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Model validation and verification

CAD Model

Experimental
model
19 @ 910 Hz g1e+10, dEk 62 % dY 0 %

Continuous model
+interfaces




Test, FEM, hybrid models

Mode 20 at 2591 Hz

2473 Hz 0.08 %

{y(t)} = [c]{q()}

%

Identification
known @ sensors

FEM known @ DOF

Topology correlation = observe FEM @ sensors

—

Correlation = distance between test & FEM

—

Updating = estimate parameters optimizing correlation
“xpansion = estimate all DOF knowing test and model




Tutorial objective : where is the error?

TEST CASE : drum brake plate
CHASSIS
G. Martin, « Méthodes de corrélation calcul/essai pour I'analyse du crissement » ;\ ETERQJT(ICEg
Ph.D. CIFRE SDTools, Arts et Metiers ParisTech, Paris, 2017

2473 Hz 0.08 %
Mode 20 at 2591 Hz

Topology errors
- sensor/act position
* matching

FX
Identification error FEM error
* Noisy measurements ‘Geometry

 Identification bias
« NL, time varying, ...

*Material parameters
Contact properties




Direct and inverse problems in vibration

Direct

Family of models

Solver

X

Objective
function

Data
Design choice

Family of models

« FEM (necessary for geometry)
 Linear/timeinvariant / band limited / fixed inputs
Non-linear : constitutive 2-3D / equivalent 0D

Solver

* Frequency /transient
* Reduction /component mode synthesis

Objective functions

* Resonant frequency placement
 Displacement, stresses, ...

 Max, mean, statistics, ...

Model parameters (previous direct/inverse problems)
Loading (space/time)
Operating conditions

Inverse
Family of models Optimization
Y Data
Objective .
function Estimated data

Family of models

« Signal coming from a system with low noise
* LTI system, non-linear, time varying, ...
Hybrid test/FEM (extended parametric LTI)

Transfer function, non-linear kernels
Modal parameters
Noise sources

Objective functions
« Time/frequency domain output error
* Subspace error

Solver (identification / optimization)
* H1 estimator, Hilbert transform, ...
« LSCF, NL-Optim




Experimental modal analysis : data

L ” Laser vibrometer (measure)

Measurement point

Plate

Shaker (excitation)

Signal Power »| Shaker
generation amplifier
I : Force measurement ‘
Computer I I
to drive acq. t: | —r-‘|_—rL"|
| | R IR
<— Signal @

Analyzer =~ f*— conditioning

e Response sensors
~—| (amplification) :




Assumption LTI = transfers exist
System H

N | Out

Transfers estimated
from time response

ONE input Y (@=[HO) KU}
ONE output '

Test 1001z,12-z

MANY resonances

abs [m/s2/N]

ele]

Some standard texts for the vibration community
1] D. J. Ewins, Modal Testing: Theory and Practice. John Wiley and Sons, Inc., New York, NY, 1984.

[2]  W.Heylen et P. Sas, Modal analysis theory and testing. Katholieke Universteit Leuven, Departement Werktuigkunde, 2006
[3] K. G. McConnell, Vibration Testing. Theory and Practice. Wiley Interscience, New-York, 1995




LTI. Space frequency separation
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https://youtu.be/LCQljBOtuYQ

Learning shapes in squeal event

Time measurement during

Braking
Variability event 1
- influence of wheel angle
Reproductibility Braking
- Multiple events event 2
Braking

event 3




What is expected from theory?

Shape 1 : real mode with Shape 2 : real mode with
normal contribution " tangential contribution
R Z{ ll }{ai(t) -  time} £R
i \Ssensors

2 DOF : amplitudes
of each shape

Parameter : friction = non symmetric coupling
normal displacement = tangential load

d
[Ky] = [bran] l \uwj]£ ] [enor]
\

1=0.1 at 5052 Hz -0.13 %

G. Vermot des Roches, « Frequency and time simulation of squeal instabilities. Application to the design of industrial automotive brakes », Ph.D. ECP, CIFRE SDTools, 2011




Shapes constant / DOF (function of pamme‘rer')

« Start u = 0 small damping Normal g

* increase u : coupling and .
transition towards instability E
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Participation of real shapes to complex modes

Damping [%]
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Subspace learning & basis selection

05

8O0 BEE 000 O05 610 Oi% a0 625 630

Y( frmaz(t).1)

spectrof1\-Channg| U
H=13s i
toot7s SVD { ! }{ai(t) — time}
i \sensors

Frequency [Hz]

y(c, fmax(t)) — time « only 2 significant real shapes &

2 associated DOF
l  shapes independent of parameter
sensors  Parameter : difficult fo control (wheel position,
brake event, ...) but exists

Details : G. Martin & al. ISMA 2018 13




SVDCur button in SDT
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Experimental modal analysis: an inverse problem

Data

- Transfer N
- Hankel mat. g\ / =

10 Test 2012x 122

.- I\

10

0 2 _30 4. 50 6

Ob

107

abs [m/s2/M]

-
o

pars
(=1

-
o

jective H...-H,,

E A1.0

2 Test1001z.122
: IdFr:10012. 122

Result : parameters

20 P?‘gauencvl H*P 50 60

=’[ Optimization ]=> /\/)

/

Family of models
SVD Zi{ lf }{ai(t) - time}

sensors

State space (i} = [4]{x} + [Bl{u}

. [R;]
Pole residue ¥ ]SN;XNA
~1;

Rational fraction, modal model,
second order ...

15



Classical linear system Id
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Id Phases

[1]
[2]
[3]
[4]

Initialization :
- Pick (stab or single pole estimate [1]) ?
- Stabilization diagram [2]

Estimate by band (why ? [1,3])

damang

How can problems be detected ? [3-4]

Re-optimize poles (why ?) L | ‘

107 i
E. Balmes, « Frequency domain identification of structural dynamics using the pole/residue parametrization », IMAC 1996
P. Verboven, « Frequency-domain system identification for modal analysis », Ph.D. thesis, 2002.
G. Martin, « Méthodes de corrélation calcul/essai pour I'analyse du crissement », Ph.D. CIFRE SDTools, Arts et Metiers ParisTech, Paris, 2017
G. Martin, E. Balmes, et T. Chancelier, « Characterization of identification errors and uses in localization of poor modal correlation », MSSP 2017. 17




Noise induced bias
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Inconsistence between data and family of models induces b 1as / variability

[11 M. Bdswald, « Analysis of the bias in modal parameters obtained with frequency-domain rational fraction polynomial estimators », Proceedings of ISMA 2016
[2]  El-kafafy, De Troyer, Peeters, Guillaume, « Fast maximum-likelihood identification of modal parameters with uncertainty intervals: A modal model-based formulation », MSSP, 2013



Quality : an error criterion

[=]
T

| |
o [s2]
T T

L
=]
T

. Imag Lm/s/N]

P
T

Is the model well identified?

Data

"Around each mode" :
‘Half power : +/- {0,
*Visible peak : +/- B¢,

* Superpose measured and identified FRF Param
for each sensor, around each mode
+ Compute error on Nyquist
«10° Test 1x 314x [“*’J(l_*_g_)) lH " - H[ A2
IdFrf _ w_](l_c Test, C( ) L ((._S)l
€ie = wi (14G;)
L.)JJI QJJ |Hl C ’

19




Test/identification error

Contribution --

Contribution ++
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For each sensor, each mode may have strong error/noise & low contribution

Test error per mode/sensor

[1]  G.Martin, E. Balmes, et T. Chancelier, « Characterization of identification errors and uses in localization of poor modal correlation », MSSP 2017.
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Evaluate quality of identification
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Other errors : NL # one system

* Non linear system : resonance dependent on
input point / accurate positioning <>

* MMIF or identification per impact location
_ shows significant dispersion
~—u » Multiple identification results are not
" perfectly coherent

N
k2

—

\ 1 sumi(Test1)
|
\ sumi(Test3)

3700 3800 3900 4000
Frequency [Hz]

8 950 1000 1050 ]! 1100 1150 22




Other errors : local modes

« « Same mode » multiple times

MAC
1 « B
1 Il E -
33{. D . .
8
4:‘ -
5 B £l
¢« W B -

1 2 3 N

* non structural masses generate global mode duplicates
« « small mass » # « tiny peak » (if this were true pr'oof mass dampers
would not work)

|
[ NN | 72K e | | misemempy ol
| \. ,". ,"’ " ‘- / } | J A
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\ \

|
f
| \ ;!i,'l "‘ | I‘
02 |. \ ! \ \i/ 7
V] V1. £
200 250 300 350 400 450 500 5o PP
£ oo




Summary : experimental modal analysis

Space/time decomposition applies very often

Base assumption LTI (linear time invariant) should be challenged
Inconsistent data & model family = bias rather than variance
Error classification is per mode/sensor

General handling of NL & local modes is beyond state of the art

2




Yarametric direct problems

Mode 20 at 2591 Hz

Environment
Design pyikt

System
In || States | Out

N

1_x
| FEM error
Identification error ’ GeomeTrY
Noisy measurements Topology errors . M teri | 1
y. o _ * sensor/act position arerial parameters
Identification bias hi .
NL, time varying, .. Mo ehing * Multi-scale problems &

equivalent parameters
- Junction representation

* Design change & modal
property tracking

25




Geometry updating

Measured geometry

Nominal geometry

»+ Up to 2 mm on surface
- 11% error on volume

Geometry correlation "



Geometry updating

* Frequency band : O - 6kHz

) Géon'!éfr'ie Géoméfrie
* NOTClble Shape dlffer‘ence >3 kHZ nominale mesurée

. Fr'equenCy error Corrélation Recalage
2 % mean ‘topologique [l géométrique

o Géométrie composant A
5 7% max
MAC Frequency errors of paired modes

01801
02& 02/
03 & 03/
04 & 04/
05 & 05/
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07 & 07
08 & 08/
oy : 10& 10"
s << - i 12& 12}
o, . i 13813
. i 14814/
" i 15815/

1+ 1 16 & 16|

e 1 17 & 171

o . i 24 & 25|

; 26 & 26

o5 3 27 & 27|
% 35835
41} o i 42843
............................................... a 448 44

1 591317212529333741 -2
Reconstruction F

2 4 6
quency errors [%]

3O

Checking geometry should always be the first step

27




Geometry parametrization / morphing

» Shape optimization / morphing
P(x) = z{pi(x)}chmaster

fe_shapeoptim BuildFromSel

1) fix bottom face, 2) prescribe edge motion
3) deform edges (straight)

4) deform faces (flat)

5) deform interior (good elements ?)

* Process simulation + field projection
fe_shapeoptim Interp

Spot weld 1 gun

Spot weld 2 gun

NVelded plates

Clamped end

Sliding of the parts

Clamped end \D
TR EEE = )\ /W=
[ EE —

[1] de Paula, Rejdych, Chancelier, Vermot, Balmes, « On the influence of geometry updating on modal correlation of brake components. », in Vibrations, Chocs & Bruit, 2012.

[2] G.Vermot Des Roches, E. Balmes, et S. Nacivet, « Error localization and updating of junction properties for an engine cradle model », in ISMA, Leuven, Belgium, 2016, p. ID 372.
[3] E.Blain, « Etudes expérimentales et numériques de la dispersion vibratoire d’assemblages soudés par points », Ph.D. thesis, Ecole Centrale de Paris, 2000.

28




Direct problems : material parameters

- Uniform
- Field

- Equivalent
(at certain scales)

* Material parameters

* Basic parametrization fool : dependence on constitutive parameters C;;

= jﬂ {e}7[Cijl{e} = ZBT[Cij]BWg = z Cij ZBT ]ng
g Lj

Z Cij| Kij]

29




Element/model weights

K®)= ) ac®IK’]

Weighted element matrices = standard
+  Element-wise (topology optimization)
- Field/groupwise

parameter groups ...

solution of eigenvalue problem (polynomial chaos, Ghanem, Soize, ...)
clustering

e VN
B 3‘$ZVAV4$"§:'1 %v
FavAVAVAVAYA 2> N

B AVAVAVAY RV i
ST
_..:....vAv;_-:},q. Y "‘
e Vg e A

" Q

> - 'S
i S g — .
A5 d :

RUIRIR 1A

SILIRREY

o
v
o
—
o
—
9]
—

o

clamped
end

Costlne distance

Clustering of Parameter Sensitivities: Examples from a Helicopter Airframe Model Updating Exercise. Shahverdi, Mottershead & Al




SDT : upcom / zCoef

- Element wise K(p) = Ze a,‘i [Ke] www.sdtools.com/help/upcom.html
Ms Me Ks Ke Ay  Ag
mind = | :
elt
. GI"OUP wise K(p) = Zg Qg [Kg] www.sdtools.com/help/zCoef.htmi
gCoef={'Elab', 'mCo=f', 'eCo=efld"', '2Co=sfFcn';
"M 1 0 w2
'Ea! 0 1 1+i*fe_£ef{‘:efEta‘,[]];
"Ev! 0 1 'par(l)'};

31



https://www.sdtools.com/help/upcom.html
http://www.sdtools.com/help/zCoef.html

Updating of material properties

Modal frequencies

| 10Fr

| FRF for P03 +Z BO3 +Z Test]
107 “ IW E

| | ! * Weight / volume = density
Y P TEiLR * Frequencies = modulus
e Y - Test/FEM distance below
[ | physical dispersion (df/fx2%)

J : Nominal and updated geometries

— Nominal
) Updatgd

Wrong volume = bias

Drum brake example

1 1 bedd ] i
180 185 190 195 200 205 210
Young modulus [GPa] 3049



Equivalent materials / homogeneization

Family

viscoelastic material

shell

* Micro : cell walls, glue, face-sheet,

* Macro : shell/ orthotropic volume/

Objective

 Equivalence: waves/modes

Parameters

» orthotropic law

» Scale separation

Family Optimization
2 Data
Parameters Objective

C. Florens, « Modeling of the viscoelastic honeycomb panel equipped with
piezoelectric patches in view of vibroacoustic active control design », ECP, 2009.

Detailed 3D
honeycomb

Peau

Numerical homogeneization

Shell/volume/shell

<« RS

2 — T v S s Se————
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Direct problems : visco junction parameters

- Junction representation

Test of visco mount 0D / macro / meta-model

Ec=f(xx)

‘ Behavior
L] * material & structure

* B =f(x% x,p)

* Measure disp/load
* Macro : results mix

. Identification
material and geometry cation (p)

Identification (p) Reduction []] &

Hyper-reduction [2]

ient simulation

3D physical / micro

Knowledge
* FEM structure

Multi-body / system simulation
y Use cases

. En.gme.suspensmn
* Drive line
* Comfort, endurance

* Implicit/explicit time
-:Behavior

Ve (o) = FUe) ) ed )

[1] Hammami, Balmes, Guskov, « Numerical design and test on an assembled structure of a bolted joint with viscoelastic damping », MSSP, v70, p.714—
724, 2015
[2] Farhat, Avery, Chapman, Cortial, « Dimensional reduction of nonlinear finite element dynamic models with finite rotations and energy-based mesh
sampling and weighting for computational efficiency», I/NME, vol. 98, n° 9, p. 625-662, 2014. 34




Visco junctions a few keywords

Material

+ 3D finite strain (visco/hysteretic)

- Effects: Mullins, Payne, Madelung, Masing, ...
Structure

*  Micro/macro transition

» Reduction / hyper-reduction (macro-Gauss points)

o [Pa]

Micro Macro L
-0.05 0 0.05
400 «[1]
200
g 0 / é
w Reduction Macro-gauss points
-400

05 ! 15
a [mm| e
; %)

N/
6000 Vo L
2 4000
z_
2000

0 100 200 300 400 500
Sigma Irspiacament
I 35




Direct : contact/friction junction parameters

W

OD / macro / meta-model

Identification (p

Reduction &
Hyper-réduction

Transient simulation

Identification (p) {

2D physical /

——

A System simulation

[1] FUI CLIMA (Conception de LIaisons Mécaniques Amortissantes) ’ ®
[2] These Marco Rosatello. Supméca 2019. 1_ a.
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Junctions : contact / OD strategies

Typical simplification : mass & stiffness

Kinematic junctions (pivots, ...)
often difficult with 2D Equivalent spring build may require
complex numeric/test identification

I Pivot axis

Mode 1| o256, 9 Hz

Contact : pivot mode at 256 Hz 37




Sample junction problems

* Master nodes for multi-body

Type B links : 82 Hz
Type Alinks : 49 Hz

°
Wel d S pOTS Lardeur & All .: Spot weld modelling techniques and performances of finite element

models for the vibrational behavior of automotive structures, ISMA 2000.

- Contact around WS
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Junction parameters : contact surface/stiffness

* Variable contact surface and stiffness
. Compar'able lmpac‘r frequencues and shapes
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[1] G. Martin, E. Balmes, T. Chancelier, « Review of model updating processes used for brake components », in Eurobrake, 2015
[2] Y. Goth, H. Reynaud, « A bolt assembly parametric model », in ISMA, Leuven, 2016. 39



Equivalent stiffness : frequency/stiffness map

FRF velocity/ froce [dB)
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Numerical methologies useful/necessary to treat 2D

=1

StaticStatus
iterate on nodes either
bilateral or no contact

=0.0

StaticModeTraj [1]

series of statics T 20N T 80N
; [M]{¢j} a u O .

Multi-model reduction [2]
Ritz analysis on a few
learning points

JKI

A
104 10 10 w' 1"

[1] H. Festjens, G. Chevallier, et J. Dion, « A numerical tool for the design of assembled structures under dynamic loads », [IMS, vol. 75, no 0, p. 170-177, 201
[2] Hammami, Balmes, Guskov, « Numerical design and test on an assembled structure of a bolted joint with viscoelastic damping », MSSP 2015.
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On the need for equivalent laws

Physical contact laws are sensitive to accuracy on
- Time events s10f~

300¢
290
2801
270
260

1.05 1.1 1.15 1.2 125
Time [s]

b
w

- Spatial events

/i

Equivalent 2D law needed to approximate both

fnl(q)




Design change & pole tracking

Choose a reference Z(p) = (K — w*M) = Z, + (Z(p) — Z,)
Compute reference modes {¢;(po)}, w; (Po)
Use generalized coordinates/energies [1] rather than MAC

a;(t) = {¢;1 [M(po)]{q(®)}

{ej(t)} = c'sz + a)jz cx]2

Possibly use component modes

b2 Pgiova
- CMT [2]: free +global l AT l|A

0 0
¢B ¢global |B-

I
- Flexible with rigid global [3] in subspace 4

Prig | B

[1] Bianchi, Balmes, Vermot, Bobillot, « Using modal damping for full model transient analysis. Application to pantograph/catenary vibration », ISMA, 2010
[2] G. Vermot Des Roches, « Frequency and time simulation of squeal instabilities. Application to the design of industrial automotive brakes », Ph.D ECP 2011

[3] G. Martin, « Méthodes de corrélation calcul/essai pour I’analyse du crissement », Ph.D. CIFRE SDTools, Arts et Metiers ParisTech, Paris, 2017 43




KnKt study (SDT contact)

File Edit View Inset Tools Debug Desktop Window Help N
Nede 3|06 sE

| feplot(5,'cax1") \ \ feplot(1,'cax1') l | feplot(3,'cax1’) \

1780.73 Hz 0.00 % 0.4

1488.84 Hz 0.00 % 3e-05

1465.41 Hz 0.00 % 2e-05

‘ | Figure 4: FreqRig2 ‘

| Figure 10: FreqFull | Figure 2: FreqRigl \

2000 2000 | 2000 | I
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= iy e 3 =] —_—
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w R - ok w w
1200 1200 | 1200 |
1000 3 : : . ‘ 1000 : . : ' ; 1000 : . . . ‘
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Kn=K1 coef Kn=Kt coef Kn=Kt coef
https://youtu.be/AQV2MtKRcS8 44



https://youtu.be/A9V2MtKRcS8

Summary : parametric direct problems

Geometry updating key : inverse CAD or morphing

Material parameter classics

- grouping/clustering/field generation

- homogeneization & scale separation

Junction parameters

- OD or 2/3D laws

- Equivalent 2D for contact (time/space constraints)
Parameftric studies

- Reduction is key for CPU time AND memory
- Tracking tools needed to make sense of data

CMTup7_EcompLHS dr [0 - 1.6e+04] Hz

Design exploration 1000 points
Full 80 days CPU, 22 TB

CMT a few hours off-line learning, 3 L
<lh exploration, 10 GB 9 O . AN e 45




Hybrid test & FEM

Mode 20 at 2687 Hx

Identification error
Noisy measurements
Identification bias
NL, time varying, ...

FEM error
‘Geometry
‘Material paramet

Topology correlation= observe FEM @ sensors

—

Correlation = distance between test & FEM

—

Updating = estimate parameters using correlation
cxpansion = estimate all DOF knowing test and model

46



Basic topology correlation process

Y CoTopo - feplot(6,'cax1')
File Feplot Edit View Debug Desktop Window Help

HE-FEREONK e b d|C b€
| feplot(5,'mdl') \

V|9 0D %L QO
\

.\ feplot(5,'cax1')

Model X MatX| ElProp X/ Stack X CasesX TestBasiX

~MasterMesh J82_mdl.mat
-SlaveMesh Dbp_Id.mat
~SensDof Test
-~ DefineTDof Select
[+-Sel
=-NodePairs Init Side by Side
~Hidden Remove
- nListFEM
~nListTEST
#InitPosOnly Run
-ICP Run
“Radius 5.0
[#-Tune Init Overlay
#-MatchDo Match
=-View
#~MatchD MatchD
- ViewMatch Display
Restore Do
#-Finalize Finalize

current object info

| feplot(6,'cax1") [

p :,;;, ;""sﬁa@“ '
i) ! .“‘ & A “
U LN
ANINRPZE

current object info
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Topology correlation process

Initial orient (coarse)
Give reference points & reposition

Optimize orientation to minimize distance

Analyze errors
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Test topology objectives : view & correlate

- Connect to allow viewing

* Use regularity to avoid distortion

»+  Use exact topology

»  Triax measurement is not the universal answer (= expand)

Test 111

I \

V'”’“’"“ 'W fr“ 'm ity

nJ

900 1000 1100 12
Frequency




Basic shape correlation

4| CoShape - Figure 1: MacPre - O
File Edit View Inset Tools Debug Desktop Window Help [II_LMAC N
Ddde | @ 08| KE HOBDO
1 | Figure 1: MacPro [ MAC() | MAC-Error(1) | F’ feplot(2,'cax1') Nermal modes | ErtMac \
il Mode 1 at0 Hz
=-Data
#-da E IdMain NsensNact=1011 Nshape=22
&-db E | Normal modes NDof=63678 Nshape=20
#-model X | Ncens=1011 NDof=63672
i BN (40
=-MacParam
~inda HH J11234567891011121315]
~indb @ [[78910111213 14151617 1819 20]
~UseMass No v
~Pair none v
~sela {'-Test','ShowFITestDef'}
~selb {'-linface','ShowFIMDef'} - — =
& MacPlot I} MAC Cross A-B = >| feplot(3,'cax1') I[dMain | iiplot{d) IdFrf = | idcom(4) properties
~GroupA [891[1112] 1@ 441.5Hz 0.24 %
- GroupB [1415][17 18]
~Combine 0
&-MacError I} ErrB v
i#-SensorSet
- SaveDock Save

https://youtu.be/tVV-R2r-3M8 50




Correlation : mode crossing & MAC combine

High sensitivity for close modes associated with mode crossing
MAC can drop to 0.5
MAC combine linear combination of close modes = stays at 1.
Orthonormal combination of modes in a group

A= a""gmin”[thest]gA — [C¢FEM]gB[A]”

P ' Mode 14 Right Braket Height 0 mm |
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] Il b
2685} s '\:
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2660+ ; : - " = - o B
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| | e - - . : = o
2655 i B i g .3 ? mn
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MAC & sensors : historical methods

« MAC on sensor sets

© Localize area of poor correlation
® No automated set definition

+ COMAC : is a specific sensor bad ?

- correlation of multiple modes at one sensor
- eCOMAC : dllow incorrect modeshape scaling
- Not per mode / sensor

* MACCo : does correlation improve with
less sensors ?
© Easy to implement
© Sensor sets per mode or global
® No understanding of why each sensor is removed.

i=i+ | |

|
|
I Removal ol sensor i I

Calculate the value of
the chosen criterion

i=number N
. of sensors ? 7

Yesy
Remove the
WOorst sensor

Another

. removal 2

List o removed sensors

[1]N. A. J. Lieven, D. J. Ewins, « Spatial Correlation of Modeshapes, The Coordinate Modal Assurance Criterion (COMAC) », IMAC, 1988.
[2] Brughmans, Leuridan, Blauwkamp, « The application of FEM-EMA correlation and validation techniques on a body-in-white », IMAC, 1993
[3] Martin, Balmes, Chancelier, « Characterization of identification errors and uses in localization of poor modal correlation », MSSP, vol. 88, p. 62-80, may 2017 59




MAC & sensors : MACCo variants

26 @ 4044 Hz 0.07 %

MACErr : Ignore sensors with bad

identification
MACCo : sort sensors by impact on MAC SR =T

Removed sensors may indicate
 Bad measurements
 Model errors

100 ; ; ' : S

MAC value [%]
«w w
Q (%2}

(o]
wn

(o]
(=)

10 20 30 40 50 60 70 8 90 100
[%] of removed sensors

o
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Updating : freq-MAC obj

Family : FEM with updated geom.
: mat/junction

Data : test modes

Objective function Jpeq-mac

JEFRi—fTest,j
Ri(p) = {Waeks
i(p) 3'(1 — MAC; ;)

Associated problems

* Mixed quantity (scaling)

Family of models

ective
Op‘rimizaﬁor)<—|
7 Data
Objective
function
NM

Jpreg-mac(p) = \ > IR ()]
j=1

» Jumps on mode pairing —
- Parameter choice

* Sensitive range ——

_ 40
8
g ®
*x

r_- : »
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Parameter equivalence / conditionning

Tests

A 4

Observable modes

Vertical M

\

Torsions
o Identification N\
E Yar o Mmooy 0 o
Fy Es Esx
3] 3 : ;.? —:.*; o0 0
: | B A o e
4] 1] 0 G]. o I
o 0 0 o @: i
4] (1] 0 1] [i] ) ) ]
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Qg,)l'.‘» Sy, 7 ] f | f 5 5
09P 2, 0 P, 3, R 0, %, 1 | -
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Sample clustering method

+ Compute cosine distance
(uju) )

lullllv]l

3 -

cos~ 1 (max

)
l
|
|
el
L
AB->U,Ug -> 0pax (UB — UA(U}{UB)) {- ,

* Recursively group elements with
smallest distance 7 P

e U113 ‘(&\
T Gl T A A
U101 o e ,,,..j,*‘kﬁ
p e /)(/ e
o5 B
G4
///'\}" 63 L113
clnn;p d L101
end
(a) (b)

Shahverdi, Mottershead & All, Clustering of Parameter Sensitivities: Examples from a Helicopter Airframe Model Updating Exercise.
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Expansion / hybrid models

Test error:
Reverse sensor direction

Model error: I |
coupling stiffness

210

E ]
N ]
g BS

Log En rkm
» o)

~

[C]{¢} - {Vrest} = €Test
{R} = [K — w?M]{¢} # 0 Load residual
(R} = [K]"Y{R,} Displacement residual

N o

Residuals for test and model error




MDRE : multi-objective cost function

J(@exp) = ||€rest @exp)||[Y + ||€moa(@exp)|| multi objective cost function

Test error Model error
A
' ¥ -Eé 2?\
e 1 /\ .,
l' ll : - 2
g b |
€Test g = ey e S O = b AR (R} = [K — 02 M]{$exp) * (
— “ [C] {¢exp} - {yTest}” ’ h N ! s : '

€moa = IIIK1"H{RL} Ik
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Expansion : robust to model error

Softer coupling

100

\
Tne\s\s ba
\

/ \\
50 - // Tr,u e \

MAC [%]
[e]
o

10°® 107 109 10°° 10 10 1072 10" 10°

Coupling stiffness
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Model error = clues for parameterization

Relative Model+/Test error evolution with

| ww’ | Model error concentration at
| -~ sensors
! Decoupling model error on
! * Model modes
VVVVV 3 * Enrichment
10* 10" 10° 107 10° | 10* 10" 10" 10'? 105} .
. | Concentration of
5 model error close
5 to the coupling
= +

Model error : guides model parameterization
Test error : can be used to locate poor sensors
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Expansion : an old method with renewed interest

Early work : Ladeveze 72 -> [1] present
Independent start : Balmes [2] 00 -> present
Not much used for 40 years due to computation challenge (see [3])

Mode 1 at 6.376 Hz

Renewed interest at SDTools (last 3 years) due to reduction
Modes / multi-model + sens [K]~1[b]
- A few thousand DOF, a few seconds per point

4 @ 573.4 Hz, dEk 4e-07 % dY 15.60 %

Potential uses =

- Updating

*  Frequency domain > 18
structural dynamics modification [4] A

» Time domain (extended Kalman Fil’rering&, 5

[1] Deraemaecker, A., Ladevéze, P., Leconte, P. Reduced bases for model updating in structural dynamics based on constitutive relation error. computer methods in
applied mechanics and engineering. CMAME 2002

[2] E. Balmes, « Review and Evaluation of Shape Expansion Methods », IMAC, p. 555-561, 2000.

[3] N. Nifa, « Solveurs performants pour 1’optimisation sous contraintes en identification de paramétres », Ph.D. thesis, Université Paris-Saclay, 2017

[4] M. Corus, « Amélioration de méthodes de modification structurale par utilisation de techniques d’expansion et de réduction de modéle. », ECP, 2003.



Summary : hybrid test/FEM

With enough sensors (extreme case field measurement)
Reasonable match between model and reality (LTI, no local modes, ...)

.. updating (=parametric identification) works

If it does not, don't throw the model away
Lots of things will never be measured : hidden faces, internal loads, ...
Many can be estimated even with somewhat wrong model
Hybrid models have used efficiently for decades
Reduction extends usability to vibration problems

"Digital twin" is the current hype keyword for this old idea
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