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ABSTRACT — Brake squeal impacts trains during staparking, generating over 110 dB at
the wheel vicinity. This disturbance is a problesndommuters and employees working close
to trains and limits exploitation times. The ontjstable parameter is here the brake pad,
since it is the only part with frequent replacemegfarding the railway equipment lifetimes.
To improve current pad design to limit noise enwissia numerical prototyping tool is
required, providing noise level indicators posttesl from transient simulations of industrial
brakes. Such realization is impossible withoutlevant reduction strategy. The CMT
(Component Mode Tuning) method integrated by SD3 owmdkes this feasible. This model
reduction is not only necessary to transient sitimaria but also to reduce the global
computational cost of all intermediate operatidnghe proposed approach, the pads must be
kept unreduced to allow their interchangeabilityt imvariant brake parts can be reduced.

A reduction basis is only relevant if it providearate results for various configurations of a
reduced parametered model. A study of the systdorcton basis sensitivity must be
undertaken, which is this paper main objectiveeAsstivity study methodology is then
proposed and results in the form of reduced mool&/ergence are eventually presented.

INTRODUCTION

Brake squeal impacts trains during station parkipgrations, generating over 110dB at the
wheel vicinity. This disturbance is a problem ftateon employees working close to trains,
and commuters. It also limits train exploitatiorspibilities, and European regulations on
train noise emissions are tightening. Brake systesign is however fixed on trains due to
homologation constrains and long equipment lifetiiifee only adjustable parameter is here
the brake pad, which needs frequent replacemeetbiidke pad market is then very dynamic
with competition between several suppliers shaowvey 30 million euros per year for the
TGV (high speed train) only.

Although design of mechanical assemblies has stiramatic evolution in the past decades,
friction induced instabilities in brake systems e@ns unassessed. Initial engineering choices
are oriented toward performance constraints that hoise reduction solutions. The

difficulty to properly model contact roughnesslat structure level also prevents any
simulation to be robustly predictive, however trerdn be found that can orient design
towards quieter brakes. Furthermore, current coatjmunal power makes accessible
simulation of industrial structures. Developinguamerical prototyping procedure efficient
regarding output trends and also simulation timeablen the challenge undertaken by SNCF
(the French railway agency) and its partners inAbeuFren project. The main objective is to
provide robust noise level indicators to new pasigies before prototyping for TGV (high
speed train) and a regional train. Updated brakdetscthave been generated, presented in
figure 1. These models feature between 850,00A &@D,000 DOF (degrees of freedom).
Although numerical simulations are here availablesteady sliding and complex modal



analysis, computation times make direct parameinnulations impossible. Performing
transient simulations, necessary to obtain noratinération levels is also not directly
feasible.

Figure 1. Industrial railway brakes. Left: the T®¥xake (disc mounted on the axle), 850,000 DOF. Righ
regional train brake (disc mounted on the wheef§0Q,000 DOF.

The CMT is a recent reduction method developedbyauthors (1) that provides a very
efficient framework for quick parametric studiessystem redesign. Contrarily to the
classical Component Mode Synthesis (CMS) methdesfull modes of a nominal
configuration of the system are considered acclessMthough ambitious, this assumption is
nowadays reasonable thanks to the continuous se@acomputational power and the
emergence of multi-level algorithms.g. AMLS eigenvalue solvers). This reduction method
allows generating highly compact models with exarnhinal modes. It then allows
parametric setups around the nominal configurabasuickly evaluate the system behavior
evolution. It was used here to generate a hybddeed model allowing pad switching. To
ensure proper prediction over any pad design,gfieation basis may need to be enhanced.

This paper first presents the TGV brake model wghvorking parameters and the detailed
CMT application. The full system deformations basssitivity to the brake parameter is
then studied to choose a relevant reduction békeslast section presents results of the
reduced order model convergence.

1. THE COMPONENT MODE TUNING METHOD (CMT) AND ITS
PARAMETRIZATION APPLIED TO THE TGV BRAKE

The industrial TGV brake system

The industrial brake studied in this paper is tl@@mbraking organ of the French high speed
train (TGV), as presented in figure 1. The systwaliis composed of a disc mounted on the
wheel axle through a hub (rotor), and a rig fixedhte bogie (stator). The rig is composed of
two levers linked by rods to the bogie that préssgads into the disc when the actuator is
pressurized. 4 pads are mounted in each brake [idldgrs). On a real train, four of these
systems are fitted on each wheel axle. The sinmnatpresented in this paper focus on a
single system, in accordance to the test benchgroations used by the SNCF.

Every large component of the brake system has teelelled using Finite Elements, and
updated through correlation of experimental measardgs. Connections in the rig and disc
are represented with structural elements (beamss,msprings, bushes) allowing to properly
take into account the connection types and the mnadstiffness of the bolting. The system
mechanical clearances have been fixed and a procbds been developed to place the
system in kinematic position where the pads amemo clearance with the disc, as function of
the pad height. To avoid mesh incompatibilitiethatpad/disc interface, a procedure was also
developed to remesh on the fly the disc sectioretyitig the pad. Exploitation of non-
compatible interfaces is possible, but must beecewith care. This was thus non desirable
for the project.



The pad fixation to the rig has been simplifiecbrigginally features a dove-tail joint fixation
here represented by a stiffness elastic couplimgdsn the surfaces of the pad backplate and
the rig caliper. Such coupling is deemed suffidiergpresentative in effective braking
configurations when the caliper presses the paal thiet disc.

Braking working points are normalized, which sinfypthe parameters to be retained (table
1). For an operating brake, the contact force contufa, the disc angular velocitm and

the friction coefficient p must be taken into aaebd he main difficulty comes here from the
braking pad variation, which adds the pad mdétid and the elastic pad/caliper coupling
coefficientKpg. No link betweerPad andp exists here since [ is taken as the global resulti
friction coefficient, and since wet configuratiomay be studied.

Pad Gl G2 G3
Working parameters Min Max NPoints
Fz 7.5 kN 15 kN 2
vl 0 0.8 3
Om -4 rad/s 4 rad/s 2
Kpg 10° N/mm | 10° N/mm 2

Table 1. TGV brake retained simulation parameteasnes in bold), and chosen values. Pads change the
industrial brake mesh and are thus separated fthar parameters. This table features 72 brake garaiions

For each parameter a variation range must be chaseynthetized in table 1, for the reasons
described in the following:

» Pad Three pad designs are chosen corresponding forofect pilot pads, presented
in figure 2. The first onegi1, is the most common one in current operating TGV
trains, and consists in an assembly of 9 circulatidn pins fixed to a backplate
through metallic rings. The second o2, features an architecture adding flexibility
to the link between its backplate and its 10 pohajdriction pins. The third on&;3,
is of older design and features 9 cylindrical gired to a robust backplate.

« Kpg. In braking configurations this value should bghh{13° N/mm) as the pad is
pressed between the disc and caliper. Howeverldaded areas may exist depending
on the pad that justifies choosing a lower valutegb.

* Fz The braking force is directly commanded in thakiersystem. The values chosen
here are the extreme values used in the squedld@rsh during the project.

* M. Anominal value of 0.4 was chosen as represeetafithe common cases. The
ability to represent wet configurations and possi@ry harsh braking conditions, lead
to consider two more values at 0 and 0.8.

* Om The effect of the angular velocity amplitude ¢ wery clear as it is indirect.
Since the system is not symmetrical the sign oftigular velocity is important to
consider. No other change is expected thus a \wltie 4rad/s corresponding to a
train speed of a few km/h was chosen.

Figure 2. The pilot pads studied in this papemfteft to right, G1, G2, G3.



Decomposition of the TGV brake system for a pargaluction

The industrial brake model presented in the prevgaction can be decomposed into four
parts (figure 3) with specific coupling between leather.

« Thebrake rig whose displacement DOF are notggd,. The brake rig is only coupled
to the pad using the parametered elastic couptifigess Kpg, and is invariant.

» Thepads whose displacement DOF are notgd,. The pads are coupled to the
underlying disc area by contact displacement camg{rand to the brake rig through
the elastic coupling stiffness Kpg. This part canyv

* Thedisc part candidate to contgavhose displacement DOF are notgd. It is
coupled to the disc part outside the contact ayedidplacement and to the pad by
contact displacement constraint. This part can.vary

» Thehub and disc outside contagthose displacements DOF are najggl. It is only
coupled to the disc contacting area. This partvaiiant.

e

Figure 3. Brake decomposition. Left to right: nigds, disc candidate to contact, disc and hubdmutsintact.

In this formalism, the assembled brake stiffnesgimaan be written

Kig Kpg 0 0 ] rig
K. K. 0 0 Apad
— | g pad | . — pa
[Kbrake] l 0 0 ch KJOCJ ’ {qbrake} dac (1)
0 0 Kdoc Kdo ao

The reduction proposed here aims at reducing tsiesysize in its invariant areas.
reducingq,;, andqg,. The reduction basis used for the CMT can be qunedly formulated
as a set of Rayleigh-Ritz vectors spanning a suespithe component displacement DOF.
This can be written as

CIrig ¢rig 0 o 0 qR_rig

_ Qpad _ 0 7 0 0 Qpad
{qbrake} - dac - 0 0 7 0 Gac (2)

Qao 0 0 0 ¢dc qr_do

whereqg ;4 andqyg 4, are the reduced (or generalized) DOF of respdytthe rig and disc
part outside contacf,;, a set of vectors spanning a subspace of thesmatiementp;. a

set of vectors spanning a subspace of the disddeutsntact displacement, arfds the
identity. Noting this reduction bagj%,, |, the reduced brake stiffness matrix writes

[¢ZigKrig¢rig brigKpg OT 0
Kpg®ri Kpaa de 0
[Tan]" [Kprakel[Tan] = o 3)
e 0 de ch Kgoc‘ﬁdo J
0 0 ¢50Kdoc ¢50Kdo¢d0

From thisreduced databaseatrix, changing the pad only requires assemting, Ky,
and the projected matricgs, K, ; andKj,.¢qo-

From the computational performance point of vieengrating reduced order models is not
only relevant if the system size is reduced bui dlthe matrix density is not too altered.



Using traditional CMS formulations, reduced compdrieterfaces must be kept explicitly,
and equation (3) would become

Arig 1 [[¢rl’g_1 _Kr_i;_lKrig_lz 0 0 0 ] qr rig_1
Arig 2 | 0 Vi 0 0 | Arig 2
Apad ; = 0 J Qpaa (4)
Qac 0 0 J 0 dac
dao 0 0 —Ki'Ky, bael \ drao

where the rig has to be split as a pg[}_;that can be reduced and an interfagg , coupled

to the pad that cannot be reduced. The apparifiattachment modes-K,7} ; Ky, 12] and
[—K 2 K40c] raises issues in terms of model size. Indeed theserate potentially large full
blocks in matrices, increasing with the interfaize sFor the TGV brake decomposed as
suggested, the interfaces feature over 30,000 IM@eh would result in matrices weighting
over 6.5GB each. The CMT strength is to permitraplicit reduction of these interfaces,
represented by the compact form of the reducti@msl@). The resulting matrices only
weight 2GB each for the models presented in se@ion

2. CHOOSING A REDUCTION BASIS FOR THE TGV BRAKE CMT MQEL

A reduction basis for steady state sliding (statics

For statics computation, the kinematics providedhaychosen subspace must allow a proper
rig and disc static deformation. The best way tdize this is to choose a family of static
deformations as function of the varying parameters.

Noting gprarke p; the static displacement vector for the parametgy;sone chooses here the
collection of system static deformation restrictedhe rig and disc spanned by the
parameters presented in table 1. This results iifi@ent static states. In addition the
attachment modd%),,q. » | relative to the DOF loaded by the actuator are dddeallow
accurately representing the rig response to thek [Blae reduction bases used in equation (2)
thus write

{d’rtgz [9rigps = Grigps, l/)rig_b]
bao = [ddops -+ Qdop,, Waon]

()

Modal basis sensitivity to the retained workinggmaeters

For dynamics computations, the complex modal bakashew configuration must be

properly approximated by the database reductias.Here impossible to keep all the tested
configurations of table 1 like in statics due te thodel size. Keeping 1000 modes for each of
the 72 configurations of a 1,000,000 DOF systemlavoesult in over 535 GB of data.

Besides this strategy is likely to be irrelevamicsi a lot of redundancy should be found in this
massive amount of data.@. multiple friction pin modes, with same rig deforma).

This exercise was however realized for 500 realesad this paper study to help finding the
most sensitive parameters and to illustrate thgelaariations of system behaviour as function
of some parameters. Figure 4 presents the freqeenomputed for each of the 72
configurations of the TGV brake as function of faameters of table 1.
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Figure 4: 500 first real modes frequencies of tAG GV configurations, sorted by the two most sévesit
parameters.
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It can be seen that depending on the parametefsetiigency distribution can be drastically
different. It is however clear that classes of vatar can be distinguished. These classes are
mainly dependent on the pad and the pad elastigliogu This spread is explained by the
number of local multiple friction pin modes as ftion of the pad. For the pad G3, the pins
are stiffer and rigidly fixed to the backplate, Buhat only a few clusters of friction pin

modes are seen. Pad G2 features a lot of local srddsters due to its flexible fixation.

The real mode shapes computed over all configuraitiwe rather different in a first approach.
Figure 5 presentdirect MAC between configurations for G1. Fz haspdtle impact, but
Om, u and Kpg dramatically alter the MAC diagonal.

N

Figure 5: MAC results for the G1 pad for singlegraeters variations. From left to right, Fz = 7.8.5kN; Om
= -4 to 4rad/s; p = 0.4 to 0.8; Kpg =°1t6 13° N/mm.

Reduction basis sensitivity and enhancement

The modal basis sensitivity seems rather drasticpbe has to keep in mind that the most
influent brake part, the pad, will not be reducEide deformation subspace variation as
function of the parameters must thus be quantd@dponent wisely. For concision matters it
has been chosen to present the reduction basig attige rig only.

To study the reduction basis sensitivity, a nomauadfiguration has to be chosen. The most
common current TGV configuration is thus selecte®] configurations for which only one
parameter varies are selected as variations. Tgewafions are thus retained for this study as
presented in table 2.

Configuration Pad Om [rad/s] Fz [kN] U Kpg [N/mm

Nominal G1 -4 7.5 0.4 16
Fz G1 -4 15 0.4 19

Kpg G1 -4 7.5 0.4 10

Mu G1 -4 7.5 0.8 19

Om G1 4 7.5 0.4 19

G2 G2 -4 7.5 0.4 19

G3 G3 -4 7.5 0.4 16

Table 2: Retained configurations to study the rédadasis sensitivity to the working parameters.



The reduction bases are obtained by restrictindulhyeassembled brake modeshapes to the
rig. An orthonormalization has to be performed lo@ ftig only to sort and remove redundant
data from the modeshapes to generate a basis. dthesimpes orthonormalization yields a
set of vectorgd,;;| such that

[oalinlonl = o
[©7i][Krig][®rig] = [wf]
where[M,,]and K., |respectively are the mass and stiffness of thinrigge conditions.

Equation (6) shows that a pulsatiepis associated to each shape. It is linked to tieegy

necessary to deform the rig to get the shape. Eiglaft presents the frequencies associated
to each reduction basis obtained from the modeshaipie 7 configurations.
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Figure 6: Frequencies associated to each orthoiaadaeduction basis from the 7 retained TGV brake
configurations. Left: global view. Middle: MAC coratation between the orthonormalized shapes of the
nominal configuration against the free brake rigde®m Right: MAC error diagonal.

Figure 6 shows two very distinct areas. A firsteageouping the first 200 shapes shows very
comparable frequency evolutions for all reductiasds, while for the last 300 shapes, more
variations occur. Looking first at the common padgquencies are in the order of the brake
modeshape frequencies and seem rather similar. 8ieein fact a recombination of the free
brake rig modes. The Rayleigh quotient theory @rplaow this is possible, and this can be
verified here by computing the free rig modes aaedggming a MAC in figure 6middle
between the orthonormalized shapes of the nomordlguration and the free rig modes. The
diagonal MAC error is under 0.1€. a MAC of 99.9%). Thus for all reduction basesddst
the free rig modes until the frequency cutoff af thodeshapes (~10kHz) are found.

In the second area of figure 6left, it can be oleseéthat the highest frequencies are very high,
which is explained by the fact that these shapegxsiracted from non natural rig deformation
shapes, and refer to what is commonly called erdrasot (1). A way of comparing the high
frequency differences is to generate a full redurcbasis gathering the restricted modeshapes
of all configurations, and using the orthonormdl@a of equation (6), corresponding results
are provided in figure 7. From an original set (@ full brake modeshapes, 1,546 shapes
are generated. The vertical dotted lines in figukustrate the reduction basis increase due to
each configuration, following the order of table 2.
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Figure 7: Left: frequencies associated to the rédndasis obtained from the concatenation of alhmed
modeshapes of the 7 configurations. Right: Stragrgy ratio contained in the pad holder for eacpstof the
reduction basis. Dotted lines show separations detveonfigurations. Fz and Kpg lines (the first)name
overlaying (Fz had no reduction basis increasecffe




Looking at figure 7left, it can be seen that thestrelevant parameters remain the pads and
Kpg (Fz has no effect at all). Looking at the elefrstrain energies associated to each shape
allows understanding where the displacement inftionas the most sensitive. It is in fact
mostly located in the pad holder. Figure 7rightvefithat for the free rig modes, strain energy
is distributed in the rig so that the pad holdezsinot get over 70% of strain energy, while for
enhancement shapes this ratio steeply increases8©86 to over 99%. Looking at sample
reduction basis shapes in figure 8 helps visuaizvhere the displacement is enhanced

Shape 1 at 4602 Hz Shape 32 at 1399 Hz Shape 150 at 7469 Hz

Shape 451 at 3.769e+04 Hz Shape 800 at 9.252e+04 Hz

Shape 1010 at 1.285e+05 Hz Shape 1300 at 1.925e+05 Hz Shape 1500 at 2,72e+05 Hz

TEE

Figure 8: Sample shapes of the full orthonormalizgdeduction basis.

It seems that the best accuracy would be attaigdeéping the pad holder explicitly in the
model, which is impossible due to its size. Sinteeauction bases generate the free rig
modes under the brake frequency cutoff and prongllarant enhancement of the pad holder
displacement, the first choice made is to keepitimainal reduction basis for the reduction.
As a perspective, enhancement with the most diffesikrapes (configurations with other
pads) could be used. An even more efficient wagndfancing the reduction basis would also
be to directly enhance looking at the local padibpinterface modes.

3. REDUCED TGV MODEL APPLICATION
The reduction method presented in section 1 is &gpéed with the nominal reduction basis
chosen at the conclusion of section 2. All simolasi presented are based on the algorithms
developed for the SNCF in the PhD thesis of Lor@)gpackaged in an application tool with
industrial capability based on SDT (3) andG#gIT andnon linear simulationsnodules.

Convergence of the nominal configuration

One of the main advantages of the CMT method pdwide reduced models with exact
system modes for the nominal configuration. Thgperty is also useful for transient
simulation applications (1). This specific behavi@Jfirst illustrated.



The static result error is here only presente@ims of error on the contact resultant
distribution over the pads. Figure 9left showsrbeinal contact resultant field. These
resultants are post treated from the static defbomahape (through the stiffness matrix) and
thus cannot be the most accurate due to roundraifsebetween heavily loaded points and
slightly loaded points. Figure 9right however shaasorrect prediction of the static reduced
model for all contact points.
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Figure 9: Model convergence in statics for the mahconfiguration. Left: contact resultant disttilon over the
pads contact surface. Right: relative contact tastierror between the full and reduced models.

In dynamics the error on the obtained real modeshs®stimated through the frequency error
computation and a MAC computation, as presentdigiume 10. Figure 10left shows that the
relative frequency error is under % over the whole frequency range. Figure 10rigbixgh
that the MAC error diagonal is under Gor the whole frequency band, which ensures
exactitude over the numerical precision expecteohfa real eigenvalue solver.
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Figure 10: Model convergence in dynamics for thenimal configuration. Left: relative frequency erfrthe
real mode basis. Right: absolute MAC error of th&@/Amatrix diagonal.

Model convergence for non nominal configurations

For each of the 72 tested configurations of tabkhéd reduced model is generated using the
procedure described in section 1. Results are cadpa the corresponding full model.

Figure 11left presents the static convergence tesbtained through the comparison of post
treated contact resultant fields. Depending ot configuration the number of pad contact
points vary, which explains the relative lengtheath curve. It can be seen that the maximum
relative error is under 0.1% which is considereceptable.
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Figure 11: Left: Contact resultant relative errbserved for the 72 initial configurations betwelka teduced
static model and the full model. Right: Frequeneyies of the 500 first modes of each 72 initial igurations.
The configurations are classified by colours rekato the most sensitive parameters in accordantteetcolor
code of figure 4.



Due to the round-off errors explained earlier, iigher the contact pressure the lower the
error, which gives a great assurance on the resgaltance. For squeal applications, lowly
loaded areas do not transmit forces but are patick-slip areas, further investigations in the
transient domain may thus be necessary.

The dynamic model validation is performed by conmgathe frequency errors in figure

11right between the full and reduced models. Thkalte obtained for the nominal
configuration are the most accurate. It can be searpredictions for variations of u, Fz or
Om are still very good. Highest errors (~10%) anenid for two extreme configurations, the
softest (G2, low Kpg) and the stiffest (G3, highgXpinvestigations on these extreme cases
showed that the real modes of the full stiffestfiguration had some convergence issue at the
solver level. A cleaner way to evaluate convergemaeld then be to compute FRF errors.

CONCLUSION

The ambitious aim of the AcouFren project is toldg@n industrial tool performing transient
squeal simulation of industrial models for all stard braking pads. The ability to perform
such computation over reasonable computers reaihieedistribution of reduced models with
precomputed data. Such feature is now availablegubie CMT reduction method.

The performance of a parametered reduction meibedr its ability to span the finite
element model deformation space for various anchowk future configurations. In this
regard, the priori choice of the reduction basis is critical. Thipg@aprovided a
methodology to evaluate reduction bases sensitiitiven parameters, and possible
enhancement solutions that will be undertaken latére project.

The final objective of the simulation tool beingtrealization of transient simulations, a
second reduction layer using the CMT again wiliule the relevant results.
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