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THE COMPONENT MODE TUNING (CMT) METHOD, A STRATEGY
ADAPTED TO THE DESIGN OF ASSEMBLIESAPPLIED TO
INDUSTRIAL BRAKE SQUEAL

L2/ermot des Roches GuillauméRejdych Gabriel*?Balmes Etienne’Chancellier Thierry
1SDTools, Franc&Arts et Metiers ParisTech, Frané€hassis Brakes International, France
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ABSTRACT - Numerical prototyping is widely usedimdustrial design processes, allowing
optimization and limiting validation costs througkperimental testing. Industrial
applications nowadays focus on the simulation ofifgiex component assemblies that are
generally mass produced. Coupling properties tlawe o be modelled, updated and
accounted for variability. For squeal applicatiosimjulations still fail at robustly producing
exploitable results due to the systems complexityle experimentations are limited for
diagnostic and design improvement.

This paper presents a new application of the Compiollode Tuning, an efficient model
reduction method adapted to quick system levelalgars as function of component free
modes, to study the effect of coupling. The immdatomponent coupling stiffness and
coupling surface topology is thus assessed onra trake subassembly which design is
sensitive to squeal. It is shown that significargtem differences can come from coupling
surface variations with patterns close to experialesbservations. This emphases the need
for refined analyses to control coupling in thegpective of robust modelling.

INTRODUCTION

Automotive brake design is nowadays oriented towardoptimized weight/performance

ratio which tends to generate noisy systems. Higkidn coupling at dissipation interfaces is
responsible for self-sustained instabilities treat gield high vibration levels in the auditive
frequency range. The noise generated, knovwsguesl between 1 and 16 kHz, can attain
120dB in the vicinity of the wheel and constitute tnain customer warranty cost in the brake
domain. Robust design of silent brakes is thusreentistake for the industry.

The study of brake squeal has become over the gearsy active field of research,
experimentally and numerically (1) (2) (3) (4) (6) (7). The recent increase in

computational power made possible the study of ¢exnpdustrial numerical assemblies

with the Finite Element (FE) method. Squeal simatet are however still not fully predictive
and their exploitation for design remains an opeestjon. The problem faced here indeed
involves modelling of strong interface non-line@stat several scales in systems subjected to
variability (mass-production, friction lining proge...).

The aim of the present paper is to present ani@fticsimulation methodology based on the
Component Mode Tuning (CMT) method (5), providieterant design information
regarding component participation in assembliess féduction method allows generating
very compact models with exact nominal modes, #ilosving quick reanalysis studies at the
system level as function of local properties vaiatlts application here targets the system
sensitivity to component mode and coupling variatio



The method is applied to a drum brake subasseroblyliich experiments could characterize
differences between noisy and silent systems oditpot the same mass production process.

This paper first presents the CMT framework, trduotion method and the introduction of
component free modes as explicit Degrees Of Fred@df). Then formalization for
sensitivity analysis regarding component or coupproperty variations is discussed. A
second section presents the case of study anttalles the direct analyses that can be
performed with the CMT. The third and last seciitrstrates the coupling sensitivity studies
performed to assess the system variability reggrdoupling properties.

1. THE CMT : AMODEL REDUCTION METHOD EXPLICITLY USING
COMPONENT FREE MODES IN ASSEMBLIES

Reduction of components with a physical interfasma assembled system modes

Traditional Component Mode Synthesis (CMS) meth&)l¢9) divide structures into
components and make assumptions on their couptogepties. The most widespread
technique is the Craig-Bampton method that explicises component interface DOF to
couple components reduced withapriori system knowledge, as illustrated in figure 1lleft.
Advances in eigenvalue solver optimization and cataonal power allows computing fully
assembled nominal modes of very large structuregse@pment of new reduction methods
for parametric design studies thus becomes possible

oY

Figure 1. Interface representation. Left: couplygdisplacement (primal). Right: coupling by enefdyal).

The CMT method assumes that a physical couplingrsdaetween components. With
disjoint interfaces, components have fully distiD€@F, as illustrated in figure 1right. One
thus distinguishes component and coupling matrgesh that the dynamic stiffness of the
assembly presented in figure 1 (no coupling betvesemponent 2 and 3), can be written
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with Z; the elastic stiffness of componenk;,,; the coupling stiffness block of coupling
matrix | between componenksandl.

The principle of the CMT method is to perform adiaise reduction by defining a set of
Rayleigh-Ritz vector§; for each componemt so that the reduction bagiss written

T, 0 0
[r1=1{0 T, 0 7
0 0 T,

In this formalism, no interface DOF is explicithgt and the resulting model is very compact
as its size is only related to the number of shapiesned for each component. The reduced
dynamic stiffnesg, can indeed be written
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The idea is then to choose the restriction of thig Bssembled system modes to each
component as Rayleigh-Ritz vectors, nofgd In such case, the nominal reduced system will
have exact modes. The system modes are triviatlyvered from a linear combination of

their restriction to each subdomain. Interfacesttaus reduced without altering system
modes. A convergence study of the method can bedfou(5).

Introduction of component modes in the reductiosida

In design specification phase, the impact of simgleponent behaviour on the system
response is of main interest. Component redesigwilboation is commonly controlled by
frequency and shape variations. Such informatidmwever difficult to recover as no trivial
link exists between the behaviour of a free compoaad its coupled behaviour in a system.

The idea of the CMT method is to analyse the padton of component free modes
(frequency and damping) in the assembly. Each coepiareduction basig can then be
generated using the componefree/free mode;, combined for accuracy with the trace of
the exact system modéds; as explained in the previous section,

Ti=[é: Puly )

In general the enhancement p&yt does not verify the orthogonality conditions & th
component level. One generates an orthonormal bagie subspace generated by the
combination of the chosen shapes. The componegifriee modes are not modified by the
orthonormalization process as their definition iynileir orthogonality.

As a result of the orthonormalization process #thiced elastic stiffness is diagonal with the
first terms corresponding to the square of the cumept free/free modes pulsations. The
interface matrices are populated with full blocksresponding to coupling components.

Due to the reduction basis choice of equationgdgh retained component free/free mode
participation in each assembled mode is directpted to an explicit DOF. Ranking of the
reduced response DOF as function of magnitudeghmsdes a sorted and quantified list of
component free/free mode participation in an asseninode.

Sensitivity analysis for component modes and cowgphiroperties

The exploitation of the CMT in this paper is basedhe study of the system sensitivity to
component modes and coupling. For a given modelasfsM and stiffnes¥, thej-th real
mode®; of pulsationw; verifies

(K —w/M)d; =0 (5)
which can be derived as function of a paramgtevriting
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Equation (6) does not always have a solutiorz, @ssingular to modal frequencies. It has

solutions if and only if the left hand side is atjonal toZ kernel, spanned by the real modes,
(:I).

]
o] Z(w;) 5L =0 (")
The orthogonality condition (7) thus defines thasstvity as the left multiplication of the left
hand side of equation (6) M%-Tand assuming that the real modes are mass norohgiles
dw? o (0K 2 OM

To study the sensitivity of the system frequenties component mode frequency with the

CMT model, matrixZ—I; only has a single non null value on its diagonha line
corresponding to the desired component mode +ajegtion is then trivial.

Over sensitivity study, reanalysis of modificatidoghe system can be performed on the
CMT model, with the following techniques,

» Variation of a component free/free mode frequemgyuires the modification of a
single value in the elastic coupling stiffness.

» Linear variations of stiffness coupling can be perfed by applying a proportionality
coefficient to the desired reduced stiffness matakned in equation (3).

* Mass modification, and coupling stiffness distribntmodify the matrices properties
in a non-trivial way. The non-reduced matrix vaaatmust then be projected on the
reduction basis (2) for reanalysis. This howeveregally concerns very sparse
matrices over a few components at a time so tleablitck topology of the reduction
basis can be exploited to obtain computationalagphgeneration.

The reanalysis itself being performed on very smmaltlels, computation time ranges in
seconds and the parameter intervals can be retiingeirform an easy tracking of frequency
evolution as function of the parameters.

2. CMT ANALYSIS OF A DRUM BRAKE ASSEMBLY

Presentation of the drum plate assembly with cgbide and wheel cylinder

This paper application concerns a recent drum bsgkem that had a bad exploitation return
for squeal, but only part of the production wassgoExperimental Modal Analysis (EMA)
was thus undertaken on several instances of the lonake subassembly, presented in figure
2, in an attempt to characterize the differencevbenh noisy and silent configurations.

Figure 2. The brake drum subassembly (left), cormpposf a plate, a wheel cylinder fixed with a sengln
(middle), and a cable guide riveted over a backplaght).

Two major coupling areas are present in this askentibstrated in figure 3, between the
main plate and wheel cylinder, and the main platkthe cable guide. Coupling is nominally
modelled as a series of Multiple Points ConstraimtBC) between component interfaces.

To allow coupling tuning and the application of BT, the MPC have been relaxed by the
introduction of a penalized coupling strategy & $me locations. It was found that using a



constant stiffness coupling of 1B/mm did not alter the first 100 modes of the egsor its
numerical conditioning in comparison to the inifidPC. For each coloured area of figure 3, a
separated coupling stiffness is considered in spordence to the formalism of equation (1).
For the wheel cylinder, two main areas will be istigated, the planar surface (in red) and the
cylindrical surface (in green).

e d

Figure 3. The noal coupling areas representedudisple point constraints cohhections by colouaeelas for
the cable guide (left) and the wheel cylinder (tfjgh

Comparisons between noisy and silent systems gbmiethat most differences in the
frequency range of interest were concentrated orArigid modes #7 and #8 (modes #13 and
#14 if rigid body modes are counted). It was foungarticular that mode #8 has significant
frequency variations (7.5%) and shape variatioss(lof MAC correlation) between noisy and
silent configurations. This results are synthetirefigure 4left and 4middle.
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Figure 4. Left: Frequency differences between ayand a silent system. Middle: recombined MAC lestw
experimental configurations. Right: recombined MB&ween the silent configuration and the nominal
numerical model.

Numerical shapes can be well correlated to experiahshapes of the silent configuration, as
presented in figure 4right. The numerical frequeadiowever are at 1600 Hz instead of 1400
Hz, which should be explained by the lack of congarupdating. Updating the topology of
the drum plate and material properties is knowgetioerate significant frequency variations.
The objective being to illustrate the fact thatrrefl parametric simulations can reproduce the
same trends, no further experimental correlatidhbeidiscussed in this paper.

Figure 5 and 6 respectively present numerical méd8sand #14 paired to experimental
modes #7 and #8. It can be seen, that both mod&s &imovement of the wheel cylinder
while only mode #14 shows a significant movemerthefcable guide.

Mode 13 at 1615 Hz Mode 13 at 1615 Hz

Figure 5. Simulation mode #13 at 1615Hz.



Mode 14 at 1651 Hz Mode 14 at 1651 Hz

CSSEES....

Figure 6. Simulation mode #14 at 1651 Hz. The rigétv provides a zoom in on the cable guide moveme

System analysis with the CMT

The CMT formalism presented in section 1 allowsraad analysis of component mode
sensitivity of the assembly by the application gfiation (8). Figure 7 presents a visualization
of each system mode sensitivity to component fredas. The rivets, backplate, screw and
pin are here omitted as no sensitivity was founndHese components.
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Figure 7. Assembled mode sensitivity to componerd@s (including rigid body modes). From left tohtig
sensitivity to the plate modes, the cable guide espthe wheel cylinder modes. Dashed lines sepagide
body modes from flexible modes.

For such assembly, most modes are driven by the giate, as seen in figure 7left. At higher
frequencies a spread effect can be observed afirgpupluces significant modal interactions
between components. Sensitivity to the cable goddes is presented in figure 7middle. It
has a local effect due the small number of modesived in the frequency range of interest.

The wheel cylinder is a very rigid component withfirst flexible mode around 30 kHz. The
system modes are thus only locally sensitive tagig body modes. What is captured in such
sensitivity is that the system vibration inducega movement of the wheel cylinder, the
resulting frequency and shape is then functioefdoupling area and the component mass.

Figure 8 proposes an alternative view extracteoh fitee results of figure 7 for specific
assembly modes. Figure 8left shows a coupled metieglen the plate and cable guide. The
movement is mainly based on mode #10 of the plade#8 of the cable guide.
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Figure 8. Assembled modes #12, #13, #14 sensitwigpmponent modes (including rigid body modes).

Figure 8middle and 8right show the component measisvity of system modes #13 and
#14 that are under investigation, and which arg sahsitive to their main backplate mode.
Such result is non intuitive as mode #14, preseimddure 6 clearly shows a flexible



deformation of the cable guide. The cable guidedie frequency has little effect on the
system resulting frequency, but the potential atimdgenings at the tip of the link between
the cable guide and its backplate seems to indibatesuch mode can be sensitive to
coupling.

3. COUPLING VARIATION ANALYSIS OF THE DRUM BRAKE

Choosing a relevant coupling modelling strategyams nowadays an open question. In
particular the coupling surface topology and theriiace stiffness remain difficult to
characterize experimentally and can be functioondy partially controlled. This section
presents how such parameters can be numericaltitdthto study their variations.

System mode variation as function of a couplinfiredss parameter

Figure 9 presents a coupling analysis from the GibOel by distributing the relative
coupling strain energies as function of the coupfhimatrix for each system mode. Such study
determines which interface is solicited for eacktesm mode. It can for example be seen that
the coupling between the rivet base and the drate fdkpriv*) is never solicited excepted
for system rigid body modes.
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Figure 9. Global coupling strain energy distribatfor each assembled mode. Wheel cylinder coujiing
concerned bywchscr, screw, wc2dru, we2drul, wepin2). Cable guide coupling is concerned bigpftp, bkpftpl,

ftpcgp, fptcgpl, rivegp, rivegpl, bkpriv, bkprivl).

Cable guide coupling is spread between interactigtisthe rivet and backplatégcgp*),
and between the drum plate and backplelpftp*). Wheel cylinder coupling shows little
interactions, a few modes have significant plamakr @ylindrical coupling energyvcd2dru*).

For mode #13, a clear interaction with the wheé&hdsgr is found, as shown in figure 10, and
mainly concerns the planar coupling part. The fatet is then to analyse the effect of the
stiffness coupling parameter. Such analysis isctlas it suffices to apply a varying factor to
some of the coupling stiffness matrices of the Okiddel.
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Figure 10. Left: Coupling strain energy distributiof modes #7 to #17 (including RBMyc2dru is the planar
coupling andvc2drul is the cylindrical coupling. Right: frequency eviaun as the coupling stiffness parameter
applied towcbscr, screw, we2dru, we2drul, wepin2.



Reanalysis is performed very quickly, (0.5s insteatlO00s for each point). Figure 10right
however shows that not significant frequency varain the range of physically acceptable
coupling stiffness could be observed.

For mode #14, a clear interaction between the agite and backplate and rivet is observed
in figure 11. The coupling stiffness variation stdtwever comes to the same conclusion.
No impact could be found in physical coupling st#$s ranges for modes #13 and #14.
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Figure 11. Left: Coupling strain energy distributiof modes #7 to #17 (including RBM)vcgp* is the

coupling between rivet and cable guiftpegp* is the coupling between the cable guide and inteiate plane,
andbkpftp* is the coupling between the main plate and thenmtdiate plate. Right: frequency evolution as the
coupling stiffness parameter appliedtimgp*, bkpftp*.

Sensitivity as function of the coupling spatialtdisution

Although brutal coupling stiffness variation didtipyovide relevant solutions, it is well
known that coupling surface topology can show sicgunt variations (roughness effect, non-
planarity...). It is thus proposed to study the dff@che coupling topology on the system
frequencies and in particular modes #13 and #14.
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Figure 12. Coupling topology area of vériétior{.lﬁrtétft to right, wheel cylinder coupling area, pressive
increase of the coupling area with a 1mm step ftogrieft back corner, cable guide coupling areagm@ssive
coupling area with a 1mm step from the rivets rigjte.

For the wheel cylinder coupling area, presentegure 12left, the fixation is maintained by
a screw at a specific place. A uniform couplingtlo® whole surface of potential contact is
thus unlikely to happen. It is suggested to disoeehis surface, starting from the screw
vicinity to a linear extension with a step of 1mmaterialized in figure 12 by the different
node mark colours), and generating 33 couplingigarditions. The coupling stiffness
matrices here need to be assembled on the full inaodeprojected on the CMT model, which
takes a little longer to compute (30s) but is stillch quicker than a full simulation (1000s).
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Figure 13. Frequency evolution as function of thegpessively increasing wheel cylinder couplingaaieeft:
global view from 0 to 3 kHz. Middle: zoom in on mexd#12 to #14. Right: Recombined MAC evolution for
modes #13 and #14 (non-rigid #7 and #8) compardaetmominal configuration.

L

As function of the stick length (extension of thiegl cylinder coupling area), a clear
frequency variation occurs for some modes, in ggl8left. Mode #13 shows a significant
evolution (yellow curve of figure 13middle). A 20@hariation is observed with a clear
separation of modes #13 and #14 frequencies. Anbiteed MAC tracking to the nominal
configuration, also shows that mode #13 shapefgignily evolves when the stick length
diminishes, with little effect on mode #14 untilryéow values.

For the cable guide coupling area presented indid@right, the fixation is maintained by
two rivets, on a non-perfectly planar surface fgpae 6). It is experimentally known that the
horizontality of the cable guide is not well corlied, such that the coupling area may be
increased to the cable guide tip. Using a 1Imm tstepe cable guide coupling tip, 7 coupling
configurations can be tested, with the resultsgaresl in figure 14.
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Figure 14. Frequency evolution as function of thegpessively increasing cable guide coupling are#t:
global view from 0 to 3 kHz. Middle: zoom in on mexd#12 to #14. Right: Recombined MAC evolution for
modes #13 (non-rigid #7) and #14 (non-rigid #8) paned to the nominal configuration.

As function of the stick length, several modes sladinequency variation, seen in figure
14left. Figure 14middle shows that mode #14 has(d2 variation if the stick length is
increased, with no effect on mode #13 frequency rEtombined MAC tracking to the
nominal configuration also shows that mode shapj8sa#id #14 are altered as function of the
stick length with a specific length of 4mm wherdyomode shape #14 is altered.

Variation of the coupling surface topologies angstibapable of producing frequency and
shape variations representative of what can berebd@xperimentally. Experimental
correlation is however not perfect as the altetepes obtained numerically did not show a
better correlation to the noisy system. This mage to the lack of component updating.

CONCLUSION

Numerical prototyping is nowadays widespread initlokistry, but efficient exploitation for
design remains a challenge for complex assemlidigdoitable design rules must target
component or coupling properties which are notdfliydinked to system level studies. The
CMT framework presented in this paper allows makingexplicit link between system
modes and component free modes, so that each cempmode participation in a system



mode can be analysed. The effect of component ml@sigation on a system can then be
quickly evaluated with an acceptable precision.

The effect of coupling in assemblies is most oftthee not studied in details, although it is
well known to have significant variation in massguced systems. Studies adapted to the
CMT strategy were here conducted regarding stifreesipling coefficient and coupling
surface topology variation. Although precise stadibould involve non-linear tightening
studies to obtain realistic stiffness distributeomd topologies, basic studies can provide
interesting variations and reproduce experimentaiserved trends.

Component mode and coupling variation can be quicdnalysed in the CMT framework
with computations within seconds for nominal systewer 500,000 DOF. This permits
refined parametric studies of the system local ertigs, allowing a proper mode tracking
regarding frequency, shape and damping if necessbBorge crossing patterns can also be
analysed in details. Robust numerical design pnaesdcan then become affordable.
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