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1. Introduction and Motivation

The railway industry is increasingly adopting
lighter rolling stock to reduce material and man-
ufacturing costs, energy consumption, and track
forces. While lower mass benefits both vehi-
cles and infrastructure, reducing wear, mainte-
nance, and operating costs, it also generally re-
duces structural stiffness. When this reduction
affects the carbody, the resulting lower bending
stiffness can lead to undesirable structural vi-
brations. These vibrations are particularly crit-
ical when the carbody’s resonance frequencies
fall below 20 Hz, as passive suspensions are typ-
ically tuned for rigid-body modes and cannot
effectively attenuate structural vibrations, po-
tentially compromising ride quality.

Carbody bending is generally associated with
the vertical (bounce) motion of the bogies. How-
ever, as shown in [2]—and extended in this the-
sis—other components, such as traction links
and yaw dampers, can also induce structural vi-
brations through coupling with bogie longitudi-
nal and pitch motions.

This work aims to mitigate such structural
vibrations by replacing passive dampers with
semi-active mechatronic suspensions. These de-
vices can adjust damping in real time while re-

maining minimally invasive, requiring only the
substitution of the passive component. The fo-
cus of this thesis is on assessing the robust-
ness of the control strategies governing these
dampers, particularly under variations in sys-
tem parameters such as vehicle payload. Among
semi-active solutions, magneto-rheological (MR)
dampers are selected as a practical compromise:
they dissipate energy like passive dampers but
with tunable resistance, require little power, and
remain intrinsically stable. The work is orga-
nized into three main phases. First, a simplified
7-DOF model of the railway vehicle is developed
and used to design and tune the control strate-
gies. In the second phase, these controllers are
evaluated on a high-fidelity FMBS model, which
includes a detailed flexible carbody representa-
tion, in order to assess their robustness under
parameter variations and unmodelled dynamics.
Finally, a Hardware-in-the-Loop setup integrat-
ing a real MR damper is employed to investigate
the practical feasibility.

2. System Models

The vehicle consists of a non-motorized trailer
car with two bogies and four wheelsets. The pri-
mary suspension between wheelsets and bogies



includes elastic and damping elements, which
may operate in passive or semi-active mode de-
pending on the scenario. The secondary sus-
pension features air springs providing vertical
stiffness and damping. Traction links and yaw
dampers connect bogies and carbody mainly
transmitting longitudinal forces and as will be
shown, these longitudinal forces can contribute
significantly to the excitation of carbody bend-
ing modes.

Three models are employed in this work. First, a
simplified linear model with 7 degrees of freedom
(7 DOF) is used for the controllers design and
preliminary testing, as it enables low computa-
tional cost in the initial development phase. Sec-
ond, a flexible multibody system (FMBS) pro-
vides a more realistic representation of the vehi-
cle dynamics and is used for the numerical sim-
ulations. Finally, a 3 DOF model is specifically
designed for hardware-in-the-loop testing.

2.1. Structural Coupling

As shown in Figure 1, an enlargement of the
front section of the carbody highlights that when
a flexural deformation occurs, a longitudinal dis-
placement is imposed at the bogie connection
points, where traction links and yaw dampers
are attached. This phenomenom of coupling is
of course bidirectional therefore longitudinal or
rotational movements of the bogies also induce
bending in the carbody.

Assuming small deformations, this interaction
can be effectively described using the Euler—
Bernoulli beam as in Eq. (1) where dg represents
the vertical distance from the neutral axis of the
carbody to the bogie connection points.
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2.2. Flexible Multibody  System

(FMBS) Model

The FMBS model, developed in SIMPACK, con-
sists of one carbody, two bogies, four wheelsets,
and a transformer suspended beneath the car-
body through elastic mounts. All components
are modeled as rigid bodies except for the car-
body, whose flexibility is introduced via a FEM
representation. This allows the simulation of
multiple bending modes up to 30 Hz, a fre-
quency range wide enough to capture all vibra-

Figure 1: Structural view of the carbody front
section, showing the coupling between carbody
bending and bogie connection points.

tion components that significantly affect verti-
cal ride comfort. Compared with the simpli-
fied models, the FMBS features a substantially
higher number of degrees of freedom and in-
cludes nonlinear behaviors in both elastic and
damping elements.

A modal analysis conducted in [2] identified
four critical coupling modes between bogie mo-
tion and carbody bending. Among these, one
dominant mode exhibits strong coupling be-
tween bogie pitch and the first bending mode of
the carbody. This mechanism efficiently trans-
fers track-induced excitation from the bogies to
the flexible carbody, via traction links and yaw
dampers, generating the highest levels of ride
discomfort among the four coupling modes. In
fact, when the vehicle runs with a fully passive
suspension system, this mode produces an Nmvz
value of approximately 3.4 at the carbody cen-
ter, which the EN 12299 standard classifies as
"medium" comfort. Considering that the anal-
ysed vehicle is a high-speed train, such a comfort
level is relatively low and motivates the need for
improved suspension technologies. For this rea-
son, this dominant coupling mode is the primary
target of the control strategies developed in this
work.

Dynamic excitation is applied through track ir-
regularities with a wavelength of 5.45 m, cor-
responding to the spacing of slab-track joints.
At a running speed of 230 km/h, this leads to
an excitation frequency of approximately 11.8
Hz, which matches the resonance frequency of
the dominant coupling mode. This condition
maximizes the interaction between bogie pitch
and carbody bending and therefore represents
the most critical scenario for assessing controller
performance.



2.3. Simplified Linear Model

The simplified model is bidimensional and in-
cludes seven degrees of freedom, representing the
bounce and pitch motions of the carbody and
the two bogies, together with an additional co-
ordinate ¢(t) describing the first bending mode
of the carbody. The seven degrees of freedom
are listed below, and a schematic representation
of the model is provided in Figure 2.
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Figure 2:
model.

Seven-degree-of-freedom simplified

In this model, only the first carbody bend-
ing mode is considered, using the classical Eu-
ler—Bernoulli beam formulation. The corre-
sponding vertical deformation of the carbody
along its longitudinal axis is expressed as:

w(z,t) =Y (2)q(t) (2)

where Y (z) is the mode shape, maximal near the
carbody center, while ¢(t) uniformly scales the
deformation over time. Among the seven equa-
tions of motion, only the one associated with the
modal coordinate ¢(t) is reported below, as it is
the most relevant for describing the excitation
of the bending mode.
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The parameters w; and & denote the natural
frequency and damping ratio. £, together with
the height of the carbody center of gravity, were

appropriately tuned as in [2] so that the dy-
namic response of the idealized carbody with
uniform stiffness closely matches the behavior of
the FMBS carbody, which instead features non-
uniform stiffness along its length. In Eq. (3),
F. ; are the vertical forces from the air springs,
Fyyt; the longitudinal forces from the traction
links, and Fu,y ; the longitudinal forces from the
yaw dampers. These three terms form the total
excitation acting on the bending mode.

3. Control Strategies

This section presents the two control strategies
developed to mitigate the structural vibrations
generated by the coupling between bogie pitch
motion and carbody bending, with the objec-
tive of improving passenger comfort by reducing
vertical accelerations at the carbody level. Al-
though both approaches pursue the same goal,
their complexity differs: the first is a simple but
effective Skyhook controller, whereas the second
relies on the more advanced and robust H, syn-
thesis.

Both controllers are designed using the simpli-
fied 7-DOF linear model, which provides a com-
putationally efficient framework for controller
development and preliminary testing. After the
design phase, the controllers are implemented in
two distinct environments. First, they are eval-
uated through numerical simulations on the full
SIMPACK flexible multibody model (FMBS)
via a co-simulation interface between Simulink
and SIMPACK, thereby enabling a more realis-
tic assessment that includes additional degrees
of freedom and nonlinear behaviors not present
in the 7-DOF model. Second, the controllers are
deployed within a hardware-in-the-loop (HIL)
setup, where they operate a dedicated 3-DOF
experimental platform in real time using the
Speedgoat target machine.

3.1. Skyhook Control Strategy

A semi-active suspension must improve ride
comfort under all operating conditions, consis-
tently outperforming the passive system. In this
study, a Skyhook controller is implemented with
the primary objective of reducing bogie pitch
motion, which is the main mechanism transfer-
ring energy to the carbody bending mode.

The Skyhook strategy is selected for its simplic-
ity and ease of implementation. Although it



does not provide formal optimality or robustness
guarantees, it offers a practical and effective way
to attenuate vertical vibrations by modulating
the damping force. Conceptually, the controller
emulates a virtual damper connected to an iner-
tial reference fixed in the sky (Figure 3), gener-
ating a desired force proportional and opposite
to the velocity of the controlled point. Since
such a physical damper cannot exist, this de-
sired force must be reproduced by the real semi-
active damper through appropriate adjustment
of its damping coefficient.

Figure 3: Skyhook schematic

The implementation on the case under anal-
isys is the following: for each bogie, vertical
accelerations are measured above the two axle-
boxes, these signals are then integrated to obtain
the vertical velocities at the two measurement
points. From these velocities, the bounce and
pitch velocities of each bogie are computed as:

VA + VB

. VAi — UBi
Ubounce,i = 2 )

2L,

(4)
The corresponding desired damping force and
moment are:

Whpitch,s =

E = Cp Ubounce,is M'L = Cp Wpitch,i <5>

where ¢, and ¢, are the bounce and pitch damp-
ing gains, respectively. In this work, a higher
value of ¢, is selected to prioritize pitch atten-
uation, since bogie pitch couples strongly with
the first carbody bending mode at the resonance
speed of 230 km/h (corresponding to the cou-
pling frequency of 11.8 Hz). This gain distribu-
tion defines the modal configuration of the Sky-
hook controller, allowing adaptation to the spe-

cific dynamic characteristics of the system. The
desired opposing force and moment are then re-
distributed among the four dampers as shown
in Eq. 7?7, subsequently passivized whenever the
commanded force would inject energy into the
system, and saturated if it exceeds the prede-
fined minimum or maximum limits.
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3.2. H_ Control

The H., strategy provides a robust alternative
to Skyhook, whose performance may degrade
under varying vehicle parameters or operating
conditions, through the input of a controlling
force. Its goal is to minimize the worst-case ef-
fect of disturbances on selected outputs, ensur-
ing consistent performance despite model uncer-
tainties.

Formally, the controller aims to keep the {H{oo
norm of the closed-loop transfer function below
a prescribed threshold ~:

[T (8)lloo < v (7)

This guarantees bounded disturbance amplifi-
cation across all frequencies. Synthesis is per-
formed using MATLAB’s hinfsyn, allowing ef-
ficient iterative design and tuning.

In this application, disturbances are vertical ex-
citations coming from the track. Performance
outputs include bogie pitch and bounce accel-
erations—related to carbody bending mode ex-
citation—and the actuator forces, ensuring the
controller avoids demanding unrealistic and gi-
gantic forces. The system is expressed in stan-
dard H, form:

;

where z collects accelerations and control efforts,
and y contains pitch and bounce accelerations
used for feedback. The matrices structure the
system so control forces flow through the inputs,
while accelerations provide feedback to compute
the control law (Figure 4).
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Figure 4: Schematic representation of the Hyo
control framework.

Frequency-dependent weighting functions guide
the controller toward specific objectives. Criti-
cal frequency bands are penalized to focus at-
tenuation where needed: pitch acceleration is
weighted by a band-pass filter at 11.8 Hz (reso-
nance of the structural coupling mode), bounce
acceleration by a filter at 8 Hz (bogie-carbody
coupling), and control effort is penalized at low
and high frequencies to limit excessive forces.

4. Results and Robustness As-
sessment

The semi-active controllers are evaluated against
each other and the passive baseline using two
metrics: Power Spectral Density (PSD) of car-
body vertical acceleration, which identifies dom-
inant vibration components, and the NMVZ
(Mean Comfort Standard Method), an industry-
standard comfort index ranging from 1 (very
comfortable) to 5 (very uncomfortable), com-
puted from weighted vertical accelerations at the
carbody center and front according to EN 12299.
Controller performance is assessed in two sce-
narios: the nominal case, corresponding to the
design model, and the robust case, where vehicle
parameters are perturbed. The robust case con-
siders a 30% increase in carbody mass to sim-
ulate higher passenger loads, which shifts the
bending natural frequencies of the carbody, ac-
cording to f;, = y/K/(1.3M) and reduces the
critical coupling mode frequency from 11.8 Hz
to approximately 10 Hz. Yaw damper stiffness
is also increased from 6.5 to 8 MN-s/m, to en-
hance the coupling effect. Comparing controller
performance in nominal and robust cases al-
lows assessing whether the semi-active strategies
maintain ride comfort and attenuation of critical
modes even when system dynamics shift due to
payload changes.

4.1. Nominal case results

Table 1 reports the numerical simulation re-
sults obtained using the nominal model param-
eters. The first column shows the normalized
peaks of the carbody center acceleration PSD,
(at 11.8Hz) relative to the passive case, provid-
ing insight into the reduction of energy trans-
mitted at the coupling frequency and thus the
effectiveness of the control strategies in miti-
gating carbody bending. The second and third
columns report the Nmvz values for ride com-
fort assessment at the carbody center and front,
respectively. All results refer to the resonance
speed.

Table 1: Numerical results for carbody accel-
eration peaks and Nmvz ride comfort index at
resonance speed.

Peaks Center Nmvz Front Nmvz

Passive 1 3.4 0.98
Skyhook  0.09 1.27 0.44
Hoo 0.02 1.03 0.36

As shown in the table, both controllers substan-
tially reduce the PSD peak, strongly mitigating
the impact of carbody bending on comfort. The
H~ controller exhibits a slight advantage over
the Skyhook controller. Nmvz values indicate a
significant improvement in ride comfort, moving
from a "medium" level for the passive suspen-
sion to "comfortable" levels for the semi-active
strategies at carbody center. There is also a
significant improvement in comfort at the front,
although the passive configuration already pro-
vided a good comfort level in that region. How-
ever, simulations at other speeds show that the
Hoo controller does not always maintain supe-
rior comfort compared to Skyhook, as shown in
Figure 8, though both controllers consistently
ensure a comfortable ride.
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Figure 5: Ride comfort assessment (Nmvz) at

carbody center for various speeds, nominal case.

4.2. Robust case results

For the robustness case, similar performance of
the semi-active setup is observed in reducing
the magnitude of the peaks at the coupling fre-
quency, with the Ho, controller maintaining a
slight advantage. Regarding ride comfort, the
Skyhook controller achieves lower Nmvz values
at both the carbody center and front, an un-
expected result indicating higher robustness of
Skyhook compared to Ho despite its lower com-
plexity. Figure 6 shows similar trends to the
nominal case, with both controllers maintaining
a "comfortable" ride, at all tested speeds, and
no clear dominance of one over the other.

Table 2: Numerical results for the robustness
case: normalized PSD peaks and Nmvz ride
comfort index at carbody center and front.

Peaks Center Nmvz Front Nmvz

Passive 1 2.5 0.91
Skyhook  0.08 1.1 0.51
Hoo 0.04 1.2 0.67
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Figure 6: Ride comfort assessment (Nmvz) at
carbody center for various speeds, robustness
case.

5. Hardware-in-the-Loop (HIL)
Phase

5.1. Introduction and Motivation

Hardware-in-the-Loop (HIL) simulation con-
nects a real component, here an MR damper,
to a virtual vehicle model, allowing evaluation
of control strategies under realistic conditions
without requiring a full physical setup. In this
phase, the Bouc-Wen model of the damper is
replaced by the actual MR device to validate
again the performance of the Skyhook and H.o
controllers [1].

A simplified 3-DOF quarter-vehicle model is
used, representing the carbody, the bogie, and a
flexible mass to capture carbody bending. The
upper mass corresponds to one fourth of the full
carbody mass, and the lower mass to one half of
the bogie frame mass. Stiffness and damping pa-
rameters are tuned so that the natural frequen-
cies of the 3-DOF system approximately match
the rigid modes of the carbody and the dominant
resonance between carbody bending and bogie
vibrations, as identified in the detailed flexible
multi-body system|[1].
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Figure 7: The 3DOF quarter vehicle model.

5.2. Test rig and Implementation

The HIL setup consists of an MR damper, a load
cell ; and an actuator to control the damper dis-
placement.
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Figure 8: Test rig.

The system is interfaced via a Speedgoat real-
time target machine, which implements the 3-
DOF vehicle model and the control strategies.
The Speedgoat generates a control signal in
Simulink, output as 4-20 mA, which is sent to
a current amplifier and scaled to 0-3 A to drive
the MR damper’s solenoid and therefore defin-
ing the level of damping. The other speedgoeat
machine output commands the actuator’s con-
troller, which physically imposes the damper dis-
placement, given therefore as input to the sys-
tem. The load cell measures the actual force
produced by the damper and provides feedback
closing the loop.

Due to actuator dynamics, the commanded dis-
placement cannot be exactly tracked: when at-
tempting to reproduce the desired signal from
the Speedgoat, a delay of 20-25 ms and ampli-
tude deviations up to 76% occur between the
desired and measured damper signals. This dis-
crepancy represents the limitation of the hard-
ware in replicating the virtual excitation per-

fectly.

5.3. Control Strategies

Both the Skyhook and H., controllers act on
the bogie bounce to isolate the quarter-vehicle
model from track excitations. The Skyhook con-
troller applies a velocity-proportional opposing
force, constrained by passivity and actuator lim-
its. The Hs controller minimizes bogie mo-
tion and control effort, explicitly penalizing the
11.8 Hz coupling frequency for the bogie motion
as well as high- and low-frequency components
for the control effort.

5.4. Nominal case results

The results for the nominal case, evaluated at
230 km/h (corresponding to a main vehicle ex-
citation at 11.8 Hz), are shown in Table 3. The
table reports the normalized peak of the carbody
acceleration PSD, to evaluate controllers ability
to filter out energy at the coupling mode natural
frequency, as previously done, and the normal-
ized NMVZ index. In this HIL configuration,
absolute NMVZ values lose physical meaning be-
cause the 3-DOF model is not intended to repro-
duce realistic comfort levels; instead, the index is
used purely as a comparative metric to evaluate
the performance of the semi-active strategies.

Peaks Center Nmvz

Passive 0.3 0.5
Passive on  0.04 0.25
Passive off 1 1

Skyhook 0.08 0.6
Hoo 0.03 0.3

Table 3: Normalized PSD peaks and NMVZ val-
ues for the nominal case at resonance speed.

The configurations under analysis include the
Skyhook and Hoo semi-active controllers, plus
three passive cases. The “Passive” case refers
to the purely simulated linear damper with con-
stant damping C', while “Passive on” and “Pas-
sive off” correspond to HIL tests with the MR
damper driven respectively at 3 A (maximum
damping) and 0 A (minimum damping). Ideally,
the “Passive off” case should match the simu-
lated passive damper [1], but due to the actua-
tor delay described earlier, the two behaviours
differ significantly. In practice, when a large de-
lay is present in the imposed MR damper de-



formation, the resulting damping force becomes
phase-shifted relative to the motion of the 3-
DOF model. As a result, instead of dissipating
energy, the damper may inject it into the sys-
tem, as reflected by a higher peak value in the
table.

The PSD peak results clearly show that the
“Passive off” configuration performs the worst,
followed by the simulated passive case. Sky-
hook unexpectedly performs worse than “Pas-
sive on”, likely due again to the actuator delay,
while Hoo achieves the lowest peak. However,
the lowest peak does not correspond to the low-
est NMVZ value: the “Passive on” configura-
tion yields the best comfort, with Hoo follow-
ing closely. Nevertheless, “Passive on” also pro-
duces an RMS force transmitted to the bogie
approximately 30% higher than the Hoo case,
whereas Hoo achieves a better balance between
comfort and force transmission, thus reducing
bogie loading and potentially improving dura-
bility. Overall, these results indicate that the
Hoo controller demonstrates superior robustness
to uncertainties compared with Skyhook, whose
performance degrades significantly under non-
ideal conditions.

5.5. Robust case results

The results in Table 4 show a trend similar to
the nominal case. In this configuration, the pa-
rameter variations do not reflect possible uncer-
tainties of a real railway vehicle; instead, they
are introduced specifically to shift the natural
frequencies of the 3-DOF model. This allows
assessing how the controllers respond when the
resonance characteristics of the system deviate
from their nominal values.

Peaks Center Nmvz

Passive 1 0.64
Passive on  0.24 0.4
Passive off 0.6 1

Skyhook 0.16 0.86
Hoo 0.1 0.38

Table 4: Normalized PSD peaks and NMVZ val-
ues for the robust case at resonance speed.

6. Conclusions

This thesis investigated semi-active suspension
strategies to improve ride comfort in high-speed

trains, focusing on the coupling between car-
body bending and bogie pitch. Two controllers,
Skyhook and Hoo, were tested numerically on
a 7-DOF model and a high-fidelity FMBS, and
experimentally in a 3-DOF HiL setup with a
real MR damper. Both controllers effectively
reduced the targeted carbody vibrations, im-
proving the NMVZ ride comfort index from
“medium” with a passive suspension to “very
comfortable” at resonance. = While Skyhook
achieved similar performance with simpler im-
plementation, Hoo demonstrated greater robust-
ness under non-ideal Hil. conditions, maintain-
ing consistent performance. Overall, semi-active
suspensions with MR dampers are effective in
mitigating flexible carbody vibrations in high-
speed rail vehicles.
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