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Abstract

In most industries dealing with vibration, testigse correlation of modal properties is consideaekley aspect of the design
process. The success of test/analysis methods leowéen show mixed results. The aim of this papdp assess and answer
some classical correlation problems in structuyalaghnics. First an investigation of correlation geshs from tests is proposed.
Tools based on the modal assurance criterion @®epted to provide a deeper analysis of correlati@hresults improvement.
In a second part, the need of FEM topology cori@tabnd update is demonstrated, using an effiaeatphing technique.
Tolerances in the manufacturing process that ateaveepted in design and production stages aresrsiio lead to significant
degradation of the test/analysis correlation. Apliaption to an industrial brake part is eventuahgsented, in an approach of
correlation procedure automatization for recurtes.

Keywords Correlation ; finite-elements models ; model updg; morphing ; modal assurance criterion ; reéidunc; test-analysis correlation

1. Introduction

NVH (Noise Vibration Harshness) is a common souwteroblems that need to be addressed in the dedign
vehicles. To improve the design cycle in qualityl arsources needed, finite element models (FEM)uaeg to
make predictions, discriminate between designs amalyze quantities that are not accessible to fasvarious
steps, test/analysis correlation is then usedlidate the predictions made of components and asigesn

While the quality of FEM models is very well estahkd, test analysis correlation very often shoviseth
results. Understanding the origin of problems inrelation is thus a critical aspect of a proper o$esuch
procedures.

The first objective of this paper is an analysiscofrelation problems coming from tests. When ugiich
scanning laser vibrometer measurements, analyziagsatement quality is a problem. Intermediate &\l
correlation are thus shown in section 2.1 to besiphs due to measurement errors. It is first shdvaw the
MACCo [1] is appropriate for outlier removal thuesatling to improved correlations. The second comproblem
is associated with closely spaced modes. It is swvn how a subspace based Modal Assurance GnitEW1AC)
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[2] is a more relevant indication when correlatuggy close modes.

The second part of the paper addresses errors gomam FEM. Classical updating procedures consitiat
model properties are not well known. These are mghtproperties for components and junction prapsrfor
assemblies. The assumption generally made is the¢ ®bjects and FEM come from the same CAD gegmetr
errors there are minimal. Using morphing tools dfuat geometries for sensitivity and geometry updgstudies,
section 3 illustrates the fact that this assumpidar from being true.

Section 4 eventually presents the integration ef¢hcorrelation tools into a full updating procepslied to a
real component.

2. Experimental sources of poor correlation

When performing test/simulation correlation it iceammon procedure to consider test data as exad. i3 of

course not the case, and a good correlation mekhgyglshould consider that error sources can coom test data
and from simulation data. This section focuseshenexploitation of the MAC and illustrates how peesults can
arise although an objectively good correlation tsxis

2.1.Efficient use of the MAC for test correlation wiith data

All experimental results contain errors — this gually improved by a pass of so-calledtliers’ removal The
detection of outliers however becomes difficult whéhe number of measurement points increases. Laser
vibrometry performed on meshes of over 1,000 paimtihe three directions lead to large amountsaihdSome
points are noisy, due to poor local reflectiontsf taser beam (orientation, surface roughnessafarmnasked edge

...) and should be removed. Performing OperationatllAnalysis (OMA) adds a level of difficulty andrer
source, so that it is tempting to base the coioglabn Operational Deflection Shapes (ODS) at peatkthe
measured response.

The MACCo is a puravhat if algorithm, looping on the sensors set and targetie one that if removed would
most improve MAC results. The sensor removal is ttieained sequentially up to a desired number méars. This
process is an efficient procedure for outlier didecassuming that the correlation is not too pdeigure 2
illustrates this pattern by showing the MAC resuiistween the experimental and the FEM modes (withou
additional updating) of a test bench componenteres in figure 1.

Right Flange

Right Small
Bracket
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Left Flange

Fig. 1. Presentation of test test bench comporiediesl. (a) FEM and denomination of areas of irster@®) lllustration of a vibrometry
measurement. (c) FEM and test-mesh wireframe pogitj.
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Figure 2(a) thus shows at first glance a poor ¢aticten with only two to three modes properly idéetd.
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Fig. 2. MAC between FEM and experimental resultsfie test bench component (504 sensors) (a) Ra® k&ult; (b) MAC result with 1% of
removed sensors with MACCO, (¢) MAC result with 40%emoved sensors (d) MAC result with 80% of rgetbsensors.

Figure 2(b) shows that with 1% of sensors removedrésults can already be improved. Pushing theritign
further highlights the fact that an optimum existisere only relevant information can be kept, withsignificant
degradation of the result. This optimum was herendbaround 40% of sensor removal (200 over a tuft&l04
sensors), as illustrated in figure 2(c), where I&les can be identified. Removing more sensorseis becomes
difficult as the measure autoMAC degrades. Figurev@ntually shows the modes identified by MAC aftes
MACCo loop.
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Fig. 3. Modes identified after the MACCo pass

Figure 4 illustrates the same pattern quantitativ&lMAC quality criterion has been developed taqtify the
results on identified modes, by pondering the die®AC value with the sum of the extra-diagonairtevalues.

2IMAC i) O

Qual(i) yac = MAC(,i)x5— —
> MAC(K,i)+ > MAC(,I)

where Nixp is the number of experimental modes, arghNs the number of numerical modes.
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Fig. 4. Evolution of the MAC quality criterion asriction of the number of removed sensors. (a) Moget® 2.8kHz. (b) Modes between 2.8
and 5.7kHz. (c) Modes between 5.7 and 10kHz.

It can thus be seen that a clear and global MAGdwvgment is obtained during the removal of the faercents,
for all frequency bands. Improvements over thigshold depend on the frequency band. Indeed, ttieamp for
the low frequency band (figure 4(c)) occurs foreaoval of 30%, 50% for middle band and over 60%higher
frequencies.

Since lower frequency modes are more global in $eoh deformation, the presence of very poor sensors
disturbing the results are quickly found by MACCiKhis is less true for higher frequency modes, wHeoal
aspects become important. Modes with low obsentgaloiin thus be sensitive to specific poor sensdtis a local
effect. Such type of sensor is not efficiently déte by the MACCo, hence the difficult optimizatiof higher
frequency modes with a raw MACCo. Improvement ad tliork would consider a MACCo for mode subsetdhwit
equivalent observabilities, thus focusing on thmaeal of a minimal set of sensors with efficienfeef on global
and local scales.

2.2.Subspace correlation for closely spaced modes

When measuring components with closely spaced mdtesorder between experimental result and numleric
modes can change. A fact that tends to be ignanddndll be illustrated here is that the shapes telaes can then
be different, although the subspaces generatelebgttapes of both models are the same.

The realization of subspace correlation based ensttapes compared can be realized by considerorgsa
projection. Given two sets of shapgdrom the numerical model ayl from the experiment, expressed on the

sensor sets, one projects the experimental shapiee subspace generatedgbguch that

Y=up ()
wherelf/ is the projection off/ ong .

A singular value decomposition (fn can then be performed to obtain a second displestimasis of the
subspace spannedlﬁy, in the space spanned @y
¢ =uzv’ 3)

uv' is thus a normed and reordered basis of the sabsppanned tlfl in the space spanned @y If both
subspaces are well correlated, the restitutionhisf teordered basis in the space spannea@ tandy itself are
identical, else, a poor result will be obtained.
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The proposed application is a symmetry breakingotfbn a test bench component. Several configursitwe

tested, with different heights of the large lefadket height, shown in figure 5. Two modes aretified involving
flexions of the component flenches, highly impadigdhe brackets.

Flench

Bracket

Fig. 5. Identification of the test bench comportanaickets linking the base and the flench parts

When both brackets have the same height, bothofiexare at the same frequencies, yielding an isghand
out-of-phase mode. When different heights are agdplihe frequencies are separated and two modasifgpa
single side flexion are found.

When studying the MAC between the modes computél thie reference, taken with identical bracket hesg
and the modes with asymmetrical brackets, a craem occurs as the shapes frequencies come cilhssrated
in figures 6 and 7(a).
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Fig. 6. A mode crossing due to a symmetry brakisttepn
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The shapes evolve as function of the braket helgltan be seen in particular that the MAC betweerdes 14
and 15 decreases while modes 17 and 18 cross. th&ngubspace correlation method, used to prodwe®AC

results of figure 7(b), it is understood that ictfthe space spanned by these 5 five shapesatystdentical in all
cases.

Cag e e e e

h—-?mm h—-34mm —1 1mm h= 55mm h—10mm

| Bl

h=-Tmm h = -3.4mm h=1.1mm h =5.5mm b = 10mm

Fig. 7. Mode crossing patterns as function of th@ponent bracket height. (a) Upper figures: Raw MA& Lower figures: subspace
correlation.

3. Effect of geometry variation on modal properties of a ssimple component

The common practice is to update material propedfecomponent parts. This methodology howeverrassuthat
the FEM geometry is identical to the real componéiar parts with local geometrical refinement, amdose
production method shows significant variability {fre mm range for die cast brake parts), this apiamis often
false (see [3] for example). This section aimshaivang that errors on geometry can yield errorsmmdes which
may be larger than those due to errors on mafemiglerties thus implying the need to update geaesetr

3.1. An efficient morphing technique for geometry upuati

Geometry updating is set on the same basis thaal skape optimization methods. Here modificatioesdeemed
to be slight from a given FEM, so that omhorphingis considered. Morphing defines a methodologyopbtogy

deformation by moving certain nodes, edges andidases of the component. The additional constyalated here
is that the component FEM already exists and remgss excluded thus allowing easy comparisons oflefs with

a constant number of nodes and degrees of freedom.

Classical morphing techniques often fail as théasar mesh deformation used to adapt the compohepesis
not properly transmitted to the volume mesh, themding to mesh geometries that are not suitableFEv!
computations. To succeed, morphing must continyoaisti smoothly transmit the component surface dedtion
to the underlying volume mesh. This effect is aletdi here by successively morphing edges, surfawks@umes.
Applying such morphing methodology thus allows mbigher amplitude of topology deformation withowatving
to remesh the component.

Figure 8 shows the application of this morphinghoeblogy on the component left bracket. Lookindjgire 5,
the three top points of the bracket are commanddtkight. For a nominal height of 50mm, a rangdahm is

-6 -
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available (-7 to +10mm) without need of remeshifigure 8 shows in particular that a large portiéithe flench
surface is impacted by this height modificatiothaligh the topology outside the bracket is unchdnge

Fig. 8.(a) Morphing applied to a height reductiérymm of the 50mm height bracket (b)Morphing applie a height increase of 10mm of the
50mm height bracket.

A first application of morphing is the study of cpament sensitivity to geometric modification. Aredsnterest
can for example be found by looking at the locaitmaof high strain energy density areas. Figua® #{deed shows
that modes 14 and 15, sensitive to the brackehhé@ve high strain energies in this area, and dhighvfrequency

variation as function of this parameter in figu(e)9

Mode 14 at 2670 Hz Mode 15 at 2682 Hz
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04r Mode 14
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Fig. 9.(a)Localization of strain energy density foodes 14 and 15 (b)Frequency variation of modesnt#15 as function of the bracket heights
(symmetrical modification).

3.2.Improving correlation using measured geometries

To update the component model, a measure musovalpd, based on an accurate topology measurenmng
for example a COMET bench measure. Figure 10 sliogvseal component measurement on the COMET bench

and the component FEM along with their orientabiasis.
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b T

Fig. 10.(a) Measurement component mesh output&Z®MET test bench. (b)Component FEM. Blue linesaaientation bases of both models
for initial positionning

The comparison between both meshes is not straimgiafd. The measure output is a very fine surfaeshn
corners are not straight, and some faces are mis§he FEM is much coarser, and has straight edgese both
meshes are overlayed, the geometry update aimicking the FEM surface onto the measured one. rEidii
shows the initial mesh superposition, with cledfedénces.

Fig. 11. Initial superposition of the COMET benckanure and the FEM, over two 2D views. The FEMsesented by its control points
forming the component surface edges (in red).

A manual pass has to be done to correct outstamatings. Control points on the FEM model are thefined,
here on the surface edges of the FEM, as illustriatéigure 11 and 12. This allows a manual inputnacroscopic
surface displacements, as illustrated in figure 12

Avant Correction Aprés Correction

Ecart

Ouvertures

Fig. 12. Manual input corrections based on comqaihts of the FEM mesh, before/after positions.
-8-
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The effect of the topology update on mode frequenes provided in Figure 13. It can be seen thatrgmup to
9% was introduced by the geometry imprecision.

Mode 11 at 1343 Hz Energies de
déformation
Mode 14 at 2670 Hz
1ére CAO Fréquences [Hz]
Mode | Avant Comrection| Aprés Correction|Différence [%]
7 478 4 4789 0,11
8 536 8 5530 3,01
9 862 2 917 0 6,36
10 10960 1097 0 0,09
11 13433 1440 4 7323
12 2017 5 2036 6 0,95
13 2053.2 21897 6,65
14 2669 B 2914 B 9,18 >
' 26619 2926,1 9.1
16 29396 30137 2.52
17 32918 33497 1,76
18 3317 8 36112 8,84 Mede 15 at 2682 Hz
19 42169 4323 6 2,53
20 4492 8 45761 1,85 e
21 4922 4 50948 3.50
22 6430 57110 1,21
23 5667 4 57710 1.47
24 5857 2 59257 1,17
25 652090 62383 0.47
26 5429.0 65601 2,04
27 64650 68522 5,99
28 66625 5342 4 4,20
29 69809 7197 B 3.10
30 71152 7416 8 4.24
Moyenne 3.65

Figure 13. Frequency error between the initial F&iM the updated FEM, along with most impacted méctasr code, element strain energy
density)

The most impacted modes also shown in figure 13herenodes with high strain energy in the outstag@ireas.
Such errors are very high regarding usual erroréa@mmg modulii and density for isotropic steels.

The impact on MAC is also of interest. Here the MB&ween initial and updated FEM is computed feniétal
geometrical points. The aim is not to measure npeshts having moved during the geometry updateurgidl4
shows that some modeshapes significantly evolvésnasion of the topology update.

MAL {same guometncal points)

NS oo mm e W=

Fitst CAD Updasted Model
@

ol o . ie AR QT i
LI | N

12348678 910N121314151617 18190 DAMNBHT B0
First CAD Base Model

Figure 14. MAC error between the initial geometnglahe updated one
-9-
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4. Full updating process applied to real brake parts

The results presented in section 2 and 3 are hergrated to a full updating process of a real di@mponent. The
focus is also set on the procedures automatiz&tiorecurrent use in production.

4.1.Geometry updating of a brake anchor and correlation
Tolerances between a nominal model and an indligtpieoduced part can show some variations. A brakehor is

tested here, presented in figure 15(a). A firsspafsmanual correction on macroscopic errors & fierformed to
correct outstanding errors, like illustrated inuiig 15(b).

Figure 15. (a) Industrial brake part studied. (lgndal correction of macroscopic errors

A pass of automatic correction can then be perfdrineoptimize shape corrections over multiple fafoesfine
tuning. It is indeed unpractical to manually cohtarface movement under 0.5mm. The methodologliepo the
automatic correction computes for each FEM eleméttte surface the distance to paired elementseofrteasured
surface, along the FEM normal. A correction fiethdhen be computed by applying these differentesyaheir
normals.

Figure 16 shows two passes of automatic correeti@hthe visualization of the faces. It can be seesduction
of topology errors, from an initial mean error a@$tdnces of 0.5mm to a maximum of 0.03mm. The irhpacthe
model frequencies is presented in the conclusgadi 19.
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Figure 16. (a)Mean topology error over two passesitomatic corrections. (b) Visualization of thesfthree faces..
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Experimental data are obtained performing ODS encttmponent, using a laser vibrometer with 656t
in the three directions, yielding 1968 sensors. ¥ike positioning on the FEM model for MAC complidat must
be handled with care. Indeed, the laser measuréhas matched on the solid surface, although teshnposition
output by the laser is not always very preciseufégl7(a) shows the FEM and an initial test frarositfpning,
output by laser. The first MAC obtained in figuré(fh) is not fully satisfying. Performing a propesrfaice match
with projection on the FME surface yields the MAfXigure 17(c), which is clearly improved.

MAC (0/1968 Capteurs Enleves: MAC
1 i | . 1
P 2ram
3b@E . e e 0.9 30 . 09
4 - W 4
5t o 0.8 50 0.8
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7B AR ABIR A B0 22 25040505 77000 7 8 9101112131415 1617 18192021 222324 2526 27 28 29 30

cpa

Figure 17. (a) Positioning tolerances between g Rnd the wire frame imported. (b) first MAC usiaglirect match between both meshes. (b)
Improved MAC by performing a proper test wire fraprejection.

The MAC results of figure 17(c) can be further imped by performing the MACCo pass presented in@e@
Figure 18 shows the results of the MAC improvenignsensor removal, using the MACCo and the MAC igal
criterium (1). An optimum arises around a removial@ of the total set of sensors. A significanpmovement of
the MAC results is obtained for the higher frequemmodes.
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Figure 18. (a) MAC quality criterion evolution asittion of the sensor removal. (b) Final MAC a#8#6 sensor removal

4.2. Property updating

Once modeshapes and geometry have been corratasedtion 4.1, material properties can be updabectiating
frequencies. Indeed, one is now ascertained th&grimhupdating will not be biased by geometry isgision. An
automatic updating procedure has been developagshbdate simple material formulations in mass and rngou
modulus.

-11 -
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The total mass of the component can be computegrdjgction of the mass matrix on the system gedostr
rigid body modes normalized to one. Indeed, the harical energy of the component following a rigiodi
trajectory is

1
Em = E qor-Lm M Biom 4)

If the rigid body trajectory is normalized to otlee mass is directly integrated over the structilmes yielding a
very quick mass estimation. A proportionality casént can then be applied to conform to the measuass of
the real component.

Updating the Young modulus of an isotropic materfalalso straightforward. Brutal force is chosemehe
computing the system frequencies over a large rahggerest, with a refined Young modulus disaation. That
is to say 2,000 computation points between 21322%IGPa.

Model reduction is here employed (see [4] for exl@nfo optimize computation time. Current modesisage
used as Rayleigh-Ritz vectors since shapes are omelelated. The Young modulus is a factor of teduced
stiffness matrix, so that its parameterizatiorrigal. The total system size thus decreases freer 200,000 DOF
to 30 DOF. Several optimum detection strategiesbeaaxplored, trying either to minimize mean fraggyeerrors,
or standard deviation, or maximum error. Sincegaemeter is very macroscopic to the system, it et&sen to

minimize the average frequency error, i.e. finding Young modulusF_Opt verifying

Z Afi(Eopt) =minE Z AfI(E) ()

imodes fi imodes fi

The final update results of the component can fmisummarized in figure 19. It can be seen thaamage
error of 0.96% is obtained on frequencies. A rerainaf the effect on frequencies of previous updpsteps is also
presented.

Mesure [Hz] FEM [Hz] Ecart [%] FEM [Hz] | Ecart[%] FEM|[Hz] | Ecart[%] Critére 3 | Ecart [%]
o05 577 EX 575 3,3 576 -3.2 586 2,2
1044 1031 1,3 1030 1,3 1032 1,2 1043 0,2
1068 1086 1.7 1086 1.7 1085 1.8 1089 2,9
1249 1235 -0,8 1234 1,2 1235 -1 1249 0.0
2137 2116 1,0 2113 1,2 2115 -1.0 2138 0.0
2285 2275 1,0 2270 -1,2 2273 -1 2297 -0,
2623 2583 -4 2586 1,4 2589 -1,3 2816 -0,2
2835 25870 1.1 2857 0,7 2860 0,8 2891 1,9
F382 3335 -1,3 3328 1,6 3332 -1,5 3367 -0,4
4289 4244 1,3 4242 1,3 4247 -1,2 4292 -0,2
4527 4615 -0,3 46185 -0,2 4624 -01 4673 1,0
4546 4545 0.0 4869 0,5 4575 .6 4927 1,7
2410 5330 1,5 5346 1,2 5352 11 S410 0.0
5492 BS540 0.7 ES55 1.0 ESEE 1.1 EB37 2.2
7162 7234 0.7 7232 0.7 7241 0.8 7318 1.9
7410 7345 -0.9 Fisrs] 1.2 7332 -1.0 7411 0.0
TTES 7745 0.5 77E9 0.1 77588 0.2 7552 1.3
371 G165 2.4 211 -1.9 §221 1.8 5309 0.7
Gi5diE 5555 2.8 4975 -3 8559 2.9 G650 1.9
9511 9257 2.4 9312 =241 9523 2.0 9423 0.9
10118 10005 1.1 100355 0.8 10050 0.7 10155 0.4
10955 10675 2.4 10718 =20 10731 1.9 10646 0.8
11036 11121 0.6 11106 0.5 11120 .6 11239 1.7
11544 11304 -241 11350 1.7 11364 -1,6 11456 0,5
Moyenne: 1,34 Moyenne: 1,32 Movyenne:| 1,27 Moyenne: 0,96
Densité: 7200 ka/m3 Densité: 7200 ka/m3 Densité: 7182 kg'm3 Densité: 7182 kg/m3
E: 172 Gpa E: 172 Gpa E:| 172 Gpa E: 175,7 Gpa

Figure 19. (a) Evolution of the FEM frequenciesidgtthe updating sequence. (a) after topology wpdh) after density update, and (c) after
Young modulus update.
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5. Conclusion

The aim of this paper was to show how an eventugdlpd FEM/test correlation was improved. Test data
improvement was performed using MAC based tooldeyutemoval and subspace correlation. The key aspe
FEM topology updating regarding the real tested moment has also been illustrated, through the tiae efficient
morphing technique. This appears to be as sensiink influent as the classical material parametrsesd in
updating procedures. This kind of error, if not tied, usually ends-up as a bias into the matepiadperty update.
Although some applications can bear it, some wheaterial identification is sought, or where topoldwas a great
influence (shells) should avoid this bias.

The idea that the measure and the FEM have inharehtinavoidable defaults must be assessed, toegplgit
the better of both. This becomes a clear staka imdustrial environment where this work is claalicperformed
by two separate teams, one mastering experimamgha other mastering FEM computations.

A natural step further in this work is to mastesegablies. Control of mechanical assemblies’ modaperties is
sought at the design stage, which implies a firgt/derrelation analysis validation at each leveheTrole of
geometry in the way contacting solid interfacesawehindeed requires a robust model at the compdenesit
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