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Abstract: This paper focuses on a complex theoretical model regarding the dynamic behavior of the railway
vehicles in the vertical plan while travelling on a track with irregularities, subjected to a validation process.
The reference ground for this process is constituted by the results derived from experiments made at low
velocities. The validation criteria to be implemented aim at the main vehicle resonance frequency and the
scale of the vertical acceleration in two reference points of the carbody. The correlations of quality and
quantity nature between the rms acceleration spectra coming from the experimental data and numerical
simulations will allow the validation of the suggested theoretical model.

Keywords: railway vehicle, dynamic behavior, theoretical model, validation, low velocity

1. INTRODUCTION

The research concerning the dynamic behavior of the railway vehicles involve the use, as an
investigation instrument, of the numerical simulation programmes developed on the support of
the vehicle theoretical model. Such models, irrespective of their complexity, start from a series of
simplifying hypotheses and, hence, the results can deviate to a certain extent from the physical
reality [1]. The exploitation of the results is not therefore sufficient and satisfactory, especially for a
complex system as the railway vehicle, without them being experimentally validated.

Despite the fact that the numerical simulations of the dynamic behavior in the railway vehicles are
widely used, even in the designing stage and in the research activity, the validation methodologies
of the theoretical models are rather limited [2, 3]. They firstly aim at the implementation of the
numerical simulations in the homologation process of the railway vehicles [4, 5].

While there are no clear specifications related to the validation process for a model at the railway
vehicle, as well as a formal definition of this process or a quantity definition of the acceptable
errors, the validation process relies on representative comparisons between the results of the
experiments made on the vehicle and the ones obtained from the numerical simulations [6]. Their
role is to certify the fact that the theoretical model precisely represents the railway vehicle, that the
soft in use is appropriate for the application and the specific conditions of evaluating the dynamic
behavior have been taken into account [7 - 9].

The validation of a model on which the vehicle dynamic behavior is based can prompt, as case
may be, the necessity of completing both the dynamic and static attempts. Likewise, a series of
particular trials can be carried out, such as the low velocity ones, and the derived results are useful
for validating certain dynamic features of the vehicle’s theoretical model [4].

The paper deals with a complex theoretical model of the vehicle-track system, which can be used
to evaluate the dynamic behavior of the railway vehicles on the vertical direction, while travelling
on a track with longitudinal irregularities in compliance with several criteria — the ride quality, the
vibrating comfort and the fatigue stress on the track [10 - 12]. This model is subjected to the
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validation process, based on comparisons between the acceleration spectra numerically derived
and the ones from the experimental data that had been reached during the track trials at low
velocities of a passenger railway vehicle, fitted with Y 32R bogies. The validation criteria aim at the
main vehicle resonance frequency and the magnitude of the vertical acceleration in two reference
points of the carbody, namely in its center and above the bogie. The correlations between the
results from the two methods, theoretical and experimental, will eventually allow the validation of
the presented model.

2. THE THEORETICAL MODEL OF THE VEHICLE - TRACK SYSTEM

To gather reliable quantity results for the dynamic behavior at the railway vehicles, mainly for
high velocities, requires to adopt certain complex models, which will consider a series of important
factors that affect the vibration behavior of the vehicle [13]. On the one hand, the carbody
modelling as a flexible body is essential in the numerical simulation of the dynamic behavior at the
railway vehicles, mainly for the comfort analysis during rolling [14 - 17]. Another essential factor
in the vehicle’s vertical dynamics is the system of taking over the longitudinal efforts between the
carbody and the bogies, by which the carbody bending vibrations are transmitted to the bogies,
thus simultaneously exciting their pitch and bounce vibrations. And these vibrations move
forward via the elastic steering in the axles, drawing them into a longitudinal vibration. On the
other hand, the axles steering system, —
basically located in their plan, is at a
different height than the bogie center of
gravity, which leads to the emergence of
a moment that excites the bogie pitch
movement, coupled with the axles’
rebound. All these effects will visibly
influence the dynamic behavior in the
vertical plan of the entire vehicle, which
justifies the adoption of a complex
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model, as shown in figure 1 [10 - 12]. It
is about a discrete and continuum model
of the vehicle-track system, which
includes an Euler-Bernoulli beam for the : \ : g
.. . Figure 1. The theoretical model of the vehicle-track system
carbody, a system of rigid Dbodies,
namely the axles and the suspended masses of the bogies, plus a system equivalent with the
concentrated parameters for the track. The model parameters are described in Table 1.
For the vehicle carbody, the first two natural modes of bending in a vertical plan (symmetrical and
antisymmetrical) are being considered, as well as the rigid vibration modes, i.e. bounce z. and
pitch 6.. The carbody displacement w(x, t) is given by the overlapping of the rigid modes of
vibration and bending

_ L > : (1)
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where Xn(x), with n =2, 3, are the eingenfunctions of the first two carbody vertical bending modes,
and Tn(t) is the time coordinate of the natural bending mode n [11, 12].
The suspended masses of the bogies can perform the following movements: bounce zsi, rebound xui
and pitch 6si, with i = 1,2. The vehicle’s axles have two degrees of freedom, thus being able to
complete translation movements on a vertical direction z.+1) and longitudinal xojg+), with j = 2i-1,
and i = 1,2, while each bogie is fitted with the axles j and j+1.
The two vehicle suspension stages are modelled via certain Kelvin-Voigt systems. The primary
suspension is modelled by two such systems that operate upon the translation on the vertical and
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longitudinal directions, while the secondary suspension works through three Kelvin-Voigt systems
— two for the translation (vertical and longitudinal) and one for the pitching. The elements of the
Kelvin-Voigt system that take over the relative angle travelling between the carbody and bogie
will take into account the influence of the secondary suspension. The fact is that the springs of the
secondary suspension bring a pitching couple when the layout plans are not parallel [6]. The
Kelvin-Voigt system on the longitudinal direction between the carbody and bogie models the
transmission system of the longitudinal forces, and the Kelvin-Voigt longitudinal system located in
the axles” plan models their elastic steering.

While neglecting the coupling effects between the wheels in the frequency range that is specific to
the vehicle vertical vibrations, due to the transmission of the bending waves through the rails, an
equivalent model with concentrated parameters will be adopted for the track. To evaluate the
wheel-rail contact forces, the magnitude of evaluating the fatigue stress of the track, it is required
that the selected model consider the elasticity of the track and of the wheel-rail contract.

Table 1. The parameters of the theoretical model of the vehicle-track system

Carbody mass mc = 34000 kg
Carbody bending mode EI=3.2-10° Nm?
Carbody length L=264m
Carbody wheelbase 2ac=19m
Carbody pitch inertia moment Jo=7.6 kgm?
Vertical rigidity of the secondary suspension 4kze = 2.4 MN/m
Longitudinal rigidity of the secondary suspension 2kxe =4 MN/m

Carbody-bogie pitch angle rigidity

2kgc = 256 kNm

Vertical damping of the secondary suspension

4c.c = 68.88 kINs/m

Longitudinal damping of the secondary suspension

2cxe = 50 kNs/m

Carbody-bogie pitch angle damping 2¢ge =2 kNm
Bogie mass mb = 3200 kg

Bogie pitch inertia moment Jo = 2048 kgm?
Bogie wheelbase 2ap=2.56 m

Vertical rigidity of the primary suspension

4ks =4.4 MN/m

Longitudinal rigidity of the primary suspension

2kx =70 MN/m

Vertical damping of the primary suspension

40 =52.21 kKNs/m

Longitudinal damping of the primary suspension

2cxb = 50 kNs/m

Axle mass mo = 1650 kg
Rail mass (under the axle) =175kg
Track vertical rigidity kzs 70 MN/m

Track vertical damping

czs = 20 kNs/m

Wheel - rail contact rigidity

ku =1500 MN/m

Height of the carbody centre of mass compared to the secondary suspension hc=13m
Distance between the bogie centre of mass and the primary suspension plan hv1 =0.25 m
Distance between the bogie centre of mass and the secondary suspension plan hrz =0.2 m
Load on the wheel Qo=58.75 kN

Thus, against each axle, the track is represented by an oscillating system with one degree of
freedom that can move on the vertical direction, where the corresponding displacement is zsj(+),
where j = 2i-1. The elasticity of the wheel-rail contact is modelled by introducing certain elastic
elements with a Hertzian type linear feature, of rigidity k.

The track irregularities against the axles are described by the functions j+1), where j = 2i-1, fori =
1,2, depending on the distance along the track [11, 12].

The vibrations of the vehicle-track system detailed in a system comprising the movement
equations of the carbody, bogie i and of their corresponding axles j, and j+1, respectively, where j =
2i-1, as well as of the rails’:
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where pc = m¢/L, §(.) is Direc’s function, Fx, Fzi and Mi — the forces and moments derived from the
secondary suspension of the bogie i, Fuj+1) — the forces from the primary suspension, Fuj+1) — the
forces related to the axles’ elastic steering system, Fzs(+1) — the forces from the track and oQj+1) —the
vertical dynamic forces of the wheel-rail contact

AQj (j+1) = ~kH [Z0),(j+1) = Zgj,(j+1) ~Mj,(j+)]- ©)
While applying the modal analysis method, the carbody equation is changed into four movement
equations that correspond to the rigid modes of carbody vibration (bounce and pitch) and to the
first two natural modes of bending, symmetrical and antisymmetrical.
Consequently, the vibrations of the vehicle-track systems are expressed by a system of 22 coupled
equations. An appropriate selection of the coordinates and a processing of the system of equations,
this will decompose itself into two independent systems of 10 equations each and two more
decoupled movement equations. The two systems describe the symmetrical and antisymmetrical
movements of the vehicle-track system [18].
3. EXPERIMENTAL DETERMINATIONS
To validate the theoretical models of the railway vehicles, a series of distinct trials are performed,
inculding the trials during low velocity circulation. The results thus derived can be used to
validate certain dynamic characteristics of the vehicle model [4].
This section describes the experimental determinations that help validate the theoretical model of
the railway vehicle previously introduced. The test velocities were of 5...7 km/h on a passenger
vehicle class I, series 10-90. The experimental determinations aimed to measure the vertical
accelerations in the vehicle carbody, and the accelerations spectra based on the registered data are
the reference base during the validation process of the vehicle’s theoretical model. Similarly, to
determine the excitations due to the irregularities in the track it is required to measure the vertical
accelerations in the axles” boxes, as they are further used in the numerical simulations of the
railway vehicle’s dynamic behavior as input values that define the system disturbance.
The system used for the experimental measurements (figure 2) includes the components of the
accelerations measuring system, of the system of data acquisition and processing, as well as the
GPS receiver meant to monitor and register the velocity.

Figure 2. The system of measuring, acquisition Figure 3. The mounting accelerator to measure the
and processing the experimental data. acceleration in the carbody.
To measure the accelerations, Briiel & Kjeer type 4514 piezoelectric accelerometers have been used.
They have been mounted, as case may be, on a metallic support of a specially designed shape for
measuring the accelerations on the vertical and horizontal direction in the carbody (figure 3), as
well as on the axles” boxes, for measuring the vertical accelerations at their level (figure 4).
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Figure 4. Mounting the accelerometers on the axle boxes

The equipment for the acquisition and processing of the experimental data is represented by the
assembly comprising the chassis of the acquisition and processing the NI cDAQ-9174 type data
where the NI 9234 serial module is being mounted that is meant to take over and integrate the data
flow from the accelerometers. The system of measuring the accelerations is connected to a laptop
featuring the LabVIEW software.

The NL-602U type GPS receiver is integrated into the measuring system, so as to monitor and
register the vehicle velocity. It is connected to the u-Center navigation software, which provides a
series of facilities of monitoring, registration and rendering the navigation data for various test
scenarios.

Figure 5 shows the graphical interface of the application made in the LabVIEW environment for
recording the experimental data. Here, the two diagrams exhibit the vertical accelerations

measured on the two axle boxes.
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Figure 5. The graphical interface of the application for recording the experimental data
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Figure 6. The graphical interface of the application for the analysis of the experimental data
The recorded experimental data are analysed via an application, also made in the LabVIEW
environment, whose graphical interface is presented in figure 6. The diagram on the first line
contains a 2-minute sequence, extracted from the recordings of the accelerations’ amplitudes
measured on the two axle boxes. The two recordings can be told apart by the color thus assigned:
white — the acceleration measured at the axle box in the traffic direction, on the left side; red — the
acceleration measured at the axle box in the traffic direction, on the right side. The sequence
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selected from the recording, displayed in the diagram on the second line, is subjected to the fast
Fourier transform (FTT), thus obtaining the rms acceleration spectrum that can be visualized in the
diagram in the window right corner. In this case, it is about two spectra overlapping in the same
diagram, corresponding to the accelerations recorded for the two axle boxes.

4. THE VALIDATION OF THE VEHICLE THEORETICAL MODEL

This section deals with the validation of the theoretical model adopted for the study of the railway
vehicle dynamic behavior on the vertical direction during the circulation on an irregular track. The
validation process requires the comparison of the results derived from the numerical simulation
programs of the vehicle dynamic behavior and those coming from the analysis of the experimental
data recorded during travelling at a low velocity.

The validation criteria aim the vehicle resonance frequencies and the magnitude of the vertical
acceleration in two reference points of the carbody, namely in its center and above the bogie. To
this purpose, the rms acceleration spectra from experiments and theory are compared, noticing
that the reference elements in the validation process are represented by the resonance frequency
and the accelerations synthetized from the results of the experimental measurements.
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Figure 7. The analysis of the vertical acceleration in the carbody center
o’

03f---
o 08f--
é 07 f---
o 0B
E o5}
§' [ ] .
T 03f--
e

o1
S i bl St e e A
S 1 11 12 15 14 15 01 2 3 4 5 B 7 8 89 1011 12 13 14 15
Frequency Frecwenta [Hz]
(a) ()]
Figure 8. The rms acceleration spectrum in the carbody center: a) experimental; b) theoretical
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Figure 9. The analysis of the carbody vertical acceleration measured above the bogie
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There has been considered a recording of the vertical acceleration measured in the carbody center
at velocity of 6 km/h, by applying FFT, and we have the rms acceleration spectrum, as in figure 7.
Further on, the figure 8, a, features the spectra of the rms vertical acceleration obtained from the
experimental data, with the help of the numerical calculation program (8, b). Upon comparing the
two diagrams, the peaks of the dominant resonance frequencies can be noticed on both spectra,
namely the low resonance frequency of the bounce movement at 1.17 Hz and the frequency of the
carbody symmetrical bending at around 8.2 Hz. Similarly, the resonance frequency of the pitch
movement in the bogie at circa 9 Hz is visible.

To apply the validation criterion of the acceleration magnitude, the values corresponding to the
peaks of resonance frequencies of the carbody symmetrical bounce and pitch will be compared. It
should be noticed that the accelerations above have the same value range on both spectra, also
close in values 0,9-102 m/s?, at the resonance frequency of the low bounce; 0,4-10% m/s? at the
resonance frequency of the carbody symmetrical bending. Further on, a sequence in a recording of
the vertical acceleration is being taken into account, measured above the front bogie in the traffic
direction (see figure 9). The diagram featuring the rms acceleration spectrum is extracted and
presented in figure 10, a, along with the rms acceleration diagram derived from the vehicle
theoretical model (figure 10, b) for the comparison purpose.
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Figure 10. The rms acceleration spectrum above the bogie: a) experimental; b) theoretical
A parallel analysis of the two diagrams will identify the main vehicle resonance frequencies in
each of them. On the one hand, it is about the resonance frequencies of the symmetrical
movements — the low frequency of the bounce movement at 1.17 Hz and the frequency of the
carbody symmetrical bending at 8.2 Hz and, on the other hand, at the resonance frequencies of the
antisymmetrical movements — the low frequency of the pitch movement at around 1.8 Hz and the
high frequency of the pitch movement at circa 9.3 Hz.
Later on, the second validation criterion of the vehicle theoretical model is being applied, aiming at
the magnitude of the vertical accelerations. For this purpose, the values of the accelerations
corresponding to the peaks of the dominant frequencies are dealt with, namely the low frequency
of the pitch and the symmetrical bending frequency. While examining the two diagrams, it can be
noticed that the rms acceleration value is around 1,2-102 m/s? for the bounce resonance frequency.
Further, the value of the rms acceleration can be read on both diagrams and corresponds to the
peak of the low resonance pitch frequency, which is around 0,6-10% m/s?. Finally, the rms
acceleration against the peak of the resonance frequency of the carbody symmetrical bending is
identified at circa 0,3-102 m/s2. The observations that are based on the comparisons between the
rms acceleration on the vertical direction from the analysis of the experimental data and the ones
from the numerical simulations will allow the validation of the vehicle’s theoretical model.
5. CONCLUSIONS
The dynamic behavior of the railway vehicle can be assessed via two different approaches,
experimental and theoretical, complementary in their nature. The theoretical studies are developed
on an equivalent model of the vehicle, which includes the mechanical model and the numerical
model, validated by comparing the results derived from numerical simulations with the ones from
experimental studies made on the vehicle under discussion or a similar one.
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The paper introduces a complex theoretical model of the vehicle-track system, which looks at a
series of factors that influence the dynamic behavior on the vertical direction of the railway
vehicles. While travelling on an irregular track, this model can help evaluate the dynamic behavior
of the railway vehicles in terms of the ride quality, the vibrating comfort and the fatigue stress on
the track.

The theoretical model to be recommended is validated according to the results derived from
dynamic trials at train low velocity by measuring the vertical accelerations in the vehicle carbody.
The comparison elements that regulate the validation criteria, namely the main vehicle resonance
frequencies and the magnitude of the rms vertical acceleration in two reference points of the
carbody — in the center of the carbody and above the bogie, are extracted from the acceleration
spectra coming from experiments and numerical simulations. The correlations of quality and
quantity nature between the results coming from the experimental and theoretical data will allow
the validation of the presented theoretical model.
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