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Abstract
The Rail Vehicle Research group at Kungliga Tekniska Högskolan (KTH) is
on the path to design and build a scaled test rig called roller rig for research
and educational purposes. A roller rig is a device simulating the track with
rollers on which the test subject (a wheelset, bogie or even a full vehicle) can
be placed.
This thesis report is part of a bigger project involving several team members
and it explores the applicability of track irregularities on a scaled roller rig by
means of computer simulations. A scaled roller rig model, capable of simulat-
ing track irregularities, is generated using the multibody simulation software
SIMPACK. Track irregularity data, represented as Power Spectral Densities
(PSD), are applied to the model created. The model created and implemen-
tation of track irregularities are assessed in order to validate the modelling
steps.
Comparison with a reference vehicle model is carried out to verify if results
obtained on the test rig are representative of a vehicle running on track, taking
into account roller rig intrinsic errors. Results obtained aim to support the
design of the roller rig’s mechanical components from a dynamical standpoint.

Keywords: rail vehicle dynamics, roller rig, scaling, track irregularities, val-
idation, modelling.
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Sammanfattning
Forskargruppen spårfordon på Kungliga Tekniska Högskolan (KTH) arbetar
med att designa och bygga en nedskalerad testrigg, en så kallad rullrigg, i
forsknings- och utbildningssyfte. En rullrigg är en apparat avsedd att efterlik-
na järnvägsspåret med hjälp av cylinderhjul, på vilken testsubjektet (hjulaxel,
boggi eller ett helt fordon) kan placeras.
Denna rapport är en del av ett större projekt som involverar ett flertal grupp-
medlemmar och undersöker tillämpligheten av spårlägesfel på en nedskalerad
rullrigg med hjälp av simulationer. En nedskalerad rullrigg, kapabel att åter-
skapa spårlägesfel, genereras med flerkroppsdynamik mjukvaran SIMPACK.
Data för spårlägesfel, representerade med spektraltätheter (PSD), appliceras
på den skapade modellen. Modellen samt implementering av spårlägesfelen
bedöms sedan för att validera modelleringens steg.
Jämförelsemed en referensfordonsmodell genomförs för att verifiera att erhåll-
na resultat från testriggen är representativ för ett verkligt spårfordon, med hän-
syn tagen till rullriggens inneboende fel. Erhållna resultat syftar till att stödja
utformningen av rullriggens mekaniska komponenter från ett dynamiskt per-
spektiv.

Nyckelord: spårfordons dynamik, rullrigg, nedskalning, spårlägesfel, valide-
ring, modellering.
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Chapter 1

Introduction

In the railway sector, testing of running characteristics of rail vehicles, namely
dynamic vehicle-track interaction, is performed for various reasons such as
acceptance of vehicles, research and development, validation of new theories
and monitoring of tracks or vehicles in operation. The structure of these tests
is standardised and de�ned in norms such as the EN 14363 [1], a recognized
standard in Sweden and Europe.

Usually tests are run on track but sometimes they are run on special test
facilities. Among them, roller rigs are mainly used for research, education and
validation tests.

A roller rig for rail vehicle applications is an experimental device which
simulates an endless rail track by means of one or more set of rollers powered
by electric motors. A set of rollers can withstand a single wheelset, hence
according to the number of available roller sets, a single wheelset, bogie, or
even full-vehicle can be placed on the test rig to be investigated. On the rim of
each roller, the rail pro�le is lathed in order to reproduce wheel-rail contact.

Roller rigs can be classi�ed in full-scale and scaled roller rigs, where the
former ones can be directly used to test real vehicles whereas the second ones
require a scaled model of the vehicle.

Both full-scale and scaled roller rigs have been proven powerful tools not
only for demonstration and teaching of railway dynamics but also for valida-
tion of modelling, prediction of dynamical behaviour and, last but not least, in
order to test new concepts of innovative railway vehicle designs. Furthermore,
they o�er the possibility of verifying dynamic requirements, running safety,
comfort evaluations and, in some cases, wheel and rail wear prediction.

Among the advantages,testing can be conducted without to interfere with
regular train operations, the experiments carried out are independent of weather
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2 CHAPTER 1. INTRODUCTION

conditions, individual phenomena can be investigated, the experiments and the
constraints as well as the particular conditions are easy to reproduce and con-
trol [2, 3]. In addition to these, scaled roller rigs o�er other bene�ts such as
lower operating costs, less time-consuming tests and the applicability in lim-
ited laboratory spaces. In particular, scaled roller rigs can be useful in evaluat-
ing prototypes of new vehicle designs prior to their more expensive full-scale
implementation.

Nevertheless, full-scale and scaled roller rigs come with some limitations.
In fact, the vehicle on rollers has a di�erent dynamical behaviour compared to
the one running on real track. This is due to the �nite radius of the rollers and
the scaling strategy, in the case of scaled roller rigs.

These two e�ects generate di�erences in the contact forces in the wheel-
rail contact. A deeper view of this aspect will be described in Chapter 2.

Following paragraph will present evolution history of roller rigs across the
world.

1.1 Historical Evolution

The presence of roller rigs dates back as far as the early 20th century in Great
Britain where they were originally used for testing the performance of steam
locomotives as shown in Figure 1.1, with no initial purpose of investigating
vehicle dynamics [2].

Nevertheless, from that experience, the potential of the system within this
�eld was unveiled, suggesting that these rigs would be useful to study the mo-
tion of locomotives at speed on track. As notable example, in 1952, Matsu-
daira at the Railway Technical Research Institute in Japan employed 1/10 and
1/5 scale models of wheelsets and vehicles on roller rigs (see Figure 1.2) that
led to the realization of Shinkansen high-speed trains bogies.

The application of roller rigs to study vehicle dynamics and to develop
railway vehicles has become more widespread in recent decades. Many full-
scale and scaled roller rigs have been developed by di�erent research institutes
across Europe (Great Britain, France, Germany, Italy, Austria, Czech Repub-
lic) and the rest of the world (USA, China)[5].

Design of a 1/5 scale roller rig was conducted in Germany at Deutsches
Zentrum für Luft und Raumfahrt (DLR) , German Aerospace Center, in 1985
by Alfred Jaschinski. This institute was involved in the development of a MBS
simulation software, called SIMPACK, since the early 1970s. In particular,
DLR was interested in the non-linear lateral dynamics of railway passenger
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Figure 1.1: One of the earliest roller rigs for the investigation of steam locomotives
at the Swindon Works of the Great Western Railway [2].

Figure 1.2: Model rolling stock test stand with a 1/5 scale model on it [4].
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Figure 1.3: The INRETS big �ywheel with a 1/4-scale freight car bogie model [2].

vehicles which leads to the instability known as hunting. Hunting motion is
a periodic lateral oscillation of the system which is not dampened out by it-
self [3]. This instability is caused by a bifurcation of the solution of system
di�erential equations of motion into a periodic solution (limit cycle) [2, 5].
Experiments became very important for the validation of modelling work of
non-linear lateral dynamics and for the veri�cation of various parts of the de-
veloped software. For this reason, DLR developed a scaled roller rig with a
single bogie vehicle running on the rollers. In order to scale down the param-
eters of the dynamic system, Jaschinski formulated a scaling method using as
starting point the non-linear di�erential equations of motion aforementioned.
Another test bench was commissioned in 1984 at Institut National de Recherche
sur les Transports et leur Securite (INRETS) in France and was used inten-
sively until 1992. The test facility consists of a big �ywheel of 13 m diameter
which was formerly used to test linear motors of an experimental transport ve-
hicle called Bertin Aérotrain. The �ywheel and its bearings were not designed
to withstand the load of a full-scale railway bogie. Therefore, the test bench
was employed to study 1/4 scaled bogies as shown in Figure 1.3. A speci�c
scaling strategy for dynamic similarity was proposed by Pascal where the ma-
terial properties in the scaled model, i.e. Poisson's ratio, Young Modulus and
density are kept the same as in the full-scale system [2, 6]. In this way, this
scaling strategy was suitable for the analysis of the wheel-rail contact.
At the Rail Technology Unit of Manchester Metropolitan University (MMU)
in UK a 1/5 scaled roller rig was set up to investigate potential improvements of
suspension design for railway vehicles. Since dynamic simulations are usually
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Figure 1.4: Reference Test Rig from Politecnico di Torino, Turin (Italy) [7].

performed in terms of time history and frequency spectra, the scaling strategy
employed at MMU, formulated by Iwnicki, sets the scaling unit of time equal
to 1, easing the comparison between full-scale and scaled model [2].

A deeper view of the three presented scaling methods will be shown in
Section 2.2.

In the end of the 1980s a scaled roller rig was realized at the Czech Tech-
nical University (CTU) with a single axle con�guration. Subsequently it was
rebuilt to a 2-axle con�guration during the �rst half of 1990s. The CTU roller
rig is not restricted to performing experiments only on straight track but it is
also capable of simulating the negotiation of curved track or track consisting
of an arbitrary number of straight, transition and constant curvature sections.
This is possible thanks to a servo motor which allows to change the mutual
yaw angle between the roller pairs during experiments [5].

In 2002, a scaled roller rig was developed at Politecnico di Torino (PoliTo),
Polytechnic University of Turin, in Italy, see Figure 1.4. This roller rig is able
to test both tangent track and curve behaviour in static conditions and was
initially used to test contact forces and the stability of the vehicle [5]. The
roller rig is scaled to 1/5 scale according to DLR similitude law.

Another scaled test rig, called VT-FRA roller rig, was designed starting
from 2010 in Virginia, USA, and successfully commissioned in 2016. It was
built as a collaborative partnership between the Federal Railroad Administra-
tion (FRA) and Virginia Polytechnic Institute and State University (VT). The
main purpose of this 1/4 scale roller rig was to study the wheel-rail contact me-
chanics and dynamics in a consistent and controlled laboratory environment
[5].
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The next paragraph will introduce the ongoing project of a roller rig in
which this thesis work is inserted.

1.2 Roller rig project at KTH

Rail Vehicle Research group at KTH, Royal Institute of Technology, in Stock-
holm (Sweden), is on the path for the realisation of a 1:5 scale roller rig. This
project involves several team members and the cooperation with Engineering
Mechanics department.

The test rig is expected to accommodate three main operating modes: ideal
tangent track with no track irregularities (OP1), quasistatic curving with no
track irregularities (OP2), where a vehicle running on a circular curve with
cant applied is simulated, and �nally a tangent track with irregularities (OP3).
As a consequence, the roller rig should be designed with a modular approach
in order to easily switch from one operating mode to another by replacing or
adding components.

According to the features required by the KTH roller rig and the objective
of experiments, the PoliTo roller rig (Figure 1.4) is taken as a reference for
both design aspects and scaling method adopted [5] as it will be described in
Sections 2.2 and 2.3. The KTH roller rig is expected to have two set of rollers
that can withstand a scaled bogie.

Means of constructing a modular roller rig has already been preliminary
investigated in 2014 and 2015 by two project groups of Master students within
the Vehicle Dynamics Project Course at KTH. Subsequently, operating modes
OP1 and OP2 have been investigated within the same course during autumn
2020, see [8], while OP3 will be the main topic of the current thesis work.

The main objectives of this thesis work are:

ˆ to design and validate, from a dynamic point of view, the applicability
of track irregularities on a scaled roller rig.

ˆ to support from a dynamical standpoint the design of its mechanical
components carried out by a design team, within the Roller Rig Project
team.

To achieve this, a scaled roller rig capable of simulating track irregularities is
modelled using the Multi Body Simulation (MBS) software SIMPACK. Sub-
sequently, the results obtained by the scaled roller rig model are compared
with a full-scale reference vehicle model in order to validate the scaled model
created. In this regard the following research questions are investigated:
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ˆ Designing OP3: How should the SIMPACK roller rig model be de-
signed in order to accommodate and simulate track irregularities?

ˆ Track irregularities conversion: How to convert track irregularity data
to a format suitable for a scaled roller rig?

ˆ Model validation: What are the intrinsic errors present in a scaled roller
rig compared to the full-scale reference vehicle? What are other errors
that can be avoided or reduced? Knowing the expected errors is essential
to obtain reliable results from the scaled test rig.

The next chapter will present the theoretical background necessary to ad-
dress the aforementioned research questions.



Chapter 2

Background

This chapter covers the background theory and research referenced by the cur-
rent thesis work. Firstly, the dynamic features of the roller rig will be presented
in order to understand what are the causes of the intrinsic errors of a roller rig
system. Subsequently, the scaling techniques introduced in Section 1.1 are
compared, focusing on the scaling strategy chosen for the modelling of KTH
roller rig. Furthermore, the features of the referenced roller rig from PoliTo
are described. Eventually, the track irregularity data employed to perform the
simulations are de�ned and described.

2.1 Roller rig dynamic features

A wheelset on a roller is a di�erent dynamic system compared to a wheelset
running on a railway track.

The �rst important di�erence to be noted is the �nite radius of the rollers.
Considering the longitudinal direction of a tangent track, without changes in
vertical elevation due to grades, each rail can be considered as a straight line
i.e. a curve with in�nite radius. On a roller rig instead, the rollers have a
�nite radius. This intrinsic feature generates a di�erent dynamic behaviour
compared to the wheelset running on track.

This di�erence has been investigated by Bosso et al. [9] making a compar-
ison between a wheelset running on rails and one running on rollers, both in
full-scale. They employed a simpli�ed dicone wheelset model where wheels
are modelled by straight cones with constant conicity as shown in Figure 2.1a.
Rails are modelled as cylindrical. Similar modelling is applied for the wheelset
on rollers with the introduction of roller radiusr r (Figure 2.1b). The second
model is built with geometrical properties similar to those of the dicone on

8
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(a) (b)

Figure 2.1: Simpli�ed dicone wheelset: (a) on rails, (b) on rollers [9].

rails to be able to compare the two models.
It is evident that the nonlinearities due to the geometric contact are sim-

pli�ed even if nonlinearities due to friction are still present. This modelling
is therefore mainly suitable for stability studies on tangent track and not for
curving dynamics where the adoption of a real pro�le is important to achieve
accurate results [9], since two point contact due to the �ange occurs. For this
reason, this modelling it is not suitable for the KTH roller rig as it is expected
to simulate curving behaviour as well.

However, the simpli�cation assumed does not in�uence the fundamental
behaviour of the systems and at the same time allows for a throughout analyt-
ical comparison of the two models. In fact, the identi�cation of di�erences
has been supported by comparison of mathematical models, deriving the non-
linear equations of motion.

From the results shown in [9], the wheelset on rollers is more keen to in-
stability. This is due to four main factors:

1. di�erent shape and dimension of the contact patch

2. higher contact point shift

3. higher longitudinal creepage

4. higher spin creepage

With regard to the �rst factor, the contact patch can be considered as ellip-
tical, according to Hertz theory. Its shape, expressed by the ellipse semi-axes
ratioa=b, depends only on the curvature of wheel, rail and roller while its area
depends also on normal forceN , Young ModulusE and Poisson ratio� [3].
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Therefore, the curvature of the rollers1=rr causes the contact patch for the
roller rig to have a di�erent shape than the one for tangent track as shown in
Figure 2.2. Being dependent only on geometrical properties, the ellipse shape
does not change scaling the model [6].

The di�erent contact shape in turn a�ects the tangential forces in the con-
tact patch area. In fact, tangential forces depend on the semi-axes of the contact
ellipsea andb, and, above all, on their ratioa=bif these forces are determined
by means of Kalker's linear theory [3].

To demonstrate this, the creep coe�cients� 11, � 22 and� 23 are computed
in [9] for the wheelset on rail and the wheelset on rollers. The following ge-
ometrical properties are assumed: roller radiusr �R = r r = 0:46m, radius of
rail head in lateral directionr �R = 0:3m, wheel radiusr � = r0 = 0:46m and
cone angle
 0 = 0:035rad. Since the wheelset has conical treads, the wheel's
radius in lateral direction isr � � 1 . The wheelset is considered in centered
position. The wheelset mass is assumed to bem = 1618kg. Results for the
dimensions of the contact patch and the creep coe�cients are shown in Table
2.1.

Tangent track Roller rig Percentage di�erence

a [mm] 3:1 2:5 � 24 %

b[mm] 2:4 2:5 +4 %

a=b 1:3 1 � 30 %

� 11 [kN] 2:67� 103 2:18� 103 � 22 %

� 22 [kN] 2:42� 103 1:91� 103 � 27 %

� 23 [kN] 2:91 1:93 � 51 %

Table 2.1: Discrepancies between the creep coe�cients according to Kalker's linear
theory. Only the wheelset mass is considered [9].

It can be noticed that the creep coe�cients are clearly much smaller in the
roller rig. Therefore, it can be concluded that the particular wheel-roller geo-
metric contact causes a decay of the creep forces [9]. The direct consequence
of lower creep forces is an inferior stability than in the case of tangent track.

It is important to mention that, knowing the change in contact shape on
rollers, it is possible to modify the lateral radius of the rail headr �R , lathed on
the roller rim, in order to achieve the same shape as in tangent track [7]. Nev-
ertheless, this would deform the rail pro�le leading to an unrealistic situation,
hence this solution will not be considered in the current work.
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Figure 2.2: Contact ellipse for a wheelset on tangent track (solid line) and on roller
rig (dashed line) determined with the contribution of bogie mass [9].

Figure 2.3: Contact point shift de�ned in the roller-body frame (oxyz) with
wheelset-body frame represented by (o*,x*,y*,z*) [9].

Considering factor 2, normally, on a rail track, the contact point shift is
only caused by the yaw motion of the wheelset due to its conicity. On rollers
instead, the contact point shift is also a�ected by the curvature1=rr of the
roller which increases the yaw motion. The �nite radius of the rollers makes
the top of the roller an unstable equilibrium point, hence the wheelset on the
roller rig tends to �fall down� from the top of the rollers. This phenomenon
is referred as �decrowning� and it will be discussed more later on. Moreover,
referring to Figure 2.3, now the shift does not depend only on the yaw angle 
but there is also a sensible in�uence exerted by the longitudinal displacement
u of the center of mass of the wheelset with respect to the roller-body frame.

With regard to factor 3, the longitudinal creepages for tangent track and
roller rig are compared. Neglecting the second order termsO2, the general
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expression, for right or left wheel (indicated by j subscript), results in

Track � � j =
r0 � r j

r0
+

_u
Vn

+
r0 _�
Vn

�
aj

_ 
Vn

+ O2 (2.1a)

Rollers � � j = ( r0 � r j ) �
r0 + r r

r0 r r
+

_u
Vn

+
r0 _�
Vn

�
aj

_ 
Vn

+ O2 (2.1b)

wherer0 is the nominal rolling radius,r j is its actual rolling radius for right or
left wheel,r r is the nominal rolling radius of roller,_u is the transnational speed
of the wheel,Vn is the nominal vehicle speed,_� is the deformation angular
speed,aj is the actual right or left distance of the contact point from the track
center line and_ is the yaw angular speed of the wheelset with respect to the
track-following reference system.

Considering the �rst term of the Eq. (2.1b), there is an additional compo-
nent(r0 + r r )=rr due to presence of rollers which generates a higher longitu-
dinal creepage compared to the one for tangent track (Eq. (2.1a))

r0 + r r

r r
�

r0 � r j

r0
=

r0 � r j

r r
+

r0 � r j

r0
(2.2)

On the second member of Eq. (2.2), it can be noticed that this additional
component(r0 � r j )=rr is perfectly equivalent to the one due to the rotation
of the wheel(r0 � r j )=r0 [9]. Assuming for the wheel and roller radii the
full-scale valuesr0 = 0:46m andr r = 0:90m respectively,(r0 + r r )=rr

�=
1:51. Therefore, the �rst term of Eq. (2.1b) increases of51 %thanks to this
additional contribution. This increment has a strong destabilizing e�ect for
the wheelset placed on rollers leading to a signi�cant decrease of its critical
speed.

About factor 4, within the spin creepage expression for the roller rig there
is an extra member as well due to the presence of a component of the roller
angular velocity along the common normal in the contact point as shown in
Eq. (2.3b):

Spin creepage on tangent track � j = �

 0

r0
(2.3a)

Spin creepage on rollers � j = � 
 0

�
1
r0

+
1
r r

�
(2.3b)

where
 0 is the contact point angle (cone angle) with the wheelset in centered
position.

The most relevant physical e�ect of these considerations is the di�erent
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Figure 2.4: Normal forces in the two contact point on rollers [9]

slope of the two normal contact forcesN1 andN2
1 passing through the re-

spective contact points as shown in Figure 2.4. As a consequence the normal
forces on a roller rig generate a destabilising torque, further reducing the limit
speed on rollers.

2.2 Scaling

KTH roller rig is a scaled test rig in order to be employed in a laboratory space.
Therefore, besides the di�erent dynamic features of a roller rig compared to
tangent track, it is relevant to describe the main features of the scaling strate-
gies mentioned in Section 1.1 focusing on the scaling strategy adopted for the
current work.

The selection of the proper scaling method is of uttermost importance be-
cause it will determine all the modelling and design of every roller rig com-
ponent. It is important to notice that, depending on the objective of the exper-
imentation, some methods may be more suitable than others, according to the
case considered.

The DLR, INRETS and MMU methods, are scaling strategies based on
dimensional analysis to establish several dimensionless groups from which the
scaling factors can be derived. The scaling factors are used to de�ne, starting
from the characteristics of the real vehicle, the dimensions and characteristics
of the scaled prototype, to be tested on the scaled roller rig [2]. The �rst scaling
factor to be determined is the length scaling factor de�ned as

' l =
l0
l1

(2.4)

1Subscript numbers 1 and 2 are used by the authors of the article to distinguish between
left and right wheel.
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wherel0 is the length in full-scale andl1 is the scaled one.
The geometry scaling factor is chosen to be�ve for di�erent reasons. Pri-

marily, the available space at KTH department of Mechanics is limited and it
would not be possible to realize a full-scale test rig. In addition to the roller rig
itself, there must be enough space for computers and devices to control electric
motors and process data from the sensors, storage for models and spare parts
and so on.

Another reason is the bogie wheelbase range that can be investigated. In
fact, with a scaling factor of �ve is possible to investigate bogies with larger
wheelbase which in 1:4 scale would be di�cult to reproduce, considering
available space. Furthermore, 1:4 scale bogies with smaller wheelbase can
also be investigated with minor adjustments of the bench, see [5]. The mini-
mum wheelbase constrains the maximum radius of the rollers, which are re-
quired to be as large as possible (without interfering with each other) in order
to reduce the inherent errors caused by using rollers with �nite radius, as pre-
viously described in Section 2.1.

2.2.1 Comparison of scaling strategies

The main characteristics of the aforementioned scaling methods will be pre-
sented here.

Considering INRETS scaling strategy by Pascal, the scaling factors for
geometry' l , time ' t and mass' m are linked to each other and cannot be
chosen arbitrarily. The two main features of this scaling strategy are:

ˆ All the lengths, areas and volumes must strictly follow the geometrical
scaling' l . Non dimensional numbers, as angles and strains� , must not
be scaled.

ˆ Material must be kept the same as in the full-scale system. Therefore,
material properties as Poisson'ratio� , Young's modulusE and density
� are unscaled. Considering Hook's law for linear �eld:� = E � � , stress
� is not scaled as well.

From Hook's law the other scaling factors can be derived. In particular, the
time scaling factor results in' t = ' l and the acceleration scaling factor results
in ' a = 1=' l [6]. The main limit of Pascal's approach is due to the scaling
factor for accelerations. In fact, on a scaled test rig the condition imposed by
' a is not respected. Considering for example' l = 5, the gravity acceleration
in the scaled test rig should be �ve times higher than the one in the full-scale
model but in reality it is unscaled. This problem can be solved by adding an



CHAPTER 2. BACKGROUND 15

additional load to the wheels in order to reproduce the force generated by the
higher scaled acceleration without in�uencing scaled mass.

The MMU scaling strategy, formulated by Iwnicki, stems from the consid-
eration that the most common measurements in dynamic studies are made in
the form of time histories or frequency spectra. Therefore, it would be con-
venient if the scale roller rig and full size vehicle showed the same frequency
components. This requires that the scaling factor for time is unity:' t = 1.
Frequency, velocity and acceleration can be directly derived from space and
time scaling factors

' f =
1
' t

= 1 ' v =
' l

' t
= ' l = 5 ' a =

' l

' 2
t

= 5 (2.5)

Material properties are maintained, therefore mass and inertia scaling factors
can be obtained as

' m = ' 3
l ' I = ' 5

l (2.6)

Even if time and frequency are not scaled, in this method acceleration has to
be scaled as in INRETS method.
DLR scaling method is not presented here but it will be described in detail in
Section 2.2.2.

Prior to the development of the reference test rig at PoliTo, the scaling
techniques previously mentioned were compared by Bosso et al. [6] in order
to identify the one that generates less errors compared to the full-scale version
of the test rig.

To increase accuracy of simulations keeping into account the e�ect of the
�nite radius of the rollers and the problem of scale, some modi�cations to the
models have been added using ADAMS Rail multibody software:

ˆ a constraint system made up by dummy bodies and joints (Figure 2.5)
has been realized in order to allow the wheelset to follow the roller cur-
vature during longitudinal movement (decrowning), (Figure 2.6). This
has the consequence of ensuring wheel-rail contact between wheel and
roller i.e. the normal force. However, this constraint system does not
allow simulation of roll motion of the wheelset.

ˆ personalized contact routine developed by the article authors to deter-
mine tangential creep forces in the contact patch.
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Figure 2.5: Wheelset and roller constraint system [6].

Figure 2.6: Wheelset longitudinal displacement on roller [6].

Scaled parameters Full scale DLR DLR

' � = 1 ' � = 0:5

Critical speed [m=s] 56 56 56

Hunting frequency [Hz] 6:84 6:84 6:84

Max. displacement, y [mm] 0:61 0:42 0:6

Max. contact forceF� [N ] 75:5 50 75

Max. contact forceF� [N ] 1330 1200 1331:2

Table 2.2: Results comparison between di�erent scaling methods for a single 1:5
scale suspended wheelset on a scaled roller rig (Part 1) [6].
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Scaled parameters Full scale INRETS MMU

Critical speed [m=s] 56 56 55

Hunting frequency [Hz] 6:84 6:73 7:3

Max. displacement, y [mm] 0:61 0:6 2:3

Max. contact forceF� [N ] 75:5 72:5 56:25

Max. contact forceF� [N ] 1330 1330 6750

Table 2.3: Results comparison between di�erent scaling methods for a single 1:5
scale suspended wheelset on a scaled roller rig (Part 2) [6].

Full-scale parameters Full scale DLR DLR

' � = 1 ' � = 0:5

Critical speed [m=s] 19:5 19:4 19:4

Hunting frequency [Hz] 1:53 1:59 1:59

Bogie displacement, y [mm] 0:17 0:14 0:17

Max. contact forceF� [N ] 256:3 375 256:2

Max. contact forceF� [N ] 625 � 150 700� 105 623� 150

Table 2.4: Results comparison between di�erent scaling methods for a 1:5 scale
bogie on a scaled roller rig with additional vertical load applied (Part 1) [6].

Full-scale parameters Full scale INRETS MMU

Critical speed [m=s] 19:5 19 17:5

Hunting frequency [Hz] 1:53 1:51 1:62

Bogie displacement, y [mm] 0:17 0:17 0:056

Max. contact forceF� [N ] 256:3 195 231

Max. contact forceF� [N ] 625 � 150 612� 152 600� 125

Table 2.5: Results comparison between di�erent scaling methods for a 1:5 scale
bogie on a scaled roller rig with additional vertical load applied (Part 2) [6].
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Simulations of a railway bogie and a single wheelset, placed on a scaled
roller rig, are made adopting the di�erent scaling methods in order to deter-
mine the critical speed, contact forces and other parameters. The scaled mod-
els results are then compared with the results from the full-sale test rig. Results
of interest are shown in Table 2.2 and 2.3 for the single suspended wheelset
and in Table 2.4 and 2.5 for the railway bogie. In the case of DLR method,
two di�erent results are obtained varying the density scaling factor' � . The
reason behind considering di�erent density scaling factors will be explained
in Section 2.2.2.

From the comparison of the results, it was found that the DLR method
gives the lowest error for the critical speed, namely2 %for single suspended
wheelset and less than1 % for whole bogie with respect to full-scale models
[6], hence more suitable for contact dynamics.

Furthermore, it is appropriate during tests involving accelerometric mea-
surements because acceleration is not scaled, in contrast with INRETS and
MMU scaling methods. As a consequence, the DLR method is easier to use
and it solves the issue of scaling gravitational acceleration, which is of great
importance in quasi-static curving studies. Henceforth, this is the scaling
method found suitable for the realisation of the KTH scaled roller rig.



CHAPTER 2. BACKGROUND 19

2.2.2 DLR scaling method

This section describes how DLR scaling factors are obtained starting from
dynamical considerations. From the geometry scaling factor, de�ned in Eq.
(2.4), other scaling factors are derived from physical de�nitions

' a = ' 2
l Cross sectional area

' V = ' 3
l Volume

' t =
t0

t1
Time

' v =
' l

' t
Speed

' a =
' l

' 2
t

Acceleration

' � =
� 0

� 1
Density

' F =
m0 a0

m1 a1
=

� 0 V0 a0

� 1 V1 a1
=

' � ' 4
l

' 2
t

Force

' m = ' � � ' 3
l Mass

' I = ' m � ' 2
l Inertia

(2.7)

However time and density scaling factors cannot be directly derived be-
cause they are the result of speci�c assumptions within time DLR scaling
strategy. Since DLR was involved in the investigation of non-linear lateral
dynamics (Section 1.1), scaling of the roller rig has been performed �rst of all
with respect to similarity of the non-linear phenomena.

Therefore, the starting point for this scaling strategy is the di�erential equa-
tion which describes the non-linear lateral dynamical behaviour of a free run-
ning wheelset, suspended to an inertially moving body [2]. This kind of dif-
ferential equation has been derived in [10], for a wheelset with conical treads
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which does not in�uence the scaling procedure. The wheelset is modelled
as a 2 Degree of Freedom (DOF) mechanical system, where the 2 degrees of
freedom are the wheelset lateral displacementyw and the wheelset yaw angle
 w .

The �rst component of this system of two coupled equations is shown be-
low

m
�

•yw =
I y � v
� r 0

_ w �
m g b0

�
yw �

2ky

�
yw + Ty + Tx  w (2.8)

wherem is the wheelset mass,I y the wheelset's moment of inertia,v the
forward speed of the vehicle,Tx the longitudinal creep force,Ty the lateral
creep force,� = � 0=(l0 � r0 � 0), with � 0 the cone angle,l0 half distance
of nominal rolling radii andr0 the nominal rolling radius,� = � l0=�0 and
b0 = 2 �+ � 2(RR + r0) with RR the radius of the rail head in lateral direction.

Multiplying the scalable parameters and variables in Eq. (2.8) with the
previously de�ned scaling factors (Eq. (2.7)) and re-arranging

m
�

•yw
' m ' l

' 2
t

=
I y � v
� r 0

_ w
' m ' 2

l ' v

' l ' l ' t
�

m g b0

�
yw

' m ' l

' l
�

2ky

�
yw ' k ' l

+ ( Ty + Tx  w) ' T

)
m
�

•yw =
I y � v
� r 0

_ w �
m g b0

�
yw

' 2
t

' l
�

2ky

�
yw

' k ' 2
t

' m

+ ( Ty + Tx  w)
' T ' 2

t

' m ' l
(2.9)

The coupled di�erential equation relative to lateral displacement of the wheelset
for the scaled system is obtained.

Dynamic similarity between the full-size and scaled model is possible only
if the respective di�erential equations (2.8) and (2.9) coincide.

This requires that the following conditions must be satis�ed

' 2
t

' l
= 1 ) ' t =

p
' l time scaling (2.10a)

' k ' 2
t

' m
= 1 ) ' k = ' � ' 2

l sti�ness scaling (2.10b)

' T ' 2
t

' m ' l
= 1 ) ' T = ' F = ' N = ' � ' 3

l creep force scaling (2.10c)

where the subscripts stand for the following dimensions:t for time,l for length,
k for sti�ness, m for mass,T for the creep force,F for the generic force,N
for the normal force and� for the density.
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Since time is scaled as shown in Eq. (2.10a), the test time in the scaled
roller rig is shorter and tests are less time-consuming compared to full-size
ones. Moreover, acceleration scaling results in

' a =
' l

' 2
t

=
' lp
' 2

l

= 1 (2.11)

Referring to Eq. (2.10c), since every force has the same scaling factor and the
friction force isFf = � �N , the scaling factor for the friction coe�cient results
in

' Ff = ' � � ' N ) ' F = ' � � ' F ) ' � = 1 (2.12)

The density scaling factor can be derived as follows. According to Kalker's
Linear Theory [3], knowing that' E = ' � = 1 [2]

' T = ' 2
e (2.13)

where' e is the scaling factor for contact ellipse mean radiuse =
p

a b. Since
Hertz theory governs the size of the contact patch [3, 2], the contact patch
dimensions can be calculated as

a = m
�

3
2

�
N (1 � � 2)
E (A + B)

� 1=3

b= n
�

3
2

�
N (1 � � 2)
E (A + B)

� 1=3

(2.14)

Thus, the multiplication of the contact patch dimensions can give a represen-
tation of the contact patch area

a b= m n
�

3
2

�
N (1 � � 2)
E (A + B)

� 2=3

(2.15)

Knowing that

A =
1
2

�
1

r �R
�

1
r �

�
B =

1
2

�
1

r �R
�

1
r �

�
(2.16)

It is possible to calculate the scaling of the contact patch as

' ab = ' 2
e = ( ' N ' l )2=3 = ( ' a ' � ' 3

l ' l )2=3 = ( ' � ' 4
l )2=3 (2.17)

Combining Eqs. (2.17) and (2.10c) into Eq. (2.13)

' T = ' � ' 3
l = ( ' � ' 4

l )2=3 (2.18)

Finally, the density scaling factor results in

' � = ' � 1
l ) ' � =

1
' l

=
1
5

(2.19)
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Therefore, to achieve exact contact area scaling, the material density in the
scaled model must be �ve times higher than the material in the full-scale one,
which is impossible to achieve. Nevertheless, according to [2], exact geomet-
rical similarity of the contact patch ellipse (which is important for the creep
forces when they are not saturated) seems to be of limited importance when
the wheelset is in the state of a limit cycle i.e. hunting motion.

During this hunting motion, creep forces are most of the cycle period sat-
urated at� � N , where the size of the contact patch ellipse has no in�uence
on the creep forces [2]. Hence, in this region the density scaling factor can
be chosen arbitrarily and Jaschinski adopted a factor of1=2 obtaining good
experimental results. However, with this scaling factor is still challenging to
identify a material that can meet the density requirements, henceforth' � is
here assumed equal to 1, as also done by PoliTo [5].

The derived scaling factors for the dimension of interest are summarized
in Table 2.6 with their respective values for a geometry scaling factor of 5.

The acceleration scaling factor' a has been neglected in deriving the other
parameters' scaling factors since it is equal to 1 (Eq. (2.11)). The contact
patch ellipse mean radius' e =

p
' ab is not scaled as a geometrical length but

scaled by a factor of 8.55 instead of 5 because it is governed by Hertz theory
and not by Kalker's linear theory as shown in Eq. (2.17). Beside geometry and
material, all the other parameters need to be scaled as well like time, frequency,
speed, sti�ness and damping of the suspension elements.
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Scaling Factors De�nition Value

Geometry

Length ' l 5

Cross-section ' 2
l 25

Volume ' 3
l 125

Angle ' � 1

Material

Density ' � 1

Mass ' m = ' � ' 3
l 125

Moment of Inertia ' I = ' � ' 5
l 3125

Young Modulus ' E 1

Poisson Ratio ' � 1

Parameters

Time ' t =
p

' l

p
5

Frequency ' f = 1=' t 1=
p

5

Velocity ' v = ' l=' t

p
5

Acceleration ' a = ' l=' 2
t 1

Forces ' F = ' m = ' � ' 3
l 125

Stress ' � = ' F =' 2
l = ' � ' l 5

Strain ' � = ' � =' E 5

Long. / Lat. Creepage ' � = ' v=' v 1

Spin Creepage ' � = 1=' l 1=5

Sti�ness ' k = ' F =' l = ' � ' 2
l 25

Viscous damping ' c = ' F =' v = ' � ' 5=2
l 55:9

Torsional sti�ness ' kt = ' F ' l = ' � ' 4
l 625

Torsional damping ' ct = ' F ' t = ' � ' 9=2
l 1397:54

Coe�cient of friction ' � 1

Contact patch ellipse ' e = ( ' F ' l )1=3 = ( ' � ' 4
l )1=3 8:55

Table 2.6: Scaling factors obtained through DLR similitude method.
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2.3 PoliTo roller rig

After describing the general dynamic di�erences between track and roller rig
and presenting the scaling method chosen for the modelling of KTH roller rig,
here some key features of the scaled test rig realized at PoliTo will be shown
and commented followed by a comparison of results against a numerical model
of the test rig (Section 2.3.1).

The experimental device is capable of running tests on a single suspended
wheelset using a single set of rollers (Figure 2.7) or on a bogie using two sets
of rollers (Figure 1.4) [7].

Figure 2.7: Testing device for a single suspended wheelset [7].

In the case of bogie con�guration, the roller rig can be used to test di�erent
bogies because the front and rear roller sets are independent and free to move
in longitudinal direction to �t the required wheelbase. Moreover, the bogie
is capable of changing its wheelbase in order to model di�erent bogie types
ranging from freight bogies to high-speed trains bogies [5].

The axle load can be modi�ed with additional loads applied on the load
beam which is located over the secondary suspension stage and can move only
in vertical direction. The load beam is visible in the upper part of Figure 1.4.

In order to keep the bogie on top of the rollers and avoid decrowning, the
longitudinal motion of the bogie with respect to the rollers is constrained by a
pair of anti-symmetric traction bars connecting the centre of the bogie with the
external structure. Since in the KTH roller rig there is interest in modelling
also the carbody mass suspended over the secondary suspensions, a similar
constraint system is required also for the carbody structure.
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Figure 2.8: Accelerometers and LVDT transducers on wheelset in PoliTo scaled
roller rig [7].

Figure 2.9: Accelerometers on wheelset, bogie frame and load beam in PoliTo
scaled roller rig [7].

As shown in Figure 2.8, the measuring system is composed by accelerom-
eters applied on the wheelset in longitudinal (X) and lateral (Y) direction.
In order to measure the wheelset displacement, Linear Variable Di�erential
Transducers (LVDTs) are applied in longitudinal and lateral direction. Addi-
tional accelerometers have been mounted on wheelset, bogie frame and load
beam in vertical direction in order to measure the roller-carbody transfer func-
tion (Figure 2.9). On the single wheelset, the forces acting on the suspensions
are directly measured, while on the bogie they are measured indirectly apply-
ing estensimetric bridges on the bogie frame structure. From the measured
deformation, through the material properties, it is possible to derive the stress
and, as a consequence, the forces acting on suspensions.
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Considering the desired design features, the test rig from PoliTo is taken
as a reference because of its modularity and �exibility and henceforth used as
the starting point for modelling and developing of the new KTH roller rig.

2.3.1 Comparison with numerical model

For both single wheelset and bogie, the PoliTo team has developed a numerical
model using multibody simulations (MBS software) [7].

To achieve this, the prototype required an accurate identi�cation of all the
parameters performed via Modal Analysis, preceded by static and dynamic
identi�cation of mass and inertia of each component and of each spring.

For the wheelset the wheel-roller contact has been described by a formu-
lation developed by the authors using Adams software, as also mentioned in
Section 2.2.1, whereas for the bogie the whole model has been realized us-
ing the commercial multibody software SIMPACK. In this way it is possible
to validate the MBS model using the real roller rig and subsequently to run
the model to predict the dynamic behaviour of the vehicle in situations which
cannot be simulated in the PoliTo roller rig such as curving.

According to Bosso et al. [7], using SIMPACK for the bogie does not allow
to obtain the same modelling �exibility of the approach used for the wheelset
as the contact model cannot be modi�ed, hence the results are expected to
be less accurate. Nevertheless, this is not a big limitation if the interest is to
perform optimization on the vehicle characteristics where only relative indi-
cations are necessary e.g. it is useful to know if increasing the sti�ness the
critical speed increases or not, but it is not important to know the exact value
of the critical speed.

A similar approach used for the bogie, is adopted in the current roller rig
project at KTH. The MBS model of the bogie on roller rigs is generated using
SIMPACK. The model is used to simulate di�erent running conditions. From
these simulations forces and displacement values can be read which are then
supplied to the roller rig design team to make a preliminary dimensioning of
each roller rig component.

From test performed and the comparison between numerical model and
real roller rig prototype, some limitations and correlations are revealed by the
PoliTo team.

From the single wheelset, to obtain a more accurate value of the amplitude
oscillation during limit cycles, a non-linear model for springs in shear direction
is needed in the numerical model. Beside that, numerical results show a very
good agreement with experiments and it is possible to evaluate the critical
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speed of the wheelset.
In the bogie experimental con�guration, di�erent axle loads are tested. Be-

fore comparing with the numerical model, it can be observed that, increasing
the axle load, the critical speed gets lower. Moreover, the friction coe�cient
changes along the experimental test. In particular, the friction coe�cient in-
creases as instability occurs for a long period while in the numerical model
the friction coe�cient � is constant (0.38), hence the numerical model is less
accurate [7]. This could a�ect results in the intended OP1, where instability is
planned to be investigated, generating higher amplitude oscillations in the nu-
merical model. However, this should not a�ect the simulations of the roller rig
running on track irregularities in OP3, where critical speed will not be reached.
Critical speed is not reached in OP3 because of safety related reasons in the
corresponding experimental set-up.

Nevertheless, comparing the SIMPACK model with the real roller rig ex-
perimental device, the critical speed is reached at almost the same velocity
(error lower than10 %) with experimental results from real rollers showing a
more unstable behaviour i.e. lower critical speed.

2.4 ERRI Track Irregularities

Considering the main topic of the current thesis work, it is relevant to give
some de�nitions and description of railway track irregularities and how they
are expressed to be utilized as input data for numerical analysis of vehicle
dynamics.

Track irregularities are deviations of the rail track from the desired align-
ment, examples are shown in Figure 2.10. They can a�ect wheel-rail forces,
passenger comfort and the alignment of the track itself. In vehicle dynamic
simulations track irregularities are important to consider because they gen-
erate dynamic excitation as the vehicle moves. Large amplitudes may cause
derailment and both track and vehicle maintenance will increase if they are not
maintained properly [3]. Therefore, track irregularities must be kept as small
as possible, especially for high-speed tracks.

Special track recording diagnostic vehicles are usually employed to mea-
sure track irregularities. Four quantities are measured by most of these vehi-
cles [3] as shown in Figure 2.11:

Longitudinal Level: geometrical error in vertical direction2, in metersm

2For dynamic analysis it is usually provided as mean value of right and left rail
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(a) (b)

Figure 2.10: Examples of railway track misalignment: (a) after high speed test in
France (1955), (b) when track is laid down before being ballasted and tamped [3].

Alignment Level: geometrical error of rail track alignment in horizontal (lat-
eral) direction2, in metersm

Cross Level: also referred as cant irregularity, is the track cant deviation from
nominal cant expressed as an inclination angle, in radiantsrad

Gauge irregularity: deviation from nominal track gauge, in metersm

The geometrical state of real-life railways shows clear randomness that
is caused by many factors including: initial rail bending; wear and damage of
rails; non-uniform sleeper spacing and quality; non-uniform degradation, con-
tamination and hardening of the ballast bed; subgrade asymmetrical settlement
and sti�ness variation; and so on. Through the combined action of all these
factors, the randomness of track irregularities is formed [5]. Therefore, track

Figure 2.11: Di�erent types of track irregularities [3].
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irregularities result in a stationary stochastic signal which is a superposition
of random harmonic waves of di�erent wavelengths, phases and amplitudes.

Since in reality it is not possible to completely eliminate the presence of
track irregularities, it is relevant to simulate degraded track conditions on vehi-
cle models before on-�eld testing. This is done to predict the vehicle dynamic
response and, if necessary, modify dynamic characteristics of the vehicle e.g.
suspension's sti�ness and damping factor.

In order to be applied to numerical models for dynamic analysis, these
track irregularities are expressed as a function of the distance along the track
in metersm. As an alternative, track irregularities can be represented as func-
tions of wavelength or frequency. Power Spectral Density (PSD) functions are
widely used for this purpose.

In the case of track irregularity PSDs, the signal is split into its harmonic
components as function of spatial frequency1=m or angular spatial frequency
rad=m which express how many cycles of the signal occur in a distance unit,
instead of usual time unit. This is done because the signal is only dependent
on the position along the track. The dimension of the PSD is the square of
the quantity under consideration divided by the frequency e.g.m2=(1=m) or
m2=(rad=m) for longitudinal and alignment level.

It is important to notice that the phase shift between the di�erent frequency
components in the signal is lost in a PSD. Therefore, converting the signal
from the PSD to distance domain, the original signal cannot be restored but an-
other signal that is statistically equivalent is obtained. Nevertheless, stochastic
signals as the ones from track irregularities, usually do not have a meaningful
phase information, that can anyway be added by the MBS software SIMPACK
as will be described in Chapter 3.

There are several track irregularity PSDs across the world that are adopted
for dynamic analysis of railway vehicle models as shown in [5] but also sim-
pli�ed irregularities used especially for vehicle acceptance [11].

In particular, the PSDs from the European Rail Research Institute (ERRI)
in report B176 [12] are a recognized standard for track irregularities simula-
tions in Europe and have been used for the purpose of the current work as input
data. ERRI PSDs are present in the standard Union International Chemin de
fer (UIC) 518 (ex ORE 169) and are also adopted by German Railways (DB)
as their standard for track simulations [5, 13]. These PSDs are created start-
ing from measured track data taken from several routes in order to be statis-
tically valuable. ERRI PSDs de�ne track related irregularities in horizontal
(lateral), vertical and cross level directions. Moreover, for each kind of track
irregularity, they distinguish between high level of amplitude, representing a
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Figure 2.12: Track irregularity PSD for vertical direction with high level of
amplitude.

bad maintained track, and low level, representing a well maintained track with
good level of irregularities. An example of ERRI track irregularity PSD is
shown in Figure 2.12 for longitudinal level.

Gauge track irregularities are not provided in the ERRI PSD functions.
ERRI PSDs are de�ned through polynomials according to the following equa-
tions [5, 13]

Longitudinal level Sv(
) =
Av � 
 2

c

(
 2 + 
 2
r ) (
 2 + 
 2

c)
(2.20)

Alignment level Sa(
) =
Aa � 
 2

c

(
 2 + 
 2
r ) (
 2 + 
 2

c)
(2.21)

Cross level Sc(
) =
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 2
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(
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 2
r ) (
 2 + 
 2

c) (
 2 + 
 2
s)

(2.22)

where
 is the spatial angular frequency inrad=m andS stands for the PSD
values, whose units arem2=(rad=m) for Longitudinal Level (LL) and Alignment
Level (AL) and rad 2=(rad=m) for Cross Level (CL). 
 c, 
 r and 
 s are
the cut-o� frequencies inrad=m, Av andAa are the roughness constants in
m2 � rad=m, which vary according to high/low level of irregularity, andbis the
semi-lateral wheel distance set as0:75m. The values of cut-o� frequencies
and roughness constants can be found in [14].
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These PSDs can easily be applied to a track element in a MBS software as
function of the distance but are not directly suitable for scaled roller rigs.

To summarize, in this chapter the comparison between a full-scale model
on track and on rollers has been employed to show the di�erent dynamic fea-
tures of roller rigs due to the �nite radius of the rollers (section 2.1). Sub-
sequently, the scaling strategy selection has been explained comparing a full-
scale roller rig model with scaled ones and the chosen scaling strategy has
been described in detail (Section 2.2). Design features of the reference test
rig from PoliTo have been described, together with the results of the compari-
son between the scaled roller rig MBS model and the real experimental device
built at PoliTo (Section 2.3). Eventually, the track irregularity data employed
in the current work have been presented (Section 2.4).

The following Chapter will propose a new modelling of the roller rig able
to address track irregularities. Furthermore, track irregularities scaling and
conversion for scaled roller rigs will be shown.



Chapter 3

Modelling

ERRI PSDs, previously described, are employed to apply track irregularities
into a MBS model in order to perform vehicle dynamic analysis. In SIMPACK
MBS software, track irregularities are directly applied by means of the active
track element, on which the vehicle model is running, as a function of distance.

Considering a scaled roller rig, the rotation of rollers simulates the vehicle
movement along the track instead. If track irregularities have to be simulated
as well, the rollers should translate and/or rotate with respect to an absolute
reference system (the ground in this case) as function oftime, following track
irregularity signals. In practice this can be achieved by actuators which are
able to control the rollers position while still allowing rotation about the rollers
axis of rotation. Figure 3.1 graphically shows the adaptation of vertical track
irregularities from track to roller rig.

Figure 3.1: Simulation of track irregularities (vertical direction) on a roller rig.

Nevertheless, there are no prede�ned tools in the SIMPACK software to
apply track irregularities on a roller rig. Henceforth, in the current thesis work
a SIMPACK model will be proposed capable of applying track irregularities
on the KTH scaled roller rig simulation model. Subsequently, previously pre-
sented ERRI track irregularities will be scaled using DLR scaling method (see

32



CHAPTER 3. MODELLING 33

Section 2.2.2). Eventually the scaled track irregularities will be converted into
time domain i.e. to a format that can be �read� by the roller actuators.

3.1 Roller Rig Model for OP3

The model simulating track irregularities on the scaled roller rig has been re-
alized based on previous scaled models adopted to simulate OP1 and OP2 [8]
using data from [11] for masses and inertias of bodies, spring and dampers
parameters. The model, hereafter denoted as Model 6, is composed of the
following main components, considering a single roller set.
With reference to Figure 3.2, they are:

1. Ground sti�ness model (in black).

2. Roller base(in blue) supporting a roller set.

3. Roller set (two wheels connected by a shaft).

4. Power drive systemconnected to roller shaft (not shown).

Figure 3.2: Diagram of single roller set of Model 6 for OP3.

The assembly described represents a single wheelset. Therefore, two as-
semblies of this kind are required to represent a bogie in Model 6. The rollers
suspension elements simulating rail and ballast are necessary to withstand
static load of the MBS model and can be modi�ed and adjusted according
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to simulation and design requirements. The con�guration of suspension ele-
ments references a simpli�ed moving track model [3] used for a full-vehicle
model in full-scale during previous simulations [8]. In this simpli�ed model,
all di�erent sti�nesses existing between rail and subgrade are concentrated to
one lateral and two vertical suspension elements (Figure 3.2). Each suspen-
sion element is composed of a linear spring element in parallel with a linear
viscous damper. Variation in track �exibility along the track due to discrete
foundation of the rails on the sleepers is not considered [3]. The two vertical
suspension elements result in an equivalent vertical sti�ness and equivalent
rotational sti�ness about the x axis of the reference frame in Figure 3.2 i.e. the
roll angle. These lateral, vertical and rotational sti�nesses, together with the
respective damping factors, are applied to a Force element in SIMPACK.

Roller base and rollers mass and inertia properties are introduced based on
the material properties of steel.
With reference to Figure 3.3, the joint elements used to connect the model
bodies with each other and with the absolute reference frame (Isys) are:

a Planar joint connecting Isys reference frame with the roller base Body
Reference Frame (BRF). A planar joint has 3 DOF in plane y-z, namely
vertical translation (z), lateral translation (y) and roll motion (� ). There-
fore the planar joint allows for the application of track irregularities to
the roller set.

b Revolute joint applied between the roller base BRF and rollers BRF in
order to allow their rotation about roller axis of rotation in y direction
(Figure 3.2).

Figure 3.3: Scheme of complete roller set assembly in Model 6.

Model 6, shown in Figure 3.4, is now capable of delivering track irregu-
larities described in Section 2.4 but they are not yet applied to the model. To
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Figure 3.4: Model 6 graphical rendering in SIMAPCK-pre.

Figure 3.5: Moved Marker properties in SIMPACK.

achieve this a special reference frame called �Moved Marker� is selected from
the SIMPACK elements library [15]. Given a signal in time domain and its
�rst and second derivative (velocity and acceleration respectively), the Moved
Marker is capable of moving according to this signal in all 6 DOFs. Figure
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3.5 shows the element properties window.
To be noted that Moved Marker does not model the actuators that will be

applied to the real scaled roller rig. Means of realizing actuators have been in-
vestigated by the roller rig design team and it is out of the scope of the current
thesis work. The moved marker is bypassing the problem of actuators because
it is and ideal source that can correctly reproduce the behaviour of track irreg-
ularities as in the full-scale vehicle. Therefore, it is possible to investigate the
di�erence between scaled and full-scale numerical models without introduc-
ing an additional uncertainty due to actuators behaviour and positioning. Less
accurate representation of the actuators behaviour is accepted to gain accuracy
of comparison.

In Model 6 a Moved Marker is rigidly connected to each roller set assembly
of the scaled roller rig by means of a Constraint element with 0 DOF [15]. In
this way, the rollers are fully controlled by the Moved Marker according to the
applied track irregularities.

In the following Section the track irregularities are converted from distance
to time domain in order to be applied to the Moved Marker element.

3.2 ERRI PSD conversion

PSDs from ERRI are meant to be applied to the track in which the vehicle is
running as a function of the distance. Nevertheless, the vehicle on rollers is not
really moving along a rail track. As a consequence, a Power Spectral Density in
spatial domain as function of angular spatial frequency
 = [ rad=m] cannot
be directly applied to rollers using actuators. Therefore, it is necessary to
convert the PSD into time domain as function of time frequencyf expressed
in Hz = 1=s, knowing vehicle speedv during simulation.

3.2.1 Scaling

Before converting to time domain, it is convenient to scale ERRI PSDs accord-
ing to the DLR scaling method presented in Section 2.2.2. Alternatively it is
possible to �rst convert to time domain and then do the scaling, as primarily
done during the current thesis work, this however is found to be more prone to
errors.

The scaling of a product of factors is equivalent to the product of each
scaled factor. Similarly, the scaling of a sum of terms is equivalent to the sum
of each scaled term. Henceforth, it is possible to scale down each parameter
singularly to scale down the ERRI PSD polynomial quotients.
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Figure 3.6: PSD by polynomial quotient user interface in SIMPACK for ERRI High
PSD scaled and converted in time domain.

Considering the cut-o� frequencies
 c, 
 r and 
 s from Eqs. (2.20) -
(2.22), the scaling factor' coincides with the one for angular spatial frequency
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where
 1 is the scaled frequency and
 0 the unscaled one. Whereas for rough-
ness constantsAv andAa the scaling factor results in

Av;a =
�

m2 � rad
m
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Lateral semi-wheel distance is also scaled according to Table 2.6

b1 =
0:75m

' l
=

0:75m
5

= 0:15m (3.3)

Replacing the full-scale parameters with the respective scaled counterpart,
scaled ERRI PSDs are obtained. PSDs need to be rewritten calculating each
polynomial coe�cient in order to be employed into SIMPACK interface (Fig-
ure 3.6). Here, the PSDs must have an explicit polynomial quotient form

S(
) =
b0 + b2 
 2

a0 + a2 
 2 + a4 
 4 + a6 
 6
(3.4)
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Some coe�cients may not be present depending on the considered track irreg-
ularity.

3.2.2 Time conversion

The following step is to rewrite Eqs. (2.20), (2.21) and (2.22) as a function of
time frequencyf .
Knowing time angular frequency! is expressed as

! = 
 � v (3.5)

spatial angular frequency
 can be expressed as function off

f =
!

2�
=


 � v
2�

) 
 =
2�
v

� f (3.6)

with ! = [ rad=s], 
 = [ rad=m], f = [1=s = Hz] andv = [ m=s] as the ve-
hicle speed. Roughness constantsAv;a dimension is equivalent to the product
of an area (m2) with 
 (rad=m). Therefore, rewriting
 as function off (Eq.
(3.6)), the roughness constant becomes

A =
�
m2 �

rad
m

�
=

�
m2 �

rad
m=s

�
1
s

�
=

�
rad
m=s

�
m2

s

�
=

2�
v

� a (3.7)

wherea is the roughness constant in time domain expressed in[m2=s].
As a consequence, the aforementioned PSD parameters can be rewritten as
function off

cut-o� frequencies 
 c =
2�
v

f c 
 r =
2�
v

f r 
 s =
2�
v

f s (3.8)

roughness constantsAv =
2�
v

av Aa =
2�
v

aa (3.9)

wheref c, f r , f s are the cut-o� frequencies andav andaa are the roughness
constants for vertical respectively horizontal track irregularities expressed in
time domain.
Substituting expressions (3.6), (3.8) and (3.9) into Eq. (2.20) forLongitudinal
Level and making simpli�cations gives

Sv(f ) =
v

2�
�

av f 2
c

(f 2 + f 2
c ) ( f 2 + f 2

r )
(3.10)

that rewritten in explicit polynomial form is

Sv(f ) =

v

2�
av f 2

c

f 2
r f 2

c + ( f 2
c + f 2

r ) f 2 + f 4
=

b0
0v

a0
0 + a0

2 f 2 + f 4
(3.11)
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Nevertheless, even if now the polynomial quotient is expressed as a function
of f , it is not expressed in time domain.
Performing a dimensional analysis of Eq. (3.11)

Sv(f ) =

2

6
6
4

m

rad s
�
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�

1

s2

1

s4

3

7
7
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3

7
7
5 (3.12)

that are the units of a PSD de�ned in spatial domain (Section 2.4). Hence
to convert the PSD to time domain, it is necessary to multiply Eq. (3.12) by
(2 � )=v, obtaining

Sv(f )time =

2
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6
4
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rad
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�
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3

7
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�
(3.13)

Therefore, ERRI PSD for Longitudinal Level de�ned in time domain results
in

Sv(f )time = Sv(f ) �
2�
v

(3.14)

Applying analogue reasoning to Eq. (2.21) forAlignment Level irregularity
yields

Sa(f ) =
v

2�
�

aa f 2
c

(f 2 + f 2
c ) ( f 2 + f 2

r )
(3.15)

that in explicit polynomial form is

Sa(f ) =

v

2�
aa f 2

c

f 2
r f 2

c + ( f 2
c + f 2

r ) f 2 + f 4
=

b0
0a

a0
0 + a0

2 f 2 + f 4
(3.16)

Note that for LL and AL irregularitiesa4 = 1 and it is adimensional hence it
does need neither scaling nor time conversion.
Hence, ERRI PSD for Alignment Level results in

Sa(f )time = Sa(f ) �
2�
v

(3.17)

Now considering Eq. (2.22) forCross Level track irregularity rewritten as
function off

Sc(f ) =
v

2�
�

av b� 2 f 2
c f 2

(f 2 + f 2
r ) ( f 2 + f 2

c ) ( f 2 + f 2
s )

(3.18)
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that in explicit polynomial form becomes

Sc(f ) =

=

v
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b2
f 2

c f 2

f 2
r f 2

c f 2
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c f 2
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r f 2
s + f 2

r f 2
c ) f 2 + ( f 2

c + f 2
r + f 2

s ) f 4 + f 6
=

=
b0

2c
f 2

a0
0c

+ a0
2c

f 2 + a0
4c

f 4 + f 6
(3.19)

Note that for Cross Levela6c = 1 hence it is adimensional.
And the ERRI PSD for Cross level results in

Sc(f )time = Sc(f ) �
2�
v

(3.20)

Eqs. (3.14), (3.17) and (3.20) can be derived starting from parameters in spa-
tial domain from [14] and reversing Eqs. (3.8) and (3.9)

cut-o� frequencies f c = 
 c
v

2�
f r = 
 r

v
2�

f s = 
 s
v

2�
(3.21)

roughness constantsav = Av
v

2�
aa = Aa

v
2�

(3.22)

During formulation of ERRI PSDs some errors have been found, primar-
ily related to parameters omission during transfer of converted PSDs to SIM-
PACK and due to the limited knowledge of how the SIMPACK software em-
ploys the free factor (Figure 3.6, parameter 4) while generating the stochastic
signal from the PSD. Thanks to a MATLAB code comparing signals from
SIMPACK with ones calculated separately, it was possible to select the appro-
priate free factor in SIMPACK. Signal comparison will be shown in Section
5.2.

The so de�ned ERRI PSDs in time domain are transferred into SIMPACK
PSD element properties (Figure 3.6). Subsequently, the PSD is connected to an
Excitation element in SIMPACK that generates the corresponding stochastic
signal excitation and whose inputs are shown in Figure 3.7.

From the Excitation properties, it can be noticed that a fade-in interval of
5 meters is added in order to have a smooth transition of the beginning of track
irregularities simulation. Without a fade-in interval, the bogie model would
immediately derail from the rollers without allowing the time integration. The
fade-in interval is de�ned as a time span and varies with vehicle speedv

fade-in interval=
5m
v

(3.23)
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Figure 3.7: Excitation properties in SIMPACK for ERRI PSD vertical track
irregularity in time domain with high level of amplitude for rear (R) wheelset.

Considering a bogie in Model 6 (Figure 3.4), the rear wheelset will face the
same track irregularities of the front one but after a speci�c time delay (or
phase shift) de�ned in the Excitation element as

time delay=
wheelbase

v
(3.24)

In the Excitation element, the frequency range to be selected from the corre-
sponding PSD is de�ned by upper frequency limit and lower frequency limit.
Wavelengths selected are from1m to 200m, corresponding to0:005m� 1 �
1m� 1 spatial frequency in full scale, so that frequencies a�ecting both con-
ventional speed and high-speed trains can be included [5].

It is important to remember that each quantity must be scaled using the
corresponding scaling factor in Table 2.6.

According to the vehicle speedv applied, spatial frequency range results
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Figure 3.8: Scaled ERRI high PSD for longitudinal level (LL) for corresponding
full-scale speedsv = 10 km=h (solid blue),v = 100 km=h (dashed red) and

v = 200 km=h (dash-dotted magenta).

in di�erent time frequencies applied to the bogie model

f =


2�

� v (3.25)

Figure 3.8 shows how the frequency range of a PSD varies for di�erent speeds.
The phase shift between the PSD frequency components that is lost generating
the PSD (see Section 2.4), is restored using a random seed generator (in this
case 1) that will be di�erent for each type of track irregularity in order to have
non-correlated signals. From the Excitation, u-vectors are created (see top of
Figure 3.7) and are applied to Moved Markers (Figure 3.5).

Figure 3.9 shows an example of the resulting stochastic signal in time do-
main. The signal results from the frequency range selected in the Excitation
element with random phase shift between the di�erent harmonics. The sig-
nal simulates a vehicle covering a track section of1000m with a speed of
192km=h in full-scale, corresponding to a scaled distance of

s =
1000m

5
= 200 m (3.26)
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and a scaled speed of

v =
192km=h

p
5

= 85:865km=h = 23:851m=s (3.27)

Therefore, the time of the simulation is

t =
s
v

=
200m

23:851m=s
= 8:385s (3.28)

that coincides with the end time of the signals in Figure 3.9.
The amplitude of the signal on the y-axis must be constant as the simulated

speed varies but the time duration on the x-axis will vary according to the speed
in order to simulate the same distance on track.

It can be noticed that the time signal starts from zero value of amplitude
due to the fade-in interval applied (Eq. (3.24)).

To summarize, the current chapter has described how a SIMPACK model
has been modelled in to reproduce track irregularities in a scaled roller. After-
wards, track irregularities expressed as PSDs have been scaled and converted
into time domain resulting in a stochastic time signal that can be applied to the
roller rig model generated.

The following chapter will describe the methods applied to validate the
model and subsequently the obtained results are discussed.
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Figure 3.9: Scaled pseudo-stochastic signal [m], and corresponding velocity [m=s]
and acceleration [m=s2] applied, generated in SIMPACK-pre for ERRI vertical track

irregularity with high level of amplitude.



Chapter 4

Strategies for validation

After designing the model to simulate track irregularities on a scaled roller rig,
the MBS model is validated to check that results obtained are representative
of a MBS full-scale model running on track, taking into account the intrin-
sic limitations due to �nite radius of the rollers and scaling approximations of
the dynamic parameters. To achieve this, �rstly implementation of track ir-
regularities is validated checking that the track irregularity signal is correctly
applied to the Moved Marker element in Model 6 (Section 4.1). Afterwards,
PSD conversion is validated checking that ERRI PSDs are correctly scaled
and converted into time domain (Section 4.2). Eventually, the MBS Model 6
is validated comparing it with the full-scale reference vehicle on track (Section
4.3).

Afterwards, results of parameters of interest, namely contact forces, dis-
placements and accelerations of the bodies, are obtained from simulations to
support the design of KTH roller rig components in OP3.

4.1 Validating implementation of track irreg-
ularity

As mentioned earlier in Section 3.1, the Moved Marker element is employed
in Model 6 to apply track irregularities to the rollers. If the movement of the
Moved Marker, determined by the track irregularity signal applied, is the same
as the movement of the rollers and determines the movement of wheelsets,
track irregularities are correctly applied using SIMPACK modelling elements.
In order to verify this, di�erent comparisons of time signals are performed.
Track irregularities with high level of amplitude are considered for this pur-

45
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pose, but similar comparisons can be performed with low level track irregular-
ities as well. With regard to the application of Longitudinal Level (LL) track
irregularities, the position of Moved Marker in vertical direction is compared
with the vertical position of roller and wheelset along the time stochastic sig-
nals obtained in Section 3.2.2. In a similar way, Moved Marker position in
lateral direction is compared with the lateral position of roller and wheelset
for Alignment Level (AL) track irregularities. Moved Marker roll angle (rota-
tion about x-axis in Figure 3.2) is compared with roller and wheelset roll angle
to verify the correct application of Cross Level (CL) track irregularities. The
Moved Marker, roller and wheelset considered are the front ones of the scaled
system in Model 6. Results of these comparisons will be shown in Section 5.1.

4.2 PSD conversion validation

ERRI PSDs scaled and converted to time domain are checked for errors, com-
paring them with the full-scale spatial domain counterpart. The comparison
is performed using MATLAB codes considering high level track irregularity
PSDs but similar comparison can be carried out with low level ones. The
validation comprises two main steps:

1. comparision of PSDs by means of PSD area ratios.

2. comparison of stochastic signals, generated by the corresponding PSDs
using the Excitation element in SIMPACK (Figure 3.7).

With regard to the �rst validation step, the area enclosed by the PSD dia-
gram is calculated for both the full-scale ERRI PSD in spatial domain and the
respective scaled one in time domain using MATLAB code. This is done for
all LL, AL and CL track irregularities.

The area enclosed by the PSD curve is representative of the energy content
of the generated stochastic signal. Henceforth, it is found to be e�ective in
comparing the respective PSDs.

ERRI PSDs in spatial domain are directly imported from the SIMPACK
library [15] whereas the ones in time domain are derived according to Section
3.2 and implemented into Model 6. The spatial frequency limits on the x axis
of PSD diagram area in spatial domain are set according to wavelength range
1m - 200m (Section 3.2.2). The corresponding time frequency limits of PSD
area in time domain are obtained according to Eq. (3.25).
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The area units in the case of the LL and AL track irregularities PSDs in
spatial domain is

Area spatial =
�

m2

rad=m

�
�
�

rad
m

�
= m2 ; (4.1)

for PSDs in time domain is

Area time =
�

m2

Hz

�
� [Hz] = m2 (4.2)

The area units for CL track irregularities PSDs in spatial domain are instead

Area spatial =
�

rad 2

rad=m

�
�
�

rad
m

�
= rad 2 ; (4.3)

and for time domain

Area time =
�

rad 2

Hz

�
� [Hz] = rad 2 (4.4)

As an example, the areas calculated for ERRI LL track irregularities with high
level of amplitude are highlighted in Figure 4.1 for full-scale PSD in spatial
domain and in Figure 4.2 for the respective scaled PSD in time domain with
vehicle speedv = 192 km=h (full-scale speed).

After having determined the areas, it is possible to calculate the area ra-
tios. The area of full-scale PSD in spatial domain should coincide with the
area of scaled PSD in time domain, except for the PSD scaling factor, since
they have the same energy content. Therefore, the area ratio shall be equal to
' 2

l = 25 for LL and AL track irregularities (Eqs. (4.1) and (4.2)). For CL
track irregularities instead the ratio shall be equal to 1 since angles are not
scaled (Eqs. (4.3) and (4.4)). To check the PSD scaling procedure and time
conversion separately, area ratios are also calculated between scaled PSDs in
spatial domain and the scaled PSDs in time domain (Section 5.2).

Considering the second validation step, the stochastic signals obtained by
the respective PSDs mentioned in step 1 are compared in the same diagram
to check that signals amplitude coincide. In the case of LL and AL track ir-
regularities the full-scale signal is divided by length scaling factor' l to allow
comparison. If signal amplitudes coincide, it means that scaling and time con-
version are carried out correctly. This further validation step allows to check
the correct generation of the stochastic signal from the PSD previously de�ned
in SIMPACK (Figure 3.7)
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Figure 4.1: Area of full-scale ERRI High PSD in spatial domain for longitudinal
level (LL) track irregularity.

Figure 4.2: Area of scaled ERRI High PSD in time domain for longitudinal level
(LL) track irregularity.
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Figure 4.3: Full-size vehicle from SIMPACK-pre (Model 1).

The scaled time signal is compared with the reference full-scale spatial
signal for each type of track irregularity. Furthermore, scaled time signals
for each track irregularity are compared as the speed varies. The speeds con-
sidered are10km=h, 100km=h and200km=h. At di�erent speeds, the PSD
varies its position in the frequency domain, as shown in Figure 3.8 for LL track
irregularity as an example. However, the amplitude of the respective stochastic
time signal should remain the same, just covered in a di�erent time.

Results for the PSDs conversion validation are shown in Section 5.2.

4.3 Model validation

The designed OP3 Model 6 is validated comparing its key results with the ones
obtained from the MBS model of the vehicle in full-scale, hereafter called
Model 1, and shown in Figure 4.3.

Model 1 has 2 bogies with 2 wheelsets each with the same dynamic and
suspension characteristics used also in Model 6, which are based on ERRI
B176 reference vehicle [11]. The ERRI B176 reference vehicle is derived from
existing passenger rolling stock, namely the Euro�ma wagon with a variant of
the so-called FIAT bogie. Some secondary suspension elements are neglected
in order to ease the comparison with Model 6, namely anti roll bars and sec-
ondary lateral dampers. ERRI PSD track irregularities in spatial domain are
applied in vertical, lateral and cross level directions. The applied ERRI track
irregularities are present in the SIMPACK library [15]. These track irregular-
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ities correspond to the ones scaled and converted in Model 6.
The roller radius in Model 6 is selected in order to accommodate both

high-speed bogies with large wheelbase and conventional bogies (for passen-
ger and freight service) characterized by a shorter wheelbase. The bogie with
the smallest wheelbase considered is the Y25 freight bogie with a full-scale
wheelbase of1800mm, corresponding to a 1:5 scale wheelbase of360mm
[5]. Assuming a30mm gap between rollers, the roller radius results in

r r =
360mm � 30mm

2
= 165 mm (4.5)

This �nite radius has some side e�ects which are covered in Section 2.1.
The parameters selected for comparison between Model 1 and Model 6 are:

ˆ Wheelset lateral and vertical displacement

ˆ Bogie lateral and vertical displacement

ˆ Wheelset lateral and vertical acceleration

ˆ Bogie lateral and vertical acceleration

ˆ Wheel Q and Y forces

ˆ Contact forces: longitudinal creep forceTx , lateral creep forceTy and
normal force N

ˆ Creepages: longitudinal creepage, lateral creepage and spin creepage

Comparison of the aforementioned parameters between the two models is car-
ried out by calculating the relative error from Root Mean Square (RMS) values
of time signals

Error RMS % =
RMSModel 6 � RMSModel 1

RMSModel 1
� 100 (4.6)

RMS value aims to represent the considered time signal but not to fully de-
scribe it. For example, maximum peak values or frequency spectrum of time
signal are not considered here but may give important informations about the
time signal as well. Adopting this error formulation, it is possible to have both
negative and positive errors. This is done in order to check if the value of the
parameter of interest from Model 6 is greater than Model 1 (positive error) or
not (negative error).

In order to allow a throughout validation, both Model 1 and 6 are simulated
at di�erent running speeds. Considering the operating speed of the Euro�ma
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bogie which is160km=h, both lower and higher speeds are simulated. The
speeds considered are a low-speed of10km=h to check the integrity of the
dynamic system,1=4 of operating speed namely40km=h, 1=2 of operating
speed namely80km=h, the operating speed of160km=h, 10 %over operat-
ing speed namely176km=hand20 %over operating speed namely192km=h.
Note that these are full scale speeds that need to be scaled down to run simu-
lations for the scaled roller rig. Investigating di�erent speeds, also allows for
checking possible dynamic ampli�cations and resonances.

Furthermore, Model 6 and 1 are tested on bothhigh level of track irregu-
larities andlow levelof track irregularities for each speed. This results in sev-
eral simulations to be run, hence systematic simulation has been implemented
using MATLAB code linked to SIMPACK software.

4.3.1 Simulation set-up

Time signals of the parameters to be compared are obtained from simulating
a full-scale track section of1000m in Model 1, corresponding to a scaled
track section of200m (Eq. (3.26)). Along this track section, all three types
of track irregularities are applied. With regard to Model 1, an additional
�at track section of30m is added before the main section in order to ac-
commodate the whole length of the vehicle before facing track irregulari-
ties. The vehicle is21:56m long, hence the remaining part of �at track is:
30m � 21:56 = 8:44m. Therefore the total length of track to be simulated in
Model 1 is8:44m + 1000m = 1008:44m so that that the vehicle can cover
the same section of track as Model 6. The �rst8:44m in Model 1 will be
subsequently removed during post-processing. As the speed varies, the simu-
lation time is de�ned by the track section length divided by the speed in order
to cover the same track section length (Eq. (3.28)).

The simulation sampling frequency is constant as speed varies and set to
200 Hz in Model 1. This value is chosen to avoid aliasing for time signals
at higher frequencies associated with higher speeds (Eq. (3.25)). The corre-
sponding sampling frequency in Model 6 is derived according to DLR scaling
strategy (Table 2.6)

f = 200 Hz �
p

5 = 447:2136Hz (4.7)

In this way the time signal in Model 1 and its counterpart in Model 6 will
have the same number of sampling points, easing the comparison and post-
processing of the signals. Since sampling frequency is constant as simulated
speed varies but simulation time decreases with the speed (Eq. (3.28)), the
number of sampling point will decrease with the speed.
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4.3.2 Post-processing

The time signals of the parameters of interest are obtained in SIMPACK-post
for Model 1 and Model 6 and exported to a MATLAB code for post-processing.

Firstly, higher frequency components are �ltered out using 6th order 50 Hz1

Butterworth low pass �lter implemented with the MATLAB signal processing
toolkit.

Filtering is applied to all studied parameters except for the displacements,
where it is not necessary to �lter out high frequency components. This be-
cause displacement signals are not a�ected by the presence of outliers and
show similar behaviour as the track irregularity stochastic signal applied, as
will be shown later in Section 5.1. Therefore, �ltering would compromise the
displacement signal and the comparison between Model 1 and Model 6.

In the results from Model 1, the initial part of the signal corresponding to
8:44m of ideal track is trimmed. This is done by identifying the corresponding
number of sample points in the time signal using the following formula and
rounding the value obtained to nearest integer

Sample points= f �
8:44m

v
(4.8)

with f the sampling frequency andv the simulation speed for Model 1.
Signals related to acceleration, force and creepages in both Model 1 and

Model 6 present fairly high outliers probably due to numerical errors that have
already been faced during investigation of the scaled models in OP1 and OP2
[8]. Henceforth, aforementioned signals are processed removing outliers in the
time series out of a range expressed in percentages. The presence of outliers
varies with the parameter and the speed considered. Therefore, the percentage
range is adapted according to the case in order to reduce the in�uence of out-
liers in the calculation of the RMS value, used in Eq. (4.6). Three di�erent
perecentage ranges are considered, the:

ˆ 0:15� 99:85 %range in case of low amplitude outliers.

ˆ 1 � 99 %range used in intermediate situations.

ˆ 5 � 95 %range in case of high amplitude outliers.

Adopting a0 � 100 %range, no outliers would be removed. An example of
the processed signal is shown in Figure 4.4 for the front wheelset lateral ac-
celeration in Model 6.

150 Hz �lter is used for both unscaled Model 1 and scaled Model 6 for the ease of pro-
gramming. This results in more frequency components in Model 1 where a low-pass �lter
with lower cut-o� frequency, equal to50Hz=

p
5Hz � 20Hz, should be used instead.
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Figure 4.4: Model 6 front wheelset lateral acceleration at the speed of160km=h
without removing outliers (upper diagram) and with outliers removed out of the

5 � 95 %range (lower diagram)
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Following chapter will show the results obtained to draw conclusions on
the validation of the generated SIMPACK model.



Chapter 5

Results

In this Chapter results of interest to support the validation strategies described
in Chapter 4 are presented and commented.

5.1 Validating implementation of track irreg-
ularity

Considering the implementation of vertical track irregularity by means of the
Moved Marker element, the diagram shown in Figure 5.1 is obtained. The
diagram refers to ERRI high Longitudinal Level (LL) track irregularity. It
can be noted that wheelset and roller follow the time signal imposed by the
Moved Marker. Henceforth, the stochastic signal in vertical direction is cor-
rectly transferred from the Moved Marker to the roller and the wheelset moves
according to the track irregularity applied without detaching from rail surface
during the time integration.

With regard to validation of horizontal track irregularity implementation,
results are shown in Figure 5.2. As in the case of vertical track irregularities,
the stochastic signal in lateral direction is correctly transferred to the rollers
since their lateral positions coincide along time integration. The wheelset lat-
eral position di�ers. Nevertheless, this is to be expected since in lateral direc-
tion the wheelset has an additional play due to �ange clearance.

Eventually, with regard to cross level track irregularity application, the
comparison diagram is shown in �gure 5.3. A good agreement between Moved
Marker and roller is observed here. The wheelset roll angle also coincides with
the track irregularity signal applied.

From the presented results it can be concluded that the SIMPACK Model 6
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Figure 5.1: Moved Marker for front roller F (solid black), front roller FR (dashed
blue) and front wheelset F (dash-dotted red) position in vertical direction (z) with

ERRI high Longitudinal Level track irregularity applied.

Figure 5.2: Moved Marker for front roller F (solid black), front roller FR (dashed
blue) and front wheelset F (dash-dotted red) position in lateral direction (y) with

ERRI high Alignment Level (AL) track irregularity applied.
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Figure 5.3: Moved Marker for front roller F (solid black), front roller Base F
(dashed blue) and front wheelset F (dash-dotted red) roll angle (beta) with ERRI

high Cross Level (CL) track irregularity applied.

has been correctly modelled using the joint and constraint elements described
in Section 3.1.

Next paragraph will deal with the validation of PSD scaling and conversion
to time domain.

5.2 Validation of PSD conversion

From the �rst validation step of PSD's conversion, area ratios are calculated
as

AREA Ratio =
Areafull � scale; space

Areascaled; time
(5.1)

and for intermediate stage, considering only time conversion

AREA Partial Ratio =
Areascaled; space

Areascaled; time
(5.2)

Results of area ratios are shown in Table 5.1. The values obtained of the to-
tal area ratio bring reasonable approximations due to the MATLAB tool used
to integrate the PSD areas. From the results, considering required ratios men-
tioned in 4.2, it can be concluded that PSDs are correctly scaled and converted
into time domain.
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Track irregularity Area ratio Area partial ratio

LL 25:000296774454682 1

AL 25:000301150028069 1

CL 1:000004032031038 1

Table 5.1: PSD Area ratios for di�erent track irregularities

Figure 5.4: Stochastic signal comparison between full-scale spatial domain ERRI
high Longitudinal Level (LL) track irregularity and scaled one in time domain, with

error di�erence.

With regard to the second validation step, stochastic signals obtained from
scaled PSDs in time domain are compared with their respective full-scale
counterpart in spatial domain. Considering LL track irregularity, results of
the comparison are shown in Figure 5.4. Since the independent variable on
the x-axis is space for one signal and time for the other one, a normalized
independent variable is adopted in order to compare the two signals. The nor-
malised independent variable is obtained dividing each signal for its last value
on the x-axis (end position or end integration time). The amplitude of sig-
nals is expressed in meter as for AL track irregularity. It can be noted that
the scaled signal in time domain for ERRI longitudinal level track irregularity,
high level of amplitude, and the reference full-scale signal in spatial domain
coincide, which is also con�rmed by the error di�erence line between the two
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Figure 5.5: Stochastic signal comparison between full-scale spatial domain ERRI
high Alignment Level (AL) track irregularity and scaled one in time domain, with

error di�erence.

signals (in violet).
Similar results are obtained from signal comparison for alignment level

and cross level track irregularities (Figures 5.5 and 5.6). Signal amplitude for
cross level is expressed inrad. Since angles are not scaled (Table 2.6), in the
latter case the full-scale signal in spatial domain does not need to be divided
by the length scaling factor' l = 5 as for LL and AL track irregularities.

Looking at the di�erent track irregularity diagrams, it can be observed
that stochastic signals are not correlated. This because di�erent random gen-
erator start values are employed for LL, AL and CL track irregularities in the
de�nition of Excitation element (Figure 3.7, parameter no.2). In this way sim-
ulations performed on the scaled roller rig model are more realistic and closer
to a real life scenario.

Considering stochastic time signals comparison with speed variation, re-
sults obtained are shown in Figure 5.7 for Longitudinal Level (LL) as an ex-
ample. The independent variable on the x-axis would be a di�erent time as
the speed varies (Eq. (3.28)), henceforth a normalised independent variable is
employed instead. The signals compared are scaled in time domain for three
di�erent speeds as mentioned in Section 4.2. It can be noticed that the ampli-
tude of the signal does not change as the speed varies. This is also con�rmed
by the error di�erence between speeds reported in the diagram (blue line with
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Figure 5.6: Stochastic signal comparison between full-scale spatial domain ERRI
high Cross Level (CL) track irregularity and scaled one in time domain, with error

di�erence.

Figure 5.7: ERRI high LL track irregularity time signal at di�erent speeds, with
respective error di�erences.
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circle marker and violet line with star marker) that is close to zero for both
lines. Therefore, PSDs are correctly converted in time domain and scaled in
order to be applied in Model 6.

The next step will be to compare Model 6 with the full-scale reference
vehicle Model 1 and draw conclusions on the actual behaviour of the scaled
roller rig model.

5.3 MBS Model 6 validation

In this paragraph results from comparison of parameters of interest between
Model 1 and Model 6 are presented. Results are obtained according to the
strategy described in Section 4.3. Results are divided into sections according
to high level and low level of track irregularity.

5.3.1 High level track irregularity

Considering track irregularities with high level of amplitude, the displacement
errors for wheelset and bogie are shown in Figure 5.8. Wheelset displace-
ment values are taken from front wheelset of front bogie in Model 1 and front
wheelset in Model 6. Similarly, displacement values for the bogie are taken
from front bogie in Model 1 and from the bogie in Model 6. The parameters
considered refer to the center of mass of the body in question. The relative
RMS error (Eq. (4.6)) between Model 1 and Model 6 for vertical displace-
ment of wheelset and bogie is small (around2 %), whereas the error for lateral
displacements is between16=28 %. It can be noticed that relative error is al-
most constant along the speed range considered.

With regard to acceleration error for both wheelset and bogie, results are
shown in Figure 5.9. Similarly to displacement, wheelset acceleration val-
ues are taken from front wheelset of front bogie in Model 1 and from front
wheelset in Model 6. Bogie acceleration values are taken from front bogie in
Model 1 and from the bogie in Model 6. In this case, errors are higher than
for displacements. In vertical direction the acceleration error for the bogie is
almost constant as speed varies (� 18=� 20 %) but with negative error. Hence
Model 1 has greater RMS value than Model 6. For the wheelset vertical ac-
celeration, the error is negative as well but it varies from� 97 %to � 8 %. In
lateral direction acceleration error for both wheelset and bogie is more vari-
able, with higher variations at lower speeds and converging to around80 %at
higher speed.
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Figure 5.8: Relative RMS error of wheelset and bogie displacements between
Model 1 and Model 6 as speed varies with high level track irregularity applied.

Figure 5.9: Relative RMS error of wheelset and bogie accelerations between Model
1 and Model 6 as speed varies with high level track irregularity applied.
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Figure 5.10: Relative RMS error of wheel contact forces between Model 1 and
Model 6 as speed varies with high level track irregularity applied.

Now considering contact forces, the results of error calculation are shown
in Figure 5.10. Force values for the parameters considered are taken from
front right wheel of front bogie in Model 1 and front right wheel of Model
6. Relative error for vertical force Q and normal force N in the contact patch
are almost zero (0= � 3 %). For lateral force Y, the error varies between19 %
and53 %. For longitudinal creep forceTx and lateral creep forceTy, the error
varies from negative to positive values, namely between� 6 % and30 %re-
spectively between� 16 %and9 %. The longitudinal creep force error tends
to be positive at higher speeds while the lateral creep force one is in general
negative with positive value at160km=h.

Moving to creepage comparison, error results are shown in Figure 5.11.
As for force values, creepage values are taken from front right wheel of front
bogie in Model 1 and front right wheel of Model 6. Longitudinal creepage
� � and spin creepage� show a similar trend with the error increasing as the
speed increases, ranging from� 27 %to82 %. Lateral creepage� � shows more
or less a stable trend as the speed varies with errors between22 %and55 %.
As described in Section 2.1, longitudinal and spin creepage are expected to
have higher values on rollers compared to straight track. Nevertheless, for
lower speeds longitudinal and spin creepages have negative errors, meaning
that creeapge values in Model 6 are lower than Model 1. This can be caused
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Figure 5.11: Relative RMS error of wheel creepages between Model 1 and Model 6
as speed varies with high level track irregularity applied.

also by post-processing of the signal and will be further discussed in Chapter
6.

Processed time signals of the parameters presented here are shown in Ap-
pendix A for every speed considered.

5.3.2 Low level track irregularity

Considering now track irregularities with low level of amplitude, the displace-
ment errors for wheelset and bogie are shown in Figure 5.12. Parameter values
are acquired in the same way as for high level track irregularity. The relative
error between Model 1 and Model 6 for vertical displacement of wheelset and
bogie is small also in this case (around3 %), whereas the errors for lateral dis-
placements is between22 %and31 %. The error is almost constant along the
speed range considered.

With regard to acceleration error for both wheelset and bogie, results are
shown in Figure 5.13. Errors are higher than for displacements as for high level
of amplitude. The same trend as for high level track irregularity is observed.
In vertical direction the acceleration error for the bogie is almost constant as
speed varies (0= � 21 %) but with negative error. For the wheelset vertical
acceleration, error is negative as well but it varies from� 92 %to � 13 %. In
lateral direction wheelset and bogie accelerations show high variations, espe-
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Figure 5.12: Relative RMS error of wheelset and bogie displacements between
Model 1 and Model 6 as speed varies with low level track irregularity applied.

Figure 5.13: Relative RMS error of wheelset and bogie accelerations between
Model 1 and Model 6 as speed varies with low level track irregularity applied.
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Figure 5.14: Relative RMS error of wheel contact forces between Model 1 and
Model 6 as speed varies with low level track irregularity applied.

cially at low speeds, reaching34 %error for wheelset and83 %error for the
bogie at higher speed.

Now considering contact forces, the results of error calculation are shown
in Figure 5.14. Relative error for vertical force Q and normal force N in the
contact patch are almost zero (0=� 2 %). For lateral force Y, error show stable
trend as for high level of amplitude, varying between20 % and 48 %. For
longitudinal creep forceTx , error varies between� 25 %and15 %whereas
for lateral creep forceTy it varies between� 37 %and10 %. For longitudinal
creep force and lateral creep force, the error is always negative with positive
value only at160km=h.

Moving to creepage comparison, error results are shown in Figure 5.15.
Longitudinal and spin creepage shows similar trend with error ranging from
� 40 %to13 %, while lateral creepage �uctuates between9 %and54 %. In this
case, longitudinal and spin creepage do not show a positive error as expected,
except at192km=h.

Processed time signals of the parameters presented here are shown in Ap-
pendix B for every speed considered.
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Figure 5.15: Relative RMS error of wheel creepages between Model 1 and Model 6
as speed varies with low level track irregularity applied.



Chapter 6

Discussion

From the results obtained through the simulations carried out, it has been pos-
sible to investigate and try to address the research questions of the current
thesis work (Section 1.2).

Considering the implementation of track irregularities employing Model
6 (Section 5.1) and the ERRI PSD scaling and time conversion (Section 5.2),
results show that the proposed MBS Model 6 in SIMPACK is able to apply
track irregularity data from converted PSDs correctly. Therefore, simulations
carried out with MBS Model 6 are internally valid because Model 6 shows
correct proof and correct programming.

With regard to the comparison of Model 6 with the full-scale reference ve-
hicle Model 1 (Section 5.3), results show deviations from expected outcomes.
This might be casued by di�erent error sources existing in the scaled roller rig
model simulations. Possible identi�ed errors are described in the following
section.

6.1 Error identi�cation

First, there are inherent errors to be expected when running tests on a roller
rig instead of on a track. The �rst important di�erence between Model 1 and
Model 6 is the �nite radius of the rollers. This should generate higher longi-
tudinal and spin creepage (Eqs. (2.1b) and (2.3b)). Considering simulation
results, at high speeds longitudinal and spin creepage RMS values in Model
6 tend to be higher than the ones Model 1 (positive error). Nonetheless, at
lower speeds the Model 6 values are lower than in Model 1 (negative error) for
both high and low level of amplitude of track irregularities applied. This goes
against what is expected, hence other factors may a�ect the results at lower
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speed.
Another consequence of the �nite radius of the rollers that could be inves-

tigated with the present results is the decay of longitudinal and lateral creep
force (Section 2.1, factor 1). As observed in the results, RMS values of Model
6 are in general lower than in Model 1 for both high and low level of ampli-
tude. In this regard, lateral creep force shows this trend more than longitudinal
creep force.

It is important to highlight that in Section 2.1 the factors related to the �nite
radius of the rollers are investigated under a quasistatic condition. In the case
under study, where track irregularities are applied, it is not possible to clearly
identify quasistatic values and RMS value considered cannot fully identify
the actual stochastic signal. This can explain to an extent deviations of the
errors obtained in the current work from the errors obtained in the quasistatic
condition, described in Section 2.1.

Several outliers are encountered in both Model 1 and Model 6 probably
due to numerical errors that occur during the time integration in SIMPACK.
Numerical errors might be caused by improper initial discretization of the con-
tact patch occurring each time jumping from the main contact patch on the
running tread to the secondary contact patch on the �ange [8]. Signals are
post-processed removing outliers, according to the parameter and speed con-
sidered, and low-pass �ltering the signal which contributes to removing out-
liers (Section 4.3.2). Nevertheless, some outliers are still present in the pro-
cessed signal and the low-pass �lter applied is more active at higher speeds
where higher frequency components are present. This factors might a�ect the
results and explain error variations between simulations at lowers speeds and
ones at higher speeds.

Scaling errors might occur due to improper scaling of density (Section
2.2.2). All the parameters scaling factors expressed as a function of the density
scaling factor' � are a�ected by this error which in turn a�ects the simulation
results. In particular, scaling of the contact patch and creep forces are more
in�uenced by density scaling.

Other sources of error might come from modelling simpli�cations present
in Model 6. In fact, the single bogie modelled in Model 6 has a di�erent
behaviour compared to the front bogie of Model 1, taken as a reference for
simulation results. The latter one is coupled to the rear bogie through the car-
body, hence it is in�uenced by any interactions that might occur between parts
of the full-vehicle e.g. reaction forces acting between front and rear bogie.
However, in Model 6 the carbody is modelled by an isolated suspended mass
on top of secondary suspensions kept in position by a planar joint as the roller
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base (Section 3.1). The planar joint allows movement only in lateral and verti-
cal direction, constraining the carbody in longitudinal direction. Henceforth,
interactions present in Model 1 cannot be reproduced in Model 6. This simpli-
�cation might add an ulterior error source in Model 6 that need to be isolated
or eliminated.

Furthermore, there is another simpli�cation in modelling lateral AL track
irregularities. In Model 1, when there is a lateral misalignment of the track, the
orientation of the track with respect to the wheelset varies (yaw angle rotation).
In Model 6 instead, this rail yaw orientation is not achieved. It would require
a rotational movement of the rollers about vertical axis (z). This di�erence
might signi�cantly change the dynamic features of Model 6 and add another
error source in the comparison with Model 1.

6.2 Risk analysis

Model 6 has been compared with MBS Model 1 showing di�erent possible
errors. This section aims to highlight possible uncertainties and di�erences
compared to the real scaled roller rig to be realized at KTH.

In Model 6, bodies are modelled as perfectly rigid. This of course it is not
acceptable in representing the real scaled test rig, especially at higher speeds.
The dynamic behaviour of the real test rig would diverge signi�cantly from
the one of Model 6. For example, right and left rollers are designed as disks
that can be separated to switch between the di�erent test rig operating modes.
Henceforth, when a lateral force is exerted, the bending moment might gener-
ate elastic de�ection of the disk which might not be negligible.

Considering the application of track irregularities in the test rig, modelling
of actuators is by-passed by employing a Moved Marker element (Section 3.1).
In reality, actuators adopted will have some play which is not considered in
Model 6. Therefore, real actuators will apply the stochastic signal representing
track irregularities with an uncertainty that should be taken into account.

Furthermore, in Model 6 the bogie and modelled carbody are kept in po-
sition on top of roller by ideal joints, which does not allow longitudinal move-
ment. In reality, the bogie to be tested will be kept into position by means
of a longitudinal traction rod that has its own elasticity and play. This might
generate decrowning e�ects that needs to be limited in order to obtain reliable
simulations results.

Last but not least, the real test rig has to comply with safety standards.
Hence, protection systems need to be considered to protect operators and stop
the simulation in case of bogie derailment or decrowning.
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Conclusions and future work

In the present thesis work, a MBS model of the KTH roller rig has been devel-
oped capable of simulating track irregularities. Di�erent validation strategies
have been implemented in order to asses correct implementation of track ir-
regularities, giving satisfactory results.

Comparison of the developed MBS Model 6 with the full-scale reference
vehicle (Model 1), shows some deviations from expected results.
From the results obtained, the following conclusions are drawn:

1. The comparison between the full-scale vehicle Model 1 and the scaled
roller rig Model 6 does not allow to isolate the di�erent errors identi�ed.

In order to isolate errors due to the �nite radius of rollers, Model 6
should be compared with another scaled model in which regular scaled
track is present instead of rollers, without varying any other parameter.
In this way, it would be possible to isolate the error related to variation
of creepages and creep forces from other error sources.

Similarly, in order to identify the errors share due to improper density
scaling, density scaling can be varied from' � = 1 to ideal scaling' � =
1=5 on the same Model 6.

2. The contact solver might a�ect the results of the simulations generating
outliers and needs further analysis in order to improve the validity of the
models. Possible solutions to address the problem might be simulating
the test rig using another specialized software package, such as GEN-
SYS or Abaqus, in order to �nd out if the problems related to the contact
patch solver are limited to the current software.
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3. As future work, it might be of interest to use real data to simulate track ir-
regularities applied to the scaled Model 6 rather than ERRI PSD's taken
from SIMPACK software library. This can be useful to further assess
the application of track irregularity data to a scaled roller rig.

4. Another possible improvement could be to consider �exibility of roller
elements and other bodies in Model 6 to achieve results closer to reality.

To conclude, the planned roller rig modelled in the present work can be used to
exemplify running of a rail vehicle on track irregularities if accurate identi�ca-
tion of the inherent errors aforementioned is performed. In this regard, further
simulations should be carried out in order to isolate and quantify the inher-
ent errors. Furthermore, design and control challenges should be addressed in
order to obtain reliable track irregularity simulations on the planned roller rig.
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Appendix A

Time signals - high level TI

Time signal comparison between Model 1 and Model 6 as speed varies is
shown here for the parameters investigated:

ˆ Wheelset lateral and vertical displacement from Figure A.1 to A.6

ˆ Bogie lateral and vertical displacement from Figure A.7 to A.12

ˆ Wheelset lateral and vertical acceleration from Figure A.13 to A.18

ˆ Bogie lateral and vertical acceleration from Figure A.19 to A.24

ˆ Wheel Q and Y forces from Figure A.25 to A.30

ˆ Contact forces: longitudinal creep forceTx , lateral creep forceTy and
normal force N from Figure A.31 to A.36

ˆ Creepages: longitudinal creepage, lateral creepage and spin creepage
from Figure A.37 to A.42

Track Irregularity (TI) with high level of amplitude are applied. The initial
part of Model 6 time signal is distorted due to �ltering applied, hence removed.
End of time signal for Model 1 is also distorted, hence it di�ers from Model 6
time signal.
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Figure A.1

Figure A.2
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Figure A.3

Figure A.4



78 APPENDIX A. TIME SIGNALS - HIGH LEVEL TI

Figure A.5

Figure A.6
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