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Abstract: The present work focused on the application of innovative damping technologies in order to improve rail-
way vehicle performances in terms of dynamic stability and comfort. As a benchmark case-study, the secondary sus-
pension stage was selected and different control techniques were investigated, such as skyhook, dynamic compensation, 
and sliding mode control. The nal aim was to investigate which control schemes are suitable for optimal exploitation 
of the non-linear behavior of the actuators. The performance improvement achieved by adoption of the semi-active 
dampers on a standard high-speed train was evaluated in terms of passenger comfort. Different control strategies have 
been investigated by comparing a simple SISO (single input single output) regulator based on the skyhook damper ap-
proach with a centralized regulator. The centralized regulator allows for the estimation of a near optimal set of control 
forces that minimize car-body accelerations with respect to constraints imposed by limited performance of semi-active 
actuators. Simulation results show that best results is obtained using a mixed approach that considers the simultaneous 
applications of model based and feedback compensation control terms. 
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1. Introduction  
 

ooking at the automotive commercial products and 
at the last innovative railway applications, Mag-

neto-Rheological (MR) damper is a promising technol-
ogy [1-2], which has several advantages with respect to 
the classical passive or active suspension system such as: 

 There are no mobile parts, and thus the actuator is 
quite simple, small and robust. 

 It is a controlled damper; therefore, the power needed 
to obtain the required force is quite small. 

 Being a damper, it can only dissipate energy and 
cannot inject energy in the mechanical system, which 
makes the control system less sensitive to “chatter” 
and “spill over” problems. 

 In case of fault, a “fail safe” behavior can be easily 
obtained, as the suspension system can continue to 
work in a passive way with degraded performances. 

On the other hand, this kind of suspension system also 
has some limitations with respect to an active actuator: 
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 The force exerted by the MR damper is mainly a 
function of the control current, the damper velocity 
and the uid temperature; thus non-linear behavior 
may arise during the control phase of the system. 

 The output force is dissipative and can be exerted on-
ly when force and velocity have opposite directions 
(resulting power is negative corresponding to a dissi-
pation effect). 

 In order to ensure a mean or static operation point, 
this kind of actuator needs to work with a spring or 
another force element. 

Despite these limitations, MR dampers are a good so-
lution for semi-active suspension systems in automotive 
applications [3-5]. They are also applied in new imple-
mentations and revamp of existing vehicles, and they are 
also applied for military vehicles [6]. The purpose of 
this article is to investigate the feasibility and the possi-
ble improvements deriving from the application of semi-
active suspension systems with MR damper to high 
speed railway vehicles. A generic multi-body train mod-
el was developed in Matlab-SimMechanicsTM to simu-
late and verify performances of different control systems. 
The model was derived from previous research activi-
ties [7-8]. Semi-active dampers are supposed to be ap-
plied in parallel to the secondary stage of the vertical 
suspension system which is modeled as an equivalent 
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passive spring-damper element. Three different control 
strategies are discussed: 

 Skyhook [9]: each damper works independently in 
maintaining a steady position of the controlled body. 

 Dynamic compensation: the dynamic behavior of the 
vehicle car body is estimated using a simplified linear 
model. In this model, a simple plate is connected to a 
movable ground by means of spring and MR dampers 
that are actuated in order to minimize the dynamic 
behavior of the system. 

 Dynamic compensation with acceleration feedback: 
the dynamic compensation is coupled with a PID con-
troller in order to reject the contribution of non-linear 
components. These components include bump-stops, 
which cannot be simulated by the online model used 
in dynamic compensation strategy. 

The proposed control strategies are compared by eva-
luating the performance of the control on a straight track 
with a length of about 700 m at different travelling 
speeds and three-dimensional irregularities. In addition, 
curved track tests are performed in order to verify that 
the proposed solution works on different line designs. 
The control is to be applied to the secondary vertical 
suspension stage which mainly affects vehicle comfort. 
As a consequence the work is more focused on comfort 
evaluation, since stability is not directly affected by the 
proposed solution. 

This paper is organized as follows: Section 2 summa-
rizes the vehicle and actuator models that have been 
used throughout the work. Section 3 describes the condi-
tions under which the different control strategies have 
been tested and the index that have been adopted in or-
der to quantify and compare the control performances. 
Section 4 is devoted to a theoretical description of the 
different control approaches that have been applied. 
Section 5 compares the performance of the applied con-
trol strategies by discussing some numerical results. Fi-
nally Section 6 presents some concluding remarks. 
 
2. Modeling 
 

The simulations are performed with models devel-
oped in Matlab-SimulinkTM and in particular the Sim-
Mechanic BlocksetTM. Since the chosen development 
tool is not speci cally developed for railway applica-
tions, some additional blocks have been introduced to 
simulate the behavior of many non-linear components/ 
phenomena, such as wheel-rail contact, non-linear dam-
per, spring elements and nally, the MR dampers. 
 
2.1. Vehicle modeling 
 

The vehicle is depicted by a typical layout (see Fig. 1): 
the car-body is sustained by two bogies, each with 

 
Fig. 1  Train vehicle and bogie layout 

two axles. Two stage suspension systems are utilized for 
the vehicle with lateral and anti-yaw dampers. Roll bars 
are used to prevent excessive rolling motions. Primary 
suspension stage is placed on the axle box with two os-
cillating arms attached to the bogie frame by means of 
rubber elements (which is named sutuco) and is com-
posed of a damper and a shear spring. This is vertically 
oriented and is attached to the upper part of the axle-box. 
The secondary suspension stage is realized by means of 
a pair of springs acting between the frame and a bolster 
which is attached to the carbody. 

A Watt’s linkage for the transmission of longitudinal 
efforts between the carbody and the bogie frame is con-
nected to the lower part of the bolster. The damping ra-
tio is guaranteed by vertical, lateral, and anti yaw damp-
ers. In order to avoid the rotation and excessive dis-
placement of the car body, an antiroll bar and bump 
stops have been applied to both vertical and lateral sus-
pensions. The wheel rail contact is realized using a stan-
dard ISO ORE S1002 wheel pro le and an UIC60 with 
cant 1/20 rail geometry. The block structure of the mod-
el developed in Simulink is useful to have a exible and 
easy customizable multi-body model. This is a consider-
able simpli cation of the control system implementation 
and calibration. For a satisfactory implementation of 
most of the model components, the classic library ele-
ments have been modi ed. The main data of the vehicle 
concerning geometry, inertial properties, damping and 
stiffness of suspension elements are taken from realistic 
applications and are available in previous publications 
of the authors [8]. The linkages between the bodies of 
the model are realized through prismatic and revolute 
links, in order to reproduce the kinematic behavior of 
the bodies. The wheel rail contact force is calculated by 
means of an algorithm that was developed in [7] accord-
ing to Kalker theory [10]. The force elements, which are 
modeled to reproduce two suspension stages, have been 
introduced in the form of customized spring-damper 
blocks, and are capable of reproducing the typical non-
linear characteristics of the real elements. The active 
dampers are modeled in order to reproduce a damping 
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factor that varies according to the current command. 
Moreover, bump-stops are introduced, such as a non-
linear force spring with a non-force gap near the non-
interference position. In addition, accelerometers and 
inclinometer sensors are modeled considering a place-
ment both on bogies and carbody, in order to test the 
train behavior and realize the input for the control sys-
tem. 
 
2.2. MR-damper model 
 

MR dampers are realized in order to exploit proper-
ties of magneto-rheological uids [2]. Viscous proper-
ties of these uids are affected by the magnetic eld ap-
plied to them, at least until the saturation of the ferro-
magnetic uid particles arise. One of the rst direct ap-
plications of these uids was in the realization of a 
damper with adjustable damping coefficient. In this de-
vice, by changing the value of the magnetic eld of the 
narrow conduct of the damper, the value of the damper 
force can be dynamically controlled by a semi-active ac-
tuator without any movable mechanical part. In order to 
implement the MR dampers inside the Simulink model 
of the train, the equation coefficients have been previ-
ously tuned by means of finite element methods through 
a multi-physics program (such as ComsolTM). This tun-
ing procedure has led to an implementation of the MR 

uid behavior in the form of a Bingham liquid [11], 
where the relationship between the uid stress and  the 
magnetic eld H can be evaluated according to (1): 

( ) ,I H  (1)

where ( )I H  is a term that depends on the value of the 
magnetic eld H in the uid,  is the viscosity of the 

uid when no magnetic eld is applied, and is the 
uid shear rate. The Bingham’s model (1) is valid un-

der the assumption of fluid incompressibility. Conse-
quently, the elastic-compressibility phenomenon with 
low shear rate uid stress is evaluated as =G , where 
G is the tangential-elasticity modulus of the uid. The 
values of ( )I H  for MR dampers can be assumed 
roughly proportional to the eld H, until the saturation 
of the ferromagnetic uid particles is reached. There-
fore, from the control point of view, the value of the 
pressure drop/losses of the uid ow inside the damp-
ers can be easily controlled by regulating the value of 
the current I through a simple solenoid. The force ex-
erted by this kind of damper, due to the high value of 

( )I H , is quite insensitive to disturbances of deforma-
tion and temperature T. In particular, Eq. (2), which 
considers the temperature disturbance negligible, is as-
sumed as follows: 

0 sign( ) .F F I  (2)

The viscous damping coefficient  can be small or 
negligible when compared to the controlled term F0I, so 
the controlled force F can be easily considered roughly 
proportional to the control current I, as in the case of a 
perfect force-controlled actuator until the behavior of 
the damper is dissipative. Of course, the dynamic behav-
ior of the uid and the electric circuit has to be taken 
into account. From the literature results, MR uid com-
ponents delay can be easily modeled with a rst order 

lter as visible in (3): 

ref

ref

( )
,

1
I s

I
t s

 (3)

where s is the Laplace operator and ref ( )I s  is assumed 
to be the reference current command corresponding to 
the desired force exerted by the actuator. Dynamic be-
havior of the filter (3) is tuned by setting the time con-
stant td to a value of about 10–20 ms. 
 
3. Testing conditions and performance indices 
 

In order to test the vehicle performance when the dif-
ferent control strategies are applied, a 700 m straight 
railway track with irregularities has been simulated. 
Three-dimensional irregularities are obtained by super-
imposing different kinds of disturbances, whose pro les 
are extracted from previous studies and inspired by real-
istic operating conditions [8]. 

The following types of irregularities can be distin-
guished: 

 Vertical irregularities: both rail lines of the track 
have vertical displacements. 

 Twist irregularities: the track plane is rotated with 
respect to an axes oriented along the track. 

 Lateral irregularities: both rail lines have lateral 
displacements with respect to the original track. 

 Gauge irregularities: only one of the rail lines is 
moved perpendicularly to the railway track. 

Amplitude and spectral content associated with the ir-
regularities are deliberately chosen to affect the non-
linear behavior of the suspension system (a low fre-
quency, high amplitude displacement is deliberately in-
serted to activate carbody bump-stops). A reference ir-
regularity path 700 m long has been de ned with a sam-
pling of 0.1 m as shown in Fig. 2. The chosen irregular-
ity path is a compromise between realistic results and 
optimum computational effort, which is needed for it-
erative calibration and testing procedures for different 
control algorithms. 
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Fig. 2  Reference irregularities paths 

 
In order to evaluate and calibrate the proposed control 

strategies, the simulation results were processed to obtain 
some performance indices derived by regulation in 
forces [12]. This kind of analysis allows the evaluation of 
an imposed acceleration index experienced by railway 
passengers along their travel. For this evaluation, the ac-
celeration values must be measured on the three reference 
axes of the vehicle, in three different points placed as de-
picted in Fig. 3 on the rear, central, and frontal parts of 
the carbody. A sensor layout is chosen, which is recom-
mended by widely accepted international standards [12]. 

Then, taking into account the different perceptions of 
the human body to the acceleration at different frequen-
cies, the value of the measured acceleration is ltered. 
The applied ltering functions, the bode diagrams of 
which are reproduced in Fig. 4, are suggested by widely 

Fig. 3  Layout of acceleration sensors on carbody for evalu-
ating comfort performances 

diffused and accepted comfort standards [12]. 
In order to fully understand the vehicle behavior, per-

formance indices defined according to (4) are introduced: 
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where accelerations aij are defined in the following way: 
the sub-index i represents sensor placement (1-3), and the 
sub-index j the corresponding measured scalar component. 
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Fig. 4  Bode diagrams of lateral and vertical accelerations 

 
4. Proposed control strategies 
 

In order to reduce the accelerations experienced by 
passengers on a train carbody running on a railway with 
irregularities, it is proposed to use four vertical MR 
dampers placed in parallel to secondary suspension 
springs. Three different kinds of control strategies are 
proposed and compared in this work: skyhook, dynamic 
compensation, and sliding mode. In particular, the pro-
posed skyhook regulator, which is described in Section 
4.1, is “local,” in the sense that each MR damper works 
independently of the others. On the other hand, the other 
two strategies, the dynamic compensation and the sliding 
mode discussed in Sections 4.3 and 4.4, are “centralized” 
since they actually exploit the same velocity measure-
ments of skyhook control, but such variables are the input 
of a MIMO (multiple-input and multiple-output) regulator 
which outputs an optimal set of damping forces that 
should minimize the acceleration of the whole carbody. 
To this end, a real-time simpli ed model of the controlled 
system that calculates the dynamics that have to be com-
pensated by the regulator is needed. On-line estimator of 
plant dynamics is described in Section 4.2. 

4.1. Skyhook 
 

This kind of algorithm [9], which is widely adopted 
for suspension control problems, works with an SISO 
(single input single output) logic. Therefore, each active 
vertical damper works independently of the others, by 
exerting a force F that is directly proportional to the ab-
solute velocity of the carbody measured on the corre-
sponding damper link cx : 

.x cF c x  (5)

Since an MR damper can only dissipate power, the 
force is applied only if the product of force and relative 
velocity v is negative:  

0 0.x c cP Fv c x v x v  (6)

The application of Eq. (6) involves measurement of 
the speed of both ends of the actuator (the former one 
linked to the carbody cx and the latter bx  to the bogie). 
Let us suppose that the corresponding accelerations are 
measured through inertial sensors and the velocities are 
extracted through integration as follows: 

dc cx x t , (7)
 

dc bv x x t . (8)

The implementation of the proposed Skyhook control 
is quite simple in terms of computational resources, ca-
libration complexity, and required hardware. Also the 
calibration and optimization phases are relatively simple 
with this kind of logic, since only the skyhook constant 
cs has to be chosen. Finally, this kind of control strategy 
ensures a fail-safe behavior because of its redundant 
structure: the MR damper, even in case of failure, keeps 
its natural residual damping function, and thus the sys-
tem can continue to work with acceptable performance 
when three dampers are in controlled mode and the left 
one works in passive mode. 
 
4.2. On line estimator of plant dynamics 
 

A simpli ed scheme of the model assumed by plant 
estimator is shown in Fig. 5: the carbody is assumed to 
be a rigid body with three degrees of freedom; 2a and 2b 
are the corresponding distances between the four actua-
tors; m is its mass; and, Ixx and Iyy are the moments of 
inertia with respect to the rst two axes of the reference 
frame. MR actuators are modeled as identical mono-
dimensional elements. The quantities zi (where i=1,2,3,4) 
are the coordinates of each actuator along the z axis, and 
the values wi (where i=1,2,3,4) are the associated exter-
nal disturbances. 
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Fig. 5  Simplified model used by the estimator 

Actuators’ end positions zi are coupled by the geo-
metrical relations (9) with the vertical components of 
the position of mass center zg and angles and . 

1 2

3 4

, ,

, .
g g

g g

z z a b z z a b
z z a b z z a b

 (9)

Kinetic energy T, elastic energy Vi associated with 
the i-th spring of the secondary suspension, and Vtj of 
the j-th torsion bar (ktj is the roll bar stiffness) are de-
scribed by relations (10) to (12): 

2 2 21
2

,g xx yyT mz I I  (10)
 

2
,

1 1, 2,3, 4
2

,i i iV k z w i  (11)
 

2
21 1, 2.

2 2
,j j

tj t

w w
V k j

b
 (12)

Following the D’Alembert-Lagrange approach and 
taking into account the forces ui (i=1,2,3,4) exerted by 
MR actuators, it is possible to obtain the equation sys-
tem (13) which describes the system’s dynamic behavior: 

1 2 3 4

2
1 2 3 4

2
1 2 3 4

4

4
2

2

4

,

,
,

g g g

t
xx

t x

yy y

mz kz k w w w w F
kI kb kb w w w w
b

k M

I ka ka w w w w M

(13)

where Fg, Mx, and My are the equivalent Lagrangian 
contributions of the non-conservative forces as the ui 
forces exerted by actuators. 
 
4.3. Dynamic compensation 
 

The control strategy aims at compensating the dynam-
ics of the system, namely the control law leads toward 0 
the value of the acceleration vector T( , , ) ;gzx  as a 
consequence the control output vector u=(u1,u2,u3,u4)T is 
calculated in order to be exactly equal to the first member 
of Eq. (13). The linear relation between vector Fdc= 
(Fg, Mx, My) and the control u is described by (14): 

dc

1 1 1 1
., b b b b

a a a a
F Hu  (14)

Hence, by measuring the accelerations of each actua-
tor on the ends through a double time integration, the 
positions zi are obtained and, by inverting Eq. (9), the 
values of the Lagrangian coordinates T( , , )gzx  as 
well as those of their derivatives can be calculated. The 
measurement of the vectors of disturbances w= 
(w1,w2,w3,w4)T and the rst member of Eq. (13) allows 
the computation of the resulting force and torque values 
that are required to compensate the system dynamics. To 
sum up, the control problem consists in nding a vector 
u that solves Eq. (14): as H is a full-rank matrix, to 
solve Eq. (14) implies minimizing the difference (15): 

2
dcminu F Hu  (15)

with u being subject to inequality constraints. The gra-
dient projection method (GPM) [13-14] has been ap-
plied to nd the solution of Eq. (15). This iterative pro-
cedure allows the minimization of a generic function 
f(u), where u is subject to linear equality and inequality 
constraints of the following form: 

*.Mu v  (16)

In (16), *v is the vector to which is constrained the product 
Mu where M is a weighting matrix; M and *v do not de-
pend on u. A particular case is when f is a quadratic form, 
such as in (15). Here u is subject to inequality constraints 
as each viscous actuator can only exert a force opposite to 
the velocity of “deformation” along the vertical axis, i.e. a 
force that is subject to the inequality constraints (17): 

0 max( ) 0 1,2,3,4,, ,i i i i iu t c w z c c c i (17)

where ci is the equivalent damping value imposed  on 
the i-th MR actuator. Thus, in the present case, the ma-
trix M in the rst member of Eq. (16) is expressed as  

T1 0 0 0 1 0 0 0
0 1 0 0 0 1 0 0

.
0 0 1 0 0 0 1 0
0 0 0 1 0 0 0 1

M  (18)

The constraint vector *v is not constant, being its 8 
entries evaluated as (19) and (20), which correspond to 
the graph of Fig. 6:  

max

max

if ( ) 0,
1, 2,3, 4;

if ( ) 0,
i i

i
i i

c w z
v i

c w z
 (19)

max

max

if ( ) 0,
5,6,7,8.

if ( ) 0,
i i

i
i i

c w z
v i

c w z
 (20)

x

lz1 z2kt1

z4 z3

u1 u2

u4 u3

kt2

zg yz

o
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Fig. 6  Allowed values for the control variable ui as a function 
of the difference with constraints (19) and (20) (dashed area), 
and with the modi ed constraints 

In conclusion, the GPM takes the vectors w and 
z=(z1,z2,z,z4)T as inputs and nds the control vector u 
complying to the constraints and solving Eq. (15). 

The command ci of each active actuator is obtained 
from the corresponding control force ui by dividing by 
( ).i iw z  Formulation of the constraints described by 
Eq. (20) suffers from numerical point of view around 
the null value of ( )i iw z  causing chattering troubles of 
the regulator. To address this, the upper bound of ui has 
been made continuous like the lower bound by express-
ing it as a straight line with a slope c1 far higher than c0 
as shown in Fig. 6: the corresponding implementation is 
described by Eqs. (21) and (22). 

max
1

1

max
max

1

0

( ) if 0 ( ) ,

if ( ) , 1,2,3,4,

( ) if ( ) 0,

i i i i

i i i

i i i i

c
c w z w z

c
c

v c w z i
c

c w z w z

(21)

max
1

1

max
max

1

0

( ) if ( ) 0,

if ( ) , 5,6,7,8.

( ) if ( ) 0,

i i i i

i i i

i i i i

c
c w z w z

c
c

v c w z i
c

c w z w z

(22)

Finally, in order to assure a longer life and a high re-
liability of the actuators, the GPM can be induced to re-
search values of the control forces that are quite far from 
the allowed upper bound. Therefore, a regularization 

term can be added to modify the function minimized by 
the GPM algorithm (23): 

2 2
dcmin .u F Hu u  (23)

The square matrix  is diagonal. The diagonal com-
ponents of , ii, should be chosen according to different 
criteria: in this work the value of ii are inversely pro-
portional to the corresponding values of ( )i iw z . The 
purpose of the adopted criteria is to prevent the applica-
tion of excessive values of ci and consequently of ui. 
 
4.4. Dynamic compensation with acceleration feedback 
 

The approach of the dynamic compensation assumes 
that the plant estimator describes the behavior of the 
whole system accurately. Since such model is simpli ed 
with respect to the full non-linear multi-body behavior 
of the vehicle, some performance degradation due to un-
modeled dynamics can arise and have to be addressed. 

As frequently done on sliding mode regulators [15-16] 
a feedback term evaluated through a PI (proportional in-
tegrator) regulator is introduced. A null acceleration 
vector of the three Lagrangian coordinates is assumed to 
be the optimal performance, and the following feedback 
force Fre aimed at the minimization of the error vector 

T( , , )gze x is applied: 

T T
re .

pz g iz g

p i p i

p i

k z k z
k k
k k

F K e K e  (24)

As depicted in the simpli ed scheme of Fig. 7, the 
desired vector Ftot is determined to be a sum of the term 
evaluated through (14) for dynamic compensation and 
the retro-action calculated in (24), as follows: 

tot dc re .F F F  (25)

The GPM is exploited in order to nd a solution u 
minimizing (26): 

2 2
totminu F Hu u . (26)

Eq. (26) is solved by imposing inequality constraints: 

,
1 0 0 0 1 0 0 0 1
0 1 0 0 0 1 0 0 1

.
0 0 1 0 0 0 1 0 1
0 0 0 1 0 0 0 1 1

b a
b a
b a
b a

Mu v

M (27)

Vector of constraints, v, defined by (28) is similar to 
that defined by Eqs. (21) and (22) except for the last 
three elements which have to be introduced since the

u
cmax

c0 (wi zi)

wi zi 

c1 (wi zi) 

–cmax
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Fig. 7  Control system scheme 

 

size of M is different with respect to the dynamic com-
pensation regulator introduced in Section 4.3: 

1, 2,3, 4 see Eq. (21)
5,6,7,8 see Eq. (22)
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i
i
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M
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5. Numerical results 
 

Results obtained with different control techniques are 
compared with a reference performance, calculated with 
the same multi-body model of the vehicle assuming a 
standard passive suspension system. Tests are repeated 
on the same track with irregularity pattern at different 
speeds. In Table 1, the same results for index Iz defined 
in (4) are shown: tests are repeated considering different 
control configurations and traveling speeds, and the in-
dex Iz is considered a good performance index of the 
vertical comfort. Generally, all the proposed control 
techniques improve the comfort of the railway vehicle; 
however, the dynamic compensation-based approach is 
negatively affected by the robustness of the plant esti-
mator, while the modi ed version with an added feed-
back term shows a much better performance. Noticeably, 
the performance improvement is higher for the fastest 
test run, since the imposed irregularities cause higher  

Table 1  Performances in terms of Iz 

Speed 
(km/h) 

Passive Skyhook Dynamic 
compensation 

Dynamic 
compensation
with feedback

140 0.136 
(100%) 

0.122 
(89.7%) 

0.12 
(88.7%) 

0.079 
(58.1%) 

200 0.204 
(100%) 

0.187 
(91.7%) 

0.190 
(93.2%) 

0.104 
(50.8%) 

250 0.276 
(100%) 

0.230 
(83.4%) 

0.221 
(80.2%) 

139 
(50.2%) 

Performances have also been compared in terms of 
spectral composition of car-body accelerations. For in-
stance, Fig. 8 shows the spectral composition of the ver-
tical accelerations measured on the central-left sensor in 
Fig. 3. Extending the analysis to a frequency range up to 
30 Hz shows that the spectral component of the meas-
ured accelerations  still remain below the corresponding 
performance of the reference passive system. This is a 
reliable index of robustness and reliability of the control, 
as there is no-noise regeneration over a wide range of 
frequencies. This feature is quite useful in terms of sys-
tem stability, as it involves a lower sensitivity to un-
damped mechanical modes of the system which may be 
excited by the action of actuators. Smoothed behavior is 
also ensured by the capability of the GPM algorithm to 

nd sub optimal actuator set which corresponds to the 
limited forces as shown in Fig. 9. 

On the other hand, skyhook control is much simpler 
to implement and exhibits a very robust behavior against 
un-modeled dynamics and even against a failure of one 
of the actuators as shown in Fig. 10, where the failure is 
reproduced by cutting off the corresponding command 
signal. The observed performances are degraded; thus 
exhibiting a higher rolling motion of carbody. In par-
ticular, the unbalanced application of forces due to the 
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Fig. 8  Spectral composition of vertical acceleration meas-
ured on central-left sensor (according to the layout in Fig. 3)
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unavailability of a damper (simulated fault) causes a 
cross/mutual excitation of roll and pitch modes of the 
secondary stage suspensions; the behavior, however, is 
still smooth and the performances are better than in the 
passive reference simulation. 

Finally, the calculated performance indices defined 
by (4) considering different control configurations and 
traveling speeds are shown in Tables 2 to 5. From the 
 

evaluation of simulation results, it clearly emerges that 
the proposed control strategies involve comfort bene t 
in all the three sensor locations, damping all the three 
comfort-related vibrations of the carbody, such as verti-
cal translation, roll, and pitch rotations. Lateral and lon-
gitudinal motions (indices Iy and Ix) are less affected by 
different control strategies since only vertical dampers 
of the secondary suspension stage are actuated. 
 
 

Fig. 9  Actuator forces calculated considering a simulated 
traveling speed of 250 km/h and a control algorithm corre-
sponding to the dynamic compensation with acceleration 
feedback described in Section 4.4 
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Fig. 10  Spectral composition of vertical acceleration meas-
ured on central-left sensor (according to the layout in Fig. 3) 
considering different working conditions 

Table 2  Performance indices for passive reference configuration 

Speed (km/h) I1 I2 I3 Ix Iy Iz 

140 0.177 0.105 0.221 0.014 4 0.108 0.136 

200 0.281 0.171 0.314 0.022 9 0.164 0.204 

250 0.296 0.251 0.385 0.026 2 0.150 0.276 

Table 3  Performance indices calculated for skyhook control 

Speed (km/h) I1 I2 I3 Ix Iy Iz 

140 0.167 0.102 0.206 0.013 9 0.108 0.122 

200 0.260 0.174 0.290 0.022 4 0.158 0.187 

250 0.256 0.221 0.326 0.025 6 0.141 0.230 

Table 4  Performance indices calculated for dynamic compensation 

Speed (km/h) I1 I2 I3 Ix Iy Iz 

140 0.170 0.098 0.197 0.013 9 0.105 0.121 

200 0.260 0.179 0.290 0.022 2 0.156 0.190 

250 0.250 0.214 0.325 0.026 0 0.142 0.222 
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Table 5  Performance indices for modified dynamic compensation with acceleration feedback added 

Speed (km/h) I1 I2 I3 Ix Iy Iz 

140 0.113 0.074 5 0.143 0.012 7 0.081 1 0.079 

200 0.134 0.096 0 0.151 0.017 0 0.075 0 0.104 

250 0.179 0.141 0 0.199 0.023 0 0.104 0 0.139 

 
6. Conclusions 
 

According to the results of various simulations, the 
application of MR dampers to the secondary stage of 
railway suspension stage and more generally, to the 
whole suspension system is feasible. The choice and ca-
libration of the control system involve both performance 
and robustness considerations: 

 Despite the poor performance exhibited in simulation, 
the simple skyhook control is simple and quite insen-
sitive to drastic failures or disturbances due to un-
modeled dynamics. Consequently, the performance of 
this kind of controller may be quite stable even in real 
operating conditions. In addition, the simple structure 
of the regulator ensures fast and easy tuning. 

 More complex algorithms that coordinate the action 
of the four actuators as the MIMO regulator provide 
the best results in simulation. The robustness of the 
regulator is mainly affected by the capacity of feed-
back regulator (24) in rejecting errors and distur-
bances that are not compensated for by the simple es-
timator model described in Fig. 5. As a consequence, 
the tuning and robustness have to be carefully veri-
fied in a real time application. 

Current research in this area focuses on the develop-
ment of more sophisticated models (considering vehicle 
car-body flexibility and more sophisticated models of 
actuators and sensors). Finally, simulation results will be 
validated by experimental activities performed in Me-
chatronics and Dynamic Laboratories of University of 
Florence.   
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