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Abstract

This paper introduces a control strategy for active secondary suspension based on
Model Predictive Control. The influence of the track irregularities and track layout
upon carbody lateral and vertical dynamics is considered explicitly. The developed
controller is applied to a full-scale rail vehicle model. Ride comfort is evaluated ac-
cording to EN 12299. Multibody simulations show that on a realistic high-speed track
there is a significant increase of ride comfort.

Keywords: railway vehicle, ride comfort, active secondary suspension, model predic-
tive control, preview, active suspension

1 Introduction

Railway transport will play an even more important role in future mobility due to its
environmental friendliness. A recently published study presented by Deutsche Bahn
proposes a ’Metropolitan Network’ [1] which connects all large cities in Europe to
the high-speed rail network with service at least once an hour. The study refers to
EU Commission’s Green Deal that intends to double high-speed rail traffic 2030 and
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a triple it by 2050. A key aspect for success is the competitiveness with flight traffic,
therefore a high travel speed up to 300 kmh−1 is planned [1].

Another essential issue to increase the attractiveness of railway transport is to pro-
vide a good ride comfort in all situations. In the current rail network, most of the
ordinary railway vehicles with conventional suspension systems already provide suf-
ficient ride comfort [2]. However, when driving at higher speeds on existing tracks
without increasing track quality, this might not be the case anymore.

1.1 State of the art

A good option to increase ride comfort is the usage of active or semi-active compo-
nents in the secondary suspension. A general overview regarding this research topic
is given in [2]. For example, tilting trains have become a great success in some coun-
tries [3]. Another low bandwidth application is the hold-off-device which prevents
comfort-reducing bumpstop contact in the secondary suspension [4]. Commonly used
regulators for controlling the secondary suspension are skyhook-damping [5], H∞

control [6] and combinations of them, respectively.
Another promising control strategy related to active suspension is model predic-

tive control (MPC). One of its advantages is the ability to handle constraints, e.g.
restrict suspension deflections. Furthermore, the ability to directly consider future
disturbances (e.g. the track ahead) can be included. While widespread in automotive
research, MPC is not commonly used for active suspension in railway technology. For
example, a MPC-based approach is implemented in [7] where acceleration as well as
suspension deflection can be successfully reduced. However, the study only focusses
on vertical dynamics, such as bouncing and pitching. A recent work shows that on
poor-quality tracks a significant increase of lateral ride comfort can be achieved [8].

To fully exploit its potential, MPC requires modern communication channels in
order to determine the current train position or for data exchange between train and
infrastructure. Some of today’s rail traffic management systems are based on the old-
fashioned Global System for Mobile Communications-Railway (GSM-R) standard.
The successor of it is the Future Railway Mobile Communication System (FRMCS)
which already lists the provision of the train’s current location as possible critical sup-
port application [9]. This shows that FRMCS could be an enabler for new applications
in the field of active suspension. However, the previously mentioned conventional
controllers like skyhook-damping do not take advantage of this, which means that the
potential of modern railway communication technologies is still underexplored.

1.2 Goals and structure of the work

In this regard, the goal of this work is to outline a control strategy for active secondary
suspension which takes advantage of the connectivity between the train and infras-
tructure. The regulator is based on MPC due to the ability to anticipate and compen-
sate for future disturbances that impact the railway vehicle. The focus is on how the
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knowledge of the track ahead including measured track irregularities can be used in
order to increase ride comfort. The proposed control strategy is applied to multibody
simulations of the Next Generation Train (NGT). In this project German Aerospace
Center (DLR) is investigating what future high-speed trains could look like [10, 11].
Ride comfort is evaluated according to EN 12299 [12]. To emphasize the differences
comparative simulations are carried out using conventional secondary suspension.

Section 2 introduces the analytical model of the vehicle and the controller which
takes the model as input. The simulation environment and results are presented in
Section 3, followed by a short summary in Section 4.

2 Modeling and controller design

The following degrees of freedom (DOF) are considered for the carbody, see Figure 1:
Lateral displacement ycb, vertical displacement zcb, roll angle φcb, yaw angle ψcb and
pitch angle γcb. In addition, each bogie has a translational DOF in vertical direction
zbg, f r/re. Rotational movement around x-axis by the angle φbg, f r/re is also allowed.
This yields a model with 9 DOF, see Equation (1).

q⃗ =
[

ycb zcb φcb γcb ψcb zbg, f r φbg, f r zbg,re φbg,re

]T
(1)
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y
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Figure 1: Definition degrees of freedom (red). Furthermore, the base excitation of
both front and rear axle bridge due to track irregularities (green) is shown.
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2.1 Influence of the track upon carbody dynamics

During the process of creating the analytical model, the influence of track irregularities
as well as track layout is considered explicitly, which is explained further below. First,
track errors are taken into account by modelling them as base excitation of the axle
bridge. For lateral dynamics this has been already described in [8] and is therefore
only briefly summarized below.

The running gear design of the NGT includes driven independently rotating wheels.
Therefore, lateral guidance control is required in order to perform active steering of
the wheels, see [13]. The controller designed for this purpose significantly influences
the axle bridge movement and, thus, the impact of track errors upon carbody dynam-
ics. In order to simplify this complex closed-loop behavior when creating the model,
it is proposed to approximate the resulting dynamics of the axle bridge by a transfer
function. Figure 2 illustrates the response of the axle bride to a (non-unitary) step
function for lateral displacement. It is found that a transfer function with a numer-
ator degree of 1 and denominator degree of 2, as given in Equation (2), is sufficient
to approximate the illustrated response. The result was obtained from a multibody
simulation of the NGT at a velocity of 300 kmh−1. In general, the response depends
on velocity. To conclude, the axle bridge of the analytical model is excited by track
irregularities which have been filtered through a velocity dependent transfer function.

0 1 2 3 4 5
t [s]

0

2

4

L
at

er
al

di
sp

la
ce

m
en

t[
m

]

×10−3

Step
MBS model
Transfer function

Figure 2: Step response of the guidance controller and the transfer function

T F300 =
−8.021s+381.6

s2 +28.25s+395.2
. (2)

The components of track excitation at both front and rear bogie are collected in the
disturbance vectors z⃗1 and z⃗2, see Equation (3).

z⃗1 =
[

ytrck, f r ytrck,re ztrck, f r ztrck,re φtrck, f r φtrck,re
]T

z⃗2 =
[

ẏtrck, f r ẏtrck,re żtrck, f r żtrck,re φ̇trck, f r φ̇trck,re
]T (3)
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As mentioned above, besides irregularities the influence of track characteristics
is considered as well. On scenarios like track changes when entering or leaving a
station this has already been described in [14]. For tracks with superelevation a more
general approach is needed. To achieve this, the equations of motion are derived
relative to a non-inertial track frame that follows the track at top of rail, see Figure 1.
The longitudinal position of the frame along the track as well as its current velocity
coincide with carbody’s center of gravity. Potentially occurring superelevation is also
taken into account.

As a result, fictitious forces have to be considered. According to [15] the general
formulation of Newton’s second law in a non-inertial frame can be written as

ma⃗′ = F⃗External −m ⃗̇ω × r⃗′−2m ω⃗ × v⃗′−m ω⃗ × (ω⃗ × r⃗′)−m ⃗̈R

= F⃗External + F⃗Euler + F⃗Coriolis + F⃗Centri f ugal + F⃗Frame.
(4)

The prime ′ denotes quantities measured w.r.t. track frame. Euler force acts on
the carbody when there is an abrupt change of superelevation hence when its time
derivative is not constant. The lateral component is

FEuler,lat =−mcb ω̇x acog (5)

where ω̇x is the second time-derivative of the current superelevation. The vertical
distance between track frame and carbody’s center of gravity is described by acog.
The influence of Coriolis force is neglected since carbody’s velocity relative to track
frame is small. Due to the position of the track frame below the carbody (and not in
the center of curvature), centrifugal force is not taken into account as well.

Forces described by F⃗Frame occur due to the acceleration of the track frame origin
measured w.r.t. inertial frame of reference. The weight of the carbody is included in
F⃗External . For deriving the equations of motion, it is useful to extract the component
of the latter two forces that act on the carbody in lateral direction (which might not be
horizontal due to superelevation). This is done as follows.

Flat,cb =−mcb
cd

153
(6)

where the current cant deficiency is denoted by cd, which in turn is based on vehi-
cle speed, track curvature and the current superelevation. Of course both bogies are
affected by ficticious forces as well. However, since the carbody mass is consider-
ably higher compared to the bogies, no major influence is expected. The previously
mentioned forces are now collected in the disturbance vector z⃗3

z⃗3 =
[

FEuler,lat Flat,cb

]T
(7)

which in turn is collected in a large vector z⃗

z⃗ =
[

z⃗1 z⃗2 z⃗3

]T
(8)

While deriving the equations of motion via Newton–Euler, the following additional
assumptions are made:
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• Due to the mechatronic guidance of NGT’s running gear, flange contact does
not occur.

• Bumpstop contact can be avoided since MPC has the ability to handle state
restrictions (e.g., suspension deflections).

• Small angles of roll, pitch and yaw are assumed.

Based on these assumptions, the equations of motion can be linearized. A detailed
description is given in Appendix A.1.

M⃗⃗̈q+ D⃗⃗̇q+ K⃗ q⃗ = F⃗act u⃗+ F⃗dist z⃗. (9)

Subsequently, the system is transformed into state space form

⃗̇x = A⃗ x⃗+ B⃗ u⃗+ E⃗ z⃗

y⃗ = C⃗ x⃗
(10)

with
x⃗ =

[
q⃗ ⃗̇q

]T
(11)

In the secondary suspension, the actuators are mounted in both lateral and vertical
directions, see Figure 1. Consequently, forces can be applied in the lateral and vertical
direction as well as torques around the x, y and z-axis

u⃗ =
[

Flat Fvert Mroll Mpitch Myaw

]T
(12)

The carbody DOF are chosen as output

y⃗ =
[

ycb zcb φcb γcb ψcb

]T
(13)

2.2 Model Predictive Control

Equation (10) is now transformed to discrete formulation with timestep k using the
zero-order hold method. Furthermore, control variable u⃗ can be written via its change
in one timestep and its previous value; see Equation (14). Both formulations are
equivalent, though it is easier to incorporate actuator dynamics later by restricting the
change in each timestep

u⃗(k) = u⃗(k−1)+ ∆⃗u(k). (14)

Finally, one obtains

x⃗(k+1) = A⃗d x⃗(k)+ B⃗d u⃗(k−1)+ B⃗d ∆⃗u(k)+ E⃗d z⃗(k)

y⃗(k) = C⃗d x⃗(k)
(15)

Using the model described in Equation (15), MPC minimizes a cost function J over
the prediction horizon np by determining an optimal sequence of control variables over
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the control horizon nc. The optimization problem is solved using a QP-solver [16].
Then, the first element of the sequence is applied and the process is repeated in the
next timestep k+1, see [17]. When setting up the cost function, system output, control
variables and disturbances are collected in a single vector for the whole prediction
horizon and control horizon, respectively, see Equation (16).

¯⃗y(k+1) =


y⃗(k+1)
y⃗(k+2)

...
y⃗(k+np)

 , ∆ ¯⃗u(k) =


∆⃗u(k)

∆⃗u(k+1)
...

∆⃗u(k+nc −1)

 , ¯⃗z(k) =


z⃗(k)

z⃗(k+1)
...

z⃗(k+np −1)

 (16)

The output prediction over the prediction horizon is given by

¯⃗y(k+1) = F⃗ x⃗(k)+ G⃗ u⃗(k−1)+ S⃗ ¯⃗z(k)+ H⃗∆ ¯⃗u(k), (17)

where F⃗ , G⃗, S⃗ and H⃗ can be derived from the system matrices, as already explained
in [8]. With weighting matrices Q⃗ and R⃗, the cost function J that has to be minimized
can be formulated as

min
∆ ¯⃗u(k)

J = ¯⃗y(k+1)T Q⃗ ¯⃗y(k+1)+∆ ¯⃗u(k)T R⃗∆ ¯⃗u(k)

s.t. ∆⃗umin ≤ ∆⃗u(k)≤ ∆⃗umax

y⃗min ≤ y⃗(k)≤ y⃗max.

(18)

3 Simulation environment and results

The controller derived in section 2.2 is applied to a full-scale vehicle model of an
NGT coach. Due to some features of its carbody (single-wheelset bogies, lightweight
design, doubledeck configuration) it turned out to be difficult to achieve a good ride
comfort with exclusively passive suspension components. Therefore, the vehicle of-
fers an ideal platform for testing the controller. The simulation consists of two parts.
Multibody simulations are carried out in the Simpack software. For the controller, the
built-in MPC toolbox of Matlab/Simulink is used. Both software products are inter-
connected using the co-simulation interface Simat.

3.1 Track scenario

A section of the high-speed track between Nuremberg and Ingolstadt, Germany, is
selected as test route, see Figure 3. Regarding track geometric quality, the measured
standard deviation of lateral alignment ∆y0

σ is 0.48 mm, that of longitudinal level ∆z0
σ

is 0.35 mm. Both values are measured at the right rail, the left one has smaller track
errors. Consequently, at a speed of 300 kmh−1, both values lie within or are even
better than the target range TL90 according to EN 14363 [18], see Table 1.
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Figure 3: Properties of the track scenario

Reference Speed Alignment ∆y0
σ Longitudinal Level ∆z0

σ

230<V ≤ 300 kmh−1 0.50–0.65 mm 0.85–1.15 mm

Table 1: Track geometric quality: Target test ranges for standard deviation TL90 [18]

The evaluation of ride comfort is carried out according to EN 12299 [12]. This
means the NMV -value is determined, which incorporates longitudinal, lateral and ver-
tical acceleration measured at several positions on both floors of the carbody, see Fig-
ure 4.

3.2 Results

Numerical results are presented in Figure 5. For comparison purposes the same sim-
ulation is carried out using a model of the NGT with purely passive secondary sus-
pension. Using the control strategy proposed in Section 2.2 a better ride comfort can
be reached at all points that are measured, recognizable by a lower NMV value. For
example, on the top floor at rear sensor position there is an improvement of 40% com-
pared to the passive case. On both floors, ride comfort is better in the middle than
at the front and rear of the carbody. When comparing the lower and upper floor it is
noticeable that on the latter ride comfort is slightly better.

In order to fully exploit the potential of MPC, the current train location is required.
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Figure 4: NGT coach with measurement points visualized as yellow spheres.
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Figure 5: Ride comfort index evaluated at different measurement points

To obtain information regarding the required accuracy, several simulations are carried
out in which white noise is superimposed on the positioning signal. The results are
given in Table 2. Ride comfort obtained at the middle of the upper floor is given for
different power spectral densities (PSD) of the added noise. Furthermore, the result of
a simulation with passive secondary suspension is listed as well. The far-right column
compares test cases with noisy localization to the reference case without errors. For
example, it can be observed that ride comfort deteriorates by 25% if the PSD of the
added noise is 5 WHz−1. The variance of this signal is 5 m2.

PSD of noise Variance NMV up re Deterioration
5 WHz−1 5 m2 0.65 25%

1 WHz−1 1 m2 0.59 13%

- - 0.52 0%

passive - 0.87 68%

Table 2: Comfort index depending on the PSD of the superimposed white noise
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3.3 Discussion

The results obtained in Section 3.2 show that the model given in Equation (15) is
suitable for predicting carbody dynamics to track irregularities and track layout, re-
spectively. Using MPC, it is shown that a significant increase in ride comfort can be
achieved compared to a model with passive secondary suspension, see Figure 5. In
addition, slightly better NMV values are obtained on the upper floor compared to the
lower floor. This indicates that the roll motion of the carbody is suppressed effectively.

Furthermore, the influence of stochastic positioning errors on ride comfort is inves-
tigated, see Table 2. A variance of up to 5 m2 still enables significant improvements
compared to a vehicle with passive secondary suspension. However, beside stochastic
noise, a constant positioning error deteriorates controller performance as well, as al-
ready mentioned in [8]. This behaviour is plausible since the effect of a single bump
upon carbody dynamics is tied to a very specific location. This represents a challeng-
ing requirement in terms of train localisation. However, for other applications like
automatic train operation (which is already listed as possible critical communication
application for FRMCS [9]), precise and reliable train position data is required as well.
Therefore, it is likely that the required position accuracy needed for this application
can be reached.

4 Conclusion

In this paper a control strategy for active secondary suspension based on Model Pre-
dictive Control (MPC) is introduced. Due to modern communication systems like
FRMCS, the availability of data about the train and its environment is improving.
This in turn can be used for new applications, e.g. active suspension that increases
ride comfort by using information about the track ahead.

In order to design the controller, a model which describes carbody dynamics is
developed. The impact of track irregularities and track layout is considered explicitly.
The developed controller is applied to a multibody simulation of the NGT. A section
of the high-speed track between Nuremberg and Ingolstadt, Germany, is selected as
test scenario. On the selected tracks, there is a significant improvement of ride comfort
at each measurement point.

To investigate the required positioning accuracy, simulations are carried out in
which white noise is superimposed on the positioning signal. It was found that MPC
still provides significant improvements when the PSD of the white noise is 5 WHz−1.
Since other applications like automatic train operation require precise and reliable
train position data as well, it is expected that this accuracy can be reached.

Multibody simulations of the NGT showed promising results. However, as men-
tioned in [8], this control strategy puts high requirements on the actuator dynamics.
Therefore, the next step is to investigate the usage of semi-active components instead
of active ones. The results of this paper can then be used as a reference.
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A Appendix

A.1 System matrices

M⃗ =



2.8E4 0 0 0 0 0 0 0 0
0 5.8E4 0 0 0 0 0 0 0
0 0 4.2E2 0 0 0 0 0 0
0 0 0 4.2E2 0 0 0 0 0
0 0 0 0 1.1E6 0 0 0 0
0 0 0 0 0 2.8E4 0 0 0
0 0 0 0 0 0 4.5E2 0 0
0 0 0 0 0 0 0 4.5E2 0
0 0 0 0 0 0 0 0 1.1E6


(19)

D⃗ =



3.5E4 −5.7E4 0 0 0 0 0 0 0
−5.7E4 1.4E5 −2.3E4 −2.3E4 0 0 0 0 0

0 −2.3E4 2.5E5 0 0 0 0 0 0
0 −2.3E4 0 2.5E5 0 0 0 0 0
0 0 0 0 1.7E6 0 0 0 0
0 0 0 0 0 8E4 −4E4 −4E4 0
0 0 0 0 0 −4E4 3.7E5 0 2.8E5
0 0 0 0 0 −4E4 0 3.7E5 −2.8E5
0 0 0 0 0 0 2.8E5 −2.8E5 3.9E6


(20)

K⃗ =



1.6E5 −2.5E5 −1.5E5 −1.5E5 0 0 0 0 0
−2.5E5 9E5 −2.3E5 −2.3E5 0 0 0 0 0
−1.5E5 −2.3E5 2.6E6 0 −1.1E6 0 0 0 0
−1.5E5 −2.3E5 0 2.6E6 1.1E6 0 0 0 0

0 0 −1.1E6 1.1E6 7.8E6 0 0 0 0
0 0 0 0 0 7.1E5 −3.5E5 −3.5E5 0
0 0 0 0 0 −3.5E5 6.6E6 0 2.5E6
0 0 0 0 0 −3.5E5 0 6.6E6 −2.5E6
0 0 0 0 0 0 2.5E6 −2.5E6 3.5E7


(21)

F⃗act =



−1.0 0 0 0 0
1.7 1 0 0 0
0 −5.0E−1 0 0 0
0 −5.0E−1 0 0 0
0 0 1 0 0
0 0 0 −1 0
0 0 0 5.0E−1 7.1E−2
0 0 0 5.0E−1 −7.1E−2
0 0 0 0 1


(22)

F⃗dist =

0 0 0 0 8E4 1.8E4 8E4 1.8E4 −2.8E4 0 0 0 0 0
0 0 0 0 −1.2E5 −2.8E4 −1.2E5 −2.8E4 0 −5.8E4 0 0 0 0

2.1E6 2.3E5 0 0 −1.5E5 0 0 0 0 0 0 0 0 0
0 0 2.1E6 2.3E5 0 0 −1.5E5 0 0 0 0 0 0 0
0 0 0 0 5.6E5 1.2E5 −5.6E5 −1.2E5 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 6.3E6 3.3E5 0 0
0 0 0 0 0 0 0 0 0 0 0 0 6.3E6 3.3E5
0 0 0 0 0 0 0 0 0 0 0 0 0 0


(23)
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