MODEL CALIBRATION OF A RAILWAY VEHICLE

With the help of optiSlang, calibration of a numerical model of Alfa Pendular train, including the car body, bogies
and passenger-seat system, was conducted based on the natural frequencies and modal configurations estimated

from dynamic tests.

Optimization task

When interacting with the railway track, moving trains
induce vibrations that can affect the structural stability
of the infrastructure, the stability of the track and of the
wheel-rail contact and passengers’ comfort. Complex mod-
els of the train-track coupled system are developed in order
to perform an accurate analysis of the dynamic behaviour.
In this type of models the modelling of the vehicles is con-
ducted based on formulations grounded on the multi body
dynamics and on formulations based on the finite-element
method. In formulations based on the multi body dynamics,
the car body, bogies and axles of the vehicles are modelled
through rigid structures connected by springs and dampers
which simulate the primary and secondary suspensions. In
formulations based on the finite-element method it is pos-
sible to consider the deformability of the car body, bogies
and axles. The development of these models requires the
knowledge of the geometrical and mechanical parameters
of the vehicle’s structure.

The use of models which consider the deformability of the
car body of the vehicle becomes more important due to the
tendency to use increasingly lighter and slender structures

in the manufacture of trains to reduce weight and construc-
tion costs. It has been shown that the flexural vibration of
the car body may contribute, in a large extent, to the accel-
erations that passengers are subjected to. The frequencies
of these vibration modes range from 8.5 Hz to 13 Hz, which
is significantly relevant regarding human beings’ sensitivity
to vibration.

This article describes the calibration of a numerical model
of an Alfa Pendular train vehicle base on modal parameters.
The modal parameters of the vehicle were determined
based on a set of forced vibration tests that focused spe-
cifically on the car body, bogie and passenger-seat system.
The calibration of the numerical model was conducted us-
ing a multistep approach involving two phases: the first
phase concerned the calibration of the model of the bogie
and the second phase focused on the calibration of the
complete model of the vehicle. The calibration methodol-
ogy involved a sensitivity analysis and an optimization. The
global sensitivity analysis was based on a stochastic sam-
pling technique and allowed the identification of the nu-
merical parameters that most affect the modal responses
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Fig. 1: Numerical model of the BBN vehicle

and, therefore, should be included in the optimization of
the model. The optimization was carried out based on an
iterative procedure using a genetic algorithm. A mode pair-
ing criterion based on the modal strain energy using the
Enhanced Modal Assurance Criterion (EMAC) was used to
achieve the correct pairing of the numerical and experi-
mental vibration modes. Finally, the modal parameters
of the calibrated numerical model are compared with the
modal parameters of the initial numerical model.

Numerical modelling

Description

The modal analysis of the BBN vehicle was performed using
a three-dimensional finite element model developed in the
ANSYS software. The use of a finite-element formulation
allows considering the influence of the deformability of
the car body, bogies and axles. Figure 1 presents a perspec-
tive of the numerical model. The car body was modelled by
shell-finite elements while the bogies were modelled by
beam-finite elements, with the exception of the suspen-
sions, the connecting rods and the tilting system which
were modelled by spring-damper assemblies. Additionally,
the passenger-seat system was modelled, in a simplified
manner, by a one-DOF system composed of a mass over a
spring-damper assembly. The masses of the equipment lo-
cated in the under-floor of the car body and bogies were
simulated through mass elements. The structure was dis-
cretised with 1082 shell elements, 1029 beam elements
and 148 spring-damper assemblies. The total number of
nodes is 1902, corresponding to 10,704 degrees of freedom.

Car body

Table 1 presents the main geometric and mechanical pa-
rameters of the car body’s numerical modelling, including
the designation, the selected value, the unit and the biblio-
graphic references that were used. Additionally, the charac-
teristics of the statistical distribution of some of the param-
eters, later used in the calibration phase of the model are
also shown. Figure 2 identifies the panels of finite elements
considered in the numerical modelling of the car body in
correspondence with the base, cover and side walls. In the

modelling of the side walls special
attention was given to the position-
ing of openings corresponding to
windows and access doors. The finite
elements that simulate the various
panels have length | and constant
thickness e and are constituted by
elastic and orthotropic materials.
The thickness of each panel was
determined based on the condition
that the cross-sectional area of the

- )

Fig. 2: Finite-elements panels from the numerical modelling of the carbody

finite-element panel is equal to the cross-sectional area of
the real panel. The inertia correction of the panels, in direc-
tions x and z, was performed using the RMI parameter (Ra-
tio of the bending Moment of Inertia):

1, real
RMI = —

I, mod

in which Ieal is the real inertia of the panel and Inod is the
inertia calculated based on the thickness of the shell-finite
element. The additional masses of the base, side walls and
cover of the car body refer to the mass parcels of the item
others under the component equipment and were uni-
formly distributed on the surface of the respective structur-
al elements. The stiffness and damping parameters of the
secondary suspension elements as well as their respective
variation limits were estimated based on the values provid-
ed by the train’s manufacturer.

Bogie

Figure 3 (see page 22) presents a perspective of the numeri-
cal model of the bogie. The chosen colours, combined with
the legend, facilitate the identification of the different el-
ements of the bogie. The beam elements connecting the
wheel sets to the axle box have zero stiffness around their
axle, so as to simulate the linkage with the axle box. The
support conditions imposed on the bogie, particularly on
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Statistical distribution

Parameter  Designation Type standard deviation
Ksz Stiffness of Front bogie Uniform 256.4/7.5

the vertical

secondary
Ks2 suspension Rear bogie

Vertical secondary suspen-

. . Uniform 35/3.0
sion damping

Cs

ca Yaw suspsion damping Uniform 400/34.6

Stiffness of the tilting
Kp bolster-load bolster Uniform 20,000/8660
connection rod

Palum Aluminium density - ==

Modulus of deformability
E - = —/-
of aluminium

RMIp X Base Uniform 225/101
Corrective

RMI, EERE RIS Uniform 90/34.6
moment of
inertia )

RMI¢ Cover Uniform 300/57.7

A Mb Base Uniform 70/11.5
Additional . .

A Mp mass Side walls Uniform 20/8.7

A Mc Cover Uniform 7.5/4.3

€bas Base - —/-
Equivalent .

Epar thickness Side walls - /-

€cob Cover - —-/-

Tab. 1: Characterisation of the main parameters of the numerical model of the carbody

Element Cross-section f:::::::tlics
//__:::;‘\

/ ‘R Y = 0.00778 m?
| R ™) Ix= 0.267 x 10~ m#
Al \ Iy= 0267 x 10~ m*
S _ —4 4

Tubg__glﬂﬁmrr lz= 0.534x10™*m
(e=15mm)
# 14
EY =

o g ‘ : A= 0.01093 m?
Girder g I_a 12 Ix= 0.857 x 104 m*
(central | Iy= 0.887 x 10 m#
AT W & lz= 0121 x1073 m4

s -
750

'I__ , = 0.00718 m?
X s Ix= 0.210 x 107 m#
Crossbar - Iy = 0.210 x 10~ m*
Tube @168.3mm Iz= 0.421 x10™* m*

(e=15mm)

Tab. 2: Geometric characteristics of the structural elements of the bogies

Average value/

I(.Ii;n“i,tesr FneE] Adopted value Unit
247/272.9 256.4 kN/m
29.8/40.3 35 kN s/m
340/460 400 kN s/m
5000/35,000 20,000 kN/m
—/- 2700 kg/m3
—/- 70 GPa
50/400 90 —
30/150 114 =
200/400 386 =
50/90 70 %

5/35 20 %

0/15 10 %

—/- 10.2 mm
-/- 10.3 mm
—/- 8.8 mm

the girders and on the tilting and load bolsters, allow trans-
lational vertical movements and rotations around the x and
z axes, preventing any other movements. Table 2 shows
the geometrical characteristics of the sections of the vari-
ous elements. The geometric characteristics are expressed
in terms of the area (A) and inertias (I). Table 3 (see page
22) describes the main mechanical and geometrical param-
eters of the numerical model and the characteristics of the
statistical distribution of certain parameters, which will be
used in the model’s calibration phase.

The stiffness and damping parameters of primary suspen-
sion elements and their respective variation limits were esti-
mated based on information from the manufacturer. The ad-
ditional mass of the bogie, at the girders, crossbars and axles,
is related to the mass of springs, dampers, connecting rods,
links, reinforcement plates, axle boxes and others. These
masses were linearly distributed in the different elements. In
what concerns the girders the additional mass was further
divided into two parcels according to their location: in the
central zone, i.e. in the sections located between the cross-
bars and at the extremities. The wheel-rail connection was
modelled by a spring element with unidirectional behaviour.
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Fig. 3: Numerical m

Parameter

Kp

&3

Kbls

Kbli

A Mic

A Mle

A mt
A Me

odel of the bogie

Designation Type
Stlffness. of the primary Uniform
suspension
Dampmg of the primary Uniform
suspension
Stiffness of Upper Uniform
the axle box
connecting
rods Lower Uniform
Stiffness of the wheel-rail _
connection
Girder Uniform
(central area)
Additional- G”detr i Uniform
(extrimities)
mass
Crossbar Uniform
Axles =

]

RNl

Yaw damper

Damper of primary suspension
Damper of secondary suspension - transversal

Damper of secondary suspension - vertical

Kinematic traction rod
Lower traction rod
Upper traction rod
Axle box

Wheel-rail contact
Axle

Braking system bolster
Rigid elements
Bogie-carhody connection
Girder

=== central zone

w—— extremities

Statistical distribution

Average value/
standard deviation

564/26.6

18/1.6

6.5/0.8

25/2.9

_/_

75/43.3

30/17.3

125/72.2

_/_

Tab. 3: Characterisation of the main parameters of the numerical model of the bogie

Element

Carbody

Bogies

Mode

1C

2C

3C

ac

5C

6C

1B

2B

3B

Nature of vibration mode

Rigid body

Structural

Rigid body

Tab. 4: Numerical natural frequencies of the carbody and bogies

Rolling
Bouncing
Pitching

First distortion
First bending
First torsion
Bouncing
Rolling

Pitching

Limits
(lower/upper)

518/610

15.3/20.7

5.2/7.8

20/30

_/_

0/150

0/60

0/250

Damped
frequency (Hz)

0.86
1.04

1.42
10.21
16.20
15.05
8.21/8.18
4.89/5.28

12.10/12.04

DDDILITIII]

Pivot

Hydraulic actuators

Spring of primary suspension

Spring of secondary suspension - transversal
Spring of secondary suspension - vertical
Crossbar

Tilting balster

Load bolster

simple suppaort (direction x or z)
Simple support (direction y)
Pinned support (directions x and z)

Adopted value Unit
564 kN/m
18 kNs/m
6.5 MN/m
25 MN/m
1.5674 x 10° mN/m
42 kg/m
38 kg/m
92 kg/m
271 kg/m

Undamped

frequency (Hz)

0.82

1.00

133

10.21

16.20

15.03

6.57/6.26

4.09/4.53

9.50/9.41
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Modal parameters

Table 4 shows the damped and undamped natural fre-
quencies of the main vibration modes of the BBN vehicle.
In what concerns the bogies, for modes 1B and 2B, there
are different frequency values according to the movement
of the two bogies in phase and in antiphase, respectively.
In the 3B mode, the different values of the frequencies are
related to the isolated movements of the left and right bo-
gies, respectively. The modal results show differences be-
tween damped and undamped natural frequencies. These
differences are more notorious for the rigid body modes of
the car body and bogies since these modes involve signifi-
cant movements of the suspensions. In case of the bogies
the differences are even more important since this addi-
tional damping is provided simultaneously by the primary
and secondary suspensions. Figure 4 illustrates the modal
configurations associated with rigid body modes (1C, 2C
and 3C) and structural modes of distortion (4C), bending
(5C) and torsion (6C) of the car body. In these modes the
movements of the bogie have very low amplitude. Figure 5

Mode 1C

Mode 2C

Mode 3C

Mode 4C

Mode 5C

Mode 6C

Fig. 4: Numerical rigid body and structural modes of vibration of the carbody

shows the modal configurations, in perspective and cross-
section view, of a bogie of the vehicle. Mode 1B comprises
the bouncing movement of the bogie. Modes 2B and 3B
comprise the rolling and pitching movements of the bogie,
respectively. In these modes the car body shows very lim-
ited movements.

Calibration methodology

The results of the conducted experimental tests of the BBN
vehicle involving the dynamic tests of the car body, bogie and
passenger-seat system are used to calibrate the numerical
model of the vehicle. The calibration of the numerical model
of the BBN vehicle was performed using an iterative method
based on an optimisation technique. This method consists
on the resolution of an optimisation problem, which consists
of the minimisation of an objective function by varying a set
of the preselected model parameters. The pre selection of
the numerical parameters is carried out based on a global
sensitivity analysis. Figure 6 (see page 24) presents a flow-

Fig. 5: Numerical modes of vibration of the bogies
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Fig. 6: Calibration methodology for the numerical model

chart illustrating the iterative method of calibration based
on a genetic algorithm involving the use of three software
tools: ANSYS, MATLAB and optiSLang. The main aspects of
the implemented calibration methodology are described in
reference. The calculation of modal parameters in systems
with proportional damping matrix is based on a classic
modal analysis [1]. In systems with non-proportional damp-
ing matrix the same calculation is based on a state-space
formulation. The mode-pairing technique aims to establish
a correspondence between experimental and numerical vi-
bration modes. This task is often complex due to alterations
in the order of the numerical modes, resulting from varia-
tions on the numerical parameters which occur during the
optimisation process and also due to the limited number of
degrees of freedom of experimental modes, which increases
the number of possible correspondence between numerical
and experimental modes. In this paper the correspondence
between numerical and experimental modes is performed
through an energetic criterion based on the modal strain
energy and on the EMAC parameter. The objective function
(f) is defined based on the differences between the numeri-
cal and experimental modal parameters [1]:

Z Vexp f'ﬂuml + bZ |MAC exp’ (ﬂlnum) _ 1|

exp
i=1

where ﬁeXp and /"™ are the experimental and numerical
frequencies referring to mode i, 97 and 2" are the vec-
tors containing the experimental and numerical modal in-
formation related to mode i, a and b are weighting factors
of the objective function terms and n is the total number of
vibration modes.

Calibration

The experimental calibration of the numerical model of the
BBN vehicle was performed based on modal parameters
which were identified by the dynamic tests of the bogie and
car body. The first phase focused on the calibration of the
numerical model of the bogie under test conditions [1]. The
second phase focused on the calibration of the complete
numerical model of the vehicle. The numerical parameters
of the bogie estimated in the first phase were assumed as
deterministic parameters in the second phase.

Calibration of the bogie

Numerical model under test conditions

The calibration of the numerical model of the bogie forced the
development of a model that would reproduce the specific
conditions of the test. Changes to the original model involved
the removal of springs and dampers from the secondary sus-

24

Railway Industry

Statistical distribution

Average value/ Limits

Parameter  Designation Type standard deviation (lowerfupper) Adopted value Unit
Stiffness of

K the secondary ., Uniform 12,000/1732 9000/15,000 12,000 kN/m

b suspension’s

elastic block

Ko Dir x and Dir z2 Uniform 25,250/14,289 500/50,000 5000 kN/m
Position of
the contact

Pos,, point of the Dir x@ Left side Uniform 5/1.7 2/8 5
actuation
system

PoS 4 Right side

POS, Dirz2 Left side Uniform 0/0.6 -1/1 0

POSs 4 Right side

Em Modulus of deformability of wood Uniform 8/2.3 4/12 10 GPa

Tab. 5: Characterisation of the parameters of the numerical model of the bogie under test conditions (*According to the referential of Fig.: 8)

pensions and from the tilting and load bolsters. Elements were
also added to simulate the interface between the bogie and
the actuation system, including distribution blocks and elastic
blocks of the secondary suspensions. Rigid supports were in-
troduced, at the contact point of the hydraulic actuators, with
the ability to assume different positions, thus meeting the de-
viations of the contact point in the longitudinal (x) and trans-
verse (z) directions. The elastic blocks of the suspension were
modelled by spring elements positioned in the vertical direc-
tion. The stiffness of the contact between distribution blocks
and elastic blocks of the suspension was also modelled, in the
x and z directions, through spring elements. Table 5 describes
the mechanical and geometrical parameters of the numerical.
These parameters should be considered together with the pa-
rameters indicated in Table 3.

The position of the contact point with the actuation system, in
longitudinal and transverse directions, may assume different
values for the left and right hydraulic actuators. The longitudi-
nal position of the actuator was limited to positions 2—8.

Sensitivity analysis

Figure 7 shows the results of the global sensitivity analysis
using Spearman’s rank correlation coefficient. This sensi-
tivity analysis was performed using a stochastic sampling
technique based on 500 samples generated by the Latin Hy-
percube method. This analysis was based on the parameters
intervals presented in Tables 3 and 5. The correlation coeffi-
cients between [-0.25, 0.25] were excluded from the graphi-
cal representation. The random generation of samples, par-
ticularly the parameters of the bogie’s additional mass, was
subject to the following restrictions:

—&£< AM —[LiAM; + Lk AMy, + LLAM,] < €

where AM equals 842 kg, and L,, L, and L, represent the to-
tal length of the central area of the girders, the extremities of
the girders and crossbars, equal to 4.46 m, 3.56 m and 5.26 m,
respectively, and € is a tolerance considered equal to 150 kg.

The correlation matrix shows that the stiffness of the pri-
mary suspensions, the additional mass of the girders (cen-
tral area and extremities) and the stiffness of the lower
traction rod of the axle box have significant influence over
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Fig. 7: Spearman’s rank correlation coefficient between the parameters and responses of
the numerical model of the bogie under test conditions

the vibration frequencies. In turn, the position of the ac-
tuators affects MAC values, particularly in modes 1BT. The
vertical stiffness of the secondary suspension blocks influ-

RDO-JOURNAL // 02/2013

25



Railway Industry

ences the vibration frequencies and also the MAC values
in a significant way. The remaining analysed parameters
do not have significant influence on the modal responses
and were therefore excluded from the optimisation phase.
The influence of the primary suspensions’ stiffness over the
frequencies of modes 1BT and 4BT, for which the distance
between the suspensions and the rotation axle of the bogie
is larger, should be emphasised. In these modes the elastic
block of the suspension has no influence over the responses
duetoits location near the rotation axle. It is not the case of
the frequencies of modes 2BT and 3BT, which involve trans-
verse translation and rotation of the bogie, respectively,
and for which the stiffness of the suspension blocks, com-
pared with the primary suspensions, is decisive for control-
ling the responses.

Optimisation

The optimisation of the model involved finally 10 numerical
parameters and 16 modal results (8 vibration frequencies
and 8 MAC values). The genetic algorithm was based on an
initial population of 30 individuals considering 250 genera-
tions, in a total of 7500 individuals. The initial population
was randomly generated by the Latin Hypercube method. A
number of elites equal to 1 and a number of substitute indi-
viduals also equal to 1 have been defined in this algorithm.
The crossover rate was assumed to be 50% and the mutation
rate was considered equal to 15% with a standard deviation
variable along the optimisation between 0.10 and 0.01.

The objective function is identical to that shown on page 24
considering a total number of vibration modes equal to 8 and
weighting factors a and b equal to 1. The optimisation prob-
lem still includes restrictions related to the parameters of ad-
ditional mass of the bogie. Optimal values of the parameters
were obtained from the results of four independent optimisa-
tion cases (GB1-GB4) based on different initial populations.
Figure 8 shows the ratios of the values of each parameter of
the model in relation to the limits indicated in Tables 1, 3 and
5. The limits of the distributions of some of the parameters
were extended, such as the cases of the stiffness of the pri-
mary suspension (500/1000 kN/m), and the stiffness of the
axle box’s traction rods (3/10 and 10/40MN/m) due to the
systematic tendency of the optimum solutions of these pa-
rameters to reach the limits indicated in Table 3. A 0% ratio
means that the parameter coincides with the lower limit. A
ratio of 100% means that it coincides with the upper limit. The
stiffness and damping parameters of the primary suspension
and increments of mass are presented in Figure 8a indicating,
in brackets, the numerical parameters’values.

The parameters related to the elastic elements (blocks and
rod) and actuation system is shown in Figure 8b. The ana-
lysed parameters present a good stability with variations
below 10%, except for the damping of the primary damper.
This is one of the parameters that the sensitivity analysis
has shown to have a smaller influence over the numerical

responses. Figure 9 summarises the error values between
the numerical and experimental vibration frequencies, tak-
ing as reference the average values of the experimental fre-
quencies, and the values of the MAC parameter, before and
after calibration. The results after calibration are related to
optimisation case GB2, which was the one presenting the
lowest residual of the objective function. The average error
of the frequencies decreased from 10.6% before calibration
to 0.8% after calibration. In turn, the average value of the
MAC parameter increased from 0.894 before calibration to
0.953 after calibration. As visualised in Figure 10, the ex-
perimentally obtained and numerically derived optimised
modal configurations of the bogie coincide almost perfectly.
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Fig. 8: Values of numerical parameters for optimisation cases GB1-GB4: (a) stiffness and
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Fig. 10: Comparison between the experimental and numerical vibration modes of the bogie after calibration

Calibration of the complete model of the BBN
vehicle

Sensitivity analysis

Figure 11 presents the results of the global sensitivity anal-
ysis using Spearman’s rank correlation coefficient. The sen-
sitivity analysis was performed using a stochastic sampling
technique based on 250 samples generated by the Latin
Hypercube method. This analysis was based on the param-
eters intervals presented in Table 2. The random generation
of samples, particularly for the parameters of the car body’s
additional mass, was subject to the following restrictions:

—e< AM—-[L.AM;. + Li,AM;, + L;,AM,] < €

where AM and L, represent the additional mass on the
base, side walls and cover, respectively, and € is a tolerance
equal to 10%. The mode pairing was performed by applica-
tion of a technique based on the modal strain energy and
on the EMAC parameter. The correlation matrix shows that
the stiffness of secondary suspensions, from front (KS1)
and rear (KS2) bogies, has significant influence over the fre-
quencies and MAC values of the rigid body modes of the
car body. In turn, the RMI parameters from the base (RMIb)
and side walls (RMIp) essentially control the frequencies
and MAC values of the structural modes of the car body.
The parameters additional mass and stiffness of the con-
necting rod between the tilting and load bolsters (Kb) have
significant influence over the vibration frequency of mode
1C. The remaining analysed parameters did not have sig-
nificant influence with respect to the modal responses, and
were consequently excluded from the optimisation phase.

It is possible to verify that the flexural
stiffness of the side walls, which is
controlled by the walls’ RMI param-
eter, is important for controlling the
torsional stiffness of the car body, as
demonstrated by the high value of

e the correlation coefficient between

the walls RMI parameter and the fre-
quency of mode 4C.

Optimisation
The optimisation of the model finally
involved 7 numerical parameters and

10 modal results (5 vibration frequen-

cies and 5 MAC values). The control
parameters of the genetic algorithm
and the objective function are identi-
cal to those in the optimisation of the
bogie. The optimisation problem also
included constraints involving the car
body’s additional mass parameters.
Optimal values of the parameters
were obtained from the results of
four independent optimisation cases
(GC1-GC4) based on different initial populations. Figure 12
(see page 28) shows the values’ ratios of each parameter
of the model in relation to the limits given in Table 1. The
lower and upper stiffness limits of the secondary suspen-
sion were extended from 242 and 272.9 kN/m to 200 and
400 kN/m, respectively. Parameters related to the charac-
teristics of the secondary suspension, connecting rod and
geometrical properties of the car body are presented in
Figure 12a indicating, in brackets, the estimated values for
the stiffness of the secondary suspension. The parameters
referring to mass distribution are presented in Figure 12b.
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Fig. 11: Spearman’s rank correlation coefficient between the parameters and responses
of the carbody’s numerical model

Itis noticeable that the most stable parameters, with varia-
tions below 10%, are those that most affect the responses,
including the stiffness of secondary suspensions and RMI
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parameters of the base and side walls. The stiffness values
of the front bogie’s secondary suspension are higher than
those estimated for the rear bogie. Regarding the addition-
al masses of the side walls and cover, the estimates show
higher variations, close to 25%. This should be related to
the fact that these parameters contribute in a similar way
to the participant mass on vibration mode 1C. Therefore,
there may be different combinations of these parameters
leading to the same solution, in terms of optimisation of
the problem. Figure 13 summarises the error values of the
numerical and experimental vibration frequencies taking
as reference the average values of the experimental fre-
quencies, and of the MAC parameter, before and after cali-
bration. The results after calibration are related to the GC1
optimisation case, which was the one with the lowest final
residual of the objective function. The frequencies’ aver-
age error dropped from 20.3%, before calibration, to 2.9%,
after calibration. This error decrease is mainly due to the
reduction of the error associated with the frequencies of
structural modes 4C and 5C. The average value of the MAC
parameter did not change significantly, increasing from
0.927, before calibration, to 0.937, after calibration. The ex-
cellent agreement between the car body’s experimentally
obtained and numerically derived optimised modal con-
figurations can be verified in Figure 14.

Final results

The combination between the numerical parameters, ob-
tained for the optimisation case of the bogie GB2, and the
parameters obtained in optimisation case of the complete
vehicle GC1, were the basis for the establishment of the ve-
hicle’s calibrated numerical model. Table 7 presents the val-
ues of the damped vibration frequencies of the main vibra-
tion modes of the BBN vehicle obtained from the calibrated
numerical model. Comparing the values of the frequencies
with the values given in Table 4, concerning the initial nu-
merical model, there is a visible tendency towards the fre-
quency increase on the rigid body modes of the car body
and bogies, being that, in the bogies’ case, this increase
ranged from 10% to 55%. This tendency is due to the sig-
nificant increase of the stiffness of the primary and second-
ary suspension springs. In turn, the structural modes of the
car body, particularly modes 4C and 5C showed a decreased
tendency of approximately 20%, mainly due to the reduc-
tion of the RMI parameter of the car body’s side walls.

Conclusions

This article described the calibration of the numerical
model of a BBN vehicle of the Alfa Pendular train based on
modal parameters. The calibration of the numerical model
was conducted through an iterative methodology based
on an optimisation algorithm and was performed using a
multistep approach involving two phases: the first phase
focused on the calibration of the model of the bogie under
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Fig. 12: Values of numerical parameters for optimisation cases GC1-GC4: (a) characteristics
of the suspension, connecting rods and geometrical properties of the carbody; (b) masses

test conditions and the second focused on the calibration
of the complete model of the vehicle. Global sensitivity
analysis allowed the identification of numerical param-
eters to be considered in the calibration. The parameters
that have shown the highest sensitivities in relation to the
modal responses were, for the bogie, the vertical stiffness
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Fig. 13: Comparative analysis of the errors from the experimental and numerical responses,
before and after calibration in terms of: (a) vibration frequencies; (b) MAC

of the secondary suspension block and the vertical stiff-
ness of the primary suspensions. As for the car body, the
RMI parameters of the base and side walls and the vertical
stiffness of the secondary suspension were the parameters
with highest sensitivity in relation to the modal responses.
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0.8%, after calibration. Concerning
the vibration modes of the complete
model of the vehicle, the average er-
ror of frequencies went from 20.3%,
before calibration, to 2.9% after cali-
bration. Significant improvements
were also observed in MAC values,
particularly in the vibration modes of
\\ the bogie. This result demonstrates
= the robustness and efficiency of ge-
netic algorithms on the estimation
Ueddeamed i of the vehicle’s modal responses. The
Sahe combination of numerical param-
eters obtained for the GB2 bogie op-
timisation case with the parameters
obtained for the GC1 case of vehicle
optimisation provided the basis for
developing the calibrated numeri-
cal model of BBN vehicle. Compared
with the initial numerical model, the

Pade Dk calibrated numerical models show
higher frequency values of the rigid
Fig. 14: Comparison between the vibration modes of the carbody, experimentally and numerically obtained, after calibration bOdy modes of the car bOdy and bo-

The optimisation was conducted using a genetic algorithm
involving a total of 17 numerical parameters and 26 modal
responses. The results of the optimisation cases of the bo-
gie and vehicle, based on different initial populations, led

Element Mode  Damped frequency (Hz)
1C 1.01
2C 1.24
3C 1.70

Carbody
4C 8.39
5C 12.16
6C 17.73
1B 9.21/9.24

Bogies 2B 7.70/8.12
3B 14.16/14.09

Tab. 7: Natural frequencies of the BBN vehicle obtained from the calibrated numerical model

mostly to very stable numerical parameters’ values, par-
ticularly for those highly correlated with the responses. The
comparison between the numerical vibration frequencies’
values, before and after calibration, and the experimental
vibration frequencies, has revealed significant improve-
ments on the initial numerical models. The average error
of vibration frequencies of the modes of the bogie under
test conditions went from 10.6%, before calibration, to

gies, essentially due to the increased
stiffness of the primary and secondary suspension springs.
On the other hand, most of the car body’s structural modes
tended to decrease, largely due to a reduction of the RMI
parameter of the side walls of the vehicle’s car body. In fu-
ture studies, the calibrated numerical model of the vehicle
will be used to access the dynamic behaviour of the train-
track coupled system, in terms of passengers comfort and
wheel—-rail contact stability, on plain track, on bridges or on
transition zones.
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