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Design and validation of observer-based control for railway
vehicles with driven independently rotating wheels: an
experimental validation on a 1:5 scale test rig with coupled
front and rear axis

Tobias Posielek

Institute of Vehicle Concepts, German Aerospace Center (DLR), Wessling, Germany

ABSTRACT ARTICLE HISTORY
This paper presents a comprehensive study on the modelling, con- Received 14 July 2025
trol, and observation of railway running gears with driven inde-  Revised 26 November 2025

pendently rotating wheels (DIRWs), focusing on both analytical Accepted 7 January 2026
derivations and experimental validation. A detailed system model
is developed, capturing the coupling between front and rear axes,
their different stability properties. A combined control and observer
framework is proposed, with analytical formulations and closed-
loop derivations provided. The control gains are tuned based on
a decoupled axis assumption. Validation on the coupled system
demonstrates that the dynamic behaviour remains consistent across
configurations. This consistency is reflected in the eigenvalue com-
parisons, regardless of whether coupling or observation is included.
Experimental tests conducted on a 1:5 scaled test rig confirm the
effectiveness of the proposed approach. The system achieves satis-
factory reference tracking within a few seconds, with steady-state
deviations below 0.5 mm. Observations highlight small oscillations
at wheel rotation frequencies, with the front axis exhibiting slightly
higher deviations due to its inherent instability without control.

1. Introduction

The performance of railway systems can be significantly enhanced by running gears with
driven independently rotating wheels (DIRWs), which offer advantages such as improved
centring on straight tracks, enhanced curve negotiation, and reduced noise and wheel-rail
wear. However, these benefits rely on active control systems, which introduce complexity
and demand rigorous validation compared to the long-established, passive track guidance
systems used for nearly two centuries.

Nevertheless, there are already existing passive implementations of independently rotat-
ing wheel vehicles in operation. The most prominent example is the Talgo articulated train,
which employs passive independently rotating wheelsets guided by a mechanical Watt link-
age between adjacent car bodies [1]. This mechanism ensures that each running gear aligns
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approximately along the bisector of the carbody angles in curves, resulting in a stable radial
positioning of the wheelsets and consequently smoother ride dynamics and reduced wear.

Modern railway applications, especially in high-speed and urban light rail contexts,
present increasingly stringent requirements for stability and curving performance at higher
speeds [2]. Meeting these demands necessitates the development of advanced control
strategies and robust state estimation methods.

Within the German Aerospace Center’s (DLR) ‘Next Generation Train (NGT)’ initiative
[3], innovative running gear concepts featuring DIRWs have been explored. A key mile-
stone of this initiative is the development of a 1:5 scaled prototype running gear, which
serves as a highly controllable and cost-effective experimental platform for testing control
and estimation strategies [3-6]. The associated roller rig is particularly distinctive, incor-
porating motorised actuation for each wheel and two independent wheel carriers with
differing stability properties, making it an ideal testbed for evaluating the interaction of
control and estimation techniques.

Designing effective control strategies for DIRWs involves addressing the complex,
nonlinear nature of wheel-rail interactions. A straightforward approach for stabilisation,
steering and guidance involves mimicking the behaviour of conventional wheelsets by reg-
ulating the differential angular velocity [7,8]. However, this approach sacrifices many of the
unique advantages of DIRWSs. The most important one is the ability to control the lateral
displacement to a desired value. By doing so, it is possible to reduce wheel and rail wear,
avoid localised running on a single spot and ensure more uniform load distribution across
the wheel profile. Additionally, controlled lateral positioning can help mitigate hunting
oscillations, improve curve negotiation, and maintain optimal contact conditions, further
enhancing ride comfort and track longevity. Other approaches focus on stabilising the yaw
angle [9] or directly controlling the lateral displacement to minimise wear and noise [10].
While simple controllers such as PID have been employed, their limitations in performance
and robustness have driven research towards advanced techniques, including H, control
[11,12], model predictive control [13], and reinforcement learning [14].

In parallel, accurate state estimation poses an additional challenge. Direct measurement
of lateral displacement using optical sensors is susceptible to interference from environ-
mental factors like dirt, ballast, and weather [14]. As a result, indirect estimation using
observers has gained attention. Observers use measurable variables, such as yaw angle and
angular velocity, to estimate the lateral displacement. Prior studies have demonstrated the
utility of Kalman filters [6] and simplified observer designs [15]. While these approaches
have been applied successfully to individual axes in [16], they are yet to be tested when
coupling between the front and rear axes exists.

This paper advances the state of the art by integrating a combined control and observer
framework for both axes of the DLR 1:5 test rig, explicitly incorporating the coupling
between them. To the authors” knowledge, this work presents the first demonstration of
lateral reference trajectory tracking on a 1:5 DIRW test rig using only relative yaw angle
and angular velocity measurements within an observer-based control framework. While
previous research has made significant contributions in the context of whee-rail deflec-
tion estimation and related control tasks, these studies have typically relied on direct lateral
displacement sensing, often based on optical measurements close to the rail, or have pur-
sued alternative control objectives such as yaw angle or angular velocity regulation. These
approaches, however, do not directly enable lateral reference trajectory tracking without
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lateral displacement measurements. The presented method therefore introduces a novel
combination of sensing and control concepts that demonstrates the feasibility and robust-
ness of coupled control and estimation for DIRWs and provides a foundation for further
developments in this direction.

2. Notation

The i-th unit vector of R” is defined by e;. For an n € N dimensional vector x € R” the i-th
component is denoted by x; and the components x; to x; where i < j < nandi,j € Nare
denoted by x;; = [x; ... x;]. Similarly, foran n € N times m € N dimensional matrix A €
R™ ™, the component in the i-th row and j-th column is denoted by A;; and the submatrix
defined from the i} to the i row and from the  to the j, column is denoted by A;,.;, ;i j,- The
variable 0 denotes the zero matrix of appropriate size. When necessary for clarification, 0,
is written to emphasise that it is the quadratic zero matrix of dimension n € N. Parameters
of the front wheel carrier are denote by a subscript -¢ and parameters of the rear wheel
carrier by a subscript -;. A subscript -,, may denote either front or rear, i.e. m € {f,r}. If
explicitly stated, the subscript is omitted to enhance the readability.

3. Modelling

The development of a mathematical model that represents accurately the dynamics of
the real system is fundsamental for the design of the lateral observer and controller. The
derivation of this model and its parameter identification is presented in [17]. The dynam-
ics of the system can be described by the state x = [yf, wt, v, ¥, ¥r ;] and the output
YU = [yf, Awy, yr, Awy] where yg/y; is the lateral displacement of the front/rear wheel
carrier, wt/ .yt / wr the relative yaw angle between front/rear wheel carrier and the vehi-
cle frame and its derivative and Awr/Aw; the differential angular velocity between the
left and right hand side wheel of the front/rear wheel carrier. The lateral displacement and
relative yaw angle are illustrated in Figure 1. A more detailed version of this illustration
covering also the transformation from the sensor measurements to the states is given in
[17]. Note that y,f/war from Posielek [17] is denoted by w¢/w; in this work to enhance
readability. The complete model of the system has the form

5C=Ax+Bu+xoff (1a)
y*" = Cx + Du + y°ff (1b)

where the dynamics matrices are defined in Figure 2.
An overview of the parameters is given in Tables 1 and 2 and the derived parameters

are ¢ _ (Qrocos(dy, m)> ——219 c08(8o,m) +b cos(Jo,m)? sin(o,m)) T tan(do,m) _ kem
ym bSln(50 m) k—ro tan(dom)’ 0.m = ]zm
Dy, 2]kd—£0 and K, = k;. The parameters are obtained using the methodol-

szm Wym

ogy employed in [17], which leads to slightly different parameters of the front and rear
axis. Notably, the parameters yogr and wog, are identical, because the influence of this
parameter is in practice dominated by the influence of the hystersis as discussed in [17].
Additionally, the parameters ¢11 and ¢y, are identical because they are obtained based
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Figure 2. Dynamic Matrices.
Table 1. Parameters.
Notation Description Front - Rear -;
lo Distance wheel carrier and middle frame 0.283m 0.280m
do equivalent conicity 0.053rad 0.050 rad
Yoff offset lateral displacement 0.002 m —0.0006 m
i friction coefficient 1.3-10°Nrad™" 1.3-10°Nrad™’
Woff offset angular velocity —0.002rad s~ —0.009 rad s~
Jy axle bridge inertia w.r.t yawing 0.43 kgm? 0.36 kgm?
ke equivalent stiffness 1557 Nm™" 1286 Nm™"
kg equivalent damping 735Nsm™’ 30.1Nsm™"
Woff offset yaw angle —14-10"3rad —1.4-10"3rad

on physical calculations in the spirit of Heckmann et al. [18] and their influence on the

dynamics is almost negligible.

It is important to note that this model incorporates only the differential angular velocity,
which is derived from a straightforward transformation between the left and right wheels.
The mean angular velocity, however, is not included in the dynamics as it primarily governs



VEHICLE SYSTEM DYNAMICS (&) 5

Table 2. Constants.

Notation Description Value

v longitudinal velocity Tms™!

o wheel radius 0.1m

b track width 03m

I distance between laser sensors measuring lateral displacement 0.1535m
bo nominal distance from laser sensors to metal plates 0.065 m
do distance between laser sensors measuring yaw angle 0.185m
k; motor constant 027NmA~!
Jx wheel inertia w.r.t rolling 0.027 kgm?

traction control. While the control of the mean angular velocity represents a separate con-
trol task, it is not considered here, as the lateral dynamics are assumed to be independent of
the mean angular velocity. The differential angular velocity itself is not modelled as a state
but as an output obtained by the superposition of lateral displacement, yaw angle derivative
and torque input. This is due to the fact that the angular velocity dynamics are extremely
fast compared to the other dynamics as discussed in [17] and are therefore considered to
be in steady state.

Roughly spoken, the dynamics represent that for each axis the applied differential torque
induces a yaw angle which in turn induces a lateral displacement. A coupling between
the two axes exists only in the lateral dynamics, and it is inversely proportional to the
parameter ly, which represents the distance between the wheel carrier and the middle
frame. One key characteristic is that, for positive velocities, the front dynamics are unstable
when y, = wy = 0, while the rear dynamics remain stable when y; = y, = 0. This dis-
tinction leads to significantly different control gain requirements for the front and rear
axes [16]. Regarding the coupling, the time constant that defines these stability properties
is also inversely proportional to the parameter ly. For most railway vehicles, this parame-
ter is relatively large, which is why the coupling and the differing stability characteristics
are often neglected. However, in the case of the presented parameters for a scaled rail-
way vehicle, these properties have a substantial impact and must therefore be accounted
for in the controller and observer design. Additionally, note that the model is developed
under the assumption of zero lateral slip, which reduces the lateral displacement dynamics
from a second-order to a first-order differential equation. Overall, the model of the lateral
dynamics have shown in [17] to be very consistent with the measurement results.

The two main factors lie in the yaw dynamics, as discussed in [17]. First, there is a hys-
teresis effect, which results in different outputs for the same constant inputs, depending
on the history of previous inputs and states. In [17], this behaviour is modelled using a
Bouc-Wen approach. However, it is not included in the proposed synthesis model (1) in
order to preserve linearity. The hysteresis most likely originates from the spring connect-
ing the carbody with the two wheel carriers. Secondly, and more critically, Posielek [17]
shows that the damping parameter D varies significantly during a simple step response.
This variation is complex and is most likely caused by the interaction between the wheel
and rail. The damping variation appears to depend on several factors, including the input u
and its derivative. Although this variation is not accounted for in the proposed model, it is
considered during the design of the controller and observer to ensure that the closed-loop
system remains stable across a wide range of damping parameters.
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Not all states can be directly measured. While the yaw angles /¢ and , can be measured
using laser sensors or linear variable differential transformers, and the differential angular
velocity can be obtained via encoders, lateral displacement is typically measured with 3D
laser profilers [19]. However, these profilers are often affected by external factors such as
dirt, swirling ballast, and weather conditions near the track bed, making them less reliable.
Thus, an observer is required exploiting the dynamics (1) to obtain an estimation of y,,
which can be used in the control.

For the system identification, control design as well as observer design it is beneficial
to split the system into the system dynamics of the front and the rear dynamics. These are
obtained to be in the form

Xm = AmXm + By + Xoft,m + WinXin (2a)

I = CXm + Dyt + Yoii (2b)

where the front or rear is denoted by m € {f, r} and the opposite side is denoted by m. The
front or rear state is defined by X,y = [Ym, Wm>» Wm] and the output as Yo = [y, Awy].
The structure of (2) is identical to the complete system (1) but for the fact that the states of
the opposite side xj are considered as disturbances acting via the disturbance matrix W,
on the system. The dynamics matrices and offsets are straightforwardly obtained from the

original matrices by removing the appropriate rows and columns

Af = A1313 Br =Biz1 Wi = A3 (3a)
Cr = Ciza3 Df = D2y (3b)
Xoff,f = Xoff,1:3  Yoff.f = Yoff,12 (3¢)
Ar = Agoa6 Br =Baer Wr = Ase13 (3d)
Cr = Caa6 Dr=Dsup (3e)
Xoff,r = Xoff,4:6  Voff,r = Yoff,3:4- (3f)

4. Control design

The almost decoupled nature of the front and rear wheel carrier suggests a separate design
of control for front and rear wheel carriers. This has the advantage that the control task
is reduced to a problem of smaller dimension and the two-wheel carrier can be analysed
separately. Thus, in the remainder of this section, the index -, is omitted for all variables
and parameters in the system of Equation (4) in order to enhance the readability.

4.1. Cascaded PI-PD controller

The proposed control structure for both wheel carriers is a cascaded PI-PD controller as
proposed in [16,17] and illustrated in Figure 3. The D part in the inner loop is used to
induce a constant damping into the system and therefore reduce the influence of the vary-
ing damping discussed in the previous section. The integral part is used to have no steady
state error which would despite a prefilter be introduced by the hysteresis neglected here in
the modelling as discussed in [20]. Finally, the advantage of the cascaded structure is that
the gains can be tuned in an iterative manner as discussed in [17].
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il PI Controll s . l Front Yaw
ontroller Wref PD Controller uf Dynamics
.

el PI Controller |2t S u, Rear Yaw
e Controller = PD Controller T o

Figure 3. Block diagram combined observer and controller structure.

It is defined in a cascaded manner by

u = KP,I//el// + KD){//&W (43)

€y = Yref — Y éy} = l/./ref - V/ (4b)

. 1 2 1 1

Xgiff =~ Xaiff Y Y =~ Xaif + oY (4c)
14 T(// TW

Yref = KP,yey + Kl,yxl (4d)

ey = Yref =)y X1 =g (4e)

where Kp y,, KD,y Kp,y, K15, Ty, are the tuning parameters of the control. The new state xgj

and estimation y are a state space representation of the differentiator transfer function

ﬁ. Equivalently, the control law can be written in the form u = —Glxj, x, xaie] T +
Uof with
Kp ycyv
Gio = [KI,yKP,w Kp,y (Kyy + sm P’lyo =) — KP,yKP,z//]
1 - Kp,y

G35 = I:_KP’W — Kp,y (T_l// + Kp,ycyv) 0 71,)72: ] (5)

Uoff = KD,V/KP,y}.’ref + KD,(//KI,y)’ref - KP,z//KP,y)’ref
where sf = 1and s, = —1 shows the only structural difference between front and rear gain

in the second component. Note that in (4) and (5) the subscript -, is omitted at all states
and parameters but s,, to improve clarity.

In this form it can be seen that the presented PI-PD control is equivalent to a full state
feedback with additional integrator state. It is worth noting that due to the cascaded struc-
ture and the differentiator the control law u as in (5) is varying with the velocity v in the
second and third component.

4.2. Closedloop

The description of the closed loop is vital in order to access the stability properties of
the closed-loop system as used in Section 7. The closed loop for front and rear wheel
carrier have the form xf,ll = Aflllx;i + Wféxf;li + xglff) o With x% = [XLm> Xm> Xdiff,m]T, xf-rl, =
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(XL 7> Xim» Xdiff ) > AS = A — BO G,,, W = diag(0, W,,, 0) and

[0 —e] 0
A =10 Ay 0 B = | Bn
_0 —e;r - T;,m 0
x(c)lff,m = :yref sz%mz‘;% 0 x(c)lff,mA 0]

2 .
Xoff,ma — Wo,m(Woff,m + KmKD,l//KP,y)’ref

= +KmKD,y/KI,y)/ref - KmKP,yKP,y/yref)

where e;, e; denote the first and second unit vector of dimension three. Employing both
controllers for the front and rear wheel carrier simultaneously leads to the closed-loop

system %% = Alxel 4 xglﬁ where
cl
|:xoff,fj|
cl
xoff,r

This description of the closed loop is used in Section 6 to assess the stability of the proposed
controller design.

5. Observer design

As discussed in Section 3 an observer is vital in order to obtain an estimate of the control
variables ys and y;. It is noteworthy that the non-flatness of the wheels is responsible for
the observability of the system, since the system is observable if and only if the equivalent
conicity dy , is not identical to zero.

5.1. Design

For the structure of the observer, the design in [15] is proposed. It has the main advantage
that it relies only on a minimal amount of model information and has only a single tuning
parameter for each axis. Similar to the control design in Section 4 it is sensible to design
the observer for both wheel carriers independently. An overview about its structure can be
seen in Figure 3.

Asintroduced in [15] the observer can be considered to be of two steps. The first uses the
differential angular velocity dynamics to obtain a first estimate of the lateral displacement

aA 1"0 . + 27’3
V= v Viiltm I,

2 2r2
= __—k‘r Um — 0
bCll,mFm Fmbv

Awsie,m

Awoff m- (6)
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where gy and Awg; are low-passed filtered signals of the measured signals, i.e.

. 1
Awgim = — Awgiem + Ay, (7a)
Aw,m Aw,m
. 1
Xdiff,Om = — Xd&iff,0m + Vm (7b)
TAa),m
. 1 1
Veilem = =5 Xdiff,0m + 7 Vm.- (7¢)
Aw,m Aw,m

Note that the estimation of 1,//m in Equations (7b) and (7c¢) is identical to the estimation in
the controller (4c). However, it is beneficial to synchronise the time constant with (7a) to
improve the estimate of the lateral displacement.

The second step uses the lateral dynamics to filter the estimate via

o Cym o - Cym o
Ym = SmVﬂJ’m + Ve mW¥Wm — Sm"ﬂyr'n (8)
2lo.m 2lo.m
Ey,m ~ o
= +Vﬂyoff,m + Lm()’m - ym) )
m

Compared to conventional methods like Luenberger observer or Kalman filters this
observer does not estimate the complete state x but only the required control variable y,,,.

5.2. Closed loop

In order to determine the closed loop dynamic, the estimation error e),, = ym — ym is
introduced. The overall closed loop state is defined by z,, = [xzi, €y,n> AOfilt m> Xdiff,0,m]
with x&! defined as in Section 4.2. The control introduced in Section 4 is adapted such that
the real lateral displacement y,, is replaced by its estimate y,, and can therefore be written
as

U= —Gulxoh 1, Jms Xy 3.5] | + Uofr- (10)

The integrator state has slightly changed dynamics compared to (4e) due to using the
estimate y,, instead of y,,,, i.e.

XILm = Yref,m _}V’m = Yref,m — (62 - 66)sz (11)

where e; € R” and es € R® are the unit vectors of appropriate dimensions. Defining C} =
[0, Cin2.:, 0], Dﬁ,l1 = Dy, allows to write the angular velocity defined in (2b) as

Ao = ((Cy, — D5Gm)Isg + Dy Gmeaeg )z + Diytiofy. (12)

The filtered yaw angle defined in Equation (7c) can be written as

. 1 T 1 7
= e, — e |z 13
Yiilt,m (TAa),m 3 T2 ) ) (13)

Aw,m
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and the estimate of the lateral displacement from Equation (6) can consequently be written
as

. 2k, G r 2k, Ge 2r2 T
Pm = _T Isg — 0 e;r— _t 266T 0 e7T—1— 02 e;— z
bCHF V()FTAw bCuF bVOF VOFTAw

2k, 2r}

- muoﬂf - F—bVACOoff (14)

where the subscript -, is omitted on the right-hand side to enhance the readability.
This allows to define the observation error ey,, as

: -d -d T 25 1 T
ey,, = Ag1:5215 + | Ages — L ez —L z
? ? bVoF

& 2k, 21
—SmV—ey; + L——uog + L Aw t
T N "
where
_ 2k, G "o
Ad g AaGmg g M0 T
m,6,1:5 " ey m T 19 "l mTawm
- 2k, Gpez Cyam
Ad o ZTImTE 4y
e S e T

Combining the closed loop dynamics from Section 4.2, the estimation error dynamics (15)
and the filtering dynamics (7) leads to the closed loop dynamics z,, = A;llzm + W%zm +
Zoff,m With

Ad et +B°Ge; 0 0
! Al 21 Gro
Ad — Ag 15 Ags —L bwl wIT3,
"o |cl-DIG DG, -4 0
(o}
e 0 0 —
Aw

_ [
Wfr} = diag{ 05, —smvﬁ, 0,
2o,

cl
xoff

2k 2r(2)
Gm(muofiC + mAwoff)
D(r:nuoff
0

Zoff,m =

where the subscript -, is omitted on the right hand side to enhance the readability.
When both controller and observers are employed the complete closed loop matrix has
the form z = A9z + zf)lff where
Zoff f
Zoff,r
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6. Control and observer gain tuning

We follow the gain-tuning methodology proposed in [16] which adopts a sequential
approach, starting with the controller gains and followed by observer parameters. The
resulting parameters are given in Table 3. The controller gains are tuned by progressively
addressing the outer and inner loops, while ensuring robustness and stability under state
and actuator constraints. For yaw dynamics, the proportional and derivative gains Kp,,
and Kp,,, are selected based on structural symmetry, system sample time, and noise char-
acteristics, with the time constant T}, chosen to accurately approximate the derivative
of y given the low noise levels and sampling rate. For lateral dynamics, the propor-
tional and integral gains are designed to satisfy closed-loop eigenvalue requirements and
ensure robustness, with Ky », directly taken from prior validated designs [16] to ensure
steady-state performance and system stability.

Similarly, observer parameters Trq,, and L,, are adjusted to balance filtering perfor-
mance and asymptotic stability. These parameters ensure the slowest eigenvalue remains
stable under the constraints of high-frequency noise in Aw, as discussed in [16].

To validate the stability of the closed-loop system, the eigenvalues are analysed and
presented in Figure 4. The eigenvalues, as derived in Section 5.2, are evaluated under var-
ious configurations. First, the case without an observer is considered, where the lateral
displacement is assumed to be directly measurable. Additionally, the eigenvalues of the
decoupled system, where no coupling between the front and rear axes is assumed (i.e.
WfCI = W¢ = 0), are examined. This scenario is particularly relevant as the gain design
was based on this decoupled assumption. Furthermore, the eigenvalues of the complete sys-
tem, including the observer as described in Section 5.2, are analysed. Both decoupled and
coupled configurations are investigated to provide a comprehensive evaluation of the sys-
ten’s stability and design consistency. The results reveal that the fast eigenvalues are almost
identical across all four configurations. In contrast, for the slow eigenvalues, differences in
both the real and imaginary parts are observed. Nevertheless, all eigenvalues remain stable
across all configurations. Notably, the decoupled observer configuration exhibits slower
eigenvalues compared to the coupled observer configuration. In summary, the parameter
tuning process, which is based on the decoupling assumption between the front and rear

Table 3. Tuned parameters.

KP,y,m Kl,y,m KP,W,m KD,y/,m Tu/,m Lm TAw,m
Front 12 3 50 5 0.005 3 0.07
Rear 3 3 50 5 0.005 3 0.07
50 3
5 g 2 X
£ 9 S
S o @ ® Fof % + 8
& 24
= : i, %
) O
-50 ‘ ‘ : : -3 : ‘ ‘ : :
-200 -150 -100 -50 0 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0
Real Part Real Part

Figure 4. Eigenvalues of the closed loop.
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axes, performs effectively. The resulting design not only ensures stability for the coupled
system but also retains eigenvalues in a similar range across configurations.

7. Testrig

In this section, the observer and controller proposed in the previous sections are applied
to the 1:5 test rig. First, details about the test rig and its setup are given. Then, the proposed
control and observer combination is validated on the test rig by two scenarios in the same
fashion asin [15-17]. First, the performance is evaluated by tracking three steps with difter-
ent step heights. Secondly, the robustness is investigated by controlling the lateral distance
to zero while adding external disturbances to the system.

7.1. Setup

A visual impression of the 1:5 test rig investigated throughout this paper can be found in
Figure 5.

The running gear consists of four DIRWs, each independently driven by motors housed
within the wheels. These motors are permanently-excited synchronous machines, each
controlled by its own power converter, and provide based on the commanded input current
u the required differential torque to steer the system.

Each pair of wheels is connected by an axle bridge, which is coupled to the running gear
frame via a leaf spring guidance system that enables the yaw motion of the axle bridges.
The running gear is mounted on two revolving rollers, simulating the longitudinal motion
of the vehicle.

The test rig is equipped with several sensors for the control and monitoring of the
DIRW s as displayed in Figure 6. At (1) two laser sensors are mounted on the roller rig frame
which measure the distance to two metal plates at the front and rear ultimately leading to
the measurements y¢/y,. Additionally, at (2), four laser sensors are mounted at the front
left, front right, rear left and rear right on the running gear frame, measuring the distances

RarSchiene-Systomdynamik
VineelRa System Dynamics

DLR

Figure 5. Image of the 1:5 test rig.
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Figure 6. Actuator and Sensors of the test rig, (1) laser sensors for measuring the lateral displacement
(2) Laser sensors for calculating the yaw angle (3) Encoders for measuring the angular velocity (4) Force
torque sensors to quantify external disturbances.

to the front/rear wheel carrier allowing to calculate the angle between frame and front/rear
wheel carrier ¢/ y;. The angular velocity of the front left, front right, rear left and rear right
wheel is measured using encoders mounted inside the wheels at (3). These allow to calcu-
late the differential angular velocities Aws, Aw;. Finally, at (4) each axle bridge is equipped
with force-torque sensors mounted on the left and right side, yielding force torque signals
along the x, y, z-axis denoted by Fijx,M;jx where i € {x,y,z}, j € {f,r} and k € {l,r}. The
running gear hardware is connected to a rapid control prototyping environment. Simu-
lation models are implemented in MATLAB/Simulink and compiled using the Simulink
Real-Time toolbox and a sampling time of & = 0.005 s. For a more detailed description of
the test rig and its technical details, confer also [6,17].

7.2. Performance

In this scenario, the performance of the combined controller and observer is evaluated.
In order to do so, a reference yrr is given which consists of three steps at 20, 40 and 60 s
and is piecewise constant at 0 mm, 1 mm, —2 mm and 0 mm. Three experiments are car-
ried out at a moderate speed of 1 ms™!. In the first, the control law (4) is directly applied
without an observer as in this laboratory environment the lateral displacement can be mea-
sured via the laser sensors. This shall serve as a benchmark to asses which effects stem
from the system and the choice of the controller and which from the observer. Secondly,
the estimate obtained via the proposed observer defined by Equations (6), (7) and (9) is
used with the control law (10) to track the reference. Finally, for comparison, an alterna-
tive observer method - the classic Kalman filter [21] - is also applied. It’s implementation
is standard based on the solution of a continuous Ricatti equation. The main challenge
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Figure 7. Lateral Displacement.

poses, compared to the proposed observer, the tuning of the covariance matrices. The out-
put covariance matrix R is based on steady state noise while the process covariance matrix
Q is tuned based on simulations and hand tuned on the hardware to obtain satisfying
results. The chosen covariance matrices are Qf = Q, = diag(2 - 1073,1-1077,8 - 1073)?
and R = diag(107>,0.02)?)

The lateral displacement for all three experiments can be seen in Figure 7. It can be seen
that in all three experiments the reference is very well tracked. For the front wheel car-
rier it can be seen that for the experiment without observer and the proposed observer the
start of the transition phase and thus the rising time is almost identical at around 0.3 s. For
the Kalman Filter the rising time is slightly higher with around 0.6 s. However, for both
cases the overshoot of the control with observer is much higher compared to the one with-
out observer. Based on the third step, the overshoot of the experiment without observer is
around 35% while for the experiment with the proposed observer as well as the Kalman Fil-
ter is around 75%. However, the settling time for all three experiments is around the same
for all three steps with around 2 s based on the third step. Note however, that during the
steady state oscillations with high amplitudes exist. For the experiment without observer
the steady state oscillations of around 0.45 mm while for the experiments with observer
these deviations are higher. However, for both designs the deviation is around 0.7 mm. A
Fourier transform shows that despite a wide spectrum of frequencies below 0.9 Hz, the
other main frequencies are occuring at 1.61, 44.1 and 67.7 Hz, where 1.61 Hz is also the
frequency of the wheels rotation for 1 ms™! which is more present when the observer is
used. A more detailed analysis on the frequency of the wheels rotation is carried out in
Section 7.4. The higher frequencies most likely originate from structural resonances of the
test rig. Note that in all three experiments disturbances with unknown origin occasionally
lead at instances to a high tracking errors. A sample for each experiment is indicated by
a grey vertical line. For the experiment without observer the main deviation can be seen
at around 35s. Here, the tracking error doubles compared to the preceding 6 s, when it
stayed below 0.3 mm. A very similar behaviour is very prominent for the experiment with
the proposed observer at 57 s and for the experiment with the Kalman Filter at around 30 s.

For the rear wheel carrier the qualitative same behaviour can be seen but with in gen-
eral smaller tracking errors. The rising time being around 0.75, 0.95 and 1.1 s for the three
experiments and overshoot of around 30%, 35% and 40% for the three experiments, respec-
tively. The settling time for the first experiment is around 2 s as well while for the second
and third experiment the settling time varies between 5 and 10 s throughout the three steps.
Compared to the front axis for which the mean value appeared to be very close to the con-
stant tracking value in both experiments, the rear axis shows this behaviour only for the
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40 60 0
ts) t[s]

0 20

Figure 9. Input variable, differential current.

first experiment without observer. With the proposed observer, the steady-state error is
approximately 0.4 mm. The Kalman filter shows a similar steady-state error, differing by
only a few hundredths of a millimeter.

The steady state oscillations have a similar spectrum as for the front wheel carrier but
smaller deviations of 0.3 and 0.4 mm based on the third step. The same influence of dis-
turbances as for the front wheel carrier can also be observed for the rear wheel carrier but
with smaller errors.

All in all it can be seen that the combined observer and controller schemes show sim-
ilar behaviour to when the lateral displacement would be directly measured with slightly
higher errors but overall good tracking performance and smaller errors at rear compared
to front. The proposed observer and the Kalman Filter perform similarly well, with both
their transient response and steady-state behaviour showing comparable results.

Figure 8 shows the relative yaw angle between frame and wheel carrier. For all three
experiments and for front and rear wheel carrier it can be seen that the main action can be
seen at the points of time of the step when there is a distinct peak of the relative yaw angle.
As before, the overall oscillations are smaller for the rear wheel carrier and the frequency
of the wheels 1.61 Hz is extremely prominent when the observer is used but not so when
the direct measurement is utilised.

Figure 9 shows the control variable of the front and rear wheel carrier. The qualitative
behaviour is very similar to that of the yaw angle with distinct high values at the step times.
Notably, the actual signal contains oscillations with very high amplitude compared to the
measurements of the lateral displacement and relative yaw angle. Most notably, these oscil-
lations are damped when the observer is used as its intrinsic filtering behaviour smoothes
the estimation signal. As expected from the two signals discussed beforehand, the rear
wheel carrier requires overall smaller control action compared to the front wheel carrier.
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Figure 10. Differential angular velocity.

Finally, Figure 10 shows the differential angular velocity. As shown in Sections 4 and 5,
this signal is not used in the controller (4) but the observer (6) relies heavily on it as this
is the main quantity allowing to reconstruct the lateral displacement. It can be seen that
the signal to noise ratio is very small leading to the fact that the actual signal showing the
influence of y is difficult to spot and can usually only be observed using heavy filtering as
illustrated in [17]. Interestingly, the oscillations of the first experiment without observer are
more prominent than with the observers which is unexpected due to the higher oscillations
of the lateral displacement and yaw angle, suggesting unmodelled dynamics for Aw. This,
however, holds only for the front wheel carrier, for the rear wheel carrier the signals of both
experiments have a very similar noise ratio.

All in all, despite the very noisy angular velocity signals the proposed control scheme
using the observer shows satisfying tracking performance.

7.3. Robustness

In the second scenario the robustness of the combined observer and controller scheme
is evaluated. This is done in a similar manner as in [17]. At 10 and 20, a quick but large
torque is applied to the front left wheel simulating the effects of rail irregularities. At 30 and
40 s a similar torque is applied to the rear left wheel. Between 50 and 60 s a constant force
is applied to the middle of the vehicle simulating the effect of side wind. The measured
force and torque of the front and left right sensor is displayed in Figure 11. In Figure 12 the
lateral displacement is shown. It is observed that during the rapid perturbations, the lateral
displacement changes significantly within a few seconds but returns to the normal steady
state within approximately 3 s. Naturally, higher perturbation forces lead to larger induced
lateral displacements, though they still converge back to the desired steady state within a
few seconds. The displacements at the rear after the two perturbations at the rear wheel

M. [Nm]|
=
—
=

0 20 40 60 80 0 20 40 60 80
t[s] t[s

Figure 11. Force Torque measurements.
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Figure 12. Lateral displacement.

carrier are higher compared to the displacement of the front after the two perturbations
at the front despite the front torque being of actual higher magnitude as can be seen in
Figure 11. It is also worth mentioning that directly after the perturbation in the transition
phase, an oscillation of 39.2 Hz is predominant for both front and rear wheel. However,
this oscillation vanishes over time.

For the constant force perturbations, an initial lateral displacement is induced, but the
integrator part of the controller generates a corrective force that brings the lateral displace-
ment back to zero. Upon removal of the perturbation, new transient behaviour occurs as
the integrator adjusts to the absence of the disturbance. The displacement is of similar mag-
nitude for front and rear axis. Overall, both front and rear wheel carrier show satisfactory
robustness with respect to the presented disturbances.

7.4. Vibrations under velocity variance

In Section 7.2, one unexpected phenomenon was the occurrence of steady-state vibrations
in the lateral displacement at a frequency corresponding to the vehicle’s velocity. More pre-
cisely, a Fourier transform revealed a peak at the frequency w,, where w, = @ and @ = %,
with v being the vehicle velocity and rq the wheel radius. To determine whether this effect
appears only at v = 1m/s or for all velocities, an experiment was conducted in which
the velocity was slowly increased from 0 to 4 m/s within 130s. During this experiment,
a controller was used to keep the lateral displacement at zero. No observer was applied,
instead, the direct laser sensor measurements were used. A detailed mathematical investi-
gation of the controller’s velocity dependence and its potential adaptation to varying speeds
lies beyond the scope of this work and will be explored in future research. Nevertheless,
within the limited velocity range of the 1:5 test rig, the proposed controller with constant
gains delivered satisfactory performance. The measured lateral displacement at the front
and the mean angular velocity of the front wheels were segmented at each sampling time
into windows of 5s and Fourier transformed. The amplitude of each frequency was then
plotted as a contour plot in Figure 13. The left-hand side shows the frequencies and ampli-
tudes corresponding to yy. For better visualisation, three simple reference lines were added
that represent multiples of the wheel’s angular velocity, which, as stated above, is directly
proportional to the vehicle speed. It can first be observed that low frequencies naturally
exhibit large Fourier amplitudes. More importantly, the most dominant frequency corre-
sponds directly to the angular velocity of the wheel, forming what can be interpreted as the
fundamental frequency. Over the entire range of @, the Fourier transform yields an ampli-
tude at this fundamental frequency that reaches the upper limit of the plotted threshold.
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Figure 13. Vibrations.

The second-largest amplitude appears at 0.56 @, which represents a subharmonic compo-
nent. Additional peaks are visible at 2 @ and 3 @, which correspond to harmonics of the
wheel-induced excitation. While the occurrence of such harmonics and conventional sub-
harmonics (e.g. at %c?) or %d)) is common, the appearance of a pronounced peak at 0.56 @ is
unexpected and its cause is currently unknown. Finally, note that for clarity we have omit-
ted the higher frequencies, which, as mentioned in Section 7.2, correspond to the constant
frequencies at 277 and 425 rad s~ ! arising from structural resonances.

For the angular velocity a very similar image can be seen but with higher harmon-
ics mostly been visible at higher velocities. The fundamental frequency is, however, very
prominent for all velocities, explaining why the additional usage of an observer amplifies
the occurrence in y as well in the closed loop.

8. Conclusion

This paper presented a comprehensive study on the modelling, control, and state observa-
tion for railway running gears with driven independently rotating wheels (DIRWs). The
mathematical model of the system was developed with a particular focus on capturing the
coupling effects between the front and rear axes, as well as considering angular velocity as
an output instead of a state variable. Key details of the model were highlighted to underline
the unique challenges posed by the coupled dynamics.

A combined control and observer framework was designed to address these challenges.
The control strategy and observer were analytically derived, with a detailed mathemati-
cal formulation of the closed-loop system, demonstrating a rigorous approach to ensuring
stability and performance. Gain tuning was performed based on decoupled axes, and
subsequent validation on the coupled system confirmed that the designed framework
performed robustly. Notably, eigenvalue comparisons revealed that the system’s dynamic
characteristics remained within a similar range, independent of coupling and whether the
observer was employed.

Experimental validation with the proposed scheme as well as with a Kalman Filter for
comparison purposes was conducted on the 1:5 scaled test rig developed by the German
Aerospace Center (DLR). Results demonstrated satisfactory performance, with the lateral
reference trajectory being closely followed within a few seconds. While minor oscillations
were observed in the steady state, primarily at frequencies linked to the wheel rotation
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speed, the deviations remained small - within a range of less than 0.5 mm. The front axis
exhibited slightly higher deviations compared to the rear axis, which is consistent with its
inherently unstable behaviour in the absence of control.

Opverall, this study highlights the effectiveness of the proposed combined control and
observer approach, offering a robust solution for achieving precise lateral displacement
control in DIRWs. Future work will include further refinements to mitigate steady-state
oscillations and extend the framework to additional operational scenarios. Furthermore,
the full-scale 1:1 prototype currently being commissioned at DLR will enable an even more
realistic validation of the proposed algorithms under real-world conditions.
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