each
given time, i.e. the sum of P0 and P1 should be equal to one.

P0 + P1 = 1 (8.3)

The solutions to Equations 8.2 and 8.3 are

P0(t) = e−λt, P1(t) = 1− e−λt. (8.4)

The equation shows that the shape of probability distribution over
time is exponential and this is why transitions with constant rate are
called exponential transitions.

Usually systems are repairable or regular maintenance intervals are
planned for them. The repair rate is usually shown with µ and adding
it to the previous model yields Figure 8.2. To derive the necessary sys-
tem of differential equations, the probability variation for a time step dt
can be written. Over dt the probability of being in the state 0, dP0, de-
creases by P0λdt because of failure and increases by P1µdt due to repair.
Expression for dP1 can also be found in the same way.

dP0 = −P0λdt + P1µdt, dP1 = P0λdt− P1µdt. (8.5)

Dividing both sides of the equations by dt

dP0

dt
= −P0λ + P1µ,

dP1

dt
= P0λ− P1µ, (8.6)

and assuming that the system starts in a healthy condition (initial con-
ditions being P0(0) = 1 and P1(0) = 0) it is desired to find the solutions
to 8.6. For this system the two equations can be solved using the Laplace
transformations [68] and the final solutions can be achieved as functions
of time.
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State 0: 

Healthy 

State 1:  

Failed 

 

State 0: 
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State 1:  

Failed 

 

 

 

State 2:  
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State 3:  
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State 1:  
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Figure 8.2: A two states Markov model with repair

P0(t) =
µ

µ + λ
+

λ

µ + λ
e−(µ+λ)t, (8.7)

P1(t) =
λ

µ + λ
+

λ

µ + λ
e−(µ+λ)t. (8.8)

However usually steady state solutions are more important in Markov
analysis as they provide the average failure behavior of the system in a
long run. In this basic problem the steady state solutions are

P0(∞) =
µ

µ + λ
, (8.9)

P1(∞) =
λ

µ + λ
. (8.10)

The system studied until now is a one component system where the
failure of the component is equivalent to the failure of the system. Sys-
tems with critical importance most often have a redundant component
so that if the main component fails, then the redundant one takes over.
This will make a two component system which guarantees the function-
ality of the system even if one of them fails. The Markov model of this
system can be shown with four states, see Figure 8.3. The model has two
components, A and B. At state 0 both components are functional and the
system is healthy. At state 1 component A has failed but the system is
still healthy as component B is still functional. Failure and repair rates
for component A are shown respectively by λ1 and µ1. If the system is in
state 1 and component B fails, then a transition to state 3 occurs where
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none of the components works and hence the system has failed. Fail-
ure and repair rates for component B are shown respectively by λ2 and
µ2. The same explanation applies to the states transition 0-2-3 with the
only difference being the failure sequence of the two components. Extra
states add to the complexity of the problem but the same principles as
shown earlier can be used to derive the governing equations [68].

State 0: 

Healthy 

State 1:  

Failed 

 

State 0: 

Healthy 

State 1:  

Failed 

 

 

 

State 2:  

A 

State 3:  

Failed 

State 0: 

A, B 
 

 

State 1:  

B 

  

  

 

Figure 8.3: A four states Markov model with redundancy.

8.2.2 Fault Tree Analysis (FTA)

Fault tree analysis is a deductive or top-down method which can be used
for both qualitative and quantitative failure studies. Different undesired
system failures are identified and they are considered as top events.
Then the model is backwardly analyzed to find the root causes (basic
events) of the failure. Basic events can be hardware or software fail-
ures, human error, environmental conditions, and etc. Between the top
and basic events, there might be several layers of intermediate events.
Events are connected to each other through different logic gates which
describe how and with what conditions the events are connected.

There are different reasons for performing a fault tree analysis. FTA

73



CHAPTER 8. RELIABILITY AND SAFETY

helps in identifying the causes of a failure, weaknesses in a system, ef-
fective measures for system upgrade and to quantify the failure probab-
ility.

An important principle in forming the fault tree is to search short
sightedly for identifying intermediate failure events and not jumping
straight to basic events. This makes sure that the final failure path is as
detailed as possible and all connections are included.

A successful FT analysis requires good knowledge of the system in
study and its objective. As an example top events should be selec-
ted with respect to the objectives of the system. Otherwise conclusions
drawn from FTA can be misleading.

As mentioned earlier the elements used in forming the fault tree
models can be divided into two important types which are event and
gate symbols.

Event symbols indicate possible failures in the system and three com-
mon events are basic, intermediate and top undesired events, see Table 8.1.
The basic events indicate the most fundamental failures and their occur-
rence is not dependent to other events. Intermediate and top undesired
events are shown by almost the same symbols with the difference being
that top events have no output. Both of the events are results of other
basic or intermediate events. A top undesired event is the final outcome
result of the failure which nullifies the system objective.

Gate symbols are Boolean logic symbols mainly connecting different
events. Gates are very important as they indicate how lower events in-
teract to form the upper events. Three common gates are AND, OR, and
EXOR gates, see Table 8.2. The AND gate implies that the fault occurs if
all the input faults occur. In the case of OR gate, the output failure oc-
curs if either of the faults or both of them occur. Finally the gate EXOR
means that for the output failure to occur just one and only one of the
inputs should fail.

Fault tree analysis as stated earlier quantifies the failure probabil-
ity. All gates used in a fault tree model are Boolean logic symbols and
Boolean algebra can be used to express them mathematically. Then
probability calculations are applied to the equations to find the failure
probability. This is shown in the following for the two common AND
and OR gates.

Consider a fault tree model with two input events A and B which
are connected to an output event T through an AND gate. This can
be represented by the equivalent Boolean expression T = A · B. The
probability of the top event T can then be expressed as
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Event Symbol Description

Basic event
PAND 

A B 

Basic events can occur by them-
selves and there is no need for
occurrence of other events

Intermediate event
PAND 

A B 

Caused by other basic or inter-
mediate events

Top event
PAND 

A B 

The final failure outcome which
nullifies the objective of the sys-
tem

Table 8.1: Three common events in FTA. Inputs and outputs are shown with dotted lines.

P(T) = P(A · B) = P(A ∩ B) = P(B)P(A | B) (8.11)

In the case of an OR gate the equivalent Boolean expression is T =
A + B. The probability of the top event T can then be expressed as

P(T) = P(A + B) = P(A ∪ B) = P(A) + P(B)− P(A ∩ B) (8.12)

In general once the full fault tree is developed, it will be possible to
find a relationship between the the top event T and the basic events in
terms of Boolean operators. To find the occurrence probability of the top
event it is just needed to take the probability of the derived equations
which basically boils down to failure probability of basic events. There-
after by having the failure rate of basic events, the failure probability of
the top event can be calculated. There are data bases tabulating the fail-
ure rates of components in electro-mechanical and mechanical systems
which can be useful if basic events can be related to components. Two
of these data bases are Telcordia and NPRD-95 [68].
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Gate Symbol Description

AND gate
PAND 

A B 

Failure occurs only if all the in-
puts fail.

OR gate
PAND 

A B 

Failure of the output occurs if
either of the inputs or all of them
fail.

EXOR gate
PAND 

A B 

The output failure occurs when
just one and only one of the in-
puts fails

Table 8.2: Three common gates in FTA. Inputs and outputs are shown with dotted lines.

A more advanced fault tree analysis is developed which is called
dynamic fault tree (DFT). The method allows modeling the sequence of
failures in its gates [68]. An example is the Priority-AND (PAND) gate
for a system with inputs A (first input) and B (second input). The gate
indicates an output failure if both inputs fail and the failure should first
occur in input A and then B, see Table 8.3.

In Paper F, FTA is used to evaluate if a conservative failure con-
sidered in an active suspension failure study is realistic or not. If a failure
is realistic then FTA should show how the considered failure is caused
by the basic events. In this study the ability of FTA to quantify the failure
probability is not used.

8.2.3 Monte Carlo simulation

The methods of reliability modeling introduced so far are analytical ap-
proaches. However, with today’s complex engineering systems per-
forming analytical reliability methods can be difficult. Usually analyt-
ical methods include different assumptions and approximations which
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Gate Symbol Description

PAND gate PAND 

A B 

Failure occurs only if A fails first
and then B fails

Table 8.3: PAND gate used in dynamic fault tree (DFT) analysis. Inputs and outputs are
shown with dotted lines.

may be far from reality and lead to unacceptable uncertainty in the final
result. As an example a constant failure rate is assumed in Markov mod-
els while in reality this does not hold for many components. Moreover,
modeling repair and maintenance intervals in analytical methods can be
very difficult. In these situations, reliability techniques based on simu-
lation can be useful.

To perform a Monte Carlo simulation the failure/repair distribution
for each component is translated to the time domain. Simulations are
performed by simulating the actual process including random behavior
of each component. This will provide a time history of functionality of
each component. Having all time histories for different components, it
is possible to determine the reliability of the entire system. Examples on
systems with parallel structure (redundant components) and compon-
ents in series are provided in [68].

Uncertainties may exist between different simulation results which
make convergence studies necessary. Monte Carlo simulations are based
on random sampling technique and this means that standard statistical
methods can be used to analyze the simulation results.

There is no general procedure to handle different reliability problems
through simulation technique, however, the technique is flexible enough
to allow for different problems modeling.

Having very complex engineering systems and at the same time large
availability of fast computers have led to fast growth of simulation tech-
niques in reliability engineering [68].
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8.2.4 Failure Modes and Effects Analysis (FMEA)
FMEA is intended for preventing failures and improving safety. The
method started in aerospace industry in the mid 60s and later when
American automotive industry started using the method, it got wide-
spread. A successful FMEA analysis requires good familiarity with the
system and it is usually performed by a group of people having different
knowledge and expertise levels.

The core part of any FMEA study is filling the FMEA worksheet
which takes the investigator through the most important steps, see Fig-
ure 8.4. In the following the important headings in the FMEA worksheet
are discussed.

Figure 8.4: Example of an FMEA worksheet

Failure modes are the different ways that the system in study can fail.
The effects of each failure mode should be identified and listed under the
heading effects of failure. Then under causes of failure it should be referred
to the underlying reasons of the failure. Current controls describe the
available processes to predict the failure, the example of which could
be condition monitoring. Thereafter, each failure is quantified through
three factors. These three factors are
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• Severity: How serious the failure will be if it occurs?

• Occurrence: How probable is the failure?

• Detection: How hard is it to detect the failure before the failure
occurs?

Each of the factors then should be rated for each failure mode on
the scale of 1 to 10, low to high. A Risk priority number (RPN) is then
calculated as multiplication of these three factors RPN = Severity ×
Occurrence × Detection and should be reported under current status -
RPN. RPN provides a measure of how critical a failure can be and also
allows ranking different failure modes and prioritizing the necessary
actions.

If RPN is unacceptably high then one should move to the next head-
ing in the worksheet which is recommended corrective action. This requires
the engineers to take measures and suggest solutions for reducing the
RPN value. Considering the suggested modifications the RPN value
should be recalculated and then reported under revised status - RPN. The
value should then be compared against the original RPN value under
current status - RPN to evaluate how effective the modifications have
been. This process should be repeated until the RPN value for the re-
vised status is considered to be low enough. In a study by R. McDermott
et. al. [73] performing FMEA is divided in 10 steps and a full explanation
for each step is provided.

In Paper F FMEA is used as a backbone of the suggested flowchart
for evaluation of active suspension failures in rail vehicles. Performing
FEMA is divided into four parts (FMEA-0 to FMEA-3) which are per-
formed as the path through the flowchart is taken.
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Chapter 9

Summary

In this chapter a summary and the main conclusions of the appended
papers will be presented. Six papers are appended to this PhD thesis.
The two first papers, Paper A & B, are related to preparation and on-
track tests of active vertical suspension on Regina 250. The next two
papers, Paper C & D, focus on active wheelset steering for better curve
negotiation using H∞ control. In Paper E performance of a two-axle
rail vehicle equipped with AVS, ALS and ASW is studied. The aim has
been to enable the vehicle to operate as a passenger vehicle with good
ride comfort and low wheel-rail wear. Finally, in Paper F a flowchart
is proposed for systematic studies of active suspension failures in rail
vehicles.

9.1 Summary and conclusions of papers

In the summary of the papers it is tried to shortly explain how each pa-
per answers the research questions mentioned in the first chapter. Fur-
thermore, from the papers it can be concluded that all the considered
hypotheses from the first chapter hold.

9.1.1 Paper A

Paper A presents a study of active vertical suspension (AVS) including
simulation and on-track tests. AVS is implemented by replacing sec-
ondary vertical dampers with hydraulic actuators. Skyhook control is
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used in combination with mode separation for bounce, pitch and roll
modes to calculate the reference force for the actuators. Before running
the on-track tests, simulation studies were performed to help designing
the controller structure, tuning parameters and performing safety ana-
lysis. The safety analysis was based on five different failure scenarios of
active vertical suspension.

AVS was finally tested together with the previously developed act-
ive lateral suspension (ALS) [31] for the first time in Sweden in May
2013. Measurements were performed at different speeds up to 200 km/h
on tracks around Stockholm. Measurements were carried out on a two
car test train named Regina 250. One of the cars was equipped with
AVS and ALS while the other car had conventional passive suspension
allowing relative ride comfort comparison between the two cars. Ver-
tical ride comfort results are shown in Figure 9.1(a) for three different
runs according to Table 9.1. Up to 44% ride comfort improvement is
achieved on the active car compared to the passive one. Furthermore,
Figure 9.1(b) shows continuous comfort comparison for the two cars as
function of distance. It can be observed that comfort on the active car is
better through out the run.
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Figure 9.1: Ride comfort comparison between active and passive car

Paper A also shows two other interesting results. Firstly the vertical
ride comfort is to a great extent independent of ALS. Secondly a failure
test was performed to check for the consequences of one actuator failure
out of four. Results show that even in this case comfort is better on the
active car compared to the passive one.
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Run Track Comfort improvement %

1 Hallsberg-Stockholm 44
2 Stockholm-Västerås 42
3 Västerås-Enköping 40

Table 9.1: Details of the three selected runs

9.1.2 Paper B

Paper B is the continuation of paper A with more detailed results. The
highest ride comfort improvement according to this paper is 38% for
speeds above 120 km/h. Comparing FFT of the bounce, roll and pitch
motions of the active and passive car shows that the vibration level is
reduced in a wide frequency range, see Figure 9.2. This frequency range
includes the resonance frequencies of the three rigid body modes and
also the first flexible mode of the carbody, the vertical bending mode.
Vibration reduction at low and high frequencies is concluded to be the
contribution of modal and skyhook control respectively. The contribu-
tion of the skyhook control is less vibration transfer at higher frequencies
compared to the conventional suspension with damper, see Figure 4.3.

Another finding of this study is that the higher the vibration level,
the higher comfort improvement will be achieved. This can be observed
in Figure 9.3 where comfort is plotted against vehicle speed. The figure
suggests that AVS is most effective at high speeds, i.e. the third region
in the figure. The main reason for this is believed to be that the active
system has better capability to counteract large disturbances than small
ones.

Finally studying performance of the AVS on straight and curved
track, it is found that performance on straight track is slightly better.
Inferior performance on curves is related to the increase of the lower
cut-off frequency of the band-pass filter on transition curves. This is ne-
cessary to avoid large vertical displacements in the secondary suspen-
sion.
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Figure 9.2: Comparison of bounce, roll and pitch modes of the passive and active car in
narrow band FFT
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9.1.3 Paper C

The aim of Paper C has been solving one of the classical problems of
two-axle rail vehicles, i.e. poor curve negotiation, using active wheel-
set steering. This is implemented through H∞ control with actuators
controlling the yaw angle of the wheelset. H∞ is a model based control
and to design it a mathematical model of the vehicle is needed. This
is obtained through writing the equations of motion and modeling the
wheel-rail contact using Kalker’s linear theory. The controller is there-
after designed using two first order high pass and low pass weighting
functions. The designed controller shows good wear improvement and
also good disturbance rejection from track irregularity.

Poor curve negotiation of the two-axle rail vehicles is one of the lim-
iting factors of the vehicle wheelbase and hence capacity. Having less
wear and better wheelset alignment with the developed active wheelset
steering, it is tried to increase the wheelbase and evaluate the effect on
wear. Wear numbers on the leading wheels are compared in Figure 9.4
for four vehicles with combinations passive/active wheelset and 12/14
m axle distance (2bw). It can be observed that the longer vehicle with
active wheelset steering has significantly lower wear compared to the
shorter passive vehicle.
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Figure 9.4: Comparison of Wear number on the leading wheels of four vehicles

9.1.4 Paper D

Paper D is a natural continuation of paper C with more focus on con-
trol theory. The paper explains in detail how active wheelset steering is
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designed for both nominal and uncertain plants. H∞ control is imple-
mented through the well-known closed-loop transfer function shaping
method. The controller design for the nominal and uncertain model is
performed by shaping sensitivity and complementary sensitivity func-
tions respectively through a weighting function with three parameters.
The study also provides a general guideline for the selection of these
parameters.

The paper further discusses on how to convert the problem into a
standard one degree of freedom control configuration with correspond-
ing inputs, disturbances and outputs. Another important topic covered
in the paper is scaling of the control problem. This is an important step
for a meaningful model analysis and H∞ control design.

An example of wheelset yaw control is shown in Figure 9.5(a) for
four cases in a curve with radius of 600 m. A comparison is made
between passive/active vehicles on tracks with/without irregularity. Study-
ing the effect of irregularity is important as understanding its roll in
wheel-rail wear is essential for a successful design of the controller. Com-
paring the results with no track irregularity shows that the controller is
forcing the yaw angle to approach its reference value (-0.2 mrad in this
case). For the cases with track irregularity, yaw angles have high fre-
quency content due to the track irregularity. The controller used here
has low bandwidth and does not react upon these disturbances and just
tries to make the average yaw angle close to the reference yaw angle. For
a better comparison of the four cases, the wear numbers for the outer
wheel as function of time are compared in Figure 9.5(b). Comparing
the four cases one can conclude that having a perfect track with no ir-
regularity will not have a large contribution to wear number reduction;
however, equipping the vehicle with wheelset steering and correcting
for the quasi-static yaw angle (by the designed low bandwidth control-
ler) can have a large contribution. In practice this means that actuators
used for wheelset steering do not need to be very fast.

The paper shows that the designed controllers are robust to para-
meter variation and provide good performance in a large range of curve
radii and running speeds.

A general conclusion from papers A-D is the performance limitation
caused by the actuators dynamics. In papers A-B actuator delay and
cut-off frequency and in papers C-D actuator max/min available force
are limiting factors.
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Figure 9.5: Wheelset yaw angle and outer wheel wear number as function of time for the
combination of active/passive vehicle on tracks with/without irregularity.

9.1.5 Paper E

In Paper E all the previously developed active suspension technologies
are implemented in a two-axle rail vehicle. The aim has been to revive
the old two-axle rail vehicle by solving its dynamic limitations through
active suspension technologies. These include AVS and ALS for improv-
ing ride comfort and ASW for improving wheel-rail interaction during
curving.

All the active suspension systems being installed on the same level
of suspension increases the risk of their interference into each others
objectives. Therefore, this has been the focus of investigation in this
paper.

One of the conclusions made from this study is that ASW can inter-
fere in the objective of ALS in improving lateral ride comfort. This can
be observed in Figure 9.6. The first sub-figure shows lateral comfort of
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the passive vehicle on five common track radii in the Swedish rail net-
work for three running speeds. The maximum and minimum speed on
each curve yield track plan acceleration of 0.98 and 0 m/s2 respectively.
The third speed is an average of the two former ones. The other sub-
figures compare the lateral comfort of an active vehicle with the pass-
ive one. The vehicle equipped with ALS and AVS shows good lateral
comfort improvement; however, when the vehicle is just equipped with
ASW, lateral comfort deteriorates. The last vehicle is equipped with all
the three active suspension systems which shows better lateral comfort
compared to the passive vehicle but in most cases inferior performance
compared to the vehicle equipped with ALS and AVS. According to the
study, no other significant interference is observed.
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Finally, comparing a fully active vehicle with a passive vehicle for
different curving conditions shows that the performance of the fully act-
ive vehicle is superior with respect to vertical-lateral comfort and wear.

9.1.6 Paper F

Paper F being the last paper of this PhD thesis, focuses on the issue
of active suspension and running safety. As use of active suspension
systems in rail vehicles become more common, it is necessary to con-
sider their safety issues more seriously. This safety assessment may be
needed to be considered as a part of the existing standard on vehicle
running safety, EN14363 [7], which should be fulfilled by the rail vehicle
manufacturers.

In this paper a method to study safety for different active suspen-
sion systems is suggested. The proposed method is structured into a
flowchart, see Figure 9.7. The backbones of the flow chart are two well-
known methods in safety engineering (FMEA & FTA), the EN14363 stand-
ard, and dynamic simulations. The paper discusses how the flowchart
should be applied.
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Figure 9.7: Suggested flowchart for systematic studies of active suspension failures in rail
vehicles
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Table 9.2: Six conservative and inclusive failure modes

No. Failure mode Description

1 max/min force actuator applying its extreme force,
either maximum (push) or min-
imum (pull)

2 harmonic excitation actuator applying harmonic force
with the full possible range

3 zero force equivalent to no actuator at all
4 inverse control sensor or gain with wrong sign
5 random excitation filtered white noise
6 impulse impulse with maximum power

A challenge faced in the study has been providing a method which is
applicable to different active suspension types. This is solved by trans-
lating all possible failure modes of different active suspension systems
into six general failure modes. All of these failure modes can be inter-
preted as a failure in applying the right force which is requested by the
controller. Considering the extreme cases of false force, six extreme fail-
ure modes are identified, see Table 9.2. These failure modes are called
conservative and inclusive as they are very unlikely to happen and cover
almost any type of force application.

Four examples on the failure of AVS are provided in the paper to
show how the flowchart can be used in practice for different failure
scenarios. In the beginning the number of simulations needed to per-
form a full failure analysis seems huge, but the paper discusses how
understanding of EN14363 standard and rail vehicle dynamics can help
in reducing this number. At some places the flowchart requires mak-
ing qualitative decisions. The paper clarifies how these decisions can
be made individually by the chief expert in charge of the study or by a
group of experts or all together.
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Chapter 10

Future work

Two main topics are worth considering for continuation of this work.
Implementing active suspension systems in two-axle rail vehicles and
developing the proposed methodology for studying active suspension
safety. Different aspects of these two main work streams are further
discussed in the following.

10.1 Active suspension and two-axle rail
vehicles

As elaborated in the thesis, two-axle rail vehicles provide a reasonable
platform for implementation of different active suspension systems. The
vehicles low initial cost and possibility of improving the otherwise lim-
ited performance (comfort and wheel-rail interaction) can lead to an at-
tractive benefit to cost ratio from the operators point of view. This thesis
has covered the comfort and curve negotiation issues. The other issue
which needs to be investigated before a full package solution can be
offered is the stability problem. Besides, there are some smaller issues
which are listed below

• In Papers C & D it is assumed that measuring wheelset yaw angle
is possible which may be hard in reality. Therefore wheelset steer-
ing control needs to bo accompanied by an estimation algorithm
like a Kalman filter.
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• Usually in practice sensor signals are noise contaminated, this should
be considered as continuation of Paper D.

• Once all controllers are implemented, it should be made sure that
they do not interfere with each other. In case of interference, proper
measures should be taken to eliminate or minimize this interfer-
ence and uncouple the controllers. This is partly discussed in Pa-
per E

The last step suggested to perform in this work stream is to imple-
ment all the developed active systems on a two-axle rail vehicle and
perform on-track tests.

10.2 Active suspension failure

In Paper F a systematic methodology for study of active suspension fail-
ure is suggested. This study is one of the first attempts made on this
topic. It is felt that in the near future safety related standards on this
topic should be introduced. The path from the proposed methodology
to a widely accepted standard requires more research. It is believed that
contributions from industry and academia are both necessary for a suc-
cessful outcome.

Rail vehicle manufactures can put the methodology into practice and
reflect on possible improvements and changes. Furthermore, academic
researchers can help by digging further into other types of safety engin-
eering tools and investigate if these tools can be helpful.
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