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Abstract: Semi-active suspension systems have been widely applied to road vehicles espe-
cially for expensive applications like sport/luxury cars or military applications. Moreover,
thanks to technological development of a new generation of magneto-rheological fluids in the
late nineties, a new generation of more reliable and cost effective dampers has been avail-
able on the market. In this paper Authors have studied the application of this technology to
the railway engineering field and in particular to high speed trains. In particular has been
developed a tridimensional model using Mathworks Matlab-Simulink™. The multibody mod-
el have been developed using standard Simulink Simmechanics™ blocks; in addiction Au-
thors have implemented a library of customized non linear elements able to model tridimen-
sional wheel-rail contact, or the behavior of typical mechanical components like non-linear
springs, dampers and endstops. At the end of the work a very accurate model has been de-
veloped and it has been used to simulate the performances of semi-active control system ap-
plied to secondary suspension stage and to lateral dampers. In this paper some preliminary
results are reported.
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INTRODUCTION: MAIN CONCEPTS AND SPECIFICATIONS

Since the late seventies, with the first Italian prototype of Pendolino [1] mechatronic sub-sys-
tems, like active tilting, have been introduced in high speed train in order to improve comfort
and to increase the maximum operative speed. On further developments of the design prin-
ciples characterizing Pendolino is based the commercial success of tilting trains produced ini-
tially by Fiat Ferroviaria and then by Alstom.

More recently important railway suppliers, as for example Bombardier, have invested heavy
resources in the development of mechatronic bogies with the innovative FLEXX
tronic™[2,3,4,5] technology.

The aim of this work was to develop a general purpose semi-active suspension system that
could be easily implemented with a reduced impact on a standard passive bogie from medium
to high speed passenger service.

The main requirements of an ideal semi-active suspension control system implies it has to be
less invasive as possible, simple, safe with an implicit fault tolerant robustness. So it prefer-
ably has to be designed as a easily customizable sub-system able to improve performances of
existing bogies with affordable costs.

The layout of a typical trailer bogie is reproduced in Figure 1.

The simplest way to introduce a semi-active control system is to substitute the existing pass-
ive dampers with corresponding controlled ones; this is the solution that is proposed and in-
vestigated in this work too.

In particular, in this initial step of a wider research project, Authors have analyzed the possib-
ility of replacing secondary suspension stage and lateral passive dampers with semi-active
dampers.
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Figure 1: Typical trailer bogie layout
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1 ACTUATION SYSTEM

A semi-active suspension solution is chosen. A damper with controllable/adjustable mech-

anical characteristic could be used to improve comfort, with the possibility of limited en-
hancements on vehicle dynamic stability.
Since the actuator is simply a semi active damper, it can only dissipate energy. At on hand it
is a desirable consequence for system robustness since in case of control malfunction, the ac-
tuator is not able to inject mechanical energy in the system (no risk of instability). Neverthe-
less it unavoidably leads to low performances since the actuator is able to work only in two
quadrants of damper force/speed characteristic plane, as shown in Figure 2, The dissipated
power satisfies relation (1).

P=F-V>0 (1)
F =damper force

V =damper deformation speed

P=dissipated power

Force

speed

Ideal Actuator Ideal Adjustable damper Real
adjustable

Damper
Figure 2: force-deformation speed diagrams of active and semi-active actuators

In this work Authors propose the use of magneto-rheological dampers as semi-active actuat-
ors.

The operating principle of this type of dampers is based on the particular behavior of mag-
neto-rheological fluids. When a magnetic field is applied the disposition of ferromagnetic
particles suspended in the fluid is affected. A limited or constrained position of this particles
produced a “thickening effect” in the fluid increasing its apparent viscosity.

Usually this effect is modeled using a modified Bingham model [6,7] of the fluid described
by equations (2) and (3).

'r='ry(H)—|-ny (2)

7= fluid stress

T,(H )= field dependent yeld stress

H =magnetic field

y = fluid shear rate

n= plastic viscosity (measured for H=0)

below the yeld stress (strains of 107> )the fluid reactviscolastically according (3)
=Gy, T<T, (3)

The so called Bouc-Wen Model [8] is sometimes used to obtain a more accurate description
of the hysteretic response below the yield strain. The approximated Carreu fluid model [10] is
instead more suitable for a finite element modeling. The latter was used by Authors to design
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and to simulate the behavior of customized MR dampers suitable for this application. More
detailed results of these activities will be surely the object of future publications.

Using multiphisic FEM models and heuristic calculations taken from literature, Authors were
able to design compact MR actuators suitable for this particular application, as shown in Fig-
ures 3/a/b.

The force exerted by the damper is approximately proportional to the applied magnetic field
H. Since the field is produced by an electromagnet/solenoid, the force is also proportional to
the applied current / and it's quite independent from damper deformation speed V. So the
damping force exerted by the damper can be easily regulated without the need of complex
models or force sensors. The electrical power required is quite low, about 10-20W. In case of
system failure the fluid is “free” to flow inside the damper in function of its (low) “natural”
viscosity; in these conditions the equivalent damping is minimum (but not zero). However,
with a proper design and/or the use of a backup permanent magnet, it is possible to assure/ad-
just this minimum value to a desired optimal value.

Superficie: Densith di lusso magnetico, modulo [1] e 2404
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Figure 3/a: An example of Comsol™ FEM Model of MR damper, magnetic flux distribution (left), and corres-
ponding pressure drop in the fluid flow on section A (on right)
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Figure 3/b: Example of force-displacement diagram for an MR damper with sinusoidal imposed motion(max
speed about 0.1m/s), when different currents are applied on windings
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2 CONTROL PRINCIPLES: THE SKYHOOK DAMPER TECHNIQUE

There is a huge bibliography in scientific literature concerning of semi-active suspension con-
trol systems [4, 5, 10, 11, 12, 13, 14, 15].

Most of these techniques could be treated as particular cases of the more general concept of
mechanical impedance control [16].

In particular most of the proposed impedance controls try to emulate or to shape virtual
damping in order to dissipate mechanical energy associated to vibrations or mechanical in-
stability phenomena. This approach is often called/classified as Skyhook Control.

In Figure 4, a simplified scheme referred to a SDOF (Single Degree of Freedom) system is
shown. This model is often called “quarter vehicle model” [15] when referred to vertical sus-
pension system.

bt
—

~
——

(5]

Figure 4: example of Skyhook Control applied to SDOF system

| I Yit)

Equation (4) represent the dynamical behavior of the system.
mi+c(x—y)+k(x—y)=u (4)
A control force u is applied in order to emulate a desired dynamical response modeled by
(5). In particular the force C; generated by a virtual viscous damper (see Figure 4 for more de-
tails) is emulated.

mix+c(x—y)+e,x+k(x—y)=0 (5)
By subtracting equation (5) from (4), the requested control force is then calculated by (6):
u=—c,x (6)

More generally, for a linear MIMO system whose dynamical behavior is described by eq.
(7) through the classical State-Space formulation. By imposing the desired response (8), it's
possible to calculate the corresponding vector of control actions [u/(9).

[x|=[A]]x ]+ Bu] (7)
[x]=[ A4 ][x] (8)
[ul=[B] [ 44— A4llx] (9)

In this way it's theoretically possible to emulate a the dynamics of every electro-mechanical

component. For example, a suspension system characterized by a virtual spring with variable
stiffness [4].
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2.1 Limitations arising for the adoption of semi-active systems

Since vehicles, or more generally real mechanical systems are implicitly non-linear, linear
egs. (7), (8) and (9) have to be obtained as a local linearizationn of the system.

Moreover, if the system is semi-active, the actuators are adjustable dampers; this implies that
their response is highly non linear since relations (1), (2) and (3) have to be satisfied.

The consequence is that the forces /u/calculated according to eq. (9) can be applied only if
they are admissible according to damper behavior. This limitations also affect control on sys-
tem frequency response. Considering the example in Figure 4, the calculated control action
(6) has to be reproduced by an adjustable damper whose response can be roughly described
by (10) or, in the particular case of a MR actuator, by (11).

u=c,(x—y) (10)
u=c,, sign(x—y) (11)

From (6), (10), (11), ¢4 or ¢,-can be calculated obtaining (12) and (13).
—C, X

Cd:()'c—.j/)>0 (12)
e =g) (13

Since both coefficients have to be positive the difference between body speed x and dis-
turbance p have to be negative and higher of a minimum value. At low frequencies x
and J are almost equal so the correction of static or low frequencies disturbances may be
difficult. Comparing (11) and (13) the behavior of MR damper seems to be better than con-
ventional ones. Also considering also bandwidth and reliability characteristic of MR damper
are quite superior to conventional valve-controlled adjustable dampers.

The use of these components has also some further consequences: the desired operating point
can be reached and stabilized only if it is a stable equilibrium point corresponding to a min-
imum of system energy. This last physical consideration deeply influences the design of later-
al suspension system where the lateral air spring, introduced for instance on the
Sumitomo[17,18] solution, is used to introduce a centering force able to assure or to enforce
the existence of a stable equilibrium point in the lateral direction. Some photos and schemes
of Sumitomo semi-active lateral suspension system installed on Shinkansen high speed trains
are shown in Figures 5/a/b/c

Sky hook damper
Truck { } (Imaginary damper)

Real damper

Figure 5/a: Semi-active lateral suspension system on Figure 5/b: Principle of operation of semi-active lateral
Shinkansen E2-1000 and E3[17,18] suspension system installed on Shinkansen E2-1000 and
E3[17,18]
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Figure 5/c: Layout of lateral semi-active suspension system according [17,18]

3 VEHICLE MODEL

3.1 Vehicle description

Authors have developed a complete multibody model of a coach of an high speed train in or-
der to test performances of the proposed solution. This reference model is inspired to state of
the art existing trains, and in particular to Ansaldo EMU V250.The vehicle is composed by a
carbody with two bogies; the layout of the suspension system is shown in Figure 1 and is
composed by:

*a double stage suspension system with lateral and anti-yaw dampers.

*a torsion bar to prevent an excessive souplesse of carbody

*a Watts linkage to assure the transmission of longitudinal efforts between bogies and the car-
body

*bumpstops, on vertical and lateral direction to prevent excessive carbody souplesse on
curves.

* Wheel profile is a standard ISO ORE S1002 while the rail is supposed to be a standard UIC
60 (1:20 of rail cant)

*Rigid wheel base is supposed to be 2.85m and the pivot pitch is 16.9m.

In Figure 6 axis alignment of the reference system is shown. Data concerning damping and
stiffness of vertical suspension stages and axleboxes are shown in Table 1, inertial properties
of wheelsets, axleboxes, bogies and carbody are listed inTables 2 and 3. Non linear responses
of dampers and bumpstops are modulated as tabulated functions as visible in Figures
7/a/b/c/d.

=

figure 5: axis orientation of the fixed/inertial reference frame
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Axle Box Primary Susp.Stage
K. [N/m] [40000000] K. [N/m] |844000
K, [N/m] [6500000| K, [N/m] |844000
K, [N/m] 40000000 K, [N/m] |791000
Ka [Nm/rad]l 45000 |Ka [Nm/rad]| 10700
Kg. [Nm/rad]] 9680 |Kg. [Nm/rad]| 10700
K(}a KGa
[Nm/rad) 45000 [Nm/rad] 0

Cx [Ns/m] | 15000 | Secondary Sup. Stage
C, [Ns/m] | 10000 | K. [N/m] |124000
C, [Ns/m] 0 K, [N/m] [124000
K. [N/m] [340000

Table 1: damping and stiffness of primary/secondary suspension stages and of axleboxes.

3000,

wheelset Axlebox
M [kg] 1554.5 M [kg] 212,2
o« [kg*m?] 800 L« [kg*m?] 3
lyy [kg*m? 160 ly, [kg*m? 12
I, [kg*m? 800

Table 2: inertial properties of wheelsets and axleboxes

Carbody Bogie
M [kd] 44700 2874
o [kg*m?] 112000 2400
ly [kg*m?] 2190000 1900
l. [kg*m?] 2150000 4000
Xy [m] -0.174 0
Yy [m] 0 0
Z, [m] -2.050 -540

Table 3: inertial properties of carbody and bogies
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Figure 7/c: force/deformation mechanical characteristic Figure 7/d: force/deformation mechanical characteristic
for lateral end run for vertical end run

3.2 Model Implementation

For simulation and fast prototyping of mechatronic on-board subsystems, an approach based
on the co-simulation is often very useful to fully exploiting the possibilities of the large num-
ber of commercially available specialized simulation software. Typical is the association of a
multibody model of the mechanical enviroment, developed with specialized commercial soft-
ware like MSC Adams™ or Intec Simpack™, and the models of on-board electro-mechanical
(or pneumatic, or idraulic, ...) subsystems developed with more flexible and suitable environ-
ments like Matworks Matlab-Simulink™ or Lms Amesim™.

For this work Authors have preferred to develop the whole dynamic model using only Matlab
and Simulink™,

In particular, for the development of the multi-body model of the vehicle the Simulink-Sims-
cape-SimMechanics™ library was used. Since non-linear dampers and bumpstops were not
available in this software, Authors have developed some customized SimMechanics blocks
by modifying the existing “Body Spring and Damper” block.

Authors have used a Simulink model developed during previous research activities [19, 20] in
order to model the interaction between rail and wheels. The wheel-rail contact model is tri-di-
mensional and it considers all the relative motions between rail and wheel. Multi-contact con-
dition is simulated and a maximum of four separated hertzian contact points can be simulated
for every wheel (corresponding to a maximum of eight points for every axle).

The Simulink model has been developed with a modular architecture reproducing the layout
and functionalities of single vehicle sub-components and assemblies (wheels, bogies, carbody
etc.) as shown in Figure 8. A Matlab Simulink™ pre-processor is used to automatically
design and generate the virtual track by considering curves, clothoid transitions, cant and
track irregularities.
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Figure 8: Mathworks Matlab-Simulink™ multibody vehicle model
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4 DEFINITION OF REFERENCE PERFORMANCES

Performances of the proposed solutions are compared (in simulations) to those obtained by a
vehicle equipped with passive/standard dampers. The comparison involves both stability and
comfort considerations, so two different simulation test run are defined:

1. Comfort Test: vertical, lateral and track irregularities are applied on a straight
track as shown in Figure 9/a. Accelerations are measured in three different position
of the carbody, as shown in Figure 9/b. Measured accelerations are used to calcu-
late a,,05 and N,,, comfort index, according to the prescriptions of regulations in
force [21]. Measured accelerations are filtered using the weighting curves shown in

Figure 9/c.

2. Lateral Ride Test: The irregularities described in Figure 9/d are applied on a
straight track (700 m long). A sharp, discrete lateral and gauge irregularity applied
at about an half of the track length is superimposed to a noisy continuous disturb-
ance.. Smoothing and decaying of lateral accelerations is observed in order to eval-
uate how the proposed solution affect lateral ride quality.

The line is supposed to be perfectly straight and rail profile a standard UIC60 1/20 one in
both test.
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Figure 9/c: frequency weighting curve applied to acceleration measurements according regulations in force [21]

11


file:///C:/Documents and Settings/luca/Desktop/ECCOMAS/sospensioni_attive/

Luca Pugi, Fabio Bartolini, Mirko Rinchi and Enrico Meli

0 200 400 600 0 200 400 600
Space [m] Space [m]
o 109 Twist irregularities x10° gauge irregularities

[rad]
o

u} 200 400 600
Space [m] Space [m]

Figure 9/d: irregularities applied for lateral ride test [21]

S IMPLEMENTATION OF THE PROPOSED SEMI-ACTIVE SUSPENSION SYS-
TEM

As previously mentioned, in this first study the possibility of substituting the lateral and the
vertical passive dampers of the secondary suspension stage with semi-active Magneto-Rhe-
ological Actuators is investigated.

5.1 MR Actuator implementation

Using the FEM model described in section 1 of this document, Authors were able to properly
design and dynamically model MR actuators with the same encumbrances of the correspond-
ing passive dampers. Dynamic performances of actuators have been calculated through FEM
models simulation results. FEM models were also very useful to calibrate an approximated
model of actuators to be implemented on the Matlab-Simulink model.

In particular the MR damper is modeled using approximated relation (14) where the damper
force u is calculated as the sum of a Coulombian-like contribution which value is proportional
to the input current / (c;» is the proportionality factor) and a residual viscous term depending
on c..The variables x and J respectively represent the velocities of the damper piston
and the cylinder, so the term x—j is the deformation speed.

u=c,, Isign(x—y)+c,(x—y) (14)
In order to simulate the magnetic field saturation the maximum input current / has a maxim-
um value 7, and it implies a corresponding upper limit to the maximum force that the actuat-

or is able to exert. A first older filter is also applied to the input current / in order to simulate
delays corresponding by several different physical phenomena:

1. since the adjustable magnetic field is produced by a solenoid, this inductive load un-
avoidably introduces a delay;

2. the changes in MR properties due to the variation of the magnetic field are very fast,
but a delay of about 10~ s (minimum) is suggested by scientific literature;

3. Elastic and compliance effects of both fluid and damper mechanical structure intro-
duce a further cut-off in the damper frequency response.

12



Luca Pugi, Fabio Bartolini, Mirko Rinchi and Enrico Meli

The corresponding Simulink implementation is shown in Figure 10
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Figure 10: Simulink implementation of an MR Damper

5.2  Control implementation: SISO Skyhook Control

Several works are present in scientific literature concerning control and stabilization tech-
niques applied to railway vehicles [4, 11, 13, 22, 23, 24, 25]. In this paper Authors have ap-
proached the problem by testing a quite simple solution: every actuator has its own independ-
ent control loop. Every actuator then works independently from the others with a very simple
and robust logic shown in Figures 11/a/b:

1.  carbody and bogie frame accelerations are measured using inertial sensors placed in
correspondence of dampers junctions. Corresponding velocities are calculated by in-
tegrating acceleration measurements;

2. calculated velocities are used to implement a Skyhook control system according the
model described by egs. (4), (5) and (6);

3. since the actuator is a “real” MR damper, the control force u# have to be compatible
with the non-linear behavior of the actuator as described by equation (14). In particu-
lar it is possible to apply the control force u only if it dissipates mechanical energy. If
this condition is satisfied, the corresponding current / is applied to the actuator produ-
cing the desired force. Otherwise no current is provided to the actuator, that is con-
sequently free to move with the minimal residual viscous damping ¢,

The main advantage of this algorithm is the fast and simple calibration and the robustness.
Since every actuator has an independent control loop, the failure of a single component in
most cases will produce a limited performance de-rating. The whole control system emulates
an array of 6-8 Skyhook dampers. It is clearly redundant with respect to the effective number
of controlled degree of freedom (only 5, as shown in Figure 11/b):vertical and lateral transla-
tions, roll, pitch and yaw rotations. It is also quite simple to take count of the non-linear beha-
vior of the actuators; this would make much more difficult the design of a centralized control
system.

13
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Figure 11/a: independent SISO control loop applied to the MR Actuator
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Figure 11/b: semi-active suspension system emulate an array of 6-8 skyhook dampers.

6 SIMULATION RESULTS

The control system described in section 5 was optimized iteratively using the testing pro-
cedure described in section 4. The emulated damping factors of the sky-hook dampers were
the only parameters. In particular for lateral and vertical suspension dampers two different
values of emulated damping, Cg, v and Cg, 1 Were defined. Performances have been evalu-
ated in terms of acceleration a.,¢; and comfort index N,,, defined as recommended by regula-
tions in force[21], especially when analyzing the results of “comfort test” simulations. Au-
thors didn't define a particular index for analysis of /lateral ride simulations: the chosen cal-
ibration set which corresponds to a smooth, damped, lateral response of the system in terms
of lateral and vertical acceleration.

This heuristic approach has lead to near to optimal set of parameters described in Table 4.

Ciiy verr | 200000 Ns/m
Cskyilat 50000 Ns/m

Table 4: near to optimal calibration set

Applying this sub-optimal calibration set, relative improvements a, of acceleration a.pes
and N, of comfort index N, of about 20-40% are recorded as visible in figures 12/a/b.

a, and N, are defined as stated by (15) and (16).
As shown in Figures 11/a/b, significant improvements a, of acceleration a.,os and N, of com-
fort index N, (about 20-40%) were reached by applying this sub-optimal calibration set.

14
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As stated, indexes a, and N, are defined by (15) and (16).

_ azp95_a§;95
a, =100 =222 (15)
zp95
Now= Ny,
N, =100 ———m (16)

P
my

where a_,; , N,

my

are measured when semiactive suspension system is working

ales , N, are measured with standard passive suspension system

myv

More in details, best results are obtained for the measurement point 2, corresponding to the
center of the carbody, as shown in Figure 9/b. The differences in comfort index values among
the various monitored points are mainly due to significant carbody rotations, whose kinematic
center is quite near to the carbody midpoint.

100%
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20%
10%

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0% 0% =
1 2 3 1 2 3
Sensor | a, Sensor | N,
1 78% 1 79%
2 56% 2 58%
3 74% 3 75%
Figure 12/a: relative improvement a,. of a.,o5 for the Figure 12/b: relative improvement N, of N, for the
three measurement points defined as in figure 9/b three measurement points defined as in figure 9/b

The results obtained analyzing the Lateral Ride Tests are More interesting. In particular, in
Figures 13/a/b/c the vertical and lateral accelerations measured on different carbody positions
are shown. By comparing the obtained performances with those of the passive suspensions
ones, the following considerations can be done:

1.  the maximum values of accelerations due to an impulsive lateral irregularity are
quite similar;

2.  thanks to the actions of semi-active dampers, both vertical and lateral oscillation de-
cay with a smooth behavior.
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Actuators response have been modeled using accurate data obtained from a multi-physic
FEM model. So simulated actuators have maximum force limitations that reflect a very real-
istic behavior. This maximum force limitations have been chosen considering maximum
forces exerted by passive dampers and some other considerations about stiffness, resistance
and modal response of the attached structures of carbody and bogie frames. As a con-
sequence, the maximum effort is limited to reasonable values.

In Figure 14, the effort exerted by two of the four vertical semi-active dampers is shown.
Here it's clearly visible that the response of the controlled system heavily suffers of the limita-
tions arising from the force saturation, especially for the first two-three carbody oscillation
periods. As a consequence, carbody roll and yaw rotations are insufficiently damped and this
is one of the causes partially justifying the different performances achieved on different car-
body points. It is realistic to retain that designing actuators in a different way, better perform-
ances could be achieved. However the more important result of these preliminary tests is that
the control system architecture was demonstrated to be sufficiently robust, even if the applied
external excitation it's much larger than the expected one and all the non-linearities of the sys-
tem are excited.Further test have been repeated by simulating a malfunction on one of the
vertical semi-active dampers. The results were quite good: the system have demonstrated to
remain stable, low performance reductions were registered, especially those affecting roll and
pitch rotations of carbody. From the stability point of view, an improvement of about 5-10%
of the bogie critical speed has been demonstrated. It's a light, but noticeable, improvement:
it's feasible that in real operative conditions the application of this solution will have no neg-
ative consequences on vehicle stability even considering a very pessimistic scenarios
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Figure 13/a: vertical and lateral carbody accelerations measured on point 2 as a function of position and applied
irregularities
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Figure 14: force exerted by two vertical semi-active dampers the left one on the rear bogie and the right one on
the frontal bogie

CONCLUSIONS AND FUTURE DEVELOPMENTS

In this paper has been presented a complete tri-dimensional model of a railway vehicle de-
veloped in the Matlab-Simulink environment. The use of this particular environment makes
easier further applications concerning the design and the simulation of on board mechatronic
sub-systems or even a real time implementation for Hardware in the Loop testing of existing
components. In this paper an application a semi-active suspension system based on Magneto-
Rheological dampers and sky-hook control technique is proposed.

Some preliminary simulations done with quite realistic testing conditions seems to confirm
feasibility of the studied solutions.

As further development authors will investigate the following matters:

1.  How different actuators design and layout can affect system performances. For ex-
ample also anti-yaw dampers can be semi-active.

2. A different control algorithm may be used to improve system performances or to use
in a more efficient way the actuators. Probably a single MIMO (multi input-multi out-
put) regulator can reach higher performances than the proposed solution based on an
array of SISO regulators. Since the used actuators have an high non linear behavior.
Authors are working on optimization algorithms based on Gradient Projection Method
[26,27,29] that have been successfully used to solve model problems with non linear
or mono-lateral constraints. Further improvements may be introduced in order to in-
troduce self-calibration properties to the regulator through the introduction of adaptive
controllers,[15,29] or modal considerations [30]. Also other mechanical layout, for ex-
ample the application of MR actuators to anti-yaw dampers, should be investigated.
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