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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 , Hans-Georg Jacob, Thomas Seel , and

Andreas Heckmann

Abstract—Railway running gears with Independently Rotating
Wheels (IRW) can significantly improve wear figures, comfort,
and safety in railway transportation, but certain measures for
wheelset stabilization are required. This is one reason why the
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 driven 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, varying velocities up to 400 km/h and abruptly changing
wheel-rail adhesion conditions.

Index Terms—Model Predictive Control, integrated control,
adhesion control, railway vehicle dynamics, independently rotat-
ing wheels
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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 hence
its further improvement is of major interest. A promising
design option for railway running gears is to employ Inde-
pendently 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. Thereby,
wear figures and ride comfort can be improved dramatically
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[1]. In particular, undesired slip in the wheel-rail contacts, and
hence wear, can 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 driven IRW should
robustly perform mechatronic guidance and slip prevention
independently of higher control levels.
Multiple control strategies have been devised for mechatronic
lateral guidance of running gears with IRW, some of which
are based on a cascaded PID control structure [2]. Besides,
the application of H∞ control ensured robust stabilization
and guidance in the presence of parameter variations [3].
Other studies employed gain scheduled state space controllers
due to the strongly velocity-dependent lateral dynamics [4].
Additional physically motivated feedforward 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 [5, 6]. Since running gears
with IRW show strongly nonlinear behavior, other advanced
control strategies, such as feedback linearization, are suitable
choices as well [7].
In longitudinal control, recent research has focused on the
reduction of braking distances. In this context, some groups
proposed slip-based longitudinal control. These methods de-
pend on a desired slip area in which the best braking per-
formance (i. e., the maximum adhesion) is assumed to be [8,
9]. However, adhesion conditions between wheels and rails
are highly variable and depend on environmental influences.
Hence, the maximum of the adhesion-slip characteristic is
located 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
reliable real-time slip and adhesion estimates. In the given ex-
ample, the estimates were obtained from an extended Kalman
filter [12].
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In the context of combined lateral and longitudinal control,
an integration approach is required for two main reasons:
First, lateral and longitudinal system dynamics are inherently
coupled in traditional vehicles with nonholonomic 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 adhesion conditions. If the combined lateral
and longitudinal adhesion exceeds the maximum possible
adhesion in a contact, extensive slip and hence instability
occurs (i. e., locking or skidding of the wheels).
For automotive systems, many examples of successful imple-
mentations of such integrated longitudinal and lateral con-
trollers can be found in the literature. A popular method-
ological choice is Model Predictive Control (MPC) where an
optimization problem is solved repetitively to determine the
control input based on 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 with more sophisticated subsystem controllers was
used in other contributions [19, 20].
All presented methods suffer from the fact that a fixed al-
location 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 brake 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 in-
tegration strategy in the form of a variable allocation rule.
This technique is proposed in [21] and can reduce the braking
distance in the presented simulation scenario by almost 5%.
However, a custom and smooth shift between emphasis on
lateral or longitudinal control is not possible in [21].
To the best of the authors’ knowledge, MPC has not been used
for control of railway running gears with IRW so far. However,
its 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 integrated controller featuring
two subsystems, an MPC scheme for lateral control and a
novel adhesion controller for longitudinal control. Thus, a
holistic control framework for joined longitudinal and lateral
control of railway running gears with IRW is introduced and
evaluated. The contribution of this study is threefold:

1) For the first time, MPC is employed for lateral guid-
ance of railway running gears with IRW. Beyond the
current state of research, the predictive nature of MPC
is exploited by considering known track geometry and
known set point trajectories in the running gear controller

explicitly.
2) A novel longitudinal control law is derived. It builds

upon an existing maximum-seeking controller for poor
adhesion conditions and is extended for autonomous use
in general operation without knowledge of the adhesion
conditions between wheels and rails.

3) Few integrated controllers for railway running gears with
IRW exist. Beyond the current state of research, the
proposed integrated controller allows for a custom shift
between an emphasis on lateral or longitudinal control by
leveraging the flexibility of MPC.

The conceptual advantages of the proposed integrated control
scheme are illustrated and quantitatively described by means
of a detailed Multi-Body Simulation (MBS). Both, the lateral
and longitudinal control accuracy are improved compared to a
state-of-the-art controller for railway running gears with IRW.
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 the
MBS are presented in Section IV. The control scheme of [7,
22], which is based on feedback linearization, is given as a
comparison. Last, we discuss our findings in Section V and
give a conclusion together with an outlook for future research
(Section VI).

II. MODELING

To start with, the running gear system is introduced. The
dynamics of a running gear system with IRW have been
analyzed thoroughly in the past, see [3, 23]. Only the main
influences on the system are described for brevity and to
provide a background for the subsequent control model. Rel-
evant variables and frames are described, and the modeling
of the track is explained in order to create a framework for
consideration of preview information about the track path over
the prediction horizon. For use in MPC, a simplified system
model is derived.

A. Coordinate Frames

A system overview with relevant Coordinate Frames (CF)
can be found in Fig. 1. Here, the world CF has a fixed location
and orientation and is denoted by subscript □0.
A track CF (CF)Tr is defined to describe the position and
orientation of the track. It locates at the current position p
along the track path, which is associated with a position vector
in Cartesian coordinates r⊤0Tr = [xTr, yTr, zTr]. The x-axis of
(CF)Tr is aligned with the track center line, and its y-axis lies
in the track plane (i. e., the plane between left and right rail
tops). This plane is not necessarily identical with the x-y-plane
of (CF)0 due to a rail superelevation of angle φTr or a rail
inclination of angle ϵTr. The z-axis of (CF)Tr is orthogonal
to the track plane and points downwards. The orientation of
the track frame can be transformed into world coordinates by
the rotation matrix
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R0Tr =

cosψTr − sinψTr 0
sinψTr cosψTr 0

0 0 1

 cos ϵTr 0 sin ϵTr
0 1 0

− sin ϵTr 0 cos ϵTr


1 0 0
0 cosφTr − sinφTr

0 sinφTr cosφTr

 , (1)

where φTr is the roll angle about the x-axis of (CF)Tr, ϵTr is
the pitch angle of the track (i. e., track inclination), and ψTr is
the yaw angle between (CF)Tr and (CF)0, respectively.
A third frame (CF)Ax is introduced to describe position and
orientation of the axle. It is located at track coordinate p
as well, but its origin lies in the middle between the two
wheel centers, as can be seen in the rear view in Fig. 1.
Thus, the position offset between (CF)Ax and (CF)Tr can
be described by r⊤TrAx = [0, yTrAx, zTrAx]. In addition, the
orientation of axle body frame and track frame can differ by a
relative yaw angle ψTrAx and a relative roll angle φTrAx. The
corresponding rotation matrix between (CF)Ax and (CF)Tr is

RTrAx =

cosψTrAx − sinψTrAx 0
sinψTrAx cosψTrAx 0

0 0 1


1 0 0
0 cosφTrAx − sinφTrAx

0 sinφTrAx cosφTrAx

 . (2)

In this light, yTrAx and ψTrAx are measures of the lateral
deviation of the axle from the track center line. In contrast,
the quantities zTrAx and φTrAx describe the relative vertical
and roll angle deviation, respectively. Assuming nonelastic
materials, knowledge of the wheel and rail profiles and that
the wheels do not lift from the rails, both values zTrAx and
φTrAx can be inferred from other variables, meaning they are
entirely dependent and can be calculated deterministically.

Track 
plane

a) Top view

b) Rear view

Left rail

Right rail

Track 
center line

Fig. 1. System overview of a railway running gear with IRW.
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Fig. 2. Schematic adhesion-slip characteristics with good (a) and poor (b)
adhesion conditions.

B. Train-Track Interaction

For use of track preview data in MPC, orientation angles of
the track frame are tabulated dependent on the track coordinate
p and in accordance with (1), i. e.,

Absolute curve angle ψTr(p), (3a)

Absolute curve rate ψ̇Tr(p) =
∂ψTr

∂p

∣∣∣∣
p

dp

dt
, (3b)

Superelevation angle φTr(p), (3c)

Superelevation rate φ̇Tr(p) =
∂φTr

∂p

∣∣∣∣
p

dp

dt
, (3d)

Inclination angle ϵTr(p), (3e)

Inclination rate ϵ̇Tr(p) =
∂ϵTr
∂p

∣∣∣∣
p

dp

dt
, (3f)

which is summarized by means of the expression
DTr =

{
ψTr

∂ψTr

∂p φTr
∂φTr

∂p ϵTr
∂ϵTr

∂p

}
. Please

note, the velocity along the track path is needed for calculation
of the current rotational velocities of the track frame. To this
end, the time derivative dp

dt is approximated by ẋ. Additional
track irregularities occur superimposed to the ideal track path
(3) and can be described by p-dependent functions as well.
For description of the running gear system itself, the
generalized coordinates q̇⊤ =

[
ẋ, ẏ, ψ̇Ax, ωj

]
can be

employed, which are defined in the axle body frame (CF)Ax.
The subscript □j , j ∈ {le, ri}, refers to the left and right side
of the running gear, respectively.
In addition, several external forces and torques are acting
on the running gear. First, the motor torques τj are acting
on the right and left wheel, respectively. Second, the train
body causes forces FTrain on the running gear. These are
mitigated by a suspension stage in the form of dampers
and springs placed between car body and wheel carrier. The
corresponding spring and damper forces have a major impact
on rolling stability of the running gear. Last, contact forces
and moments occur in the contact points between wheels and
rails. The contact forces in normal (FN), lateral (Fy) and
longitudinal direction (Fx) of the corresponding left and right
wheel-rail contact are visualized in Fig. 1.
A more detailed analysis of these contact forces is presented
subsequently, since the lateral and longitudinal running
behavior of the running gear is inherently coupled by the
forces acting in the contact points. These forces are related
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to the current adhesion conditions, which is usually described
in terms of the adhesion-slip characteristic in the contact
points (see examples in Fig. 2). The momentary adhesion-slip
characteristic can be represented by means of different models
that employ a set of suitable model parameters CTr. Those
models describe the longitudinal and lateral adhesion (fx
and fy) dependent on longitudinal slip, lateral slip and spin
creepage (sx, sy and sψ) according to some function

[
fx
fy

]
= h

sxsy
sψ

 , CTr
 . (4)

The absolute lateral and longitudinal contact forces are depen-
dent on the normal contact force FN and read Fx = FNfx and
Fy = FNfy , respectively. In (4), the creep torque about the
vertical axis is neglected.
It is worth mentioning that the Euclidean sum of the slip in
lateral and longitudinal direction is bounded. The same holds
for the adhesion, i. e.,

smax ≥ s =
√
s2x + s2y, (5)

fmax ≥ f =
√
f2x + f2y , (6)

where s is the total slip, and f is the total tangential adhesion,
respectively. Hence, all generalized coordinates are affected by
contact forces and, in turn, adhesion.

C. Control-Oriented Model

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

xk+1 = fd (xk,uk, θ) , (7)

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

have been introduced, which describe relative displacement
and yaw angle between (CF)Tr and (CF)Ax, respectively.
Therefore, yTrAx and ψTrAx are measures for the deviation
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
[24] such that

ψ̇TrAx = ψ̇Ax − ψ̇Tr, (8)
ẏTrAx = ẋ sinψTrAx. (9)

Please note, by assuming (9) the lateral dynamics of the model
are fully determined by ẋ and ψAx.
Regarding the dependent variables zTrAx and φTrAx, conic

Car Body

Car BodyRear view

Top view

Rail

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

wheels on a line-shaped rail are assumed based on [5, 25],
which leads to the approximations

φTrAx = − ΓyTrAx + φTr, (10)

zTrAx =
δ0b

2

(
1

cosψTrAx
− 1

)
− Γy2TrAx − r0, (11)

in which 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
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
parameters CTr describing the exact adhesion-slip characteris-
tic remains difficult [26]. Therefore, we assume that an accu-
rately parameterized model of the adhesion-slip characteristic
is not available, and the contact forces cannot be modeled
realistically. In this light, we simplify the model further by
eliminating the wheel rotations from the generalized coordi-
nate vector to reduce model complexity and computational
effort in MPC. This is done by assuming ideal rolling, which
results in a direct coupling of the wheel rotational velocities
with the longitudinal running gear velocity ẋ and the rotational
velocities of running gear ψ̇Ax and track ψ̇Tr, i. e.,

ωri = − 1

rri

(
ẋ− yri

(
ψ̇Tr + ψ̇Ax

))
, (12a)

ωle = − 1

rle

(
ẋ+ yle

(
ψ̇Tr + ψ̇Ax

))
. (12b)

In order to apply the LAGRANGE formalism, expressions for
the kinetic energy ET, the potential energy EV and the
dissipation function ED of the running gear system can be
obtained, which read

ET =
1

2

(
mxẋ

2 +m
(
ẏ2TrAx + ż2TrAx

))
+
1

2

(
JAxz

ψ̇2
Ax + JAxx

φ̇2
TrAx

)
+
1

2

(
ω⊤

ri + ω⊤
le

)
JW (ωri + ωle) ,

(13a)
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EV =
1

2

(
ksz (ψAx − ψCB)

2
+ ksxφ

2
TrAx

)
−mgzTrAx,

(13b)

ED =
1

2

(
kdz

(
ψ̇Ax − ψ̇CB

)2

+ kdx
φ̇2
TrAx

)
. (13c)

The vectors ωj and the matrix JW describe the absolute
rotation and the moment of inertia of the wheels to account
for gyroscopic effects. The mass m is the joint mass of the
wheel carrier and the wheels. Similarly, JAxx

and JAxz
are the

residual moments of inertia regarding a roll and a 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 primary 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 quantities of the car body ψCB and ψ̇CB

can be approximated by simple geometrical considerations.
Using available track data, the mean track yaw angle and rate
between front and rear running gear can be computed by

ψCB =
ψTr(p) + ψTr(p− LCB)

2
, (14)

ψ̇CB =
ψ̇Tr(p) + ψ̇Tr(p− LCB)

2
, (15)

where LCB denotes the distance between front and rear
running gear.
Applying the simplifications (9) through (12), the expressions
(13) become solely dependent on a reduced vector of gen-
eralized coordinates q⊤

red = [x, ψAx]. The corresponding
LAGRANGE formalism reads

L = ET − EV, (16a)
d

dt

(
∂L
∂q̇red

)
− ∂L
∂qred

+
∂ED

∂q̇red

= F gen, (16b)

where the constraints following from the above assump-
tions are considered directly in the generalized coordi-
nates qred and generalized forces F gen and not utilizing
LAGRANGE multipliers.
Due to the assumption of ideal rolling, the motor torques τj
act immediately on the reduced generalized coordinates qred.
Therefore, the generalized forces F gen can be approximated
for small angles ψTrAx by

F gen = −
[ τle

rle
+ τri

rri
yleτle
rle

− yriτri
rri

]
. (17)

To formulate a state-space model, the longitudinal and yaw
system dynamics in x and ψAx are obtained from (16b),
respectively. In addition, (8) and (9) are appended to the state
vector. This allows for path following such that the lateral
displacement yTrAx and the relative yaw angle ψTrAx between
running gear and track center line can be controlled actively.

Besides, track preview information can be incorporated. Thus,
a control-oriented continuous-time state-space model with

x⊤ =
[
x ψAx ẋ ψ̇Ax yTrAx ψTrAx

]
, (18)

u⊤ =
[
τri τle

]
, (19)

θ =
{
DTr mCB

}
, (20)

can be defined. Using a discretization method, e. g., the
EULER algorithm, the desired discrete-time representation fd

of the nonlinear state-space model is obtained.
Please note, the derived control-oriented prediction model
is meant for MPC-based mechatronic guidance. To obtain
a computationally efficient formulation, simplifying assump-
tions, such as conic wheels and ideal rolling, are used. As the
simulation results in Section IV show, these assumptions are
valid in the considered scenarios. In other control contexts,
conditions may differ, making model adjustments necessary.

III. CONTROLLER SYNTHESIS

The overall controller is presented in Fig. 4 and consists
of three subsystems, the lateral controller, the longitudinal
controller, and the integration rule. 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 controlling all running gears holistically in accordance
with the project specification of NGT.
In detail, the lateral controller employs the state-space model
from Section II-C in an MPC scheme to determine a differ-
ential control torque ∆u. Its objective is to steer the running
gear such that the actual lateral displacement yTrAx approaches
the set point y∗. Inputs for the longitudinal controller are the
demanded traction or braking force F ∗

x as well as information
about the momentary adhesion and slip values between wheels
and rails. It identifies the segment of the adhesion-slip char-
acteristic, in which the system operates, and computes a base
control torque ud to satisfy F ∗

x while preventing locking or
skidding of the wheels. The controller operates without relying

Track Database Observer/Sensors 

Longitudinal Adhesion Control

Integration
Rule

Lateral Model Predictive Control

Fig. 4. Schematic of the MPC-based integrated control system for railway
running gears.
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on a specific contact model of the wheel-rail contacts. The two
control torques are combined by an integration rule and given
to the motors.
A main advantage of the proposed MPC controller is that it
can consider known track geometry (e. g., from a database) and
known set point trajectories inherently in the prediction model.
Here, we exploit this idea to show its effectiveness for refining
the lateral guidance of railway running gears with IRW. The
core methods are developed in this contribution, assuming the
availability of a database with geometric data about the track
and accurate train localization along the track.
The first assumption is valid since geometric track data is
usually available from track network operators [27]. The
second assumption is not restrictive as well, since promising
results have been obtained with novel localization techniques.
For instance, a novel method for train localization presented
in [28, 29] makes use of local variations of the Earth’s
magnetic field to supplement conventional Global Naviga-
tion Satellite Systems (GNSS) and increase the reliability of
train localization. The method employs a particle filter that
performs sensor fusion, taking into account magnetometer
measurements and a model of the train dynamics. Loosely
speaking, the accurate position along the track p is inferred
by comparing the currently measured magnetic field to a
previously measured magnetic footprint of the track [28,
29]. A main advantage is the availability in areas without
network connection (e. g., tunnels), increasing reliability. First
experimental results indicated an accuracy of about 2m [29].
Further, the integrated control system is provided with mea-
surements of states x̂, adhesion f̂xj

, and slip ŝxj
. A main

objective of the current contribution is to investigate MPC
approaches in railway running gears. In this context, estimator
design is out of scope, and the MBS outputs are used as
direct measurements for feedback control. However, powerful
nonlinear Kalman Filters (KF) do exist for comparable ap-
plications [10, 30], and an estimator-controller combination
has to be employed in future implementations. This is of
importance since the estimator can be used to obtain state
information even if certain variables are difficult or costly
to measure, as is the case with states yTrAx and ψTrAx in
the current setting [10, 30]. In addition, the fusion of model
and sensor information can reduce noise and improve physical
consistency.
After some general remarks on the control framework and
related assumptions, the three subsystems are explained in
more detail subsequently. First, the adhesion controller is
explained in Section III-A. Second, the MPC-based lateral
guidance controller is proposed. 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 adhe-
sion conditions between wheels and rails are very poor. For
these cases, a maximum-seeking adhesion controller, which
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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.

does not rely on a specific parametrized contact model, has
been proposed in [10]. In this contribution, the controller is
revisited briefly and developed further for general autonomous
operation without knowledge of the adhesion-slip characteris-
tic. The controller is based on a sliding mode approach and
approximates the switching function σ = ∂fx/∂sx using

σ̄ =
˙̂
fx ˙̂sx, (21)

with estimates of longitudinal adhesion fx, and slip sx. The es-
timates can be obtained from nonlinear estimation algorithms
designed in [31], which are assumed to be given here. For
the current application, the control law is chosen such that the
sliding mode approach determines a motor torque change δu,
which is added to the absolute torque in every time step, i. e.,

udk = udk−1 + δu, (22)
δu = p1sgn (σ̄) , (23)

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 operating point is in segment (I) below its

maximum adhesion 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 detailed
proof of convergence is conducted in [10]. It is based on
LYAPUNOV arguments and a concavity assumption regard-
ing the adhesion-slip characteristic in the considered region
(i. e., ∂2fx/∂s2x < 0).
Beyond the current state of research, we extend this maximum-
seeking controller to general application in regular as well
as poor adhesion situations, during both traction and braking.
To this end, a control law for regular operation is devised
following the lines of [10] and combining it with the above
maximum adhesion control law (22).
Applying LYAPUNOV 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 show that
the control error

ν = f∗x − fx ≈ f∗x − f̂x = ν̄, (24)
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converges to zero under the control update law

δu = p2sgn (ν̄) , (25)

where p2 is a control parameter. To prove convergence, the
estimated values are assumed to be exact, and hence the
ideal error function ν is employed. A suitable candidate
LYAPUNOV function is

V (x) =
1

2
ν2. (26)

For this regular braking and acceleration case, the operating
point on the adhesion slip characteristic locates in the micro
slip regime. Thus, we model the longitudinal adhesion by
linear Kalker theory [32], i. e.,

fx = abGc11sx, (27)

with the Kalker coefficient c11, the shear modulus G, and the
half axes of the contact ellipse a and b.
Further, if we consider the situation when driving at constant
speed, constant adhesion forces between wheels 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
. (28)

Starting from the above stationary driving condition, an in-
crease in the motor torque δu leads to an increased rotational
velocity of the wheel (i. e., δu = JWy

ω̇), which causes
a further decrease of the slip. This can be seen in the slip
derivative

ṡx =
ẋ (ẍ− ω̇rj)− ẍ (ẋ− ωrj)

ẋ2
(29a)

= f(x) + g(x)δu, (29b)

as well, where f(x) = ωrj
ẋ2 ẍ is bounded and g(x) = − rj

ẋJWy

is negative. Since the velocity ẋ is bounded, g(x) ̸= 0 holds.
Hence, assuming a constant desired adhesion f∗x , the time
derivative of (26) reads

V̇ (x) = νν̇ (30a)

= −ν ∂fx
∂sx

ṡx (30b)

= ν (abGc11) (f(x) + g(x)p2sgn (ν)) (30c)
= νcf(x) + νcg(x)p2sgn(ν) (30d)
= νcf(x) + |ν| cg(x)p2, (30e)

where c is a positive constant. From (30e), it is easy to see
that a sufficiently high p2 can ensure negative definiteness of
V̇ (x), which renders the operation point ν = 0 attractive.
Under the standing assumptions, the control law (25) causes
the adhesion to converge to the 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 operates 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 into multiple subsegments, on which suitably chosen

control design parameters pi determine δu. Computationally
efficient logical statements (such as ˙̂

fx ˙̂sx > 0 or f∗x − f̂x > 0)
help to determine the subsegment in which the system oper-
ates.

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.
For mechatronic guidance of railway running gears, the use
of MPC is very appealing since known quantities (e. g., set
point trajectories or geometric track data) can be inherently
considered in the prediction horizon for precise and reliable
control. In this light, the current contribution is the first to
exploit MPC and its conceptual advantages for lateral control
of railway running gears with IRW. The proposed 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 is considered as varying parameters in accordance
with (20). Additionally, the estimated states and the currently
desired mean torque ud are made available to the MPC. The
latter is considered 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-C. 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 processed in the
algorithm at time t.
Following standard MPC notation and using (7), the Nonlinear
Model Predictive Control (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, (31a)
s.t. x̄k+1(t) = fd (x̄k(t), ūk(t), θ) , (31b)

x̄0(t) = x̂t, (31c)

ūk(t) =

[
udk(t) + ∆ūk(t)
udk(t)−∆ūk(t)

]
, (31d)

ū[0,L−1](t) ∈ U , (31e)
x̄[0,L](t) ∈ X , ∀k ∈ [0, L− 1], (31f)

where ∥v∥2M = v⊤Mv. X and U are the static state and
input constraints, respectively. Q and R are cost weighting
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parameters of suitable dimensions. x̂t is the estimated 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

, (32)

where QL = Q ·diag (0, 0, 0, 0, q, q) and q is a control design
parameter.
The desired state sequence considered in the MPC horizon

xd
k(t)

⊤ =
[
xdk ψd

Axk
ẋdk ψ̇d

Axk
ydTrAxk

ψd
TrAxk

]
,
(33)

is dependent on the momentary 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 parameters θ, and the currently
estimated state vector x̂t. For instance, the estimated state vec-
tor x̂t provides the initial position x̂t of the running gear, and
the approximate future positions are computed using current
velocity ˆ̇xt and desired base torque udk. For track preview, the
track geometry parameters θ are found by interpolation at the
approximated future positions. In detail,

xdk = x̂t + ˆ̇xt Tk +
udk
r0mx

(Tk)
2

2
, (34a)

ψd
Axk

= ψd
TrAxk

+ ψTr(x
d
k), (34b)

ẋdk = ˆ̇xt +
udk
r0mx

Tk, (34c)

ψ̇d
Axk

= ψ̇d
TrAxk

+ ψ̇Tr(x
d
k), (34d)

ydTrAxk
= y∗(xdk), (34e)

ψd
TrAxk

=
ẏdTrAxk

ẋdk
. (34f)

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

C. Linear Time-Variant Model Predictive Control

In the previous section, a novel NMPC-based running gear
controller is developed. It exploits the conceptual advantage of
MPC to consider known quantities (e. g., set point trajectories
or geometric track data) in a prediction horizon. A known
drawback of MPC is a high computational burden. Thus,
besides the main objective to show the general potential of
MPC for railway running gear control, we present a simpli-
fied version of the controller, which is computationally less
demanding.
To this end, the control-oriented system model (7) is linearized
in a centered riding position around the approximated future
track position and velocity according to

Ak =
∂fd

∂x

∣∣∣∣
x=xlink

,u=ulink
,θ=θlink

, (35)

Bk =
∂fd

∂u

∣∣∣∣
x=xlink

,u=ulink
,θ=θlink

, (36)

where xlink
=

[
xdk 0 ẋdk 0 0 0

]⊤
, (37)

ulink
=

[
udk udk

]⊤
, (38)

θlink
= θ(xdk, ẋ

d
k), (39)

and θ(xdk, ẋ
d
k) denotes the set of variable parameters, de-

pendent on the position and velocity forecasts. The dynamic
constraint (31b) is reformulated using the Linear Time-Variant
(LTV) system model

x̄k+1(t) = Akx̄k(t) +Bkūk(t), (40)

to obtain an Linear Time-Variant Model Predictive Control
(LTV-MPC) problem. The remaining parts of the controller
are unchanged.

D. Integration Approach

The employed integration approach flexibly allocates a con-
trol torque to each of the subsystem controllers in lateral and
longitudinal direction. In contrast to existing implementations
[21], the use of MPC allows for an explainable and smooth
shift of the control objective between lateral and longitudinal
emphasis. This is done by tuning the parameters Q and R in
the MPC scheme. Loosely speaking, the cost for allocating a
certain lateral control torque ∆uk(t) and for deviating from
the set points xd

k(t) can be adjusted by the operator in an
explainable fashion.
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

(
udk, τmax − |∆uk|

)
, if udk > 0,

max
(
udk, τmin + |∆uk|

)
, otherwise,

(41)

uk =

[
τlongk

+∆uk
τlongk

−∆uk

]
(42)

where τmax and τmin are the maximum and minimum possible
wheel motor torques, respectively.
For the adhesion controller, it is crucial to react quickly if
adhesion conditions worsen abruptly. Therefore, the adhe-
sion 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.

IV. MULTI-BODY SIMULATION RESULTS

To show the effectiveness of the proposed integrated con-
troller, extensive simulations are conducted. The simulation
environment is described in Section IV-A and the corre-
sponding evaluation tracks are presented in Section IV-B.
Since the proposed integrated controller needs to satisfy both,
lateral and longitudinal control objectives, different evaluation
scenarios are considered. First, the capability of the mecha-
tronic guidance subsystem is tested in challenging scenarios
with emphasis on lateral railway running gear control (Sec-
tion IV-C). Second, an evaluation with primarily longitudinal
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control objectives is conducted. Third, the integrated controller
is tested in a scenario that demands both, high lateral and
longitudinal control action. In this evaluation, we show that
the proposed controller allows for a custom and smooth
shift between different control objectives (Section IV-D). The
detailed evaluation procedure and performance criteria are
explained in the corresponding evaluation sections.
To show the effectiveness of the proposed integrated control
scheme, the results are compared to a state-of-the-art con-
troller. It is worth mentioning that few control systems for
mechatronic guidance of railway running gears with driven
IRW exist, and even fewer controllers allow for integrated
longitudinal and lateral running gear control. To the best of
our knowledge, there are no other MPC-approaches for railway
running gears with IRW. Beyond the current state of research,
we exploit the predictive nature of MPC to incorporate preview
information about the track into control. In this light, MPC has
a conceptual advantage over existing running gear controllers,
and few methods for direct comparison exist.
Therefore, we employ the advanced Nonlinear Dynamic In-
version (NDI) [33] controller presented in [7, 22] for com-
parison. In the literature, this technique is an established
control method for railway running gears with IRW, making
it a valid choice for performance comparison. In [7, 22],
it follows a feedback linearization approach and features a
simplified nonlinear inverse system model of the running gear
to accomplish mechatronic guidance. For further details, the
reader is referred to [7, 22].
Since the corresponding plant models are known, the parame-
ters of the MPC-model are assumed to be known as well and
no parameter identification is performed. The lateral 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 [34].
The cost function is associated with the difference yTrAx−y∗
and the magnitude of the differential torque ∆u. Multiple ve-
locities and track geometries are considered. The longitudinal
control design parameters pi are tuned heuristically.

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 1 kHz in a co-
simulation environment.
The NMPC-scheme is implemented with the nonlinear opti-
mization toolbox CASADI [35], which provides a 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 [36].
For qualitative comparison of computational effort, computa-
tion times are given. The calculations are performed with an
INTEL© CORETM i7-6700K CPU @ 4.00GHz, 16 GB RAM.

TABLE I
EVALUATION TRACKS Ti FOR SIMPACK MULTI-BODY CO-SIMULATION
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[km/h] [m/s2] [m] [m]

1 straight-clothoid-curve 40 0 175 0.108

2 straight-clothoid-curve 160 0.2167 1500 0.168

3 straight-clothoid-curve 280 0.4333 4250 0.151

4 straight-clothoid-curve 400 0.6500 8500 0.123

5 straight 0–400 0 ∞ 0

B. Test Tracks

Since the application of MPC in running gear control is
new, our work focuses mainly on methodological aspects
rather than a ready-to-use implementation. Therefore, control-
oriented evaluation tracks and set point sequences y∗ are used
to scrutinize and compare different core concepts. In this
context, the evaluation tracks are geometrically ideal without
any irregularities.
On the one hand, challenging curve entering scenarios at
different velocities are considered. In each scenario, the ve-
hicle starts on a straight track, passes a clothoid and enters a
curve with a constant radius. To show the effectiveness of the
proposed schemes, the evaluation tracks T1 to T4 are designed
for different velocities from 40 to 400 km/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 [37], 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 geometrically
required yaw angle between wheel carrier and car body in
perfect curving is at 80% of the mechanical yaw end stops.
In this context, T1 is designed to test control performance in
a very narrow curve, requiring high control effort.
In addition, a further straight track T5 is considered for evalu-
ation of methodological features and control performance. On
this track, controllers can be tested independently of effects
due to curving.

C. Evaluation of Lateral Control

In a first evaluation scenario (see Fig. 6 and Fig. 7), the
capability of active lateral guidance (i. e., a dynamic desired
lateral displacement y∗ has to be tracked) in challenging curve
entering situations at velocities up to 400 km/h is evaluated.
The control performance criterion is the Root Mean Squared
Error (RMSE) between the desired lateral displacement y∗ and
the actual lateral displacement yTrAx of the running gear with
respect to the track center line. The results are compared to the
state-of-the-art NDI approach (see beginning of Section IV).

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

v2/R−a
g

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

x = 0. All controllers allow for following of track path and
set point trajectory. MPC schemes can take future values into account, which
reduces delay and hence tracking error. The results suggest that MPC is well-
suited to counteract highly dynamic, realistic lateral track irregularities in
future implementations.

A specific example for qualitative analysis of this scenario is
shown in Fig. 6. It depicts the control behavior when riding on
the curved track T3 without traction or braking (i. e.,F ∗

x = 0).
A variable set point trajectory of the lateral position y∗ in
the form of a sine sweep is imposed. This set point trajectory
is relevant since highly dynamic lateral track irregularities do
occur on real tracks. Thus, accurate lateral control at high
frequencies is crucial to avoid flange contact between wheels
and rails. In addition, following a desired lateral position in
the track allows for active planning of wheel wear and the
resulting worn wheel geometry.
Looking at the beginning of the clothoid at 25m, it is visible
that all controllers 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 following the clothoid geometry, it is
possible to ensure the desired lateral position within the track.
In Fig. 6, 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

Fig. 7. Co-simulation result, 1000m of evaluation track T5, good adhesion
conditions, F ∗

x = 0, sine with period 150m as y∗ set point. The results
indicate the superiority of MPC-based lateral control in terms of lateral
position tracking for a wide velocity range.

In this context, the error needs to occur first for the NDI
scheme to react. In contrast, MPC can counteract a predicted
error before it occurs. This becomes visible in the motor torque
plots as well, where the curve shapes are comparable but have
slight offset. Despite 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 strongly
simplified prediction model. The control scheme with the best
performance in this scenario is NMPC, showing the potential
capability of MPC controllers for lateral railway running gear
control. However, the accuracy comes at the cost of a high
computational burden. The mean time to solve an optimization
problem took 20.3ms in NMPC. In contrast, LTV-MPC is
slightly less accurate than NMPC, but the computation time
reduces with 5.6ms approximately to a quarter. This indicates
that running gear control schemes can benefit from the con-
ceptual advantages of MPC even if computationally efficient
MPC variants are employed. Similar results regarding control
performance and computation time have been obtained in co-
simulations at velocities from 40 km/h to 400 km/h based on
the evaluation tracks T1 through T5.
For comparison of the pure set point tracking performance,
co-simulations based on evaluation track T5 and fixed sinu-
soidal set point trajectories for y∗ are conducted. As can be
seen in Fig. 7, the results resemble the previous qualitative
observations regarding the lateral position RMSE. The most
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.

D. Evaluation of Longitudinal and Integrated Control

The proposed integrated control scheme employs a lon-
gitudinal subsystem controller based on a maximum-seeking
control method, which has proven its superiority to state-of-
the-art approaches in previous publications [10]. In Section III,
the maximum-seeking control law is designed to handle both,
regular operation (i. e., f∗xj

< fxmax
) and critical operation
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Fig. 8. Co-simulation result, evaluation track T5, 400km/h, critical adhesion
conditions. The longitudinal adhesion controller is able to conduct regular con-
trol and maximum-seeking control within one control law. No knowledge of
the adhesion-slip characteristic is needed. Even with poor adhesion conditions
longitudinal adhesion control and lateral position control is performed safely.

situations (i. e., f∗xj
> fxmax

). In Fig. 8, the working principle
is illustrated qualitatively based on evaluation track T5.
First, a small 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
adhesion fxmax

. In this situation, the controller should steer
the adhesion to the maximum possible value while avoiding
excessive slip and thus unstable behavior. As can be seen in
the top plot of Fig. 8 from 240m, the maximum adhesion is
indeed approached. As soon as one wheel-rail contact enters
the macro slip regime, the control input ud is decreased
rapidly, which drives the system back to the stable micro slip
region. The maximum adhesion is then approached again. It is
worth mentioning that the devised adhesion controller operates
robustly without knowledge of the adhesion-slip characteristic
and relies solely on basic assumptions. Regarding the lateral
direction, the control task becomes more difficult due to the
poor adhesion conditions. Nonetheless, the results in the mid-
dle plot demonstrate that NMPC ensures a stable oscillation
around the set point.
To quantitatively show the effectiveness of the integrated
control scheme, a simulation employing evaluation track T2
and a dynamic set point trajectory y∗ is conducted (see Fig. 9).

Fig. 9. Co-simulation result for NMPC-based and NDI-based integrated con-
trollers with two parameter sets, 1000m of evaluation track T2, 160 km/h,
good adhesion conditions, high braking demand and actuator saturation, sine
sweep as y∗ set point. The results indicate that the proposed integrated
controller allows for shifting the control emphasis smoothly between lateral
and longitudinal control objective by adjusting control parameters. Both
parametrizations of the integrated controller outperform the state-of-the-art
NDI-based scheme.

A high braking force set point F ∗
x is demanded and causes

actuator saturation of the wheel drives. Thus, longitudinal and
lateral control need to be performed with limited available
control torque τj while maximization of braking force and
minimization of the lateral displacement error are conflicting
control objectives. In this context, the performance criteria are
the braking distance until standstill (longitudinal control) and
the RMSE between desired lateral displacement y∗ and actual
lateral displacement yTrAx of the running gear with respect to
the track center line (lateral control).
To show the conceptual advantage of MPC-based integrated
control, we employ NMPC, as the most accurate MPC-based
scheme, with two different parameter sets, exploiting the
flexibility of MPC to vary the control parameters Q and
R at custom, smoothly, and with interpretable impact on
desired system variables. For performance comparison, no
state-of-the-art controller for integrated longitudinal and lateral
control of railway running gears with IRW is available. As an
alternative, the NDI-based lateral controller is combined with
the longitudinal controller designed in Section III-A.
As can be seen in Fig. 9, a trade-off between lateral accu-
racy and braking distance is possible employing the adjusted
controller parameters. In this representative example, the only
parameter changed is the input cost parameter R. The key
property, why MPC-based lateral control is especially suited
to be employed in the integrated controller, is the possibility
to penalize deviations of states and inputs very specifically.
Thus, the accuracy requirements and the input utilization in
lateral MPC can be varied smoothly and intuitively compared
to other lateral control approaches (e. g., NDI). Apart from
this methodological advantage, we see that both NMPC-based
controllers outperform the NDI scheme in terms of lateral
position accuracy and braking distance.

V. DISCUSSION

In this paper, MPC for integrated control of railway running
gears with IRW is explored for the first time. The results
in Section IV show the conceptual advantages of integrated
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control by means of MPC in extensive MBS. However, certain
aspects require special attention.
First, the employed prediction model relies on certain assump-
tions, such as conic wheels and ideal rolling. In our extensive
MBS evaluations, these simplifications were acceptable. In
other contexts, conditions may differ, and model adjustments
might be necessary.
Second, the functionality 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 subsystem controllers come with a number of
control design parameters, which can partly influence each
other so that tuning may be difficult.
Last, the chosen evaluation methodology is primarily control-
oriented in accordance with the main objectives to develop an
integrated controller and to explore MPC for railway running
gear control. To enable practical application of the presented
control methods, future research may build on the obtained
results, focusing on practice-oriented evaluation scenarios and
real-world experiments.
Thus, the presented research findings introduce MPC-based
integrated control of railway running gears with IRW with
focus on its methodological advantages, providing a solid basis
for applied future research.

VI. CONCLUSION AND OUTLOOK

In the current work, we propose an integrated controller for
high-speed railway running gears with driven IRW. Two sub-
system controllers are employed and joined with a rule-based
integration approach. Beyond the current state of research,
the use of MPC is explored for lateral railway running gear
control. Key methodological advantages compared to existing
approaches are the possibility to include preview information
inherently in the prediction horizon and to smoothly shift
the control objective of the integrated controller by adjusting
MPC parameters. For longitudinal control, a novel adhesion-
based controller is developed. It can perform both, regular and
maximum-seeking adhesion control without knowledge of the
adhesion-slip characteristic or a specific contact model. Thus,
a holistic control scheme for handling of multiple regular and
critical operation scenarios is contributed.
Simulation results with a detailed MBS train model show
the effectiveness of the integrated controller. In particular,
the presented control scheme outperforms a state-of-the-art
NDI controller. The results indicate that MPC is a promising
approach for integrated control of railway running gears with
driven IRW. Specifically, the ability of MPC to track highly
dynamic set points suggests that it can counteract known lat-
eral track irregularities actively in future implementations. This
can help to increase riding safety and comfort by improving
lateral control stability and avoiding wheel flange contact.
A common drawback of MPC is the computational burden.
A LTV-MPC controller is devised to address the issue. An
approximate optimization time reduction to a quarter of the
initial value is achieved, indicating the feasibility of MPC con-
cepts for railway running gear control from a computational

standpoint. Future investigations should focus further on real-
time capable MPC designs as well as practice-oriented imple-
mentations. Another interesting option for future research is
the design of a centralized MPC for joint handling of lateral
and longitudinal control.
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[9] T. Stützle, T. Engelhardt, M. Enning, and D. Abel, “Wheelslide and
wheelskid protection for a single-wheel drive and brake module (sdbm)
for rail vehicles,” IFAC Proc. Volumes, vol. 41, no. 2, pp. 16 051–16 056,
2008.

[10] C. Schwarz, T. Posielek, and B. Goetjes, “Adhesion-based maximum-
seeking brake control for railway vehicles,” in Proc. 27th IAVSD Symp.,
2021.

[11] ——, “Beobachterbasierte Kraftschlussregelung von Scheibenbremssys-
temen,” in Proc. 3rd Int. Railway Symp. Aachen, 2021, pp. 120–135.

[12] C. Schwarz and A. Keck, “Simultaneous estimation of wheel-rail adhe-
sion and brake friction behaviour,” IFAC-PapersOnLine, vol. 53, no. 2,
pp. 8470–8475, 2020.

[13] P. Falcone, H. E. Tseng, J. Asgari, F. Borrelli, and D. Hrovat, “Integrated
braking and steering model predictive control approach in autonomous
vehicles,” IFAC Proc. Volumes, vol. 40, no. 10, pp. 273–278, 2007.

[14] M. Ataei, A. Khajepour, and S. Jeon, “Model predictive control for inte-
grated lateral stability, traction/braking control, and rollover prevention
of electric vehicles,” Vehicle System Dynamics, vol. 58, no. 1, pp. 49–73,
2020.

[15] H. Zhao, B. Ren, H. Chen, and W. Deng, “Model predictive control
allocation for stability improvement of four–wheel drive electric vehicles
in critical driving condition,” IET Control Theory & Applications, vol. 9,
no. 18, pp. 2688–2696, 2015.

[16] M. Gretzschel and L. Bose, “A new concept for integrated guidance and
drive of railway running gears,” Control Engineering Practice, vol. 10,
no. 9, pp. 1013–1021, 2002.
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