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ABSTRACT

Acoustic comfort in the interior of the trains iskay parameter in the design of modern
trains. Moreover, European legislation of interogbility sets limits of interior noise in
driver's cab. New hybrid methodologies includingipling between FEM/BEM/SEA make it
possible to carry out useful predictions in an isttial environment. ALSTOM is applying
these techniques in the development of modernsttaimchieve human friendly products for
passengers and train personnel.

This paper presents investigation work relatedhe tnderstanding of how structureborne
energy travels through a high speed train structanel radiate noise in the driver’s cab. To

understand the physics involved, the « Hybrid FE&/SEnethodology was used. This method
allows for a deep understanding of the propagatudnenergy from the bogie/equipments
attachment points to the ear of the driver.

Included in this paper there is a preliminary wqré&rformed on a high speed train showing
the main structureborne paths to focus on. FEMnIi(Ei Element Method) vibration
simulation is correlated with experimental data aheé results are presented and compared
with vibro-acoustics simulation results using « H§FE/SEA ». Finally, the preliminary
results show that the simulation models are pradicsince it follows a fixed preset model
building process and provide a good level of accyragainst test data

1 INTRODUCTION

High speed trains are today a reality connectitigs;i hubs and regions. The use of
railway transport instead of other means (aviatiamtomotive,...) is clearly a more
environmental friendly solution. However, the irmse of speed of these systems could carry
other secondary effects affecting to the environnse to the comfort of users and train
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personnel. European union has regulated with threcbve 96/48/EC-2008/32/EC [1] (as
known as Technical Specifications of Interoper&pilthe noise emission levels and interior
noise levels for the driver's cab of conventionadahigh speed trains. This directive is
affecting all the new train designs and refurbishingrojects and therefore is leading the
industry to achieve the noise targets to homologtteproducts. Alstom Transport, is
designing its products to be compliant with TSI andbtain competitive targets in aspects
where TSI is not applicable (like passengers cotnfor

Alstom Transport high speed products have beervinpfrom previous TGV (Orange TGV)
up to last development AGVA(tomotive Grand Vitesgelhe work in this paper is focused in
the previous development of AGV, Duplex TGV.

Duplex TGV is an articulated train with a drivingcbmotive as can be seen in the following
layout:
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Before focusing in whatever type of prediction noetblogy and frequency range of interest,
it is necessary to know experimentally what are ri@n contributions paths (airborne,
structureborne) and the frequency content of eaehod the main paths.

2 EXPERIMENTAL TESTS IN DUPLEX TGV DRIVER’S CAB

Alstom Transport has developed a technique baseGlaial Transfer — Direct
Transfer methodology (GTDT), internally called META (in collaboration with ICR
company). META-X is a technique based in transfathpanalysis following the “signal”
methodology and not the “force” methodology [2-3his technique has been applied by
several automotive manufacturers during the 90-5][dnd has been updated during last
years. The main objective of the technique is tangjfy the main vibroacoustic transfer paths
in a rolling stock.

The main advantage of META-X technique is its aggiility to a rolling stock projects,
where normally there is no prototype available:

* No need to estimate forces or measure forces

» Testing time reduced

* Frequency range of use

» Panel contribution and structureborne path coulthbasured at the same time
» Adapted to railway industry

META-X technique has been applied in the drivei&d of TGV Duplex to breakdown the

main contribution panels and to rank the importaheedifferent structureborne paths.

2.1  Description of the tests

The front bogie and the driver's cab were instrur@éno quantify structureborne
noise and panel contribution to driver’'s head posit
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Structureborne noiseAttachment points of the bogie, traction motod agearbox to the
bodyshell were instrumented with accelerometersraer to control the vibration coming
from these points and going through the structarghe interior of the cab. The main
attachments measured were the following (see Figura) antiyaw dampers (left/right), b)
vertical dampers (left/right), c) transversal dampi¢ traction motor link, €) gearbox links.

Panel contribution All the main panels around the target microphorsede the cab were
instrumented with accelerometers and control micoojes.

Antiyaw damper link Vertical damper link Gear baxk
Figure 2:Example of structureborne paths measured

The methodology of GTDT needs two different typeegperimental data coming from 2 type
of tests:

« Static testsFRF (Frequency Response Functions) aadopower spectravith the
train completely stopped and all the equipment wih hammer excitation that
carachterize the dynamic inherent behaviour okffstem

e Dynamic tests: vibration and noise measurementkl thi¢ train running along the
track at different speeds that corresponds to #awour of the system in operating
conditions

Once both tests are completed, noise contribuframs each path are computed.

2.2 Tests results

In Figure 3 it can be observed overall noise levedmsured inside the driver’s cab at
the height of the driver’s ear fk;). Measurements were done at 300 km/h with tractitort
to keep a constant speed and without tractionifagteAn influence of the traction effort can
be seen at the 1/3 octave of 2000 Hz due to geartatxibution mainly.

TGV Duplex Cab interior noise
at 300 km/h. 53 dB between each main division line

—Run12: 80z a £5s no tradion
—Run12: Bés o ?8s no fraction

—Run15: 71z a 8le no tradion
—Run12: 205 a 30s tradtion —
——Run12: &és o 725 traction
——Run15: 0z o 9s tradion

«BA

20 25 315 40 50 &3 80 100 125  1&0 200 250 315 400 500 430 800 1000 1250 1400 2000 2500 3150 4000 5000
173 oer. [Hz]

Figure 3: SPL measurements in driver’s right eaitmm with traction effort and
without it
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In Figure 4, it can be observed the range of fragies where the main paths are contributing
showing a meaningful contribution to overall noésddéow and medium frequencies.

SPL Average Spectrum measured and synthezised contributions

dBA

- |—Antiyaw Left

—Antiyaw Right

| |—Vertical damper

—Gearbox

—Motor
Structure borne synthezised |

—Driver's right ear Microphone

10°

Freq. [Hz]
Figure 4 : Structureborne noise paths contributions

Analyzing the values measured in overall leveldbeclusions are that structureborne noise is
close to be 50% of the overall noise level instliedab, as can be seen in Table 1

Measured -
Test condition Structureborne
synthesized
Driver's cab in rear
position, without traction -3.2dB
Drlygrs ca_tb in fro_nt 22dB
position, with traction
Drlygrs ca_tb in fro_nt 36dB
position, with traction

Table 1: Difference between SPL level measuredsamttureborne contribution synthesized

Grouping all the different contributions give thresults in Figure 5, where it can be seen that
the main contributor is the antiyaw damper link.
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SPL Overall levels measured and synthesized contributions

Driver's right ear microphone

Structure borne Synthezised

dBA
Figure 5: Structureborne paths contributions ierall levels

As a conclusion from the measurements and anabtsigstureborne in the driver’'s cab is not
negligible at all and it covers a wide frequencyga It is influence can be up to 50% of the
overall noise level. This is the main reason whig iheeded to apply whole frequency range
prediction techniques in future developments toieaeh noise targets at very high speeds.
Furthermore, aeroacoustic excitation of the drivetab is transmitted mainly through

structureborne path (panels excited by turbulesw flvibrating and radiating noise into the

cabin).

3 INTRODUCTION TO HYBRID FE/SEA (FROM [6])

3.1 Hybrid FE/SEA method

A hybrid FE-SEA method ideally combines the lowginency performance of the FE method
with the high frequency performance of SEA to prala robust method that can be applied
across the whole frequency range. However, thelogupf FE and SEA into a single model
is difficult because the methods differ in two wag$ FE is based on dynamic equilibrium
while SEA is based on the conservation of energw,fland (ii) FE is a deterministic method
while SEA is inherently statistical. Recently Sleorand Langley [8] have developed a new
method of realising this coupling, which is basedx@ve concepts rather than the modal type
of approach employed in reference [7]. At the heatihe method is a reciprocity result [9]
regarding the forces exerted at the boundariesndbBA subsystem. The method is briefly
explained in the following paragraphs, It can béedahat references [8] and [9] contain a
more formal and rigorous derivation of the hybridthod than that reported here.

In the mid-frequency range some components of apt®mstructure (for example thin
panels) display short wavelength vibrations and seasitive to the effects of random
uncertainties, while others (for example beams)wshittle variation in their dynamic
properties and are essentially deterministic. & higbrid method proposed by Shorter and
Langley [8], the deterministic components are miedeby using the finite element method,
while the random components are modelled as SE8ystdms.
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A key feature of the method is the concept of a€ifield” or “power absorbing” dynamic
stiffness matrix associated with each SEA subsyst@nsider for example a thin plate that is
excited at the boundaries. The excitation generate®s that propagate through the plate and
are reflected repeatedly at the boundaries; the thtnamic stiffness matrix of the plate,
phrased in terms of the edge degrees of freedom, cbhatributions from all of these
reflections. Suppose now that the response is dawdwo parts: 1) The contribution from
the initial generated waves, prior to any boundaflections. This can be called the “direct
field”. 2) The contribution from waves produced the first and all subsequent reflections.
This can be called the “reverberant field”. Theedirfield dynamic stiffness matrix can be
defined as that resulting from the presence offihect field waves — this matrix corresponds
to “power absorbing” behaviour, in the sense thatdirect field waves all propagate energy
away from the boundaries. Such a matrix can bed@malytically for each of the subsystems
by a variety of methods.

3.2  The Hybrid FE/SEA equations

The starting point for the hybrid method is to itiignthose parts of the system
response that will be described by SEA subsyst@ims.remaining part of the system (which
can be considered to be the “deterministic” pat)hen modelled by using the FE method.
For example, it might be decided that the bendimgions of the panels of a structure have a
short wavelength of deformation and will be dessdilusing SEA subsystems. The bending
degrees of freedom of these panels will then betedhform the FE model of the system, at
all points other than the panel boundaries. Theveeit “direct field” dynamic stiffness matrix
is then added to the FE model at the panel bousglaaind this augmented FE model is then
used in the subsequent analysis. If the degreeseeiom of the deterministic part are
labelled g, then the governing equations of motimn harmonic vibration of frequency
say) will have the form

D, a=f+> f%, D, =Dy+> D§ (1,2)
k k

The summation is over the number of SEA subsystertiee modelDY, andDq represent the

direct field dynamic stiffness matrix associatedhwsubsystenk. FurthermoreDd is the
dynamic stiffness matrix given by the finite elerhemodel of the deterministic part of the
system,f is the set of external forces applied to this dirthe system, and represents the
force arising from the reverberant field in subeysk, which is not accounted for B, . The

matrix Dy IS the dynamic stiffness matrix of the FE modedc(eding the SEA subsystem
degrees of freedom), when augmented by the direltt dlynamic stiffness matrix of each
SEA subsystem. It should be noted that equatiopsrgdl (2) are exact — all that has been

done is to split the forces arising from the SEAssistems into a direct field part, which is

accounted for byD¥,, and a reverberant part which is carried to tightrihand side of

equation (1). The following result (Shorter and glay [9]) is central to the development of
the hybrid method:

rev 'rev
k

s =l 1= 45 mfos) ®
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Here Ex and ng are respectively the (ensemble average) vibrdtienargy and the modal
density of thekth subsystem. Equation (3) implies that the crosstsplematrix of the force
exerted by the reverberant field is proportionalh® resistive part of the direct field dynamic
stiffness matrix, which is a form of diffuse fialdciprocity statement.

These basic equations can be combined and rewtdtkad to the following energy balance
equation for subsystem j:

akn; +110, )+ @y (€, /n ~E/n )= B2 @
k

And the cross-spectral matrix of the response coeanritten as follows:

i} 4E . (5)
k

awrim,

Equations (4) and (5) form the two main equationghef “Hybrid FE/SEA” method. It is
clear that these equations couple FE and SEA metbgiést equation (4) has precisely the
form of SEA, but the coupling loss factofg and loss factorgy; are calculated by using the
FE model augmented by the direct field dynamicrsti$s matrices; furthermore, equation (5)
has the form of a standard deterministic FE analysi$ additional forces arise from the
reverberant energies in the subsystems. If no SEBAystems are included then the method
becomes purely FE; on the other hand, if only timetjons between the SEA subsystems are
modelled by FE, then the method becomes purely SE#, avnovel method of computing
the coupling loss factors.

4 SIMULATION. A PRELIMINARY STUDY

Building predictive models for structureborne noisas been simplified by the
introduction of the “Hybrid FE/SEA” method. No needbuild separate models and try to
stretch low and high frequency methods beyond tliits and hope for the best. The
“Hybrid FE/SEA” method uses the benefits of both FEE &EA method and provides the
engineers with the means to couple these methodsdge the mid-frequency gap that was
traditionally unreachable.

The implementation of the “Hybrid FE/SEA” methodologythe commercial software VA
One [10] enables engineers to build a model thatides both FE and SEA subsystems and
to automatically couple the subsystems togethere rEsult is a single model in a single
environment that can be solve locally or on a elust

Different strategies can be adopted when buildidgbtid FE/SEA” models. One can decide
to model the structure using FE and model the flusiag SEA making the model building
process quite simple and fast. In fact, the stmattFE model can be used as is. Only SEA
cavities have to be created and connected to thetste. A more refined approach looks at
the structure itself and finds appropriate candislategions to be modelled as SEA. Once
identified, the SEA subsystems and FE subsystemere@ated and connected. Then sources
are defined and the model is ready to be solved.
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4.1 The structure studied

In this study, the focus is placed on the front dithe locomotive called the cabin.
The rear part of the assembly is referred to adbtity. The cabin structure is composed of
beamlike components, small and large panels. Tymps of structure is ideal for Hybrid
FE/SEA methodology since the beamlike componentsbeamodelled as FE and the panels
as SEA. Some components such as the floor pdreelvindscreen and the side glasses are
built from layers of different materials bonded dtdwer. The front part of the cabin is
designed for crash & safety purposes and finakydébin is covered by a polyester nose.

Figure 6: TGV Duplex Locomotive Cabin — a) Extermgw, b) Interior view

4.2  Model building process

In the case of the locomotive cabin simulation, shecture is divided into SEA and
FE regions. The process to decide whether a regjonild be modelled as FE or SEA is
mainly based on mode count. The frequency of ésters 100 to 1000 Hz. One of the
benefits of the “Hybrid FE/SEA” method is the retion of the number of FE degrees of
freedom (DOF) since these are replaced with a S&&niption of a region. It allows the FE
mesh to be refined and attain higher frequency with same initial number of degrees of
freedom. Itis common knowledge that an SEA sulesyshould contain a minimum number
of modes at the lowest frequency of interest todi&l. In this preliminary study, a criteria of
3 to 5 modes per 1/3 Oct. band was used. Thewuwlilp figure shows a preliminary
partitioning based on this criterion.

Right Panel 1
Right Panel 2

Left Panel 1
Left Panel 2

Force location

Figure 7:a) Full FE modeb) "Hybrid FE/SEA" modet) Location of force (violet arrow) and
virtual accelerometers (Blue dots).

Once the FE and SEA subsystems are created, amatitoalgorithm connects all
subsystems where node connectivity is found. Raflg the partitioning of the model,
different sources can be defined. For this prelany study, a unit force is applied at a stiff
frame location under the cabin (See Figure 7).Udiraccelerometers are created on the FE
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content to enable the computation of average resgpon the full FE content and comparison
with SEA mean acceleration predictions. The onlyasueed data used in this model are the
damping loss factors (DLF) of the assembled BIWirtal#t this point, comparison between
full FE and “Hybrid FE/SEA” results is possible. igkre 8 shows comparison between
acceleration levels for 2 panels on the right silehe cabin modelled as FE vs hybrid
FE/SEA.

Average Response on Right Panel 1 Average Response on Right Panel 2
Excitation point: 207485 Direction: +Z Global Coord Excitation point: 207485 Direction: +Z Global Coord
l ' === l ; ; e
#FE/SEA | ‘ » FE/SEA
_ 10dB ! ! ! &~ Full FE 10dB \ —a-Full FE |
4 > il I
g g ]
o o \
< < \
\
100 1000 100 1000

Frequency (Hz) Frequency (Hz)

Figure 8: Comparison between full FE and “Hybrid$EA” prediction on two panels of the
right side of the cabin (Left= panel 1, Right= pla2)e

4.3  Experimental testing

A measurement campaign was performed to ensureeprsipulation process is
adopted. A single cabin was followed on the productine to ensure measured data was
providing insight on a particular structure and dat include any variability from one cab to
the other. The tests performed included a modalyais of the cab in a free-free condition
(see Figure 9). Also over 100 FRFs were measurea feeries of different configurations
assessing the effect on the cabin vibration respdmeni) residual stress after weldinig
damping paintii) attachment of cabin to bodly) attachment of polyester noggattachment
of windshieldvi) addition of trim, cockpit, seat ... Furthermore,neéntal tests are performed
on some complex components such as the laminawshigld and multilayer floor. Finally,
the fully trimmed configuration is tested for viicm and acoustic response.

e ax

Figure 9: Experimental modal analysis setup ofditieer’s cab BIW

Since the “Hybrid FE/SEA” model relies on the FEIGEA description, it is imperative that
the FE model be well correlated with test data.cukacy of the results will depend on this
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correlation when comparing test data with simufatioThis correlation is under way and
therefore results presented here should be coesider preliminary.

4.4  Preliminary results

As stated earlier, the aim of this study is to bke &0 model properly the structureborne noise
paths from the different sources in the bogie amkklof the traction equipment to the sound
pressure levels in the cabin. Once this modellmgnastered in the frequency range of
interest, design changes can be applied to the Inaodiedesign decisions can be taken and
verified afterwards. The preliminary comparisonstween test data, FE and FE/SEA
simulations are mainly focussed at this point am structural transfer function between the
source points in the area of the bogie and theatidor of the panels and beams of the
structure. Figure 10 shows comparisons betweersunead and predicted FRF from a force
underneath the cabin (see Figure 3) to panel Ranmdthe left side of the cabin.

Average Response on Left Panel 1 Average Response on Left Panel 2

Excitation point: 207485 Direction: +Z Global Coord Excitation point: 207485 Direction: +Z Global Coord

¢ | I | || Test | l ——Test |
—_ | FE/SEA =, FE/SEA
g 10 dB _ S S 3 10dB ‘ ‘ | —FulFE
2 X 4 | | 1 LT E N s e
X ' S | \
< - T 0 2 < ., E — e 8 -
o \ | = \ t
g @JZ am—— 1= ; > e
3 1 =5 = S | ] - !
& | b !

! 1 ]

100 1000 100 1000
Frequency (Hz) Frequency (Hz)

Figure 10: Comparison between average accelersgponse due to an unitary input force
for paneld_eft Panel landLeft Panel 2

Considering that the FE model is still being catedl with test, preliminary results show a
reasonable level of accuracy for transfer functlmiween the source points and panel
vibrations. When test data become available fag #toustic radiation path further
comparisons will be possible.

5 FUTURE WORK

A deeper investigation on the modes in band catewill be performed to see how far
down the frequency range can the SEA subsystempsigieed. Modelling of the floor panel,
windshield, side glasses, polyester nose, cockpulttem will also be investigated. Finally,
the acoustic path will be included in the modehifow prediction of SPL at the driver’s head.

6 CONCLUSIONS

An hybrid FE/SEA prediction methodology has beepliad to a real industry case.
The results obtained are quite promising showirggp@d correlation between FE prediction
and FE/SEA hybrid methods, allowing in the futuvesork with hybrid models to represent
the vibroacoustic behaviour of high speed trainshim whole frequency range. The use of
FE/SEA hybrid models covering the medium-high freqey range allows to handle the type
of problem described and it will be specially uséfu large models (like the whole driver’s
cabin or passengers area) where classical FE macefsot possible to work with.
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The results obtained show a good accuracy for iv@ton prediction at frequencies higher
than 200 Hz, nevertheless further efforts are mkeeincrease the accuracy at lower
frequencies by having a better FE/Experimental rhbdsis correlation.

The software tools for the hybrid FE/SEA used dytinis application have showed a good
integration into the industrial process. The tedbgy is being integrated into the Alstom

design process to assure reliable structureboriee mwedictions during early stages of the
design of a new product.
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