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Abstract

Railway traffic is a forward-looking possibility to facilitate the transition to a sustainable and
environmentally friendly mobility. To achieve a significant modal shift, efforts in the entire
railway sector are demanded, including infrastructure, train operation, and of course the railway
vehicle itself.
In this light, railway running gears with Independently Rotating Wheels (IRW) can improve
wear figures, comfort and safety significantly, if certain measures for wheel carrier stabilization
are taken. Apart from lateral guidance, the longitudinal control is of crucial importance for
railway safety. Therefore, the current thesis contributes to the development of a safe, reliable,
and efficient rail transport by exploring new concepts for the integrated control of high-speed
railway running gears with IRW. It is conducted as part of the initiative Next Generation
Train (NGT) of the German Aerospace Center (German: Deutsches Zentrum für Luft- und
Raumfahrt e.V. (DLR)).
There are two main methodological contributions in the present work. First, Model Predictive
Control (MPC) approaches are investigated based on an extensive literature review and a
thorough system analysis. Different schemes, such as Linear Time-Variant (LTV) and nonlinear
MPC are compared. The MPC schemes are able to make use of tabulated track geometry
data and preview information about desired system behavior. Second, a novel adhesion-based
control law is devised for reliable traction and braking without knowledge of the adhesion
conditions in the wheel-rail contacts. It can handle regular operation as well as critical driving
scenarios. Thus, a holistic framework for integrated control of railway running gears with IRW
is contributed in the present work.
In terms of experimental verification, co-simulation results with the state-of-the-art Multi-Body
Simulation (MBS) software SIMPACK show the effectiveness of the approach in comparison
with existing controllers. Various scenarios are considered, including curving, changing
velocities up to 400 km/h and abruptly changing wheel-rail adhesion conditions.
Due to the novelty of the devised controller and the promising results, the main part of this
thesis is presented as a scientific publication in order to be published as a journal paper.
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1 Introduction

According to climate protection laws in Germany, the emissions of greenhouse gases have to
be reduced to 85 million tons of CO2-equivalents by the year 2030. This is a reduction of 65%

compared to the emissions in 1990 [Bun21]. In this light, railway traffic is a forward-looking
possibility to cope with the necessary mobility transition. To achieve a significant modal shift,
efforts in the entire railway sector are demanded, including infrastructure, train operation, and
of course the railway vehicle itself.
The current thesis contributes to the development of a safe, reliable, and efficient rail transport
by exploring new concepts for the integrated control of high-speed railway running gears with
Independently Rotating Wheels (IRW). In detail, Model Predictive Control (MPC) approaches
are investigated.
The work is conducted as part of the initiative Next Generation Train (NGT) of the German
Aerospace Center (German: Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR)) and
builds upon existing results of the DLR Institute of System Dynamics and Control (German:
Institut für Systemdynamik und Regelungstechnik (SR)). The main part of this thesis is
presented in form of a scientific publication, since the control of railway running gears with
IRW is an active research area. Introducing context chapters as well as a further description of
methods provide a frame for the publication. In the following, the development framework is
described in the context of existing literature.

1.1 Development Framework

To start with, the flagship project NGT and the activities of the DLR are briefly described. The
motivation to use IRW in railway running gears and for application of MPC are outlined. Lastly,
specific objectives for the current thesis are stated.

1.1.1 Next Generation Train

The climate crisis is one of the most urgent challenges of today and insistently demonstrates
the necessity for a transition of the mobility sector. Increasing material prices, dependency on
international actors, and rising transport volumes exacerbate the problem.
In this context, railway transport can make a contribution to a sustainable and environmentally
friendly mobility and should be developed further. To this end, the DLR combines its railway
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research activities in the flagship project NGT [Deu22a]. Several institutes of the DLR work
towards improvements of operational processes, conceptual train design, and control aspects.
As a part of a new and promising running gear concept with IRW, SR conducts research
regarding control and estimation in railway vehicles.
Previously, a roller rig of scale 1:5 has been used for verification of the devised techniques. For
more realistic experiments and to refine the research further, a full scale prototype of the new
running gear will be available in the near future. A picture of the prototype is shown in Fig. 1.1.

1.1.2 Motivation

The use of wheelsets with rigidly coupled wheels has proven its robustness and simplicity for
centuries. Its system dynamics have been analyzed thoroughly and design adjustments have
led to improved wear figures, ride comfort, and energy consumption. In this process, the basic
concept remained untouched.
An interesting design option for railway running gears is to employ IRW instead of commonly
used wheelsets. The technique introduces an additional degree of freedom to the system and
allows (if actively controlled) to specify the exact lateral position of the running gear in the
track. Based on this, wear figures and ride comfort can be improved dramatically. In particular,

Figure 1.1: Full scale prototype and integration test rig of a running gear with IRW. Primary
wheel carrier is shown in blue and secondary suspension frame is shown in black
[Deu22b].
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undesired slip, and hence wear, in the wheel-rail contacts can be reduced by nearly ideal rolling.
Additionally, inevitable wear can be planned actively such that wheels wear off in a uniform
fashion and the ”wear reservoir“ is used as effectively as possible.
Further, the omission of the middle axle enables the design of double deck trains with continuous
floors on both levels which increases the transportation capacity significantly. Besides, the
concept allows for low-floor trains. This advantage is especially striking in the light of
the current announcement of Deutsche Bahn (DB) to limit future tenders for their Intercity-
Express (ICE) fleet to accessible trains [Tag22].
However, the advantages of a running gear with IRW come at the cost of an increased system
complexity. As theoretical and experimental results show, the IRW-system is not stable by
itself and further measures must be taken [Iwn06]. The approach of SR is to implement a
mechatronic guidance system by actuating and controlling each wheel by a separate motor
[Deu22b]. Current results suggest that the mechatronic guidance of a running gear with
Driven Independently Rotating Wheels (DIRW) is a possible, but yet a challenging control task
[HKG20, GHL19, KHWR14, GLH18, HLGK17]. Difficulties are

• variable and hard to describe system parameters,

• nonlinear system dynamics,

• varying and unknown adhesion conditions between wheels and rails as well as a

• variable path of the track with superimposed irregularities.

Apart from lateral guidance, SR conducts research to improve the longitudinal control of trains.
A key concept is the estimation of current adhesion conditions between wheels and rails and
the use of this information in an adhesion-based control [SBH19, SK19, SPG21a].
So far, the described control tasks have been treated mostly separately. However, the longitudi-
nal and lateral dynamics of a railway running gear with DIRW are inherently linked and limited
by the adhesion conditions in the wheel-rail contacts. Further, the lateral system dynamics are
strongly dependent on longitudinal position and velocity of the running gear, as described in
the subsequent section 1.2. In this light, the need for an integrated control of the longitudinal
and lateral direction becomes apparent.
A modern control technique, which is widely used in research and industry, is MPC. It is an
optimization-based method and determines an optimal control input for a (possibly nonlinear)
plant by means of a predictive model [Ada18]. MPC concepts have been applied recently for
integrated control tasks in the automotive sector [FTA+07, AKJ20, ZRCD15]. In the railway
context, however, such techniques have not been implemented so far to the best of the authors
knowledge.
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The application of MPC for control of railway running gears with IRW is appealing due to the
following aspects:

• Complex, nonlinear, and coupled system dynamics can be taken into account easily.

• Preview information about variable disturbances and set-points (such as track geometry,
irregularities or desired lateral wheel carrier position in the track) can be considered
nicely through the predictive nature of the method.

• Hard constraints can be introduced inside the controller such that states and inputs remain
in a feasible operation region and stability is maintained.

• Individual cost functions and weightings can be used to optimize the control objective
for different scenarios.

The latter is especially interesting with regard to actuator saturation and the prevention of a
too high lateral wheel carrier displacement in the track. In this light, the conceptual working
direction of MPC-based integrated control structures is chosen.

1.1.3 Objectives

Following the above general illustration of the research task, specific objectives for the controller
and for the current thesis are formulated.
As described in section 1.1.2, MPC techniques have not been used for control of railway running
gears with IRW before. In this light, the main focus lies on methodological aspects rather than
on a ready-to-use practical implementation. Computation time arguments are considered, but
are no immediate exclusion criteria. Furthermore, control-oriented evaluation scenarios are
used to scrutinize and compare different concepts. Important performance criteria are the Root
Mean Squared Error (RMSE) of the lateral position in the track and the braking distance.
With regard to the NGT background, previously developed models and simulation environments
are to be considered and the results of the current thesis should suit into the existing framework.
A possible overall control structure of the NGT is shown in Fig. 1.2. Here, the integrated
controller to be developed is shown in a conceivable system context. The superimposed train
control system is only a schematic and its development is not part of the current work. Further,
estimation and observation structures have been researched separately at SR such that these
techniques are assumed to be available for the subsequent control design.
As can be seen, each running gear may be controlled by an own local, integrated controller.
The controllers could be supplied with information about the track geometry ETr and adhesion
conditions CTr, if available. Meaningful target values from a superimposed control system
would be the desired lateral position in the track y∗i and the desired longitudinal force F ∗xi at
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running gear i. The outputs of the decentralized integrated controllers are the requested motor
torques τij of the wheel motors, where the index j ∈ {ri, le} accounts for the right and left side.
For the rest of this thesis, only a single running gear is considered and the index i is omitted. In
this context, each integrated controller should:

• take desired lateral displacement y∗ and longitudinal force F ∗x as inputs

• provide requested motor torques τj as outputs

• ensure stable guidance in the track while working towards the desired values

• ensure stability in the presence of changing adhesion conditions CTr

• take into account the track geometry ETr to improve control performance

Running Gear

Integrated
Controller    

Observer    

Running Gear
Control System

Train Controller Train Observer GPS 

Other Systems 

Cockpit / Driver 
Assistance System Other Trains Track Data

Network

Figure 1.2: Possible control structure of the NGT with decentralized, integrated running gear
controllers (Train figure adjusted from: DLR, CC-BY 3.0). A priori knowledge is
denoted �−. Estimated quantities are denoted �̂.
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1.2 System Analysis and Approach

To find a suitable basis approach for the current work, a first system analysis of a running gear
with IRW is carried out. To do so, a schematic overview of the IRW-system is shown in Fig. 1.3.
It is worth mentioning, that the figure is designed in a control-oriented fashion with focus on
system inputs and outputs.
Starting at the top level, the running gear to be controlled is located inside the train plant, where
it is attached to a secondary suspension frame (see also Fig. 1.1). The secondary suspension
frame itself is linked to the main body (i. e. the car body) of the train. Due to the secondary
suspension stage, most high frequency forces between car body and primary wheel carrier are
canceled. Nonetheless, low frequency forces due to inertia and curving are transmitted to the
primary wheel carrier. Therefore, the train forces are described by slowly varying parameters
FTrain in this work.
At ground level, the connections between running gear and track are located in the wheel-rail
contacts. The occurring forces are strongly dependent on the current driving state, the wear-
influenced nonlinear wheel and rail profiles, the adhesion conditions CTr, and the geometry of
the track ETr, including construction-related irregularities. In this thesis, the track geometry
is assumed to be known and is described by variable parameters which depend on the track
coordinate s. The adhesion conditions are considered sets of time- and space-varying parameters

Train Plant

Running Gear

Figure 1.3: Control-oriented system overview of a wheel carrier with IRW. Excerpt of the
contact geometries.
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for each rail side which are a priori unknown. The control inputs are the demanded motor
torques τj of the right and the left wheel motor.
In subsequent chapters, the LAGRANGE formalism is applied to the system. Thus, generalized
coordinates are introduced for the system description. A possible choice of generalized
coordinates is shown in Fig. 1.3, featuring longitudinal and lateral coordinate x and y, yaw
angle ψ, and the rotation of both wheels independent of each other ωj . Outputs which can be
measured by means of currently available on-board equipment are the wheel speeds ωj and
the yaw rate ψ̇. However, powerful observers have been designed at SR such that a full state
availability is assumed in the current thesis [KSM19, KSM+21].
For description of lateral guidance and track path following, different Coordinate Frames (CF)
are defined. Two important frames are the track frame (CF)Tr and the axle frame (CF)Ax. The
track frame is located at the current track position of the running gear. Its x-axis is aligned with
the track center line and its y-axis lies in the track plane between left and right rail. The origin
of the axle frame (CF)Ax is centered between right and left wheel and its x-axis points into
the current driving direction. In this thesis, the yaw angle of (CF)Ax with respect to (CF)Tr is
denoted (Tr)ψAx. The corresponding relative lateral position is (Tr)yAx. For convenience, the
notation is relaxed in the scientific publication, i. e. (Tr)ψAx = ψTrAx and (Tr)yAx = yTrAx.
To sum up, the system may be described by the following state space formulation:

ẋ = f (x,u, θ) ,

with generalized coordinates q̇T =
[
ẋ, ẏ, ψ̇, ωri, ωle

]
,

state vector xT =
[
qT, q̇T

]
,

control inputs uT = [τri, τle] ,

and varying parameters θ = {ETr, CTr,FTrain} ,
ETr = g (s) ,

CTr = h (s, j, t) ,

FTrain = f (ETr, CTr, t) , j ∈ {ri, le} .

In this context, a complex system with highly coupled and nonlinear dynamics is to be controlled.
Additionally, preview information about the track geometry is assumed to be available and may
be used. In this light, the application of MPC schemes appears to be an appropriate choice and
will be a main research direction of the current work.
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2 Literature Review

An extensive literature review is performed in order to devise a suitable integrated control
system. First, key features of the running gear are reviewed in the context of existing research
results for running gear control. Subsequently, possible control methodologies in terms of
integrated and model predictive control are briefly illustrated.

2.1 Wheel-Rail Contacts

The conditions in the wheel-rail contacts are of crucial importance for a successful development
of a model-based integrated controller. For instance, the adhesion conditions determine the
maximum force that can be transferred between wheel and rail both, in lateral and longitudinal
direction. Another relevant aspect is the continuously changing position of the contact point at
which forces work and which influences the system dynamics. Therefore, the influences on the
contact points will be reviewed in the following.
The traction, braking, and steering forces of each running gear occur in the wheel-rail contacts.
The contacts can be described by their current size, position, shape, and adhesion conditions.
The main influences on these quantities are the momentary position and orientation of the wheel
carrier with respect to the track, the nonlinear and wear-dependent wheel and rail-profiles, the
contact forces, material properties, and the condition of the surfaces. An example for usual
wheel and rail profiles can be seen in Fig. 1.3.
As a consequence, it is difficult to describe wheel-rail contacts in detail. Usually, an extensive
simulation is performed in combination with a full-vehicle simulation (e. g. in the Multi-Body
Simulation (MBS) tool SIMPACK ) and with the aid of simplifying models and assumptions.
The contact area itself, for instance, is usually modeled elliptically on basis of HERTZIAN

theory [Iwn06].
Different models are available for characterization of the adhesion conditions. The core of these
models is the relationship between slip (longitudinal, lateral, and spin creepage) and resulting
contact forces. For a basic understanding, possible relationships between adhesion and slip
are shown in Fig. 2.1 for a single dimension. In terms of accuracy, the program CONTACT,
developed by Kalker, is a well known and widely used benchmark. However, in comparison to
other methods, it is computationally demanding [GK90]. An efficient alternative for small slip
values is the linear theory of Kalker or the algorithm FASTSIM [Kal82]. A computationally
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Figure 2.1: Schematic adhesion-slip with good (a) and bad (b) adhesion conditions.

tractable, yet accurate model for a wide range of slip values is the Polach model which is briefly
reiterated here on basis of [Pol99, Pol05]. Since the considerations regarding the rail-wheel
contacts are similar for the right and left side, the subscripts j ∈ {ri, le} are omitted in this
section for simplicity.
Due to its computational efficiency and its applicability to both micro and macro slip regimes,
the Polach model is often used in MBS software. It sets longitudinal, lateral, and spin creepage
in a relationship to the creep forces Fx and Fy in longitudinal and lateral direction, respectively.
In detail, the total tangential force FT in the wheel-rail contact is approximated by

FT =

∫ ∫

A

pT dxdy ≈ −2Qµ

π

(
εT

1 + ε2T
+ arctan (εT)

)
, (2.1)

where A is the contact area, pT is the tangential stress in the contact area, Q is the wheel load,
µ is the friction coefficient and εT is the gradient of the tangential stress. The latter is a central
ingredient for the model and can be determined by

εT =
2

3

Cπa2b

Qµ
s, (2.2)

with C being a proportionality constant and a and b being the half axes of the contact ellipse.
The total slip s obeys s =

√
s2
x + s2

y and determines the directional adhesion

fi =
Fi
FN

=
F

FN

si
s
, i ∈ {x, y} . (2.3)
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For combination of the influences of lateral slip sy, and spin creepage Ψ, the extensions

syC =




sy + Ψa, for |sy + Ψa| > |sy|
sy, otherwise,

(2.4)

FyC = Fy + FyS, (2.5)

are introduced with a suitable definition for FyS which can be found in [Pol99]. To account for
both, micro and macro slip regime, further terms are added.
First, the underlying friction coefficient can be formulated exponentially dependent on the total
slip velocity w with

µ = µ0

(
(1− A) e−Bw + A

)
, (2.6)

w == sẋ. (2.7)

B is the factor of exponential friction decrease and A = µ∞/µ0 is the ratio between limit
friction coefficient for an infinite slip velocity and maximum friction coefficient at w = 0.
Second, reduction factors kA and kS account for different slopes of the adhesion-slip character-
istic in the micro and the macro slip regime, respectively [Pol05]. Therefore, (2.1) becomes

FT ≈
2Qµ

π

(
kAεT

1 + (kAεT)2 + arctan (kSεT)

)
. (2.8)

The coupled dependence of the adhesion in longitudinal and lateral direction on the slip values
can be well illustrated by the multidimensional adhesion-slip diagrams in Fig. 2.2. In this
context, an adhesion-slip characteristic in Fig. 2.1 could be a slice of Fig. 2.2 along a single

Figure 2.2: Polach model for different spin slip values (excerpt from [Pol05]).
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dimension. From (2.4) it is easy to see, that Ψ 6= 0 increases the combined lateral slip. Thus,
the adhesion maximum in longitudinal direction (see Fig. 2.2) is reduced if Ψ 6= 0 [Pol99].
However, due to the wheel conicity, some spin creepage does always occur.

2.2 Control in Railway Running Gears

Traditional railway running gears with solid axle wheelsets have inherent stability properties
within a certain configuration specific velocity range. A locus diagram of a linearized freely
running wheelset system is shown in Fig. 2.3 which illustrates the velocity-dependent position
of the poles. As can be seen, the freely running wheelset shows a stable oscillation which
increases in frequency if the velocity rises. Eventually the oscillation becomes unstable if
a certain critical velocity is exceeded [DA12]. If damping and springs are introduced, the
oscillatory motion can be mitigated. The sinusoidal motion is known as the hunting motion of
the free wheelset and its frequency was first described by Klingel in 1883 [Kli83].
In modern railway systems, the desire to perform active steering has increased in the last
decades due to the previously mentioned advantages. There exist different possibilities to
achieve improved curving. One approach that allows for perfect curving is the use of running
gears with IRW [GBM06]. Corresponding control strategies can be based on H∞ control,
where stabilization and guidance is robustly achieved in the presence of parameter variations

V
el

o
ci

ty
 i

n
 m

/s

Figure 2.3: Locus diagram of a freely running (a) and a damped and spring loaded (b) solid
axle wheelset.
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[MG01]. Other studies employed gain scheduled state feedback controllers due to the strongly
velocity dependent lateral dynamics [MG03]. Additional physically motivated feed forward
control signals can improve the performance further and a parameter space approach has been
used to ensure robustness despite the nonlinear wheel-rail profiles [HSB+15, HLGK17]. Since
the running gear with IRW shows strongly nonlinear behavior, an advanced control strategy
such as feedback linearization is a suitable choice as well [GLH18, GHL19, HKG20].
The longitudinal control is relevant for all railway systems and not only for running gears with
IRW. Here, a research emphasis lies on the improvement of braking systems and hence the
reduction of braking distances. In this context, some groups focus on a slip-based longitudinal
control. These methods depend on a desired slip area in which the best braking performance
(i. e. the maximum adhesion) is assumed to be [LK16, SEEA08]. However, adhesion conditions
between wheels and rails are strongly variable and dependent on environmental influences.
Hence, the maximum of the adhesion-slip characteristic is achieved at changing slip values. A
possibility to overcome this problem is the application of maximum-seeking controllers. An
example which is based on a sliding mode approach is shown in [SPG21a, SPG21b]. Crucial
for this concept is the availability of current and reliable slip and adhesion estimates. In the
example, the estimates were obtained from an Extended Kalman Filter (EKF) [SK20].
The previously developed controllers of SR are used as a comparison for the results of the
current work. For completeness, the main ideas of the gain scheduled state feedback controller
[HSB+15, HLGK17] and the controller based on feedback linearization [GLH18, GHL19,
HKG20] are shortly presented here. For a more detailed explanation, the reader is referred to
the corresponding publications.
For state feedback control, the running gear system is analyzed thoroughly in terms of its lateral
dynamics. The velocity is considered a slowly varying model parameter vR. Assumptions
such as ideal rolling and neglect of lateral wheel slip lead to a simplified and linearized system
model with three states xT =

[
y ψ ψ̇

]
. For these states, a feedback control law

uj = ±ulat, j ∈ {ri, le} , (2.9)

ulat =
[
ky(vR) kψ(vR) kψ̇(vR)

]
x (2.10)

is devised with ky, kψ and kψ̇ being velocity-scheduled controller gains. The scheduling rule is
found by a parameter space approach. In this method, a desired region in which the model poles
ought to be is defined in the complex plane. The region boundaries are mapped onto the model
and control parameter space by means of symbolic calculations. There, it is straightforward to
find controller gain scheduling laws for the considered operation region of model parameters.
In [HSB+15, HLGK17], variable model parameters are the velocity vR and the wheel conicity
d.
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The devised feedback linearization control for running gears is also based on the assumption of
ideal rolling. A basic model of the nonlinear lateral running gear dynamics with the state space
representation

ẋ =



ẏ

ψ̇

ψ̈


 =




f1(x)

ψ̇

f2(x, ulat)


 , (2.11)

is derived. Suitable assumptions lead to a model whose states successively depend on each
other, i. e. f1(x) → f1(ψ). Hence, a cascaded control structure in the sense of a Nonlinear
Dynamic Inversion (NDI) [DG08] can be set up to track the set points y∗, ψ∗ and ψ̇∗ as shown
in Fig. 2.4. Appropriate feedback gains are applied to the control errors

ey = y∗ − y, (2.12)

eψ = ψ∗ − ψ, (2.13)

eψ̇ = ψ̇∗ − ψ̇, (2.14)

inside the inversion blocks f−1
1 and f−1

2 . More detailed inverse dynamics and gain scheduled
feedback gains have lead to further improved control performance. Besides, track related
information is employed in a more sophisticated inversion model to tackle the influence of
gyroscopic effects, track irregularities, and centripetal as well as gravitational acceleration
[GHL19].

Figure 2.4: NDI scheme for lateral guidance of running gears with IRW (excerpt from
[HKG20]).
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2.3 Integrated Control

Integrated control in general describes the mastering of two or more control tasks in a single
control system. In the vehicle context, the literature is dominated by contributions regard-
ing the automotive sector. In this area, integrated control is understood as the goal-oriented
combination of several subsystems in a road vehicle. Only some examples of these are the
Electronic Stability Control (ESC), the Anti-Lock Brake System (ABS) and the Active Sus-
pension System (ASS). The co-existing (Single Input Single Output (SISO)) control loops act
together on a coupled system. The result may be practicable if the cross-coupling between the
control loops are weak, but the result is suboptimal [ST10]. This control structure is known as
a ”Decentralized Control“ [GHB03].
Integrated controllers aim to orchestrate the operation of the subsystems such that negative
interactions are mitigated or even positive synergies are created. To achieve this, different
integration strategies can be employed. On the one hand, the subsystems themselves may
remain unchanged. In this case, either the inputs to the subsystems or the outputs from the
subsystems can be adjusted and recombined by an integrated controller with regard to the
current driving situation. This configuration is called ”Supervisory Control“ [GHB03].
On the other hand, the combination of all subsystem functionalities into one controller is
possible, leading to a ”Centralized“ integration approach. Following this line, the several SISO
control loops are put together to a Multiple Input Multiple Output (MIMO) system of significant
complexity. For the automotive context this is known as Global Chassis Control (GCC) [ST10].
In the context of lateral and longitudinal control of vehicles, integrated controllers have an
outstanding importance. First, lateral and longitudinal system dynamics are strongly coupled in
traditional vehicles with non-holonomic properties, i. e. , the lateral degree of freedom cannot
be controlled independently but only in combination with longitudinal velocity and a nonzero
yaw angle. Second, lateral guidance, longitudinal traction, and braking are provided both by the
contacts between wheels and underground and are limited by the current adhesion conditions.
If the combined lateral and longitudinal adhesion exceeds the maximum possible adhesion in a
contact, extensive slip and hence instability occurs. For automotive systems, many examples for
successful implementations of such integrated longitudinal and lateral controllers can be found
in literature. A popular methodology is the application of MPC [FTA+07, AKJ20, ZRCD15].
Regarding the integrated control of railway running gears with IRW, only first attempts have
been made so far. In [GB02] and [PBMV04], a decentralized integration approach is applied.
A differential torque determined by a lateral guidance controller is added to a superimposed
longitudinal traction or braking torque. A similar integration strategy, but with more sophis-
ticated subsystem controllers is used in other contributions [FLG08, LSY17]. All presented
methods suffer from the fact, that a fixed allocation of torques is needed for both subsystems
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in order to comply with the actuator saturation. As an example, the lateral controller does not
require the complete allocated torque while riding on a straight track with few irregularities.
If the emergency break is applied in this scenario, only the amount of torque allocated to the
longitudinal controller can be used for braking even if more motor torque could be provided.
A possible solution is the introduction of a supervised integration strategy in the form of a
variable allocation rule. This technique has been proposed in [SG22] and can reduce the braking
distance in the presented scenario by almost 5%.
To conclude, the integrated longitudinal and lateral control of railway running gears with IRW
in critical as well as regular adhesion conditions is an open research question. The topic will be
approached by means of MPC techniques in following chapters. Thus a short introduction to
MPC is given subsequently.

2.4 Model Predictive Control

The basic ideas and concepts of MPC are briefly reiterated here by means of a specific example.
Please note, that other cost functions and method variations can be chosen. For a more detailed
explanation, the reader is referred to the corresponding literature.
In MPC, a cost function associated with the difference between the predicted states x̄ and the
desired target states xd is minimized along the predicted control inputs ū over a prediction
horizon. In the optimization problem, dynamic constraints are imposed such that the predicted
states and inputs obey the dynamics of an assumed system model f . Static constraints X and
U on states and inputs can be introduced, respectively [Ada18, GAD16, MTD+10].
The first part of the found optimal control input ū(τopt)

∗ is applied to the plant and the
optimization problem is solved again with current measured initial states xt,meas [GAD16]. The
general optimization problem with state cost matrix QMPC and input cost matrix RMPC reads

ū(τopt)
∗ = arg min

ū(τopt)

∫ ∞

t

∥∥x̄(τopt)− xd(τopt)
∥∥2

QMPC
+ ‖ū(τopt)‖2

RMPC
dτopt (2.15a)

s.t. ˙̄x(τopt) = f (x̄(τopt), ū(τopt)) , (2.15b)

x̄(t) = xt,meas, (2.15c)

ū(τopt) ∈ U , (2.15d)

x̄(τopt) ∈ X , ∀τopt ∈ [t,∞). (2.15e)

However, an actual implementation of the above algorithm is not possible. On the one hand, the
infinitely long prediction horizon cannot be imposed in practice. Therefore, the optimization
problem is solved for a truncated prediction horizon H and an additional, mostly additive, term
Jterm is introduced to approximate the truncated tail of the cost function [GAD16]. On the
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other hand, an implementation on digital computers requires a discrete time formulation. To
do so, appropriate discretization techniques such as a 4th-order Runge-Kutta method can be
used, introducing the time step width T . Hence, the prediction horizon is divided in L = H/T

discrete steps. An implementable version of the above algorithm is shown below.

ū∗[0,L−1](t) = arg min
ū[0,L−1](t)

L−1∑

k=0

T
∥∥x̄k(t)− xd

k(t)
∥∥2

QMPC
+ T ‖ūk(t)‖2

RMPC
+ Jterm (2.16a)

s.t. x̄k+1(t) = fd (x̄k(t), ūk(t)) , ∀k ∈ [0, L− 1], (2.16b)

x̄0(t) = xt,meas, (2.16c)

ū[0,L−1](t) ∈ U , (2.16d)

x̄[0,L](t) ∈ X . (2.16e)

Please note, the above MPC problems are introduced in general terms. A formulation specific
for the current control task can be found in chapter 3.
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3 Publication

The current thesis deals with the integrated longitudinal and lateral control of railway running
gears with IRW. The controller to be developed may use previously available information about
the track geometry and should be robust against changing and unknown adhesion conditions
between wheels and rails. In this context, an MPC approach has been employed.
Since the integrated control of railway running gears with IRW is a current research topic, the
main part of this thesis is presented as a scientific publication. Used methods and additional
work which could not be presented in the publication are illustrated in more detail in a following
chapter. Lastly, a conclusion and discussion for the current thesis is given.

The subsequently presented scientific publication carries the title

Integrated Model Predictive Control of High-Speed Railway Running Gears with Driven
Independently Rotating Wheels.
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Integrated Model Predictive Control of High-Speed
Railway Running Gears with Driven Independently

Rotating Wheels
Jan-Hendrik Ewering, Christoph Schwarz, Simon F. G. Ehlers, and Hans-Georg Jacob

Abstract—Railway running gears with Independently Rotating
Wheels (IRW) can significantly improve wear figures, comfort,
and safety of railway running gears, but certain measures for
wheelset stabilization are required. This is one reason why
application of traditional wheelsets is still common practice in
industry. Apart from lateral guidance, the longitudinal control is
of crucial importance for railway safety.
In the current contribution, an integrated controller for joined
lateral and longitudinal control of a high-speed railway running
gear with IRW is designed. To this end, a novel adhesion-based
traction control law is combined with Linear Time-Variant (LTV)
and nonlinear Model Predictive Control (MPC) schemes for
lateral guidance. The MPC schemes are able to use tabulated
track geometry data and preview information about set points
to minimize the lateral displacement error.
Co-simulation results with a detailed Multi-Body Simulation
(MBS) show the effectiveness of the approach compared with
state-of-the-art techniques in various scenarios, including curv-
ing, changing velocities up to 400 km/h and abruptly changing
wheel-rail adhesion conditions.

Index Terms—Model predictive control, integrated control, ad-
hesion control, railway vehicle dynamics, independently rotating
wheels

I. INTRODUCTION

THE climate crisis is one of the most urgent challenges
of today and insistently demonstrates the necessity for

a transition of the mobility sector. Increasing material prices,
dependency on international actors, and rising transport vol-
umes exacerbate the problem.
In this context, railway transport can make a contribution to a
sustainable and environmentally friendly mobility and should
be developed further. An interesting design option for railway
running gears is to employ Independently Rotating Wheels
(IRW) instead of commonly used wheelsets. IRW introduce
an additional degree of freedom to the system and allow (if
actively controlled) to specify the exact lateral position of the
running gear in the track. Based on this, wear figures and
ride comfort can be improved dramatically [1]. In particular,
undesired slip in the wheel-rail contacts, and hence wear, can
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be reduced by nearly ideal rolling. Further, the omission of
the middle axle allows for new train designs such as low-floor
or double deck trains with continuous floors on both levels
which has implications for effectiveness and accessibility.
In this context, the German Aerospace Center (DLR) conducts
railway research as part of the project Next Generation Train
(NGT) which aims towards the development of a future train
concept. In detail, the train is equipped with distributed drives
in each running gear which are holistically controlled. At the
lowest level, each running gear with IRW should robustly per-
form mechatronic guidance and slip prevention independently
from higher control levels.
Multiple control strategies for running gears with IRW have
been devised, some of which are based on H∞ control,
where stabilization and guidance is robustly achieved in the
presence of parameter variations [2]. Other studies employed
gain scheduled state-space controllers due to the strongly
velocity dependent lateral dynamics [3]. Additional physically
motivated feed forward control signals can further improve
the performance and a parameter space approach has been
used to ensure robustness despite the nonlinear wheel and
rail profiles [4, 5]. Since the running gear with IRW shows
strongly nonlinear behavior, an advanced control strategy, such
as feedback linearization, is a suitable choice as well [6, 7].
In longitudinal control, a research emphasis lies on the reduc-
tion of braking distances. In this context, some groups focus
on slip-based longitudinal control. These methods depend on
a desired slip area in which the best braking performance
(i. e. the maximum adhesion) is assumed to be [8, 9]. However,
adhesion conditions between wheels and rails are highly
variable and dependent on environmental influences. Hence,
the maximum of the adhesion-slip characteristic is achieved at
changing slip values. A possibility to overcome this problem is
the application of maximum-seeking controllers. An example
which is based on a sliding mode approach is shown in [10,
11]. Crucial for this concept is the availability of current
and reliable slip and adhesion estimates. In the example,
the estimates were obtained from an Extended Kalman Filter
(EKF) [12].
In the context of combined lateral and longitudinal control,
an integration approach is required. First, lateral and lon-
gitudinal system dynamics are inherently coupled in tradi-
tional vehicles with non-holonomic properties. Second, lateral
guidance and longitudinal traction or braking forces are all
adhesion-dependent and occur in the contacts between wheels
and underground. Therefore, they are limited by the current
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adhesion conditions. If the combined lateral and longitudinal
adhesion exceeds the maximum possible adhesion in a contact,
extensive slip and hence instability occurs. For automotive
systems, many examples for successful implementations of
such integrated longitudinal and lateral controllers can be
found in literature. A popular methodological choice is the
application of Model Predictive Control (MPC) where an
optimization problem is solved repetitively to determine the
optimal control input on basis of a predictive plant model [13]–
[15].
Regarding the integrated control of railway running gears with
IRW, only first attempts have been made so far. In [16] and
[17], a differential torque determined by a lateral guidance
controller was added to a superimposed longitudinal traction or
braking torque. This integration approach can be considered a
decentralized overall control system [18]. A similar integration
strategy, but with more sophisticated subsystem controllers
was used in other contributions [19, 20]. All presented meth-
ods suffer from the fact, that a fixed allocation of torques
is needed for both subsystems in order to comply with the
actuator saturation. As an example, the lateral controller does
not require the complete allocated torque while riding on a
straight track with few irregularities. If the emergency break
is applied in this scenario, only the amount of torque allocated
to the longitudinal controller can be used for braking even if
more motor torque could be provided. A possible solution is
the introduction of a supervised integration strategy in the form
of a variable allocation rule. This technique has been proposed
in [21] and can reduce the braking distance in the presented
simulation scenario by almost 5%.
To the best of the authors knowledge, MPC has not been used
for control of railway running gears with IRW so far. However,
its the application is appealing since,

• nonlinear and coupled system dynamics can be employed,
• preview information about track geometry and set-points

can be considered in the prediction horizon,
• individual cost functions and weightings can be used to

adjust the control objective for different scenarios.

In this light, we contribute an MPC scheme for control of
running gears with IRW. Linear Time-Variant Model Predic-
tive Control (LTV-MPC) and Nonlinear Model Predictive Con-
trol (NMPC) techniques are presented and compared. Further,
we contribute a novel adhesion controller for reliable operation
without knowledge of the exact adhesion-slip characteristic. It
is able to handle both, regular and critical riding conditions.
To combine the novel subsystem controllers, a supervised
integration approach is employed as in [21]. Thus, a holistic
control framework for joined longitudinal and lateral control
of railway running gears with IRW is presented.
In section II, the running gear system is introduced and mod-
eled with regard to the control context. The control synthesis
is outlined in section III before experimental results of a co-
simulation with a detailed Multi-Body Simulation (MBS) are
presented in section IV. The control scheme of [6, 22], which
is based on feedback linearization, is given as a comparison.
Lastly, a discussion and an outlook is given in section V.

Fig. 1. System overview of a railway running gear with IRW.

II. MODELING

To start with, the running gear system is introduced. Rele-
vant variables and frames are described and the modeling of
the track is explained in order to create a framework to handle
preview information. For use in MPC, a simplified system
model is derived.

A. System Description

The dynamics of a running gear system with IRW have been
analyzed thoroughly in the past, see [1, 23]. Only the main
influences on the system are described here for brevity and
in order to provide a background for the subsequent control
model. A system overview with relevant Coordinate Frames
(CF) can be found in Fig. 1.
Regarding the track representation, an ideal railway track can
be described in terms of the path of its center line together with
information about the twist of the track plane. In the current
contribution, the track geometry ETr will be characterized
by its orientation of the track frame (CF)Tr at the current
coordinate along the ideal track path s with respect to the
world frame (CF)0. Curvatures are obtained by differentiation
along s. Together with the current running velocity ẋ, the
momentary rotation rates of the track can be determined, i. e.

Absolute curve angle ψTr(s), (1a)

Absolute curve rate ψ̇Tr(s, ẋ) =
∂ψTr

∂s

∣∣∣∣
s

ẋ, (1b)

Superelevation angle ϕTr(s), (1c)

Superelevation rate ϕ̇Tr(s, ẋ) =
∂ϕTr

∂s

∣∣∣∣
s

ẋ, (1d)

Inclination angle εTr(s), (1e)

Inclination rate ε̇Tr(s, ẋ) =
∂εTr

∂s

∣∣∣∣
s

ẋ. (1f)

The corresponding track irregularities occur superimposed to
the ideal track path and can be described by s-dependent
functions as well.
For description of the running gear, the generalized coordinates
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q̇T =
[
ẋ, ẏ, ψ̇, ωj

]
can be used which are defined in the axle

body frame (CF)Ax. The subscript j denotes the right and
left hand side of the running gear, respectively. Additionally,
a roll angle ϕ and a vertical coordinate z have influence on
the system dynamics. However, these variables can be inferred
from q if nonlinear wheel and rail profiles are known and
material elasticity is neglected.
The running gear is influenced by several external forces which
are considered subsequently. Creep forces and a corresponding
contact model are described in detail before remaining forces
are stated.
Creep forces and moments occur in the contact points be-
tween wheels and rails. These are related to the current
adhesion conditions CTr which can be described in terms of
the adhesion-slip characteristic in the corresponding contact
points (see examples in Fig. 2). Different models can be used
for representation of the adhesion-slip characteristic. A simple
and intuitive model, which provides good approximations for
the micro slip area, is linear Kalker theory [24]. It models
longitudinal and lateral adhesion (fx and fy) linearly depen-
dent on longitudinal, lateral and spin creepage (sx, sy and sψ)
according to
[
Fx
Fy

]
= FN

[
fx
fy

]
= −FNabG

[
c11 0 0

0 c22

√
abc23

]

sx
sy
sψ


 ,

(2)
with normal contact force FN, lateral and longitudinal contact
forces Fx and Fy , respectively. The Kalker coefficients are
c11, c22 and c23, the shear modulus G, and the half axes
of the contact ellipse are a and b. In (2), the creep torque
about the vertical axis is neglected. It is worth mentioning,
that the maximum adhesion and the maximum slip in lateral
and longitudinal direction are coupled and limited with

smax ≥ s =
√
s2
x + s2

y, (3)

fmax ≥ f =
√
f2
x + f2

y , (4)

where s is the total slip and f is the total tangential adhesion,
respectively. Hence, all generalized coordinates are affected
by adhesion and creep forces.
Besides creep forces, the motor torques τj are acting on the
right and left wheel, respectively. Last, the rest of the train
causes forces FTrain on the running gear. These are mitigated
by a secondary suspension stage. Another crucial impact for

Macro slip

Micro slip

Slip

A
d
h
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io
n

(a)

(b)

Fig. 2. Schematic adhesion-slip with good (a) and bad (b) adhesion condi-
tions.

Car Body

Car BodySide view

Top view

Fig. 3. Simplified model of a railway running gear with IRW for use in MPC.

stability comes from dampers and springs which are placed
between car body and wheel carrier.

B. Control-Oriented Model

For use in MPC, a simplified and discrete system represen-
tation fd : Rn × Rm → Rn with

xk+1 = fd (xk,uk, θ) , (5)

is derived by means of the LAGRANGE formalism. It features
the state vector x ∈ Rn, the input vector u ∈ Rm, and a
set which summarizes the varying parameters θ. A schematic
can be seen in Fig. 3. It is worth mentioning, that the control
model should only capture major dynamics over a short time
horizon.
To account for the movement of the running gear along and
inside the track, two additional variables yTrAx and ψTrAx

are introduced, which describe relative displacement and yaw
angle between (CF)Tr and (CF)Ax, respectively. Please note,
the quantity ψTrAx needs to be distinguished from the absolute
yaw angle between (CF)0 and (CF)Ax. In this light, yTrAx and
ψTrAx are measures for the error from the desired path and
should be minimized by the lateral guidance controller (see
section III). Appropriate modeling choices for the dynamics
of the auxiliary variables yTrAx and ψTrAx are based on the
track curvature and the current velocity [25], such that

ψ̇TrAx = ψ̇ − ψ̇Tr, (6)
ẏTrAx = ẋ sinψTrAx. (7)

Please note, by assuming (7), the lateral dynamics of the model
are fully determined by ẋ and ψ.
Regarding the dependent variables z and ϕ, conic wheels on
a line-shaped rail are assumed based on [4, 26], which leads
to the approximations

ϕ = − ΓyTrAx + ϕTr, (8)

z =
δ0b

2

(
1

cosψTrAx
− 1

)
− Γy2

TrAx, (9)

where Γ = tan δ0
b/2−r0 tan δ0

is a geometrical parameter, b is the
track gauge, r0 is the nominal wheel radius and δ0 is the
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contact and cone angle, respectively, in the simplified model.
The current wheel radii rj and lateral distances between wheel
carrier center and rails yj can be inferred from the above
relationships as well.
Despite extensive research, the reliable online estimation of
adhesion parameters CTr between wheels and rails remains
difficult. Therefore, we assume that an accurately parameter-
ized model of the adhesion-slip characteristic is not available.
In this light, the creep forces cannot be modeled and no slip
quantities between wheels and rails are needed. Hence, the
model is further simplified by eliminating the wheel rotations
from the generalized coordinate vector to reduce model com-
plexity and computational effort in MPC. This is done by
letting c11 → ∞, which is equivalent to the assumption of
ideal rolling, i. e.

ωri = − 1

rri

(
ẋ− yri

(
ψ̇Tr + ψ̇

))
, (10a)

ωle = − 1

rle

(
ẋ+ yle

(
ψ̇Tr + ψ̇

))
. (10b)

The constraints following from the above assumptions are
considered directly in the generalized coordinates and gen-
eralized forces and not by means of LAGRANGE multipliers.
Using the simplifications (7) through (10), a reduced vector
of generalized coordinates qT

red = [x, ψ] is obtained. The
corresponding LAGRANGE formalism reads

ET =
1

2

(
mxẋ

2 +m
(
ẏ2

TrAx + ż2
))

+
1

2

(
JAxz

ψ̇2 + JAxx
ϕ̇2
)

+
1

2

(
ωT

ri + ωT
le

)
JW (ωri + ωle) ,

(11a)

EV =
1

2

(
ksz (ψ − ψCB)

2
+ ksxϕ

2
)
−mgz, (11b)

ED =
1

2

(
kdz

(
ψ̇ − ψ̇CB

)2

+ kdx ϕ̇
2

)
, (11c)

L = ET − EV, (11d)
d

dt

(
∂L
∂q̇red

)
− ∂L
∂qred

+
∂ED

∂q̇red

= F gen, (11e)

where ET is the kinetic energy, EV is the potential energy, ED

is the dissipation function and F gen denotes the generalized
forces. The vectors ωj and the matrix JW describe the
absolute rotation and the moment of inertia of the wheels in
order to account for gyroscopic effects. The mass m is the
joint mass of wheel carrier and the wheels. Similarly, JAxx

and JAxz
are the residual moments of inertia regarding a roll

and an yaw motion in (CF)Ax. The mass mx = m+mCB/2
accounts for the increased inertia in longitudinal direction
since half the car body mass needs to be accelerated by one
running gear. The moment of inertia of the wheels about their
rotation axis is denoted JWy

.
The parameters ksx , ksz , kdx

and kdz
are spring and damping

constants, respectively. Please note, the yaw spring and damp-
ing moments do not occur due to relative yaw angles and
rates between (CF)Tr and (CF)Ax, but with respect to the car
body. The corresponding variables of the car body ψCB and

ψ̇CB can be approximated by the mean track yaw angle and
rate between front and rear running gear, such that

ψCB =
ψTr(s) + ψTr(s− LCB)

2
, (12)

ψ̇CB =
ψ̇Tr(s) + ψ̇Tr(s− LCB)

2
, (13)

where LCB denotes the distance between front and rear
running gear.
Due to the assumption of ideal rolling, the motor torques
τj act directly on the reduced generalized coordinates qred.
Therefore, the generalized forces F gen can be approximated
by

F gen = −
[ τle

rle
+ τri

rri
yleτle
rle
− yriτri

rri

]
(14)

for small angles ψTrAx.
By means of the LAGRANGE formalism, a continuous time
state-space model with

xT =
[
x ψ ẋ ψ̇ yTrAx ψTrAx

]
, (15)

uT =
[
τri τle

]
, (16)

θ =
{
ψTr

∂ψTr

∂s ϕTr
∂ϕTr

∂s εTr
∂εTr

∂s mCB

}
. (17)

is derived. Using a discretization method, e. g. the EU-
LER algorithm, the desired discrete time representation of the
nonlinear system dynamics fd is obtained.

III. CONTROLLER SYNTHESIS

The presented controller consists of three subsystems, the
lateral controller, the longitudinal controller, and the integra-
tion system, see Fig. 4. As can be seen, the desired lateral
position y∗ and the demanded traction or braking force F ∗x
of the running gear are set points for the control system. It
is assumed that these values are provided by a high level
system which controls all running gears in a holistic fashion
in accordance with the project specification of NGT.
Another assumption is that geometric data about the track is
available from a data base and that the current position of
the train can be estimated sufficiently accurate. The latter is a

Track Database Observer/Sensors 

Slip

A
d
h
es

io
n

Adhesion Control

Integration
Rule

Model Predictive Control

Fig. 4. Schematic of an MPC-based integrated control system for railway
running gears.
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current research topic at DLR and promising results have been
obtained with a novel technique which uses local variations of
the earth magnetic field to determine the accurate train location
in a track network [27].
Further, the integrated control system is provided with mea-
surements of states x̂, adhesion f̂xj

, and slip ŝxj
. The main

objective of the current contribution is to investigate MPC
approaches in the railway running gear context. Therefore, the
MBS outputs are used as direct measurements for feedback
control. However, powerful nonlinear EKF do exist for com-
parable applications and an observer-controller combination
may be employed in future implementations [10, 28].
After some general remarks on the control framework and
related assumptions, the three subsystems are explained in
more detail in the following subsections. First, the adhesion
controller in section III-A is concerned with the longitudinal
dynamics and calculates a desired mean torque ud. Second, a
lateral guidance MPC-based controller which interacts with the
adhesion controller is proposed. This subsystem determines a
differential torque ∆u between the left and the right wheel
motor. Last, an integration system that combines ud and ∆u
is introduced based on [21].

A. Adhesion Control

The adhesion controller should manage regular braking
and acceleration scenarios as well as situations in which a
maximum adhesion between wheel and rail is demanded.
The latter occurs mostly during emergency braking or when
adhesion conditions between wheels and rails are very low. For
these cases, a new maximum-seeking adhesion controller has
been proposed in [10] and will be briefly revisited. It is based
on a sliding mode approach and approximates the switching
function σ = ∂fx/∂sx by

σ̄ =
˙̂
fx ˙̂sx, (18)

based on appropriate derivations, estimates of longitudinal
adhesion fx, and slip sx. The estimates can be obtained from
nonlinear estimation algorithms designed in [29] which are
assumed to be given here. For the current application, the
control law can be adjusted to avoid a too dynamic motor
torque, such that

ud
k = ud

k−1 + δu (19)
δu = p1sgn (σ̄) , (20)

where p1 is a control parameter to be chosen sufficiently
high. The resulting control behavior is illustrated in Fig. 5
on the right side, where the set point adhesion f∗xj

cannot be
reached due to poor adhesion conditions (i. e. f∗xj

> fxmax
).

Nonetheless, the maximum possible adhesion fxmax should be
exploited. The control law causes the motor torque to
• increase if the adhesion is below its maximum value

(i. e. σ̄ > 0) and to
• decrease as soon as the unstable segment (III) is entered

(i. e. σ̄ < 0).
Therefore, the controller keeps oscillating around fxmax

and
eventually converges to a point close to it. The proof of con-
vergence is based on LYAPUNOV arguments and a concavity

Slip Slip

A
d
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es
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n

A
d
h
es
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n

Fig. 5. Operational segments of adhesion control scheme for two scenarios:
desired adhesion f∗xj

< fxmax (left) or f∗xj
> fxmax (right). Operation

in segment (I): torque to be increased. Operation in segment (II): no torque
change. Operation in segment (III): torque to be decreased.

assumption regarding the adhesion-slip characteristic in the
considered region (i. e. ∂2fx/∂s

2
x < 0).

In the current contribution, we will adopt this technique and
generalize it for application in regular as well as maximum
adhesion situations, both during traction and braking. To this
end, a control law for regular operation is devised following
the lines of [10] and combined with the above maximum
control law (19).
Applying standard sliding mode theory to the regular braking
case where the set point adhesion f∗x lies below the maximum
value of the adhesion-slip characteristic (see Fig. 5, left), we
choose the switching function

ν = f∗x − fx ≈ f∗x − f̂x = ν̄, (21)

and the control update law

δu = p2sgn (ν̄) , (22)

where p2 is a control parameter. Considering the ideal switch-
ing function to proof convergence to f∗x , a suitable LYA-
PUNOV candidate is

V (x) =
1

2
ν2. (23)

If we consider operation in the micro slip region for the regular
braking and acceleration case, the use of linear Kalker theory
as mentioned in section II is a valid assumption. Further, if
we consider the situation when driving with constant speed,
constant adhesion forces between wheel and rails are needed
to counteract resistance forces such as friction. This implies
ωrj > ẋ which gives a constant negative slip value using the
definition

sx =
ẋ− ωrj

ẋ
, (24)

ṡx = f(x) + g(x)δu. (25)

Starting from the above stationary driving condition, an in-
crease in the motor torque δu leads to an increased rotational
velocity of the wheel, which causes a further decrease of
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the slip (i.e. g(x) < 0). Hence, assuming a constant desired
adhesion f∗x , the time derivative of (23) reads

V̇ (x) = νν̇ (26a)

= −ν ∂fx
∂sx

ṡx, (26b)

= ν (abGc11) (f(x) + g(x)p2sgn (ν)) , (26c)
= νcf(x) + νcg(x)p2sgn (ν) , (26d)
= νcf(x) + |ν| cg(x)p2, (26e)

where c is a positive constant. From (26e) it is easy to see that
a sufficiently high p2 can ensure V̇ (x) < 0, which renders the
sliding manifold attractive. Under the standing assumptions,
the control law (22) causes the adhesion to converge to set
point f∗x .
Taking the above findings further, our adhesion control method
employs additional switching functions to account for traction
and braking as well as for the case, when the system oper-
ates in the third quadrant of the adhesion-slip characteristic.
Besides, a tolerance corridor around the demanded adhesion
value f∗x avoids oscillations. Hence, the adhesion-slip diagram
is divided in multiple sub parts in which suitably chosen
control design parameters Li determine δu. Computationally
efficient logical statements (such as ˙̂

fx ˙̂sx > 0 or f∗x − f̂x > 0)
help to determine the sub segment, in which the system
operates.

B. Nonlinear Model Predictive Control

MPC is a control method in which an optimization problem
is solved to determine the ”optimal“ control input sequence
with respect to a cost function. The first instance of the
sequence is applied to the system and the optimization process
is started again. The cost function is typically associated
with the difference between the desired and the predicted
future states over a prediction horizon H , when applying a
certain control input sequence. For actual implementation, the
prediction horizon is divided in L discrete time steps with
duration T = H/L.
Applied to the current problem, the MPC-scheme takes the
desired lateral position of the running gear in the track as a
set point which corresponds to yTrAx in the control-oriented
model (see Fig. 4). Besides, the track geometry in accordance
with (1) is taken as a measured disturbance input. Additionally,
the observed states and the currently desired mean torque
ud are made available to the MPC. The latter is taken into
account to improve prediction precision and hence control
performance. It is worth mentioning, that not only momentary
set points and track data can be used. In fact, whole sequences,
e. g. dependent on the track coordinate, can be considered in
the lateral controller.
The applied MPC-scheme is based on the control-oriented
model introduced in section II-B. The model is used to predict
future states x̄[0,L](t) if a certain input sequence is applied.
To retain a concise, yet brief description, a sequence {zk}wk=v

is denoted z[v,w]. Note further, predicted quantities are shown
with a bar and a quantity followed by (t) is calculated at time
t.

Following standard MPC notation and using (5), the NMPC
optimization problem reads

min
∆ū[0,L−1](t)

L−1∑

k=0

T
∥∥x̄k(t)− xd

k(t)
∥∥2

Q
+ T ‖∆ūk(t)‖2R

+ Jterm,

(27)

s.t. x̄k+1(t) = fd (x̄k(t), ūk(t), θ) , (28a)
x̄0(t) = x̂t, (28b)

ūk(t) =

[
ud
k(t) + ∆ūk(t)
ud
k(t)−∆ūk(t)

]
, (28c)

ū[0,L−1](t) ∈ U , (28d)
x̄[0,L](t) ∈ X , ∀k ∈ [0, L− 1], (28e)

where ‖v‖2M = vTMv. X and U are the static state and
input constraints, respectively. Q and R are cost weighting
parameters of suitable dimensions. x̂t is the observed state
vector at time t and Jterm is an appropriate additive term to
approximate the terminal cost. In the current implementation, a
suitable choice which facilitates fast convergence to the desired
set point y∗ without static terminal constraints is

Jterm = T
∥∥x̄L(t)− xd

L(t)
∥∥2

QL
, (29)

where QL = Q ·diag (0, 0, 0, 0, q, q) and q is a control design
parameter.
The desired state sequence xd

[0,L](t) is dependent on the
current position and velocity along the track. For an efficient
calculation, an approximation of the future track position and
velocity is made over the prediction horizon. It is built from
the desired lateral displacement sequence y∗, the track preview
ETr, and the currently observed state vector x̂t. In detail,

xd
k(t)T =

[
xd
k ψd

k ẋd
k ψ̇d

k yd
TrAxk

ψd
TrAxk

]
, (30a)

where xd
k = x̂t + ˆ̇xt Tk +

ud

r0mx

(Tk)
2

2
, (30b)

ψd
k = ψd

TrAxk
+ ψTr(x

d
k), (30c)

ẋd
k = ˆ̇xt +

ud

r0mx
Tk, (30d)

ψ̇d
k = ψ̇d

TrAxk
+ ψ̇Tr(x

d
k, ẋ

d
k), (30e)

yd
TrAxk

= y∗(xd
k), (30f)

ψd
TrAxk

=
ẏd

TrAxk

ẋd
k

. (30g)

The same approximation is used for determination of the track
preview in the system model.

C. Linear Time-Variant Model Predictive Control

The above MPC-scheme employs a detailed nonlinear sys-
tem model. However, computation resources are often limited
such that a model simplification is reasonable. To this end, the
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system model (5) is linearized around the approximated future
track position and velocity

Ak =
∂fd

∂x

∣∣∣∣
x=xlink

,u=ud,θ=θlink

, (31)

Bk =
∂fd

∂u

∣∣∣∣
x=xlink

,u=ud,θ=θlink

, (32)

where xlink
=
[
xd
k 0 ẋd

k 0 0 0
]
, (33)

θlink
= θ(xd

k, ẋ
d
k), (34)

and θ(xd
k, ẋ

d
k) denotes the set of variable parameters, de-

pendent on the position and velocity forecasts. The dynamic
constraint (28a) is reformulated using the Linear Time-Variant
(LTV) system model

xk+1 = Akxk + Bkuk, (35)

to obtain an LTV-MPC problem. The remaining parts of the
controller are unchanged.

D. Integration Approach

For the adhesion controller, it is crucial to react quickly if
adhesion conditions worsen abruptly. Therefore, the adhesion
control operates at a high frequency, e. g. , 1000Hz. The
lateral controller, however, solves an optimization problem
repetitively. In this light, computational resources do limit the
maximum frequency at which the MPC-scheme can calculate
control outputs. The integration rule considers this frequency
mismatch and ensures the commanded differential torque ∆u,
which is determined by the MPC, even if ud changes sharply.
Following the approach in [21], no fixed torque values are
allocated to the longitudinal and lateral controller. Rather, the
output torques are determined by the integration rule

τlongk
=

{
min

(
ud
k, τmax − |∆uk|

)
, if ud

k > 0,

max
(
ud
k, τmin + |∆uk|

)
, otherwise,

(36)

uk =

[
τlongk

+ ∆uk
τlongk

−∆uk

]
(37)

where τmax and τmin are the maximum and minimum possible
wheel motor torques, respectively.
In the end, it is possible to smoothly adapt the control objective
from longitudinal emphasis to lateral emphasis by tuning the
matrices Q and R in the MPC schemes.

IV. EXPERIMENTAL RESULTS

To show the effectiveness of the proposed integrated con-
troller, extensive simulations are conducted. Since the corre-
sponding plant models are known, the parameters of the MPC-
model are assumed to be known as well and no parameter iden-
tification is performed. The control design parameters Q, R,
q, the prediction horizon length H , and time step T are tuned
using a global optimization algorithm. In detail, a Particle
Swarm Optimization (PSO) minimizes a cost function along
the design parameters [30]. The cost function is associated
with the difference yTrAx − y∗ and the magnitude of the
differential torque ∆u. Multiple velocities together with tracks
T1 to T4 are taken into account. The control design parameters

pi are tuned heuristically.
For comparison with the obtained results, the control scheme
from [6, 22] is applied. It follows a feedback linearization
approach and features a simplified nonlinear inverse system
model of the running gear. Therefore, the technique is also
known as Nonlinear Dynamic Inversion (NDI) [31].
First, the used evaluation framework is illustrated in detail.
Second, the test scenarios are presented in context of the
performance criteria. Last, the actual results are shown and
explained in comparison with existing methods.

A. Simulation Environment

The simulations are performed with a detailed model of
a single high-speed train car and using the MBS software
SIMPACK . The controller implementation is based on MAT-
LAB and SIMULINK . In the experiments, SIMULINK and SIM-
PACK communicate via TCP/IP protocol at 1kHz in a co-
simulation environment.
The NMPC-scheme is implemented with the nonlinear opti-
mization toolbox CASADI [32] which provides an compre-
hensive framework for convenient set-up of NMPC problems.
For solving of nonlinear optimization problems, the package
IPOPT is used which implements an interior point method for
nonlinear programming [33].
For rough comparison of computational effort, computation
times are given. The calculations are performed with an
INTEL© CORETM i7-6700K CPU @ 4.00GHz, 16 GB RAM.

B. Test Scenarios and Performance Criteria

The control performance will be evaluated by means of
the Root Mean Squared Error (RMSE) of the desired lateral
displacement y∗ and the RMSE of the desired adhesion f∗x
in the regular operation case. If high longitudinal forces F ∗x
are demanded, i. e. , if either actuator saturation occurs or
the maximum possible adhesion in the wheel rail contacts is
exceeded, the braking distance is taken as a measure.
Since the application of MPC in running gear control is rather
new, our work focuses mainly on methodological aspects
rather than a ready-to-use implementation. Therefore, control-
oriented evaluation scenarios are used to scrutinize and com-
pare different concepts. The MBS results are based on a curve
entering situation. The vehicle starts on a straight track, passes
a clothoid and enters a curve with constant radius. To show the
effectiveness of the proposed schemes, the evaluation tracks Ti
are designed for different velocities from 40 to 400km/h and
featuring different unbalanced lateral accelerations between 0
and the operationally allowed maximum of 0.65m/s2. The
curve radii are chosen comparable to previous publications [7,
34] and the superelevation is hence a dependent quantity1. An
overview of the scenarios can be found in Tab. I. In addition,
the curve radius of track T1 is chosen such that the geometri-
cally required yaw angle between wheel carrier and car body
in perfect curving is at 80% of the mechanical yaw end stops.

1The superelevation lsup is deduced from the fixed values for curve
radius R, velocity v and design unbalanced lateral acceleration a by
lsup = b tanϕsup and ϕsup = arcsin

v2/R−a
g
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TABLE I
EVALUATION TRACKS Ti FOR SIMPACK MULTI-BODY CO-SIMULATION,

ENTERING OF IDEAL CURVES
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[km/h] [m/s2] [m] [m]
1 40 0.0000 175 0.108
2 160 0.2167 1500 0.168
3 280 0.4333 4250 0.151
4 400 0.6500 8500 0.123

In this context, T1 is designed to test control performance in a
very narrow curve. In the current contribution, the evaluation
curves are geometrically ideal without any irregularities.

C. Evaluation

First, the capability of mechatronic guidance is illustrated
for the developed MPC scheme. After, the behavior of the
adhesion controller is presented. Last, the performance of the
integrated controller is shown for different sets of control
parameters.
Fig. 6 depicts the control behavior when riding on a curved
track without traction or braking (i. e.F ∗x = 0). A variable
set point of the lateral position y∗ is imposed in the form
of a sine sweep. The devised MPC schemes are shown in
contrast to the previously developed NDI controller. Looking
at the beginning of the clothoid at 25m it can be seen, that all
controllers can cope well with the change in superelevation,
as they immediately counteract the gyroscopic effects by an
adequate motor torque. The middle plot shows the absolute
yaw angle and hence illustrates the overall path tracking
ability. In addition to path following, it is possible to chase
a desired lateral position within the track. The MPC-based
controllers show a better accuracy than the NDI controller.
In fact, the MPC approaches follow the set point nearly
without delay. A reason for this behavior is the available
preview information about the future set points. In this context,
the error needs to occur for the NDI scheme to react. In
contrast, MPC can avoid the error beforehand. This becomes
visible in the motor torque plots as well, where the curve
shapes are comparable but have slight offset. In spite of the
generally better performance, MPC shows a drift in the lateral
position and values above 2.5mm are not matched well. A
possible explanation is the heuristic choice of control design
parameters or the strongly simplified prediction model. When
comparing both MPC schemes, NMPC is marginally superior
to LTV-MPC in this scenario. However, the increased accuracy
comes at the cost of a higher computational burden. The
mean time to solve an optimization problem took 5.6ms in
LTV-MPC and 20.3ms in NMPC.
Similar co-simulations have been conducted for different ve-
locities. To obtain comparable results, the same straight test
track and the same sinusoidal set points for y∗ are used. As
can be seen in Fig. 7, the experimental results resemble the
previous observations regarding the lateral position. The most

Fig. 6. Co-simulation result, evaluation track T3, 280km/h, good adhesion
conditions, F ∗

x = 0.

Fig. 7. Co-simulation result, 1000m of straight track, good adhesion
conditions, F ∗

x = 0, sine with period 150m as y∗ set point.

accurate lateral motion is achieved with NMPC, followed by
LTV-MPC and NDI. Within each method, better results are
obtained with lower velocities. The velocity dependence of the
absolute lateral position error is highest with the NDI method
and is mitigated by the MPC-based controllers.
For evaluation of the longitudinal control law, a straight track
with poor adhesion conditions is considered in Fig. 8. First,
a relatively low traction force F ∗x set point is provided, such
that f∗x < fxmax . In this regular operation case, the motor
torque converges to f∗x as proved in section III-A. From
130m, the set point adhesion exceeds the maximum possible



9

Fig. 8. Co-simulation result, straight track, 400km/h, critical adhesion
conditions.

adhesion fxmax . In this situation, the controller should steer
the adhesion to the maximum possible value while avoiding
excessive slip and the corresponding unstable behavior. It
becomes visual in the top plot, that the maximum adhesion
is approached. As soon as one wheel-rail contact enters the
macro slip regime, the control input ud is decreased rapidly
to drive the system back to the stable micro slip region.
From there, the maximum adhesion is approached again. This
behavior is depicted from 240m in the top plot of Fig. 8.
It is worth mentioning that the devised adhesion controller
operates robustly without knowledge of the adhesion slip
characteristic and relies only on basic assumptions. Regarding
the lateral direction, the control task becomes more difficult
due to the poor adhesion conditions. Nonetheless, the results
in the middle plot demonstrate that NMPC ensures a stable
oscillation around the set point.
After the separate view on lateral and longitudinal behav-
ior, the integrated concept is discussed. The link between
demanded control inputs of MPC-based guidance controller
and adhesion controller is realized by the integration rule
presented in III-D. The resulting torque is limited by actuator
constraints. Thus, the situation of actuator saturation implies a
trade-off between lateral and longitudinal control performance.
Considering the presented integrated controller, the control ob-
jective can be varied smoothly between lateral and longitudinal
emphasis by adjusting the MPC parameters Q and R. This
is shown in Fig. 9 by means of co-simulation results when

Fig. 9. Co-simulation result for NMPC-based and NDI-based integrated
controllers with multiple parameter sets, 1000m of evaluation track T2,
160km/h, good adhesion conditions, high braking demand and actuator
saturation, sine sweep as y∗ set point.

driving on track T2 with 160km/h. The actuators are operating
in saturation since adhesion conditions are good and a high
braking demand value is set (i. e. f∗x � 0). Multiple parameter
sets for the NMPC-based integrated controller are employed.
As can be seen, a trade-off between lateral accuracy and
braking distance is possible by means of adjusted controller
parameters. In this example, the only parameter changed is
the input cost parameter R. In addition, we see that both
NMPC-based controllers outperform the NDI scheme in terms
of lateral position accuracy and braking distance.

V. CONCLUSION AND OUTLOOK

In the current work, we explored the use of MPC for
control of high-speed railway running gears with IRW. A novel
adhesion-based control method for joint handling of regular
and critical adhesion conditions is presented. Both techniques
are combined using an integration rule. Thus, a holistic control
scheme for handling of multiple regular and critical operation
scenarios is contributed. Co-simulation results with a detailed
MBS software show the effectiveness of the devised integrated
controller, underlining that the application of MPC is a promis-
ing approach for control of railway running gears with IRW. In
particular, the presented control scheme outperforms a state-
of-the-art NDI controller.
However, certain aspects require special attention. The func-
tionality of the adhesion-based controller is dependent on a set
of basic assumptions. These assumptions may not be fulfilled
in every single situation which needs to be investigated in the
future. Furthermore, both lateral and longitudinal sub control
systems come with a number of control design parameters
which need to be determined. The parameters can partly
influence each other, so that tuning for multiple realistic cases
may be difficult.
In accordance with the main objective to explore the applica-
tion of MPC in railway running gears, the presented evalua-
tion was strongly control-oriented. Nonetheless, a controller-
observer implementation as well as further evaluation scenar-
ios with a focus on track irregularities should be emphasized
in future developments.
A common drawback of MPC is the computational burden. A
LTV-MPC controller has been devised to mitigate the issue.
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An approximate optimization time reduction to a fourth of the
initial value has been achieved but additional work is required
to ensure safe real-time operation. An interesting option for
future research is the design of a centralized MPC controller
for joint handling of lateral and longitudinal control.
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4 Further Description of Methods

A detailed explanation of the applied methods is given in this chapter. It provides background
and extensions which could not be mentioned in the scientific publication due to the limited
space. Apart from the development and implementation of a new controller architecture for
railway running gears with IRW, additional approaches for modeling and system analysis are
investigated. The obtained results may be used for future extensions and enhancements.
A more sophisticated modeling approach than discussed in chapter 3 is presented in 4.1. It is
followed by section 4.2, in which additional insights in control synthesis are given. Lastly, the
simulation environment and the link between different programs is visualized in section 4.3,
accompanied by further experimental results.

4.1 Modeling

In this section, the track modeling described in the publication is enhanced by the consider-
ation of track irregularities. Apart from that, the running gear system with IRW is carefully
modeled by means of the LAGRANGE formalism while using homogeneous transformations.
Furthermore, strategies are devised to tackle nonlinear influences resulting from wheel and rail
profiles.

4.1.1 Track

In real world systems, the ideal track path is disturbed by track irregularities. Bounds for
these errors are expressed in the frequency domain of the track length coordinate rather than
in absolute terms. Therefore, lateral position error, vertical position error, superelevation
(cross-level height) error and gauge widening error are described in terms of Power Spectral
Densities (PSD). An overview together with usual design values for the PSD can be found in
[HPK18].
Due to the structure of the simulation environment, the encountered track irregularities need to
be provided to both, the controller and the simulative plant. In the MBS software SIMPACK ,
the PSD can be used directly to create randomly sampled error signals, which obey the required
frequency domain characteristics. The sampled signal can be exported and incorporated in
other programs. However, the process of manual exporting and importing is laborious and
prevents flexible handling of different PSD and custom irregularity shapes.
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To have full control over the simulated track irregularities, the artificial errors are sampled using
MATLAB and provided to both, the controller and SIMPACK . The desired and estimated PSD
of randomly sampled errors are shown in Fig. 4.1.

4.1.2 Running Gear with Driven Independently Rotating Wheels

In the scientific publication, a simplified control model for use in MPC is derived. Ideal
rolling is assumed and the lateral dynamics are reduced to a first order equation dependent on
the difference angle between wheel carrier and track ψTrAx. Furthermore, the wheel and rail
geometries are approximated by a conic wheel on a line rail.
However, to gain insight in the system dynamics and to facilitate the development of more
accurate control models, it is meaningful to carry out a detailed system analysis. An own
derivation makes sense in spite of existing models, since individually set generalized coordinates
can be used. Besides, individual assumptions can be employed.

Figure 4.1: Desired design PSD according to [HPK18] and estimated PSD of randomly sampled
track irregularity sequences.
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The subsequent derivation of equations of motion is based on LAGRANGES’ equation of the
second kind for holonomic systems. In fact, the current running gear plant is a nonholonomic
system. These systems are usually treated by means of LAGRANGE multipliers to account
for forces which occur due to nonholonomic constraints [HN97]. In the subsequent analysis,
however, these forces are directly considered as generalized forces. In detail, lateral and
longitudinal creep forces occur in the rail-wheel contacts and are modeled using linear Kalker
theory. The system description is performed by means of multiple CF and an overview is
presented in Fig. 4.2, where iT j denotes the homogeneous transformation from (CF)j to (CF)i.
Additional information regarding the transformations are given in the following paragraphs.
The running gear is regarded as a multi-body system with three rigid bodies, the wheel
carrier (subscript �Ax), right wheel (subscript �Wri) and left wheel (subscript �Wle). The
corresponding centers of gravity are denoted by �S . Further, the wheel-rail contacts left and
right are referred to with �Cri and �Cle, respectively. An auxiliary coordinate frame at the track
center line carries the subscript �Tr.

(a) (b)

Figure 4.2: Top view (a) and rear view (b) sketch of a railway running gear with IRW, including
coordinate systems and transformations. Rear view is shown for relative yaw angle
between track frame and wheel carrier frame ψ − ψTr = 0.
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Transformation matrices

To build the relationships between the CF systematically, homogeneous transformations are
applied. The rotation matrices are built using EULER convention

R(α, β, γ) := REUL(α, β, γ) = Rz(α)Rx(β)Rz(γ), (4.17)

where Rx and Rz denote elementary rotation matrices about the current x and y axis, respec-
tively. For a detailed explanation regarding homogeneous transformations and rotation matrices,
the reader is referred to [HAOR15]. The transformations used are defined as

0T Tr =

[
R (0, ϕTr, ψTr) (0)rTr

0 1

]
, with (0)r

T
Tr =

[
xTr yTr 0

]
, (4.18)

0T Ax =

[
R (0, ϕ, ψ) (0)rAx

0 1

]
, with (0)r

T
Ax =

[
x y z

]
, (4.19)

AxTWri =

[
R (−π/2, ϕWri, π/2) (Ax)rWri

0 1

]
, with (Ax)r

T
Wri =

[
0 yWS

0
]
, (4.20)

AxTWle =

[
R (−π/2, ϕWle, π/2) (Ax)rWle

0 1

]
, with (Ax)r

T
Wle =

[
0 −yWS

0
]
, (4.21)

AxT Cri =

[
R (0, δCri, 0) (Ax)rCri

0 1

]
, with (Ax)r

T
Cri =

[
0 yCri zCri

]
, (4.22)

AxT Cle =

[
R (0, δCle, 0) (Ax)rCle

0 1

]
, with (Ax)r

T
Cle =

[
0 yCle zCle

]
, (4.23)

0TWri = 0T Ax
AxTWri, (4.24)

0TWle = 0T Ax
AxTWle, (4.25)

0T Cri = 0T Ax
AxT Cri, (4.26)

0T Cle = 0T Ax
AxT Cle. (4.27)

Please note, the rotational velocities of the right and left wheel are ωWri = ϕ̇Wri and ωWle =

ϕ̇Wle, respectively.
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Rigid body position and velocity vectors

It is assumed that the rigid body centers of gravity SAx, SWri, and SWle lie at the origins of the
corresponding body CF. Thus, position and velocity vectors of the rigid body centers of gravity
can be obtained by picking the 4th column of the appropriate homogeneous transformations
matrices, i. e.

Axle body: (0)r̃SAx
=
[

(0)r
T
SAx

1
]T

= 0T Ax(Ax)r̃Ax = 0T Ax

[
0 1

]T

, (4.28)

(0)
˙̃rSAx

= 0Ṫ Ax

[
0 1

]T

, (4.29)

Wheel right/left: (0)r̃SWj
= 0TWj

[
0 1

]T

, (4.30)

(0)
˙̃rSWj

= 0ṪWj

[
0 1

]T

, j ∈ {ri, le} . (4.31)

Rigid body rotational velocities

The rotational velocities of the rigid bodies are calculated using the property

(0)
˙̃rP = 0Ṫ Ax(Ax)r̃P, (4.32a)

= 0Ṫ Ax

(
0T Ax

)−1
(0)r̃P, (4.32b)

=

[
0ṘAx (0RAx)

T
(0)ṙAx − 0ṘAx (0RAx)

T
(0)rAx

0 1

]
(0)r̃P, (4.32c)

of homogeneous transformation matrices, where (0)rAx denotes the position of the origin of the
body-fixed coordinate frame (CF)Ax described in (CF)0. From (4.32c), it is easy to see that
the equalities

(0)ṙP = (0)ṙAx − 0ṘAx

(
0RAx

)T
(0)rAxP = (0)ṙAx − (0)ωAx × (0)rAxP, (4.33)

hold. Therefore, the rotational velocity (0)ωAx of the wheel carrier can be obtained from

(0)ωAx =



ωx
ωy
ωz




(0) Ax

, with 0ṘAx

(
0RAx

)T
=




0 −ωz ωy
ωz 0 −ωx
−ωy ωx 0




(0) Ax

, (4.34)

and the rotational velocities of the right wheel (0)ωWri and the left wheel (0)ωWle are determined
by similar expressions [HAOR15].
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Non-conservative forces and moments

To account for the creep forces in the wheel-rail contacts and for the motor moments, non-
conservative forces need to be considered. The forces between running gear and car body are
strongly reduced in lateral and vertical direction due to the secondary suspension. Forces in the
longitudinal direction are taken into account in (0)F Train. To this end, the generalized forces
F gen are determined by

F gen =

(
∂(0)rCri

∂q

)T

(0)F Cri +

(
∂(0)ωWri

∂q̇

)T

(0)MWri

+

(
∂(0)rCle

∂q

)T

(0)F Cle +

(
∂(0)ωWle

∂q̇

)T

(0)MWle +

(
∂(0)rSAx

∂q

)T

(0)F Train,

(4.35)

where (0)rCri and (0)rCle are the positions of the wheel-rail contacts on the right and left side,
respectively. The vector of generalized coordinates is denoted q. In the current analysis, the
vectors are defined by

(0)r̃Cj = 0T Cj

[
0 1

]T

, for j ∈ {r, l} , (4.36)

in which the variables yCj and zCj are dependent on the current state (see (4.22), (4.23) and
section 4.1.3). The generalized forces in (4.35) are

(0)F Train = 0RAx



mCB/2 ẍ

0

0




(Ax)

, (4.37)

(0)F Cj = 0RCj FNabG



c11j 0 0

0 c22j 0

0 0 0






sxj
syj
Ψj




(Cj)

, (4.38)

(0)MWj = 0RWj




0

τj
0




(Wj)

, for j ∈ {r, l} , (4.39)

where (0)F Cj is modeled using linear Kalker theory [Kal82] and neglecting creep torque as
well as spin creepage. G is the shear modulus of the contact materials and a and b are the
contact ellipse half axis lengths. The normal force in the wheel-rail contacts is approximated
by FN = mAx/2 +mW +mCB/2 with the rigid body masses mAx, mW = mWri = mWle and
the total mass of the car body mCB. The corresponding slip values sxj and syj are assumed to
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be the referred velocities of wheel particles at the contact points, i. e. ,


sxj
syj
∗




(Cj)

vref = CjR0

(
(0)ṙAx + (0)ωWj × (0)rAxCj

)
, (4.40)

since the underground is not moving.

LAGRANGE formalism

Using the above definitions, the kinetic energy ET, the potential energy EV, and the LA-
GRANGIAN L are defined. A dissipation function ED is used to account for damping [HN97].
Please note, that the definitions (4.45) through (4.47) differ from those presented in the scientific
publication. The quantities rCj , yCj , δCj , ϕ and z are assumed to be fully dependent on the
planar position and orientation due to the geometrical wheel-rail relationship (see section 4.1.3).
The remaining length yWS

is a fixed parameter. Hence, the generalized coordinate vector and
its derivative

qT =
[
x y ψ ϕWri ϕWle

]
, (4.41)

q̇T =
[
ẋ ẏ ψ̇ ωWri ωWle

]
, (4.42)

are employed and the LAGRANGE formalism reads

d

dt

(
∂L
∂q̇

)
− ∂L
∂q

+
∂ED

∂q̇
= F gen, (4.43)

with L = ET − EV, (4.44)

ET =
1

2

∑

i∈{Ax,Wri,Wle}
mi(0)ṙ

T
Si (0)ṙSi

+
1

2
(0)ω

T
i (0)J

(Si)
i (0)ωi, (4.45)

EV =
1

2
(q − q0)T Ks (q − q0) +

∑

i∈{Ax,Wri,Wle}
mi(0)g

T
(0)rSi

, (4.46)

ED =
1

2
(q̇ − q̇0)T Kd (q̇ − q̇0) . (4.47)

The matrix F gen describes generalized forces and moments according to (4.35). The matrices
Ks and Kd include spring and damping effects, respectively. The quantities q0 and q̇0 are the
relative generalized coordinates around which spring and damping forces occur. The quantities
ψCB and ψ̇CB, which are defined in the scientific publication, contribute to q0 and q̇0.
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Solving for q̈ yields the desired equations of motion for state vector x ∈ Rn and input vector
u ∈ Rm. For convenience, cartesian coordinates in the inertial frame are used for derivation so
far. For the subsequent modeling, a change of coordinates is performed with

(0)ẋ = (Ax)ẋ cosψ − (Ax)ẏ sinψ, (4.48)

(0)ẏ = (Ax)ẋ sinψ + (Ax)ẏ cosψ, (4.49)

which allows to define the continuous time state space system f : Rn×Rm → Rn in dependence
of time-varying parameters θ. In detail,

ẋ(t) = f (x(t),u(t), θ(t)) , (4.50)

with xT =
[

(Ax)x (0)ψ (Ax)ẋ (Ax)ẏ (0)ψ̇ (Ax)ωWri (Ax)ωWle (Tr)yAx (Tr)ψAx

]
,

(4.51)

uT =
[
τr τl

]
, (4.52)

θ =
{
ETr, CTr,FTrain

}
, (4.53)

ETr =
{
ψTr,

∂ψTr

∂s
, ϕTr,

∂ϕTr

∂s

}
, (4.54)

CTr =
{
c11r , c11l , c22r , c22l

}
, (4.55)

FTrain =
{
mCB

}
, (4.56)

where the integrated velocity in riding direction (Ax)x approximately equals the traveled distance
along the track s. The lateral and yaw displacement dynamics between (CF)Tr and (CF)Ax are
defined

(Tr)ψ̇Ax = ψ̇ − ψ̇Tr, (4.57)

(Tr)ẏAx = (Ax)ẋ sin (Tr)ψAx + (Ax)ẏ cos (Tr)ψAx, (4.58)

as in the publication, but with a more detailed representation of (Tr)ẏAx in (4.58).
For use in discrete time frameworks, the above system can be discretized by means of 4th-order
RUNGE-KUTTA method or other suitable discretization methods. For convenience, the symbolic
calculation program MAPLE is used for model derivation and discretization.
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4.1.3 Wheel-Rail Interaction

After the derivation of a general system model, this section briefly discusses the relevant
geometrical aspects of wheel-rail interaction. The exact position of the contact points between
wheels and rails is of major importance for the determination of slip and hence the magnitude
of creep forces. In connection, the position and orientation of force attack change due to the
nonlinear wheel and rail geometries.
In modern MBS software, these influences are considered together with material elasticity and
complex contact search methods are applied. This is not feasible for the current MPC task due
to computation time restrictions. Therefore, simplified methods to account for the nonlinear
wheel and rail geometries are sought. One possibility is to introduce the variables rCj , yCj , δCj ,
ϕ and z which fully depend on the current lateral and yaw displacement between (CF)Tr and
(CF)Ax. The displacements are denoted (Tr)yAx and (Tr)ψAx, respectively.
In [KSM+21], the contact angles δCj and momentary wheel radii rCj are approximated by one
dimensional exponential functions solely dependent on (Tr)yAx, neglecting the yaw dependence.
To increase accuracy, offline contact searches are performed in the present work by means of
the wheel and rail geometries to obtain two dimensional look-up tables in (Tr)yAx and (Tr)ψAx.
In detail, a planar cross-section of the contact situation can be set up as illustrated in Fig. A.1.
Here, nominal values for rail cant and other geometrical parameters are used, but a worn system
can also be considered if geometrical parameters are known. An optimization-based contact
search is conducted for each point in a (Tr)yAx-(Tr)ψAx grid. The result maps of ϕ and z can
be seen in Fig. 4.3. Similar surfaces are obtained for contact angles δCj , wheel radii rCj , and
lateral contact point positions yCj (see appendix A).

Figure 4.3: Contact search results z and ϕ dependent on (Tr)yAx and (Tr)ψAx.
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4.1.4 Simplified Model

The previously developed system representation helps to understand the dynamics of the
running gear plant. It offers a framework for detailed consideration of track irregularities, track
path, wheel-rail adhesion conditions, and nonlinear wheel and rail geometries in a joint model.
However, due to complexity and limited computational resources, using the described model
in MPC remains difficult. Therefore, a simplified system representation (see chapter 3), is
developed and successfully applied, whereas the results of section 4.1 form the essential basis
for developments and extensions that would go beyond the scope of this conceptual work.

4.2 Control Synthesis

The general control infrastructure is described in chapter 3. However, some details concerning
the adhesion-based control law are given subsequently for completeness. In addition, the
implementation of the Linear Time-Variant (LTV) MPC scheme is illustrated in more detail.
Lastly, the process of control parameter optimization is briefly described.

4.2.1 Adhesion-based Control

In the context of a distributed-drive train, it is meaningful to use the desired traction or braking
force as a set point for a single running gear. Together with the normal contact force, the desired
longitudinal adhesion f ∗x in the wheel-rail contacts can be deduced. Longitudinal controllers
should aim to steer the actual adhesion fxj to this value regardless of the actual adhesion
conditions CTr. If the adhesion conditions are poor and fxmax < f ∗x , the controller should steer
the system to the maximum possible adhesion fxmax .
In the current thesis, unknown adhesion conditions CTr are assumed. The controller presented in
chapter 3 solely relies on the desired adhesion f ∗x and current estimates of slip ŝxj and adhesion
f̂xj . It alters the mean motor torque according to

ud
k = ud

k−1 + δu, (4.59)

where δu is determined by Algorithm 1 based on the currently encountered operational segment
of the adhesion-slip curve. An overview of the operational segments can be found in Fig. 4.4.
Please note, Fig. 4.4 shows a regular operation case since f ∗x < fxmax . To avoid oscillations
around f ∗x , an acceptance corridor of width ∆f ∗x is introduced. In the critical operation case
(i. e. f ∗x > fxmax), Algorithm 1 steers the adhesion to fxmax by switching between operational
segments (I) and (VIII). To account for this case, it is crucial to carefully choose p1 and p2.
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Algorithm 1 Adhesion-based Control

1: c = sign (f ∗x) . Traction or braking?
2: f̂xmean =

(
f̂xri + f̂xle

)
/2

3: if
∣∣∣f ∗x − f̂xmean

∣∣∣ < ∆f ∗x then . Actual adhesion inside desired corridor?
4: δu = 0 . Control law for segment (II)-(III)
5: else
6: if f ∗x f̂xmean < 0 then . Desired and actual adhesion in same quadrant?
7: δu = cp3 . Control law for segment (IX)
8: else
9: if

(
˙̂
fxri

˙̂sxri < 0
)
∨
(

˙̂
fxle

˙̂sxle < 0
)

then . Does macro slip occur?
10: δu = −cp2 . Control law for segment (V)-(VIII)
11: else
12: if f ∗x < f̂xmean then . Actual greater than desired adhesion?
13: δu = −cp1 . Control law for segment (IV)
14: else
15: δu = cp1 . Control law for segment (I)

(IV)

(III)     

(II)            

(I)                  

(V)

              (VI)

                           (VII)

                                          (VIII)

(IX)

 

Figure 4.4: Adhesion-slip characteristic (gray) with operational segments (I)-(IX) of the pre-
sented adhesion-based controller.
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Moreover, Algorithm 1 is only one possible implementation for use of the switching boundaries
introduced in Fig. 4.4. Other algorithms which distinguish between the operational segments in
more detail are possible. Hence, the number and choice of control parameters can vary. For
full customization of δu based on the current operational segment, a truth table and appropriate
logical statements can be employed.

4.2.2 Linear Time-Variant Model Predictive Control

The Linear Time-Variant Model Predictive Control (LTV-MPC) for lateral guidance is intro-
duced in chapter 3. It employs the control-oriented model presented in the publication which is
linearized about the nominal state xlink

and input values un. Thus, it is computationally less
demanding than the Nonlinear Model Predictive Control (NMPC) scheme. In this context, a
quadratic optimization problem of the form

min
z

zTHz + gTz, (4.60a)

s.t.Az ≤ b, (4.60b)

Aeqz = beq, (4.60c)

is solved repetitively. For completeness, the process to construct appropriate vectors and
matrices is described subsequently. Since the difference between the predicted states and the
desired states is to be minimized, z ∈ Rn(L+1)+L is defined as

z =




zx0
...

zxL
zu0

...
zuL−1




=




x̄0(t)− xd
0(t)

...
x̄L(t)− xd

L(t)

∆ū0(t)
...

∆ūL−1(t)




. (4.61)

The block diagonal matrix H ∈ R(n(L+1)+L)×(n(L+1)+L) and the vector g ∈ Rn(L+1)+L are

H =




Q
. . .

Q

R
. . .

R




, g = 0. (4.62)
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Please note, the quantities used are defined in the scientific publication. To impose the linearized
system model by means of the equality constraints (4.60c), a suitable form has to be obtained.
To this end, the linearized system can be expressed as

x̄k+1(t) = xlink+1
(t) + x̄diffk+1

(t), (4.63a)

= xlink+1
(t) + Ak (x̄k(t)− xlink

(t)) + b1k (∆ūk(t)− 0) + b2k

(
ud
k(t)− 0

)
(4.63b)

where x̄diffk
(t) is the difference between the linearization point and the current predicted state.

The JACOBIANS of states and inputs are

Ak =
∂fd

∂x

∣∣∣∣
x=xlink

,u=0,θ=θlink

, (4.64)

b1k =
∂fd

∂∆ū

∣∣∣∣
x=xlink

,u=0,θ=θlink

, b2k =
∂fd

∂ud

∣∣∣∣
x=xlink

,u=0,θ=θlink

, (4.65)

u =

[
ud + ∆ū

ud −∆ū

]
, (4.66)

where the mean input torque ud is separated from the differential torque ∆ū. The remaining
quantities are defined in chapter 3. Using the definition of z in (4.61), the equation

[
. . . I −Ak . . . −b1k . . .

]




...
x̄k+1(t)− xd

k+1(t)

x̄k(t)− xd
k(t)

...
∆ūk(t)

...




=
[
xlink+1

(t)− xd
k+1 + Ak

(
xd
k(t)− xlink

(t)
)

+ b2ku
d
k(t)
]

(4.67)

can be obtained from (4.63) which determines the kth row of Aeq and beq. The initial constraint
x̄0(t) = x̂t and any terminal constraints must be considered separately. Static state constraints
X = [xmin,xmax] are introduced by means of (4.60b) and using the shift

xmin ≤ x̄k(t) ≤ xmax (4.68)

xmin − xd
k(t) ≤ zxk ≤ xmax − xd

k(t). (4.69)

Static input constraints to account for actuator saturation are imposed with similar inequalities.
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4.2.3 Parameter Optimization

The choice of control design parameters is of crucial importance for the control performance.
In the scientific publication, multiple control parameters are defined and need to be tuned.
On the one hand, parameters can be chosen heuristically. This approach can give fast results but
requires system understanding and usually leads not to the globally optimal tuning. On the other
hand, optimization techniques offer the possibility to find suitable control parameter values.
In the current thesis the global optimization algorithm Particle Swarm Optimization (PSO) is
used, which conducts gradient-free optimization [KE95]. The simulation environment, together
with the optional optimization extension, is shown in Fig. 4.5. In detail, the PSO algorithm
minimizes the cost function

J =
∑

v∈{40,160,280,400}km/h

[
1

N

N∑

k=1

∥∥yd
TrAxk

(v)− yTrAxk
(v)
∥∥

2
+ h ‖∆uk(v)‖2

]
(4.70)

along the optimization variables rT =
[
r1 r2 r3 r4 r5 r6

]
, with

Prediction horizon H = r1, (4.71)

Number of prediction steps L = r2, (4.72)

Prediction step size T = H/L, (4.73)

State cost matrix Q = diag (0, 0, 0, 0, 10r3 , 10r4 , 10r5) , (4.74)

Input cost matrix R = 10−3, (4.75)

Terminal state cost matrix QL = Q · diag (0, 0, 0, 0, 0, r6, r6) , (4.76)

and h is a weighting parameter to account for the magnitude difference between yTrAx and
∆u. The evaluation sequences are of length N . Multiple optimization procedures with random
initialization are performed to increase the chance to find a global optimum. Thus, an extensive
parameter space can be explored. To account for different operating points, the curve entering
scenarios for multiple velocities with tracks T1 to T4 are used for each optimization procedure.
The set point signal y∗ is a ramp with a superimposed sine function.
Due to the embedded MBS software, only a single computing device could be used. In addition,
the simulation process for each cost function evaluation is time consuming. In this light, a
number of 100 iterations is chosen. Each optimization procedure takes approximately 48 hours
using an INTEL© CORETM i7-6700K CPU @ 4.00GHz, 16 GB RAM.
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4.3 Evaluation

After all, a thorough evaluation of the previous modeling, control synthesis and parametrization
choices is essential to show their effectiveness. To this end, a broad environment featuring
different programs is set up and will be described in the following. Therein, an additional plant
model is illustrated, which is based on the modeling language MODELICA . This model is not
mentioned in the scientific publication due to limited space. The section concludes with the
presentation of further experimental results, especially in the context of the MODELICA plant.

4.3.1 Programmatic Environment

The main part of the evaluation are conducted in MATLAB and SIMULINK . For representation
of the plant, however, additional software is employed. Apart from simple evaluation, a pa-
rameter optimization based on MATLAB can be carried out. An overview of the programmatic
framework is shown in Fig. 4.5.
To start with, the scenario settings are defined in a MATLAB preprocessing script. Here, the de-
sired set point sequences for y∗ and F ∗x are introduced. Loading of initial system and controller
values as well as their parametrization take place. With regard to future work, track loading and
preprocessing are optimized for use of common standards in railway research. Thus, the ideal
track geometry for evaluation is loaded from an external .trm file (for track measurement)
and the track excitations are loaded from an external .tre file (for track excitation). The
corresponding .trm and .tre files can contain measured data from real tracks or artificially

Matlab

Global optimization 
algorithm

- Cost function definiton 
and evaluation

- Optimization variable 
definition and handling 

Matlab

Simulative plant
(FMU or Co-Simulation)

Controller

Simulink

Results

Preprocessing
- Scenario definition
- Track loading
- Parametrization
- Initialization

Postprocessing
- Evaluating criteria
- Plotting

Figure 4.5: Environment for development and evaluation of the proposed control schemes in
MATLAB (blue) and SIMULINK (orange), featuring an optional parameter optimiza-
tion block (light blue).
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generated data. In the present work, ideal evaluation track geometries are created using the
MODELICA RailwayDynamics library, which has been developed at SR. Artificially sampled
.tre excitation files from a custom PSD are computed based on section 4.1.1.
After preprocessing, SIMULINK is started where the control loop consisting of controller and
detailed plant model are defined. For evaluation, two distinct plant models exist. In the publica-
tion, the state-of-the-art MBS software SIMPACK is used for a realistic plant representation by
means of co-simulation. Apart from that, initial developments are made with a simplified plant
model based on the modeling language MODELICA . The latter is briefly described briefly in
the following paragraph.
The MODELICA implementation refers to a running gear roller rig with IRW of scale 1:5 which
is presented in [KSM19]. The underlying wheel geometry of the MODELICA plant is ideally
conic. For the current thesis, the model is adapted for evaluation of a single axle. It is integrated
into SIMULINK by means of the standard Functional Mock-up Interface (FMI) for exchange
of dynamic simulation models. FMI converts a dynamic model into a platform-independent
compressed library, the Functional Mock-up Unit (FMU), with a .xml-file for definitions
and model formulas in the form of C-functions [Mod22]. Parameter tables, user interfaces or
documentations can be attached. If evaluation with either of the plant models is finished, results
are summarized in MATLAB, performance criteria are calculated and corresponding plots are
created.
Additionally, a parameter optimization can be carried out. To this end, the previously de-
scribed framework is used in an objective function and certain performance criteria are used to
determine the cost as described in section 4.2.3.

4.3.2 Further Results

Some exemplary results with the MODELICA plant are presented in the following. For compari-
son, the gain scheduled state feedback controller described in section 2.2 is employed.
In Fig. 4.6, a sine sweep set point trajectory y∗ is to be followed under constant acceleration.
The tracking errors of NMPC, LTV-MPC and state feedback control are in general small.
However, the state feedback controller operates with a slight delay and thus greater errors in
contrast to MPC schemes occur. The RMSE of the lateral position using state feedback control
is 0.268mm compared to 0.011mm with LTV-MPC and 0.003mm with NMPC. The RMSE
difference can be explained by the incorporation of set point preview information in MPC.
Moreover, the bottom plot reveals that the velocity dependency of the error is strongest with
state feedback control. Since the results are calculated with the simplified MODELICA plant
model, they should be used especially for methodological comparison. A quantitative compari-
son is conducted by means of the SIMPACK plant as shown in chapter 3 and at the end of this
section.
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Figure 4.6: MODELICA roller rig model, moderate acceleration, good adhesion conditions, sine
sweep as controller input.

Besides, a ramp function is used as lateral set point y∗ to analyze additional control performance
criteria (see Fig. 4.7). A ramp is chosen instead of a step function since the controllers
employ numerical derivatives of y∗ in their control laws. Thus, an instantaneous step would
unrealistically perturb the control action. In addition, negligence of the step scenario is
justified since the real track path in lateral direction (which the mechatronic guidance controller
should track) is usually smooth. Experimental results show, the MPC-based lateral guidance
can accurately follow the desired set point with minimal overshoot. Using gain scheduled
state feedback control, a slight delay and an overshoot of 1.3% occurs in the lateral position.
Furthermore, the settling time is reduced significantly if using MPC instead of state feedback
control. The use of preview information can also be seen in the corresponding motor torques,
where MPC induces a differential torque and hence steering action at 1.97s even before a set
point change occurs. The state feedback-based controller commands a differential torque just
after the lateral position set point has changed.
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Figure 4.7: MODELICA roller rig model, 50km/h, F ∗x = 0, good adhesion conditions, ramp as
controller input.

In Fig. 4.8, the operation of the devised adhesion-based control law is shown in combination
with the gain scheduled state feedback controller. It shows, that it is in general possible to use
the integration strategy and the longitudinal control law with other lateral guidance controllers
as well, although the use of MPC yields specific advantages as described in chapter 3. In the
scenario, the adhesion conditions in the left and right wheel-rail contact are different and change
instantaneously to poor conditions at 2s. The corresponding adhesion-slip characteristics are
shown in Fig. 4.9. In addition, a dynamically varying lateral position y∗ is to be tracked
and the set point F ∗x changes with time. As can be seen, the controller initially steers the
system to the desired adhesion set point. Looking at Fig. 4.9, it is easy to see that the right
wheel-rail contact requires a higher slip sxj value to provide the same longitudinal adhesion
fxj . When the adhesion-slip characteristics change to poor conditions at 2s, the actual adhesion
decreases rapidly. Since f ∗x > fxmax , the desired adhesion cannot be achieved and the maximum
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Figure 4.8: MODELICA roller rig model, 40km/h, changing braking demand, changing adhe-
sion conditions, sine with ramp as controller input.
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Figure 4.9: Good and poor adhesion conditions in the right and left wheel-rail contact.

value should be provided instead. By means of the adhesion-based control law presented in
chapter 3, the controller drives the system to the maximum adhesion value repetitively while
avoiding excessive macro slip. As soon as the desired adhesion value can be provided again
at 5s (i. e. f ∗x < fxmax), the controller causes the system to follow f ∗x within a tight corridor.
Therefore, the devised controller is able to operate in challenging longitudinal control situations
while ensuring lateral stability and set point tracking.
The previous examples and the experimental results in chapter 3 demonstrate the theoretical
applicability of the devised controller. To come one step closer to the practical application,
the last scenario to be discussed includes an artificial error trajectory of the lateral position,
which imitates real lateral track excitations. The trajectory is generated as described in section
4.1.1 and used as lateral set point y∗. The evaluation track itself is of ideal geometry. An
implementation to consider perturbed, real tracks directly in simulation is beyond the scope of
this work.
The investigation based on the SIMPACK plant proves, that the developed framework is suitable
to consider known perturbations from the ideal track path. As can be seen in Fig. 4.10, the
MPC-based controllers are able to accurately follow the artificial error trajectory. Comparing
NMPC-based lateral control with NDI in this scenario, the RMSE of the lateral position is
reduced from 2.05mm to 0.96mm. This suggests, that MPC-based integrated control is in
general able to steer the system dynamically in the relevant frequency range of lateral track
irregularities. Moreover, lateral guidance accuracy may be improved compared to existing
control schemes.
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Figure 4.10: Co-simulation result, evaluation track T4, 400km/h, good adhesion conditions,
lateral error trajectory as controller input, F ∗x = 0.
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5 Conclusion and Outlook

In the end, a conclusion of the present work is given. It is followed by a discussion together
with an outlook for future research.

5.1 Conclusion

In the current thesis, an integrated control system for joint consideration of the longitudinal and
lateral dynamics of a high-speed railway running gear with IRW is developed. To this end, a
framework for use of MPC in the railway context is devised.
To find a suitable predictive model, an extensive system analysis is carried out and a control-
oriented model is derived. Varying quantities such as the wheel and rail geometries and
the velocity are directly considered in the predictive model. Moreover, preview information
about track geometry and set points is used for prediction in the model. Different MPC
techniques are implemented and compared. The use of an LTV model is investigated to
reduce the computational complexity and an approximate optimization time reduction to a
fourth compared with NMPC is achieved. For longitudinal control, the adhesion-based system
presented in [SPG21a] is extended for the general operation case and integrated with the lateral
control system.
A detailed development and evaluation framework is set up and extensive simulations are
carried out by means of the state-of-the-art MBS software SIMPACK. The devised system is
able to safely control the railway running gear, despite influences of curving, gyroscopic effects,
varying velocities, and nonlinear wheel and rail geometries. It is compared with existing control
approaches which are based on gain scheduled state feedback and NDI. In both cases, the
MPC-based integrated controllers show superior performance regarding lateral position error
and braking distance.
In this light, the current thesis contributes a holistic framework for control of railway running
gears with IRW. The control objective can be shifted smoothly between lateral and longitudinal
emphasis. Service braking and traction can be performed as well as critical braking scenarios
while preserving lateral stability. Due to the novelty of the devised controller and promising
results, the main part of the present work is presented as a scientific publication in order to be
published as a journal paper.
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5.2 Outlook

The current thesis shows the applicability of MPC in the railway context. Together with a novel
adhesion-based technique, an integrated controller has been developed and shows promising
results for a wide range of operation conditions. However, certain aspects require special
attention. Both lateral and longitudinal sub control systems come with a number of control
design parameters which need to be determined. The parameters can partly influence each
other, so that tuning for multiple realistic cases may be difficult. In addition, future works may
focus on further refinement to consider track irregularities.
Considering the application of MPC, measures to ensure safe real-time operation need to
be considered. An interesting option is the design of a centralized MPC controller for joint
handling of lateral and longitudinal control. In this context, constraints regarding maximum
slip and maximum adhesion might be introduced, motivated by section 2.1. As mentioned
earlier, this approach relies on the detailed knowledge of the adhesion-slip characteristics such
that a suitable estimation structure needs to be developed as well.
To sum up, the results of this thesis suggest that MPC-based techniques are a promising
approach for integrated control of railway running gears with IRW. Future research may focus
further in this area, working towards a more sustainable, efficient and safe railway transport.
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A Dependent Variables of Wheel-Rail Contacts

Figure A.1: Setting for optimization-based contact search between wheel and rail geometries
along a grid of (Tr)yAx and (Tr)ψAx. Results are vertical wheel carrier position z
with respect to the track frame, wheel carrier roll angle ϕ with respect to the track
frame, wheel radii rCj , lateral contact positions yCj and contact angles δCj for
j ∈ {ri, le}.
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Figure A.2: Contact search results rCr, yCr and δCr dependent on (Tr)yAx and (Tr)ψAx. Results
regarding the left side are mirrored about (Tr)yAx.
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