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Abstract

Providing good comfort for passengers traveling with rail vehicles is an
important issue. Poor vibration quality on-board can be very disturbing
for passengers who have long trips and may want to stay focused on
reading or working. Vehicle dynamics specialists try to achieve the best
possible ride comfort by optimizing parameters of suspension elements.
Most often these elements are passive like springs and dampers. How-
ever, as sensors and actuators are getting more affordable and reliable
their potential benefit in building up active suspension is increasingly
studied. Active suspension enables designers to achieve a level of com-
fort which is impossible with passive suspension elements.

The aim of this study is to improve vertical ride comfort by using
active vertical secondary suspension. The study can be divided into
two main parts where in the first part active vertical suspension (AVS)
is developed and tested (Paper A and Paper B) and in the second part
variations of the well-known skyhook control method are investigated
(Paper C).

In the first part of the study AVS is developed and tested in a collab-
oration between KTH and Bombardier. The active suspension is imple-
mented by replacing secondary vertical dampers with hydraulic actuat-
ors. Calculation of the actuator reference force is performed according
to skyhook control theory and mode separation. Finally, AVS was tested
for the first time in Sweden in May 2013. Measurements were performed
at different speeds up to 200 km/h on tracks around Stockholm. The res-
ults show a significant reduction of vibration level on the carbody floor.

As the second part of the study, variations of the skyhook concept
are investigated. This is done with the help of simulation studies show-
ing that there are some variations which can improve either comfort or
relative displacement compared to the original skyhook case. No single
case is found capable of improving both comfort and relative displace-
ment at the same time.

Keywords: ride comfort, active suspension, skyhook control, mode
separation, vibrations
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Sammanfattning

Bra komfort är viktigt för passagerare som reser med järnvägsfordon.
Dålig vibrationsmiljö ombord kan vara mycket störande för passagerare
som gör långa resor och vill arbeta ombord på tåget. Fordonsdynamiska
specialister försöker uppnå den bästa möjliga åkkomforten genom att
optimera fjädringsparametrar. Oftast är dessa element passiva som t.ex.
fjädrar och dämpare. Däremot, sensorer och aktuatorer blir billigare och
mera pålitliga. Därför deras användning som en del av en aktiv fjädring
på tåg studeras. Aktiv fjädring ger möjlighet för att uppnå en komfort-
nivå som inte kan nås med passiv fjädring.

Syftet med den här studien är att förbättra den vertikala åkkomforten
med hjälp av aktiv vertikal sekundärfjädring. Studien kan delas in i två
huvuddelar. I den första delen utvecklas och testas den aktiva vertikala
fjädringen (Artikel A och Artikel B). I den andra delen undersöks vari-
ationer av den välkända skyhook kontrollmetoden (Artikel C).

I den första delen av studien utvecklas och testas den aktiva vertikala
fjädringen i ett samarbete mellan KTH och Bombardier. Den aktiva
fjädringen implementeras genom att ersätta dem sekundära vertikala
dämpare med hydrauliska aktuatorer. Beräkning av deras referenskraft
utförs enligt skyhook kontrollmetoden och separering av dem vertikala-
, roll-, och nickmoden. Slutligen provades aktiv vertikal fjädring för för-
sta gången i Sverige maj 2013. Mätningar utfördes vid olika hastigheter
upp till 200 km/h på spår i närheten av Stockholm. Resultaten visar en
signifikant minskning av vibrationsnivån på korggolvet.

I den andra delen av studien undersöks variationer av skyhook kon-
trollmetoden. Detta utförs med hjälp av simulerings studier som visar
att det finns vissa variationer som kan förbättra antingen komfort eller
relativförskjutning jämfört med den originala skyhook kontrollmetoden.
Inget fall hittas som kan förbättra både komfort och relativförskjutning
samtidigt.

Nyckelord: åkkomfort, aktiv fjädring, skyhook kontrollmetod, mode
separation, vibrationer

iv



Preface

This licentiate thesis is the summary of my research work at Department
of Aeronautical and Vehicle Engineering, KTH Royal Institute of Technology
in Stockholm starting in February 2012.

Existing of the present work owes the Railway Group sponsors for
providing the financial support. Sponsors are Bombardier Transporta-
tion, Swedish Transport Administration (Trafikverket), Stockholm County
Council (Stockholm Läns Landsting), SJ, Vectura and Interfleet Techno-
logy.

Special thanks goes to my supervisors Sebastian Stichel and Rickard
Persson for their support and encouragement during the study. Thanks
for creating the possibility to research and learn! Besides, I would like
to thank Mats Berg, the head of the division, for being helpful and sup-
portive.

Here I would like to thank my colleagues at the rail vehicle unit for
creating a friendly atmosphere and bringing up interesting discussions.
Thanks to Anneli Orvnäs for her support in the beginning of this study.

Deepest thanks to my parents who have always supported me dur-
ing difficulties and whose attitude have been a source of inspiration to
me.

Alireza Qazizadeh
Stockholm, November 2014

v





Outline of thesis

The scope of this thesis is development of an active vertical suspension
and investigating its performance by simulations and on-track tests. Be-
sides the thesis studies variations of the skyhook concept for comfort
improvement. The thesis is divided into an OVERVIEW part which
starts with a general discussion on active suspension and continues with
details of simulation studies and on-track tests and finally ends with
chapters on summary of the work and possible future works. The second
part of the thesis named APPENDED PAPERS A-C includes the follow-
ing three papers as scientific contribution of this thesis work.

Paper A
A. Qazizadeh, R. Persson, S. Stichel, 2014, Preparation and Execution
of On-track Tests with Active Vertical Secondary Suspension, Submit-
ted for publication to International Journal of Railway Technology.

Paper B
A. Qazizadeh, R. Persson, S. Stichel, 2014, On-Track Tests of Active
Vertical Suspension on a Passenger Train, Submitted for publication
to Journal of Vehicle System Dynamics.
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Skyhook Method for Comfort Improvement, Submitted to proceedings
of The Stephenson Conference - Research for Railways.
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study and reviewed papers.
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Thesis contribution

In general this thesis work has contributed to the development of an
active vertical suspension which is effective and attractive to industry
considering its reasonable cost and straight forward functionality. The
contributions can be summarized in more details as follow:

• Defining five different failure scenarios of active vertical suspen-
sion, which can become part of a standard procedure to design and
test active vertical suspension.

• Optimized active suspension performance by tuning of skyhook
damping parameters and filter cut-off frequencies.

• Significant ride comfort improvement achieved by active vertical
suspension according to the on-track tests. The improvement is
especially significant when vibration level is very high.

• Reducing carbody vibration in the frequency range of the rigid
body modes and the first flexible mode according to the on-track
tests.

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

• Exploring modified versions of the skyhook concept and finding
versions that can improve either comfort or relative displacement
compared to the original skyhook control.
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Chapter 1

Introduction

This chapter starts with a general discussion on active suspension tech-
nologies and their benefits for railway vehicles. Afterwards, some basic
concepts necessary to understand this thesis work will be introduced.

1.1 Background

It is a long time that active technologies are implemented in different
transportation industries. Usually aeronautics is where the most ad-
vanced control technologies are used. With reliability increase and cost
decrease of active control technologies, they became more and more
common in personal cars. However, active control technology has not
yet revolutionized the rail vehicles dynamic performance. Therefore
there is an enormous potential to apply these technologies to rail vehicles.

In general the structure of 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. The sophisticated structures of the active systems enable them
to perform better compared to passive systems. Active systems may
even be used to achieve a better control over contradictory requirements.
An example of this is the longitudinal stiffness of the primary suspen-
sion which should be low for radial steering on curves and should be
high to maintain stability on straight tracks. Meeting such contradictory
performance requirements by passive suspension is very hard while the
active suspension can achieve such performance by using actuators or
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CHAPTER 1. INTRODUCTION

semi-active dampers.

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]

Active technologies which improve rail vehicle dynamics can be di-
vided into two main categories which are active primary and active sec-
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.
These active system technologies in rail vehicles are discussed in more
detail in Chapter 2, with an overview of the state of the art research.

This chapter will be continued by introducing some basic terms and
concepts. Different active suspension technologies are introduced in
Chapter 2. Chapter 3 discusses different types of actuators and semi-
active dampers. Chapter 4 gives an overview of some control methods
commonly used for controlling active suspension of rail vehicles. Af-
terwards, in Chapter 5, two different common methods for evaluating
ride comfort are discussed. The focus in Chapter 6 is on the simulation
model and also the on-track tests. Finally, a summary and conclusions of
the three appended papers are presented in Chapter 7 and some future
steps are suggested in Chapter 8.

1.2 Basic concepts

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

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
has occurred.

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 [2]

Primary and secondary suspension

Passenger rail vehicles most often have two suspension levels, primary
and secondary suspension, while freight wagons have just one suspen-
sion level, primary suspension. Primary suspension connects a wheel-
set to its bogie and secondary suspension connects the bogie to its car-
body. The main duties of the primary suspension are to reduce wheel-
rail forces; provide acceptable curving; maintain wheelset stability; and
also reduce wheel unloading on twisted tracks for preventing derail-
ment. However, without secondary suspension between bogie and car-
body, the vibration level on the carbody would be unacceptably high
for passengers. Therefore, passenger rail vehicles need two suspension
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CHAPTER 1. INTRODUCTION

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 usually includes coil
or rubber springs and viscous dampers, and the secondary suspension
includes air-springs and viscous dampers.

Creep and creep forces
The sliding velocity between wheel and rail in the contact zone is known
as creep or creepage. The sliding velocity can be divided into three com-
ponents, a longitudinal creep, a lateral creep and an angular sliding ve-
locity around an axis normal to the contact patch, which is called spin
or spin creep. These three creepages are crucial for the determination of
tangential (creep) forces in the contact patch [2]. The three creepages are
defined by the three following equations

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. Besides, νwξ and νwη are projections of wheel ab-
solute velocity in longitudinal and lateral directions of the contact patch
coordinate. 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 derived 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 creep force which is possible is µN, i.e. the product of
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1.2. BASIC CONCEPTS

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 [3].

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 [2].

Hunting motion

Hunting is a situation of wheelset instability where the wheelset shows
sinusoidal motion. Hunting motion is the result of wheel rail contact
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.

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 [2]
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CHAPTER 1. INTRODUCTION

Curving

Good curving is achieved by minimizing creep forces. For a single wheel-
set this is achieved when the axle of the wheelset is aligned with the
curve radius. This condition is known as radial steering. Running with
radial steering reduces wear, damage and also noise. However, radial
steering provides no radial force when there is a cant deficiency, which
is the frequent operation 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 [4]. This type of curving is known
as perfect steering and has two main characteristics: 1- Zero longitudinal
creep (or equal creep between the two wheels) 2- Equal lateral creep for
all wheelsets (or equal angle of attack) [5].

Control and monitoring for railway vehicle dynamics 757

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 [4]. Direction of motion is to the right.

According to [1] perfect steering can be obtained if the angle of attack
for the two wheelsets can be controlled to be equal, and the bogie to be
aligned with the curved track. This idea can be implemented by con-
trolling the yaw angles of the wheelsets with respect to the bogie. The
controlled yaw angles can be calculated with the two following equa-
tions for the two wheelsets.
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1.2. BASIC CONCEPTS

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

There is also another method to achieve perfect steering which is
known as yaw relaxation and is focused on minimizing longitudinal creep [6].

Cut-off frequency
In physics 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
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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Frequency  (Hz)
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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 control
forces at the wheel-rail interaction. These forces can be extremely high
during negotiating a curve or when hunting motion occurs on a tangent
track. Hence the primary suspension should be capable of providing
good performance both on curved and tangent tracks; However, such
performance forces contradictory requirements on primary suspension
which is very hard to meet with passive elements. Good curving re-
quires soft longitudinal and lateral primary suspension while for stable
running on tangent track a stiff suspension is needed. Therefore, pass-
ive suspension is usually designed in a way to achieve a compromise
between good performance on curved and tangent tracks. However,
with active systems it is possible to design an active suspension cap-
able of providing good performance both on curved and tangent tracks.
Some of these solutions will be discussed in more details in the follow-
ing subsections.
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CHAPTER 2. ACTIVE SUSPENSION

2.1.1 Actuated solid wheelset (ASW)
The concept of actuated solid wheelsets was first mentioned by Shen
and Goodall [6] in order to increase curving capability without com-
promising stability. This can be implemented in two ways either by ap-
plying a lateral force or by applying a moment as shown in Figure 2.1.
As result the wheelset should rotate and align with the curved track.
This improves the wear behavior and reduces squeal noise.

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-front view (b) yaw actuation-top view, from [5]

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 [7]. In a passive suspension system stabilization is provided by
longitudinal stiffness between journal box and the bogie. The longitud-
inal stiffness should be high enough to provide stability at high speeds.
On the other hand high stiffness deteriorates curving performance. To
solve this contradiction actuators can be used for controlling wheelset
stability with the configurations shown in Figure 2.1. Mie and Goodall [8]
have shown that active yaw damping, second configuration in Figure 2.1,
needs less actuation force compared to the first configuration and is bet-
ter regarding the ride quality. One advantage of active systems com-
pared to a passive ones is that the stabilizing behavior of actuators can
be based on vehicle speed.

In conclusion, it is possible to implement curving and stability con-
trol together with one actuator configuration but with two different con-
trollers. The curving controller has low bandwidth and the stability con-
troller has high bandwidth.
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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 sta-
bility and curving were designed separately [4] [9] and then implemen-
ted together on the controller. The modified bogie had a soft primary
suspension and no secondary yaw dampers. Removing yaw dampers
contributes to weight reduction and ride comfort improvement but on
the other hand stability deteriorates. The critical speed is around 90-
100 km/h with passive suspension while with active control successful
results for speeds in excess of 300 km/h are achieved.

© 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 [10].

2.1.2 Actuated independently rotating wheel (AIRW)

The concept of actively controlling independently rotating wheels was
first mentioned by Mei and Goodall [8] with the same actuator configur-
ation as in the previous section, shown in Figure 2.1. The only difference
is that the wheelset is not solid anymore and the wheels can rotate inde-
pendently.

Wheelsets with independently rotating wheels have a weak instabil-
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ity mode which should be controlled and more importantly they need
a guidance control system to stop wheelset running with flange con-
tact [1]. In the following paragraphs the application of active control on
stability, guidance and curving control of independent rotating wheels
will be discussed.

The instability of IRW is caused by the need of a longitudinal creep
to rotate the wheels [1] or as mentioned in [11] 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 [5] 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 [5]. 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 [12] the controller structure may get very complicated and
observers may not work effectively in the presence of large parameter
variations. To solve the problem, Mei and Goodall [13] propose a con-
trol method based on the fundamental characteristic of the solid axle
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 wheel-
sets. This is due to the fact that the longitudinal creep forces on IRW are
virtually zero.

To provide curving for AIRW [14] one needs to know the curve ra-
dius at any given time. Knowing the curve radius it is theoretically pos-
sible to calculate the rotational speed needed for each wheel to achieve
perfect steering. Then difference between rotational velocities of the two
wheels calculated theoretically will be used as reference against the ro-
tational 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 moment to achieve per-
fect steering.

14
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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. [15] 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 tracks is optimized to reduce the derailment coefficient and the
wear rate, while on tangent tracks wheels are forced to behave like a
solid axle by equalizing rotational speed on both wheels. As the control
strategies on tangent and curved tracks 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 [5]

Besides, Gretzschel and Bose [16] proved effectiveness of a PID con-
troller to control DIRW guidance by means of simulation and roller rig
tests. Curving is achieved by either keeping the wheelset in radial posi-
tion 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. [17].

Wickens suggested steering the wheels in proportion to the tracking
error to achieve a good guidance [18]. 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 [5]

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

This 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 [19]. 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 [20].
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 [19]. 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 this
configurations are Bombardier X2000 and Alstom Pendolino respect-
ively, 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, or 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. [19] have reported reduction of lateral acceleration
compensation to 50 - 70 % in today’s active tilting trains. In another
study Persson et al. [21] 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 [22]. 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 bogies. The
lateral displacement can be large enough for the carbody and the bogie
to hit each other at the bumpstop. Once bumpstop contact is occurred,
vibration transfers from bogie to the carbody and deteriorates ride com-
fort. Hence one advantage of avoiding bumpstop 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 centri-
fugal forces. The other advantage of using HOD is that carbodies can
be designed wider as the play between carbody and the bogie does not
need to be as large as before [23].

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 [24].

2.2.3 Active lateral and vertical secondary suspension
Tilting improves comfort in low frequencies by counter acting track de-
terministic behavior while active secondary suspension improves com-
fort in higher frequencies by counter acting stochastic track irregularit-
ies.

Active secondary suspension is usually implemented in the lateral
or vertical direction. If implemented in lateral direction it allows con-
trolling yaw, lateral and partly roll rigid body modes and if implemen-
ted in vertical direction it allows controlling pitch, roll and bounce. Act-
ive elements can be mounted either alone or together with passive ele-
ments. If used alone they have to support static weight as well, res-
ulting in a final design which is probably large, expensive, unreliable,
and energy inefficient. Therefore using passive and active elements to-
gether 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 [25]. The other ar-
rangement 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
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having one spring in parallel to the actuator to carry the static weight
and quasi-static curving forces and another spring in series with the ac-
tuator to compensate for the stiff behavior of the actuator as mentioned
earlier. The three different configurations are depicted in Figure 2.6. The
stiffness of the series springs depends on the actuator type used. For ac-
tuators 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 in the same level as
before. Higher velocity is attractive for operators as it means increased
capacity and 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. More emphasize is put on active
vertical suspension as this is the main topic of this thesis work.

Lateral suspension:

The first full scale test of active lateral suspension dates back to the late
1970s [26]. According to Bruni et al. [5] the world’s first operational act-
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ive lateral suspension has been used since 2001 on E2 and E3 Shinkansen
trains for the East Japan Railway Company. The system currently uses
pneumatic actuators and has an advanced H∞ control [27].

Shimamune and Tanifuji [28] studied the application of oil-hydraulic
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 was selected as the controller together with a
state estimator.

Orvnäs et al. [29] 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 lat-
eral, yaw and roll motions. It should also be mentioned that 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 stand-
ard EN12299, is improved by 34% in small radius curves and 39% on
straight tracks.

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 will be mentioned here.

In a theoretical study by Foo and Goodall [30] 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
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 [31] active vertical suspension is studied
by use of parameters adaptive PID controller. The model is a quarter-rail
vehicle model and has five degrees of freedom. The new parameters of
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the adaptive controller are optimized by means of the genetic algorithm
toolbox of Matlab. Parameters are tuned online under varying rail irreg-
ularities. 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 [32] 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. [33] 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. [34] 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. [35] 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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Chapter 3

Actuators and semi-active
dampers

This chapter gives an introduction to different types of actuators and
semi-active dampers which can be used in rail vehicle active suspen-
sion system. The main difference between actuators 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 actuators are accompanied by a
power unit like a hydraulic pump. In the rest of this chapter four types
of actuators and two types of semi-active dampers are presented.

3.1 Actuators

Actuators used in 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 part an in-
troduction to each of these actuator types will be given together with a
reference 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 no backlash, compactness, and high gear ratio.

Figure 3.1: Schematic drawing of an electro-mechanical actuator

In a study by Pacchioni et al. [36] electro-mechanical actuators are
selected to investigate ride comfort improvement of a two-axle railway
vehicle with single stage suspension. The authors mention that this type
of actuator 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 [37]:

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 
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5 

Figure 3.2: Electro-magnetic actuator with six different parts, from [37]

Foo et. al. [30] 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 [30]. Some other disadvantages are low stroke length,
high unit weight and limited generated force [38].

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 being cheaper, smaller
and having much less risk of jamming compared to electro-mechanical
actuators [39], and more efficient compared to pneumatic actuators. Be-
sides, hydraulic fluids like oil are nearly incompressible which leads to
a relatively fast response of the actuator and its high cut-off frequency,
around 10 Hz [38]. 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 [40] [41].

Application of hydraulic actuators for rail vehicles active suspension
is studied by some researchers. Shimamune and Tanifuji [28] studied
application of an oil-hydrauilc actuator on a 3-DOF half-vehicle model
using LQG controller. The study reports that control effect of the ac-
tuator is up to 12 Hz which should be enough for controlling the first
vertical bending mode. Foo and Goodall [30] 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 [25] and
also the two first appended papers for detailed results.

Figure 3.3: Schematic view of an hydraulic actuator
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3.1. ACTUATORS

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. Besides 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 [38].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 [42]

The E2 and E3 Shinkansen trains for the East Japan Railway Com-
pany currently use pneumatic actuators for full lateral control. Besides,
Sasaki et al. [33] 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 3. ACTUATORS AND SEMI-ACTIVE DAMPERS

3.2 Semi-active dampers

Semi-active dampers basically have the same performance as hydraulic
dampers except that the damping coefficient can be tuned. The use
of semi-active dampers instead of actuators, is a compromise between
performance and cost. A semi-active suspension combines the bene-
fits of active and passive suspensions. It improves ride comfort com-
pared to the passive suspension and on the other hand it is a safer, more
economic, much more energy efficient and more reliable solution com-
pared to active solutions including actuators [43]. The drawback of these
dampers compared to actuators is the fact that they are incapable of
injecting energy into the system, meaning that they can just dissipate
system energy. In the following two types of semi-active dampers are
introduced.

3.2.1 Electro-rheological (ER) and magneto-rheological
(MR) semi-active dampers

Electro-rheological (ER) and magneto-rheological (MR) dampers are two
of the most common semi-active dampers. The main feature of these
dampers is having variable viscosity fluids (ER or MR fluid). These flu-
ids are made by mixing fine particles into a liquid with low viscosity.
In the presence of a high electric or magnetic field, which requires only
a few watts to create, the particles form into chain-like fibrous struc-
tures and increase the viscosity of the fluid. Once the field vanishes, the
viscosity drops down as well. This process takes less than a few milli-
seconds meaning that the damper has a very fast response to the input
and hence wide control bandwidth [44] [45].

Figure 3.5 shows a schematic drawing of a MR damper with MR fluid
and also a cylindrical coil wound inside the piston. The current in the
coil creates a magnetic field around the piston and this varies the viscos-
ity of the fluid in the vicinity of the piston. By adjusting the viscosity,
the required resistance force can be achieved. In the figure there is a part
which is called accumulator. The accumulator is filled with pressurized
gas (in this case nitrogen with pressure of 20 Bar) and compensates for
the change in the volume of the chamber caused by motion of the piston
and also prevents cavitation [46].

Choi et al. [45] developed a continuously variable ER damper for
a passenger vehicle and presented results regarding its damping force
characteristic. In another study by Yao et al. [44] a MR damper is de-
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3.2. SEMI-ACTIVE DAMPERS

Figure 3.5: Schematic drawing of a MR damper, from [47]

signed and then modeled mathematically with the Bouc-Wen model. Sim-
ulation studies show that the developed MR damper is successful in
controlling vibrations.

29





Chapter 4

Control strategies

This chapter will present some of the common control methods which
are frequently used for active suspension control of rail vehicles. PID
control will not be discussed here as this topic is usually covered in basic
engineering courses.

4.1 Skyhook control

Skyhook is a control concept for reducing vibration transfer by decoup-
ling track or road irregularity from the passenger cabin. For explaining
the concept, one can start from a conventional suspension model with
one degree of freedom, 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)

Now considering the modified system in Figure 4.2 where the damper
cp is connected to the mass mp from one end and the other end is hanged
from an imaginary fixed point in sky, The damper force will be

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
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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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4.1. SKYHOOK CONTROL

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 number and w is the angular frequency). The ef-
fect of elimination of this term can be observed clearly in Figure 4.3.
The figure compares the performance of the conventional suspension
and the skyhook concept with a damping ratio ξ = 0.2 against an un-
damped system. Addition of damping to the undamped system through
both configurations 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 res-
onant vibration effectively without deteriorating the high frequency be-
havior.
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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 hang a damper from the sky, a practical
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method for implementation of the skyhook method should be devised.
To this end, an actuator and a feedback control loop can be used as
shown in Figure 4.4. The control loop starts by measuring the accel-
eration of the mass and then it is integrated to obtain velocity. The velo-
city 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. [35] to control a semi-active
damper installed in the secondary vertical suspension. Besides, Yi and
Song [43] introduced a new adaptive skyhook control with a road detec-
tion algorithm based on neural networks. The designed neural network
selects the optimal skyhook gain according to the frequency content of
vibrations. Finally, the skyhook control method is also used in this thesis
work to control active vertical secondary suspension. Results of this
study are presented in the three appended papers.
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4.2 H∞ control

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

Assuming a signal z(t) where t is a vector of discrete time steps. If
z(t) at each specific time t is a column vector of dimension n, its size at
time t is measured by the usual vector norm

|z(t)|2 =
n

∑
j=1

z2
j (t) = zT(t)z(t) (4.5)

which is the same as the Euclidean norm powered by two (or length of
a vector powered by two). However, the signal is still time dependent
and one cannot consider one scalar value as the signal size. One way for
measuring the size of the entire signal z(t) is to use the infinity norm

‖z‖∞ = sup
t
|z(t)| (4.6)

where supt means that the supremum (maximum) of |z(t)| is to be taken
over all input values t.

In the same way the infinity norm of a SISO (single input, single out-
put) system with the transfer function P(s) is the same as the maximum
magnitude of its transfer function over the whole frequency.

‖P(s)‖∞ = sup
w
|P(iw)|. (4.7)

However, in case of a MIMO (multiple input, multiple output) sys-
tem there are more transfer functions than just one and the infinity norm
will instead be the maximum singular value of the system over the whole
frequency range.

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 u2 = Ky2 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.
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Figure 4.5: Plant P with a controller K

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 = ‖CL‖∞ (4.8)

where CL is the transfer function or state space of the closed loop system
(In case of a MIMO system, CL 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 exten-
ded model is shown by Pe and weighting functions by W in Figure 4.6.
Weighting functions should be designed in a way to amplify the signals
at frequencies where the magnitude is undesirably high. This will make
the infinity norm sensitive to these frequency ranges and then minim-
ization 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 func-
tion that has a peak at the natural frequency of the system. This can be
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Figure 4.6: The extended open loop system Pe and the controller K

done through expanding the model to include the weighting function.
The weighting function penalizes vibration with the natural frequency.
The controller obtained through this method should be capable of con-
trolling vibration with natural frequency. This is done by minimization
of γ in Equation (4.8) for the extended closed loop system shown by Pec
in Figure 4.7.

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, one can change the weighing functions and look for a
new controller. Besides it should be mentioned that in general the solu-
tion 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.

An example of H∞ control usage is on the well-known E2 and E3
Shinkansen trains for East Japan Railway Company. The controller is
used as part of the active lateral suspension and has an advance struc-
ture [27].
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Figure 4.7: The extended close loop system Pec

4.3 LQG control

This section presents a short summary of LQG control and is written
mainly based on the work by Skogestad and Postlethwaite [48]. LQG
stands for Linear Quadratic Gaussian and it implies that

• The dynamic system can be expressed in terms of a linear differ-
ential equation

• The controller should be designed to minimize a quadratic cost
function

• The disturbances have Gaussian (normal) distribution

In traditional LQG control the plant dynamics is linear and assumed
to be known. Besides, the measurement noise and disturbance signals
are assumed to be stochastic with known statistical properties. The state
space model of the system is then

ẋ = Ax + Bu + ωd (4.9)
y = Cx + Du + ωn (4.10)

where D is set to zero for simplicity. Disturbance and measurement
noise are shown by ωd and ωn respectively which are usually assumed
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to be uncorrelated zero-mean Gaussian stochastic processes with con-
stant power spectral density matrices W and V respectively. So ωd and
ωn are white noise processes with covariances

E{ωd(t)ωd(τ)
T} = Wδ(t− τ) (4.11)

E{ωn(t)ωn(τ)
T} = Vδ(t− τ) (4.12)

and

E{ωd(t)ωn(τ)
T} = 0 (4.13)

E(ωn(t)ωd(τ)
T) = 0 (4.14)

where E is the expectation operator and δ(t− τ) is a delta function. The
LQG control problem is to find the optimal control u(t) which minimizes
the following cost function with Q and R as constant weighting matrices

J = E
{

lim
T→∞

1
T

∫ T

0
[xTQx + uT Ru]dt

}
. (4.15)

To solve the above LQG problem, first an optimal controller for a
deterministic linear quadratic regulator (LQR) should be determined. That
is, the above LQG problem without ωd and ωn. The solution to this
problem can actually be expressed in terms of the simple state feedback
law

u(t) = −Krx(t) (4.16)

where Kr is a constant matrix which is easy to compute and is clearly
independent of W and V which are the statistical properties of the plant
noise. Equation (4.16) requires that x is measured, which is not always
possible. This can be solved by finding an estimate x̂ of the state x,
so that E{[x − x̂]T [x − x̂]} is minimized. To estimate the states a Kal-
man filter can be used, calculation of which is independent of weighting
matrices Q and R. Once x̂ is estimated, it can be used in Equation (4.16)
to find the solution to LQG problem. As conclusion, solving the LQG
problem can be separated into two separate problems which are calcu-
lating the Kalman filter and finding the optimal state feedback matrix
Kr, see Figure 4.8.
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Figure 4.8: Separation of LQG problem into two parts, from [48]

Optimal state feedback
According to [48] the optimal solution for the LQR part of the problem
is u(t) = −Krx(t), where

Kr = R−1BTX (4.17)

and X = XT ≥ 0 is the unique positive semi-definite solution of the
following algebraic Riccati equation

ATX + XA− XBR−1BTX + Q = 0. (4.18)

Kalman filter
The Kalman filter has a structure similar to an ordinary state estimator
or observer, see Figure 4.9, with

˙̂x = Ax̂ + Bu + K f (y− Cx̂). (4.19)

The optimal choice of K f which minimizes E{[x − x̂]T [x − x̂]}, is
given by

K f = YCTV−1 (4.20)

where Y = YT ≥ 0 is the unique positive semi-definite solution of the
following algebraic Riccati equation
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Figure 4.9: The feedback controller Kr and the Kalman filter used together for implement-
ation of the LQG controller for a noisy plant, from [48]

YAT + AY−YCTV−1CY + W = 0. (4.21)

An example of a study considering LQG control for active suspen-
sion of a rail vehicle is the work by Shimamune and Tanifuji [28]. They
used LQG control to control lateral suspension of a half vehicle model
with 3 degrees of freedom.

4.4 Model predictive control (MPC)

The material presented in this section is based on a book by Macie-
jowski [49] and a lecture note from MIT OpenCourseWare [50].

According to Maciejowski [49] model predictive control (also known as
receding horizon control) is the only advanced control methodology which
has made a significant impact on process control. The main reasons for
its success are:

• It naturally handles multivariable control problems
• Explicitly accounts for system constrains
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• Control update rates are relatively low in these applications, so
there would be enough time for the needed on-line computations

• It can easily handle nonlinear and time-varying plant dynamics

The basic idea of a MPC control is shown in Figure 4.10. The fig-
ure relates to a response of a single-input, single output (SISO) system
with discrete time steps. The Reference line shows the desired response.
MPC control has the ability to predict a sequence of future inputs which
drives the plant response towards the reference behavior. This is done
based on a model of the plant and the latest state of the plant. The con-
trol is optimized and updated at each time step. Calculation of the con-
troller inputs are based on a mathematical optimization which will be
introduced in this section.

Spr 2008 16.323 16–1
MPC 

• Planning in Lecture 8 was effectively “open-loop”

– Designed the control input sequence u(t) using an assumed model

and set of constraints.

– Issue is that with modeling error and/or disturbances, these inputs

will not necessarily generate the desired system response.

• Need a “closed-loop” strategy to compensate for these errors.

– Approach called Model Predictive Control

– Also known as receding horizon control

• Basic strategy:

– At time k, use knowledge of the system model to design an input

sequence

u(k|k),u(k + 1|k), u(k + 2|k), u(k + 3|k), . . . ,u(k +N |k)
over a finite horizon N from the current state x(k)

– Implement a fraction of that input sequence, usually just first step.

– Repeat for time k + 1 at state x(k + 1)

June 18, 2008

Reference

"Optimal" future outputs

"Optimal" future inputs

Future outputs, no control

Future inputs, no control

Old outputs

Old inputs

Past Present Future Time

MPC: basic idea (from Bo Wahlberg)

Figure by MIT OpenCourseWare.
Figure 4.10: How MPC can improve plant response by finding optimal future inputs, taken
from MIT OpenCourseWare [50]

According to [50] the basic strategy is that at time k, a sequence of
inputs is designed based on the knowledge of the system. This is done
for a finite horizon N from the current state x(k)

u(k|k), u(k + 1|k), ..., u(k + N|k) (4.22)

where u(k + j|k) is the future value of the input u at time step k + j, cal-
culated based on the data available at time step k. A fraction of this input
sequence is implemented (usually just first steps). The same process is
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repeated for time k + 1 with state x(k + 1). Calculation of new input se-
quence at each step is based on numerical solutions to an optimization
problem. To formulate MPC consider a set of plant dynamics as follows

x(k + 1) = Ax(k) + Bu(k) (4.23)
z(k) = Cx(k) (4.24)

and a cost function which should be minimized to achieve the right se-
quence of inputs

J = ΣN
j=0{‖z(k + j|k)‖Rzz + ‖u(k + j|k)‖Ruu}, (4.25)

where ‖z(k + j|k)‖Rzz is the weighted norm of the output and can also
be written as

‖z(k + j|k)‖Rzz = z(k + j|k)T Rzzz(k + j|k). (4.26)

To optimize the cost function, the classical question regarding the
value of N arises. A typical design uses a small N, which will form a
plant that does not necessarily achieve all of the goals. So the problem
reduces to optimization of the cost function for finite N. The problem
can be formulated as below with the following assumptions and limits

min
u

J = ΣN
j=0{‖z(k + j|k)‖Rzz + ‖u(k + j|k)‖Ruu} (4.27)

s.t. x(k + j + 1|k) = Ax(k + j|k) + Bu(k + j|k) (4.28)
x(k|k) ≡ x(k) (4.29)
z(k + j|k) = Cx(k + j|k) (4.30)

and |u(k + j|k)| ≤ um. (4.31)

When introducing limits on x and u, a general solution in analytic
form can no longer be found. The problem must be solved numerically.

The first step to solve the problem is to expand z(k + j|k) terms with
respect to the plant model. In this way each of the terms boil down to
the first state and the previous inputs which is shown below
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z(k|k) = Cx(k|k) (4.32)
z(k + 1|k) = Cx(k + 1|k) = C(Ax(k|k) + Bu(k|k))

= CAx(k|k) + CBu(k|k) (4.33)
z(k + 2|k) = Cx(k + 2|k)

= C(Ax(k + 1|k) + Bu(k + 1|k))
= CA(Ax(k|k) + Bu(k|k)) + CBu(k + 1|k)
= CA2x(k|k) + CABu(k|k)) + CBu(k + 1|k) (4.34)

...

z(k + N|k) = CANx(k|k) + CAN−1Bu(k|k)) + · · ·
+ CBu(k + (N − 1)|k). (4.35)

Combining these equations into a matrix form


z(k|k)

z(k + 1|k)
z(k + 2|k)

...
z(k + N|k)

 =


C

CA
CA2

...
CAN

 x(k|k)

+


0 0 0 · · · 0

CB 0 0 · · · 0
CAB CB 0 · · · 0

...
...

... · · · ...
CAN−1B CAN−2B CAN−3B · · · CB




u(k|k)
u(k + 1|k)

...
u(k + N − 1|k)


(4.36)

and considering

Z(k) ≡

 z(k|k)
...

z(k + N|k)

 U(k) ≡

 u(k|k)
...

u(k + N − 1|k)

 (4.37)

Equation (4.36) can be written as
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4.4. MODEL PREDICTIVE CONTROL (MPC)

Z(k) = Gx(k|k) + HU(k) (4.38)

where G and H are respectively coefficient matrices of x(k|k) and U(k) in
Equation (4.36). Then with x(k|k) = x(k) the last equation will become

Z(k) = Gx(k) + HU(k). (4.39)

Now the cost function for the output can be written in matrix form

ΣN
j=0z(k + j|k)T Rzzz(k + j|k) = Z(k)TW1Z(k), (4.40)

where W1 is the weighting matrix for output, and the same can be done
for the cost function of the input with W2 as the weighting matrix. Now
the complete cost function can be written in matrix form and it can then
be expanded as shown below

Z(k)TW1Z(k) + U(k)TW2U(k)

= (Gx(k) + HU(k))TW1(Gx(k) + HU(k)) + U(k)TW2U(k)

= x(k)T H1x(k) + HT
2 U(k) +

1
2

U(k)T H3U(k), (4.41)

where

H1 = GTW1G

H2 = 2(x(k)TGTW1H)

H3 = 2(HTW1H + W2).

Since x(k) is already applied it would be constant and hence the op-
timization for solving MPC boils down to

min
U(k)

J̃ = HT
2 U(k) +

1
2

U(k)T H3U(k) (4.42)

with the condition that the input sequence selected falls into the allowed
range. In case the constrains are not active, the solution to the MPC
would be
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U(K) = −H−1
3 H2. (4.43)

An example of a study considering MPC control for active suspen-
sion of a rail vehicle is the work by Orukpe et al. [34]. The controller
is used to control active secondary vertical suspension of a two dimen-
sional model with 4 degrees of freedom.
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Chapter 5

Ride comfort evaluation

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 chapter is motion or vibrations related
comfort which is more commonly known as ride comfort. As reported by
Andersson et al. [2] there have been many attempts in the last 50 years
for defining technincal measures and evaluation criteria to quantify the
ride comfort for an average passenger in a train.

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 chapter just the first category will be studied
by introducing two common methods of evaluation. One method is
called Wz (Wertungszahl) and the other method is according to stand-
ard EN12299. Both methods will be discussed in the following sections.
However it should be added that in many studies the unweighted rms-
value of acceleration is used to evaluate ride comfort.

5.1 Wz criterion

This criterion originates from German research [51] and it has been dom-
inating in ride comfort evaluation of rail vehicles until 1990 [2].

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
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CHAPTER 5. RIDE COMFORT EVALUATION

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.
The equation can be used to calculate ride comfort in both vertical and
lateral direction but then corresponding filters and acceleration signals
must 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.

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

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

Wz = 4.42(awrms)0.3 (5.2)
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where awrms is the rms value of the frequency weighted acceleration
aw(t). According to [2], 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.

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

5.2 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
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
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)
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where the tilde sign shows the rms value, T =5 s and t is a multiple
of 5 s. Wi is the weighting curve, dir indicates the direction of measured
acceleration and j shows the location of the measurement. These para-
meters can take on different notations which are explained in Table 5.2.
The magnitudes for the weighting functions are shown in Figure 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 respect-
ively.

Table 5.2: Explanation of different possible notations for Wi , dir and j mentioned in Equa-
tion (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
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Figure 5.2: Magnitude of frequency weighting curves Wb, Wc, Wd
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Chapter 6

Simulation and on-track
tests

Implementation and test of active vertical suspension in this study be-
came motivated and justified by numerical simulations. Afterwards, on-
track tests were performed to investigate whether active vertical suspen-
sion 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.

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 or promising results are expected. 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 sim-
ulations. Simulations were performed on a model of Regina 250, which
is Bombardier’s test train. Simulation studies regarding AVS where first
performed on this model By Orvnäs et al. [54] 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
model was prepared, different ways of signal analysis and also different
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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
[55]. 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 flow chart, 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
good accuracy using a nonlinear integration method called SODASRT.
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6.1. SIMULATION MODEL

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 of the filter once integrated.
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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)

According to the controller setup discussed above, three parameters
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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 [54] 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.

54



6.2. ON-TRACK TESTS

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 [24]. 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.

hydraulic damper, air spring, actuator 

passive car active car 

elements: 

 

 

passive car

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

Tests were performed in May 2013 on different operational tracks
with a maximum speed of 200 km/h. Tracks were chosen to be repres-
entative of operational conditions including low and high quality tracks
both on straight and curved lines. Tuning of the nine parameters men-
tioned earlier was performed during the on-track tests. To evaluate the
effect 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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Chapter 7

Summary of the present
work

In this chapter a summary and the main conclusions of the three ap-
pended papers will be presented. Three papers are appended to this
licentiate thesis. The two first papers are related to preparation and on-
track tests of active vertical suspension on Regina 250. The last paper
is a theoretical study about different variations of skyhook control and
their performance compared to the known skyhook method.

7.1 Summary and conclusions of papers

Paper A presents the study of active vertical suspension (AVS) including
simulation and on-track tests. AVS is implemented by replacing second-
ary vertical dampers with hydraulic actuators. Skyhook control theory
is used in combination with mode separation for bounce, pitch and roll
modes to calculate the reference force to the actuators. Before running
the on-track tests, simulation studies were performed to help design-
ing the controller structure, tuning parameters and performing safety
analysis. The safety analysis was based on five different failure scen-
arios of active vertical suspension. AVS was finally tested together with
the previously developed active lateral suspension (ALS) [24] for the first
time in Sweden in May 2013. Measurements were performed at differ-
ent 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
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cars was equipped with active lateral and vertical secondary suspension
(ALS and AVS) and the other car had conventional passive suspension
allowing relative ride comfort comparison between the two cars.

The results show a significant reduction of the vibration level in the
carbody both at low and high frequency. Up to 44% ride comfort im-
provement is achieved on the active car compared to the passive one for
speeds above 180 km/h. Besides, Paper A shows that vertical ride com-
fort is to a great extent independent of ALS. Finally a failure test was
performed to check for consequences of failure of one actuator. The con-
clusion has been that the active car has better performance compared to
the passive car even in case of one actuator failure.

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. 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 re-
duction at low and high frequencies is concluded to be the contribution
of modal and skyhook control respectively. This study also shows other
possible configurations of active suspension but with reduced function-
ality which are more affordable or in some cases even more energy effi-
cient. Another finding of this study is that the higher the vibration level,
the higher comfort improvement will be achieved. The main reason for
this is believed to be that the active system has better capability to coun-
teract larger movements than small ones. Finally studying performance
of the AVS on straight and curved tracks, 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 necessary to avoid large vertical displacements
in transition curves.

Paper C is a simulation study exploring possibilities of modifying
the original skyhook solution. In this paper different variations of the
skyhook method are studied for improving ride comfort and reducing
relative displacement between the bogie and the carbody. In variations
of the skyhook method, the actuator force is proportional to other kin-
ematic variables than just the velocity of the carbody. The study is per-
formed on the same multi-body model of the Regina 250 as in the two
previous papers. The results for these variations are compared with the
original skyhook method under the condition that the rms value of the
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force is about the same. Through this study it is found that better solu-
tions exist but they either improve ride comfort or relative displacement
compared to the original skyhook case. This indicates that improving
ride comfort and reducing relative displacement are contradictory. It is
also concluded that cases successful in controlling and enhancing ride
comfort are mostly based on velocity signals and cases which have been
successful in reducing relative displacement are mostly based on dis-
placement signals. Finally, the effect of actuator dynamics is considered
in this study which indicates that by introducing actuator dynamics,
ride comfort deteriorates for almost all cases but the relative displace-
ment results do not show significant sensibility.
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Chapter 8

Future work

There are different interesting topics to continue with after this licentiate
degree. These topics include studies which can be considered as con-
tinuation of the current work but also a study with somewhat different
topic.

To continue the current work, the test of active vertical suspension
can be repeated with better equipment and new concepts:

• Better actuators with less time delay and higher cut-off frequency
can contribute to an improvement of current on-track results.

• Several of the skyhook variations in Paper C showed promising
simulation results. Testing these on track can be a logical continu-
ation.

• Introducing adaptive skyhook control so that the control paramet-
ers would not be fixed. Instead they would be dependent on nom-
inal track geometry and/or irregularities. As a first step, this could
be investigated by simulation studies.

Another interesting topic, independent of what has been done so far
in this study, could be a study of a two axle rail vehicle with one level
of suspension. This type of vehicle has many performance limitations
which make it unsuitable as passenger coach. However, as the bogie
is eliminated in this type of vehicle, significant cost and weight reduc-
tion can be expected. To reduce the performance limitations of such a
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vehicle and make it suitable as passenger coach, different active suspen-
sion technologies may be considered. Eliminating the bogie and hav-
ing just one level of suspension means poor curve negotiation, low crit-
ical hunting speed and poor ride comfort. In such conditions different
active technologies like active vertical/lateral suspension, stability, and
curving control can be considered to improve the dynamic performance.
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