Correlation

Observation (poly section 9.1 topology correlation)
Sensor placement objectives and pathologies
Correlation criteria (section 9.2 and 9.3)
Expansion (section 9.5)

\ Arts

et Métiers
MS2SC http://savoir.ensam.eu/moodle/course/view.php?id=1874
PROVIR http://savoir.ensam.eu/moodle/course/view.php?id=490




Hybrid test & FEM

2473 Hz 0.08 %
Mode 20 at 2591 Hz

Identification error

*  Noisy measurements
«  Identification bias

* NL, time varying, ...

FEM error
‘Geometry
*Material parameters

Topology correlation= observe FEM @ sensors {y} = [c]{q}

—

Correlation = distance between test & FEM | = ||[{yv}, [c]{q]}l

Updating = estimate parameters using correlation objective
cxpansion = estimate all DOF knowing test and model
State estimation, hybrid twin




Basic topology correlation process

4. CoTopo - feplot(6,'cax1") = O X
File Feplot Edit View Debug Desktop Window Help k]
ME=-+%OVK7aalddcteV ? 60D LO BODBO

feplot(5,'mdl’) feplot(5,'cax1") _I feplot(6,'cax1") l
Model X! Mat/X ElProp X Stack/X! Cases/X TestBas X
MasterMesh J92_mdl.mat
SlaveMesh Dbp_ld.mat
SensDof Test v
DefineTDof Select
+-Sel
='NodePairs Init Side by Side
Hidden Remove
nListFEM
nListTEST
InitPosOnly Run
ICP Run
Radius 5.0
+-Tune Init Overlay I i
#-MatchDo Match
=-View
MatchD MatchD
+-ViewMatch Display
Restore Do
+-Finalize Finalize
= 1 |current object info current object info

https://www.youtube.com/channel/UCy5PHLw70NqgfDDvg24tXJWg



Topology correlation process

[Teplotraty | feplote cax1)

- Initial orient (coarse)
+ Give reference points & reposition

-+ Optimize orientation to minimize distance

* Analyze errors




Observation strategy

Linear observation equation e = [€ Lvsanid hon

- translations, rotations, deformations

* non_COinCidenT T@ST/FEM {tTestnodes} — [CNA] {QAHDOFS}

* le'biTr‘Gr‘Y orientations {tSesrs = [CTN] {tNoeuds Capteurs}




Topology Correlation problems

+ Determine matching surface
+  Geometry mismatch
 Handle offsets for shells

+  Exact location in presence of
camera distortion

Mesh node wome G

N
AP
A s
I e o
q‘g VamaTivs

.
¥




View & correlate

» Connect to allow viewing
* Use regularity to avoid distortion

- Use exact topology /4 Fai




Avoid distortions : triax or not

- Non triaxial measurements can induce
perceived deformation

+ Wire-frame as truss and expand
Expansion < efficient use of channel count




Correlation criteria

* FRF comparison (section 9.6)

+ Sensor based : frequencies, MAC, relative error,
MACCo (9.2)

* Model based : orthogonality, dynamic residual (9.3)
Needed tools

» Topology correlation / observation

* Modeshape expansion / estimation




FRF comparison

[H(s)] = I + Li(s)| [Hm(s) + Hr(s)| I + Lr(s)]

's) vis)

J =  Hu(s) J Jg...
\__{ Lr(s) \—‘ Hr(s) | L Lifs) |

Typical FEM : closer with multiplicative
Typical ID : closer with additive /




Frequency comparison : needs pairing

LT1

20
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MAC and others

»+ Discuss MAC on blackboard (section 9.2.2)

» Show full and reduced versions (this requires talking
about reduction)

» Relation with orthogonality conditions
» Relative error with or without scaling




Modal Assurance Crit

|4 CoShape - feplot(3,'cax1’) IdMain

File Feplot Edit View Debug Desktop Window Help

EEEE L

% @ &R

| | Figure 1: MacPro | MACH)

Normal modes

[+ S o T (O - Sl I e 3

20

PAHEE[CLE§[AD
[ :

. | feplot(2,'cax1') Normal modes

MNormal modes
Mode 7 at 410.3 Hz

1

2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22
ldMain

| [ teplot3, cax1") ldMain

IdMain
1@ 4415 Hz 0.24 %

1 liplot{4) |dFrf = | idcom(4} Properties




Basic shape correlation

4

File Edit View

D& de

Insert Tools Debug Desktop Window Help [II_MAC

&8 KE

+1 | Figure 1: MacPro
MAC X  Qual X

= Data
+-da
+-db
#-model
#-ci
=I-MacParam
inda
indb
UseMass
Pair
sela
selb
=-MacPlot
GroupA
GroupB
Combine
#-MacError
-SensorSet
1-SaveDock

]

T

EREH FRERFREE

| MAC(1) | MAC-Error(1)

feplot(2,'cax1') Normal modes | ErrMac

Mode 1 at 0 Hz

IdMain NsensNact=1011 Nshape=22
Normal modes NDof=63678 Nshape=20
Nsens=1011 NDof=63678

4.0
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No v
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{'-linface’,'ShowFIMDef'} : ]
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Y v

HOBO
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0
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Save

httos://voutu.be/tVV-R2r-3M8
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Correlation : mode crossing & MAC combine

High sensitivity for close modes associated with mode crossing
MAC can drop 10 0.5
MAC combine linear combination of close modes = stays at 1.
Orthonormal combination of modes in a group

A= argmin||[¢test]g,4 — [C¢FEM]gB [A]”

— 7 " .
Y : Mode 14 Right Braket Height 0 mm R
2690 - e s Meode 15 Right Braket Height 0 mm | 4
“ i i N\
- i - \
2685} e '\l :
<3 : Small brackety
2680 - T S : NN
e —9" “
Persh :
‘-,,)-:" — g : - MAC Recombine(0)
%26?0 | e vt -:"'@, 1 ﬂ MAC Recombine(5)
;
2 /S H . -
ees | - , - H- »
. R ! 3 ' .
2660/ ! e : 54 A - 4 a
i A | 85 - - - . B -
26551 : : Eo e - o -
: “.“_\ : & . E . -
2650 ; =i / |
| | | . i 1 | | ‘ﬁf_ 8 m
6 -4 2 0 2 4 6 8 10 s B|- - 52
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2 3 é in 1.\||é é 16 "oz 1‘3 * e SD;’ All b




MACCo algorithm

What if analysis sorting sensors oo g
. . . Initial sensor se
by contribution to poor correlation e
ir_-:n Wi, CEOWL, 5
Common errors M A (o ithonit )
* Poor identification |
i 1+ Define S™*! by removing s MACCo™! is the pair
POOI" sensor pOSlTlOn that most improve MAC | "] {Sn+! :_-11_4:-:3-;;5"51}}
- Sensor orientation error |
ceni1yly, cgni1tly, S
Yes ( Remaining Sensors? )
e, NI} =
v
End
_——40x
V- LY
# 1 | # 2 | # 3 | # # 6 | # 8 | # 9 ) W

88 82 34 46 69 | N
352 |92 | 32z | 84 | 172 | 85 | 36z 28z | 54 | 36z | 56 | 4z | 74
36z | 04 | 40z | 86 | 142 | 86 | 35z 72 |59 |7z | 62| 32279
28z | 95 | 36z | 88 | 362 | 87 | 6z | 68 | 102 | 63 | 6z | 65 | 24z | 81 - \
26z | 96 | 282 | 89 | 222 | 87 | 392 | 71 | 34z | 67 | 35z | 68 | 21z | 83 N AL

31z (97 |6z |90 |26z | B8 |22z |74 |92 |69 (8 |72 |3z |85

o | Ln| B
D B =
I
[w ]

16/39



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 4’*;:‘::;:' . Sj::::';ﬂ
- eCOMAC : allow incorrect modeshape scaling R —
- Not per mode / sensor
« MACCo : does correlation improve with 7
less sensors ? Remove e
© Easy to implement

© Sensor sets per mode or global
® No understanding of why each sensor is removed.

i—i+1 |
¥

¥

i=number
of sensors 7

Yes

Another
removal ?

List of 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
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Test/identification error

Contribution --

Contribution ++

Test 16z 314x
i IdFrf 162 314x
1
107
g _
£ 5
2z ot E
Error -- § | / A
= / / \ C
/ \: | \ - -
107/ \Tj N s
/ \J ‘WW
/ \ f
J B
i/ : : {
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Test 257y 314x 10°F i Test 45y 314x
: i |dFrf 45y 314x
;
I} .I
g < 'j\
| Modes
£ E il
E = ! ! h’ Mode... Freq[Hz] Damp... Error[%] Contri.. MPC[%] max(..
3 g _ 1 23 21,39
® T \ | F] 19 423
2 2 3 85| 394
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N -
Error ++ -
8| 1424
amsl r E ; o 183
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fw (1—ady) |HTESLL'{S) e Hid,c(S]‘I ¥ [Hz] Frequency [Hz] =
e e 1 1 Mode Cut In Error Level Contrib  NOS
2 wy(14adly) H. 9 6| 128503 03| 150%  15% 670%|  02%
_L (1—aéy) | td.c{S}i 6 1411,03 03] 148%  45% 11%  07%
1 1 6| 117403 03] 144%|  57%  456% 08%
6 1490,03 T 11%  405%  0,6%
. . . 6| 1403,03 18%  672%  07%
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6| 1283,03 2% 27.8%|  03%
6| 1153,03 41%  194%  06%
6| 1395,03 24% 742% 03%




MAC & sensors : MACCo variants

T T T
26 @ 4044 Hz 0.07 %

MACErr : Ignore sensors with bad o
identification s | o
S -

;

o

I
n

0.56 -

410

MACCo : sort sensors by impact on MAC e P
Removed sensors may indicate Error Threshold [%]
« Bad measurements

« Model errors

30 20 10

Each sensor removed improves MAC by 2%

—0.021

100 — - - e
— 95 e
S ]
: _
[ 90|
@)
< 85

BO|- | , L I

0 10 20 30 40 50 60 70 80 90 100

[%] of removed sensors White areas = sensors removed based on
test




MAC : sensor placement

Actual sensors MAC

Effective independenc% MAC
i




HESAM MINSTITUT =2 reossAmion :
UNIUERSITE VA il lecnam | gSiRoT g SD ‘ : : |S
IA ,‘l VIBRATION SOFTWARE & CONSULTING
X
HITACHI

Inspire the Next

Expansion in structural dynamics : a perspective gained
from success and errors in test/FEM twin building

Etienne BALMES (ENSAM PIMM & SDTools)
G. MARTIN, G. Vermot des Roches (SDTools)

T. CHANCELIER S. THOUVIOT, Hitachi

CSMA, Giens, May 18, 2022

https://hal.archives-ouvertes.fr/hal-03717617v1



Learning experimental shapes in squeal event

b B : #
Time measurement during ¢ L i Lo i
squeal | |

Variability

- influence of wheel angle
Reproductibility

- Multiple events

Complex ODS from 3D-SLDV
* 431 points
« 1=4050 Hz

Braking
event 2

22



Observation / test error

€Test = )
”{yTest} - [C]{CIExp}”Q

R ETest

— R — R
€ETest = 2 €ETest = 0% ETest
”{yTest}H — 950




Equilibrium / model error / ignorance

[M]{G} + [C]{q} + [K (Pesc){q} = Fext + R, (p, noise) in time = Kalman
[Ms? + Cs + K(pEst)]{q(s)} = Fext + RL(p, nmse) in fr'equency expansic

Measure residuals ||{RL}||
1. Work {Rp} = [K]‘l{l
2. Energy
€moa = I{RL}I% = RIT;K
3. Relative error

R . €Mod

€EMod = 2
Maewdle o

Dynamic

Complex mode expansion



Model based estimation / expansion / hybrid twin

,| Model error Modd\ Output erro: =
S’ra’re% ~ '*
Multi-objective optimization
n ](qupJ V) ) —
IR [k +
) 4 ”Cq o yTest”Q
Outline
1. Coefficient y to balance between the two errors
2. States, reduction & numerical cost
3. Ouput-error norm Q
4. Analyze model error K-norm

25




1. Test / model tradeoff

Modeling and test error minimization : multi-objective cost function

y too low : no motion (no external input)

](QExp: V) = €Mod T VETest

Relative error [%]
S N WA O N ® ©
c & & &6 & 6 © 6 O
| I 1 I I 1 I I 1

ErrMod

ErrModSens |

—
=
)

10°

102

10% 108 108 101

Expansion +Igst

T ErrGune 4050 Tz ErTos] ErrTest high
.
Ve




1. Test / model tradeoff

Modeling and test error minimization : multi-objective cost function :
Expansion + Test

L=

](CIExp: V) = €mod T VETest

y too low : no motion
y increase : expanded shape gets closer to the measurement

- L B WAL % o T ErrTest_
ErrMod

[{e]
o
|

2]
o
T

ErrModSens |

Relative error [%]
O IS Y B SN
o o & o & & o
T T T T T T

10° 10° 10% 108 108 101

-
<
)




1. Test / model tradeoff

Modeling and test error minimization : multi-objective cost function Expansion + Tst

fiﬂ< ~

](QExp» V) = €mod T VErest

y too low : no motion
y increase : expanded shape gets closer to the measurement
y too high : model error concentration at sensors

90 - L LR ' ErrCurve 4050 Hz ErrTest] ErrTeSt = nO|Se ErrMOd at
ErrMod
70 - ErrModSens| _

B S

[=2]
o
T

Relative error [%]
N W A (%]
o O o (=]
T | I T

-
o
I

10° 10° 101

4
o
N
-
o
o
-
o
N
-
o
FS




1. Test / model tradeoff : conclusion

Relative error [%]

w
o
I

](CIExp: V) = €pMod T VETest

y too low : no motion
y too high : model error concentration at sensors

Good value : e, low enough, €,;,4 Smooth

o0 " ErrCurve 4050 Hz ErrTest|

80 -

A OO O N
o O O© O
I I I I

= N
o O
I [

A,
S
N

10° 10?

Necessities

» atleast 20 values 4 orders of magnitude

* Interactive y navigation

» Error viewing interfaces

« Relative error give local minimima & optima # weighted error




2. States, reduction, numerical cost

Multi-objective problem j(qe,,v) = €moa + Yerest

Rewritten as extended saddle point

[—Z(Iz), ) y_[f](% [c)]] {5;} N {V[C]T%ytest}

Two levels of variable separation
FEM u(x,t) = N(x)q;(t)
Modal analysis (Ritz) {q;(t,p)} = [T1{qr(t, ")}

[T] chosen for bandwith, loads (external, parametric)

Needs for T learning

Modes {¢;(po)}
Loads at sensors [c]”
Parametric loads {¢; ()}

System
In | States ] Out

1.7¢6 DOF

1239 sensor

100 shapes
5*100 shapes
1239 shapes

30




2. States, reduction, numerical cost

Ritz reduction

Learning {¢;(p,)} K]~ |[02/0p){¢; @)} [c]]
Basis building :

- Full 1.7e6 DOF x (100 + 500 + 1239) vectors = 23 GB

- Full global modes (SVD/Eig) 1.3 6B

- Sparse sensor shape [K]71[c]" (LV) 7 MB

- Other basis building at SDTools
* Full shapes (could be sparse)

« Component modes block-wise & two level reduction
(PhD Vermot, 2011)

31




2. States, reduction, numerical cost

Ritz reduction (offline «1 h, once)

Expansion | *

—Z(w, p)] {

Z(w,p) vlcl"Q[c]

- Full NEVER

- Reduced «1s, 1e3 times
- Analytic gradient if updating

* Restitution : online / interactive
- Display «1ms, energy per element «ls
- Online saves memory

} N {V[C]T%ytest}

8] — + Bg[
| Figure 1: MacPro
MAC x Cofxpx MDREX

4 CoShape - feplot(2,'cax1') Exp

File Feplot Edit View Debug Desktop Window Help

190D @&

1000 shapes : full 25 GB, reduced 28 MB - —
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3. Test error norm

StepY

Test error is frequency/sensor dependent

H{:VTest} - [C]{CIExp}HZ(w)

L] L] . .
Contribution|-- Contribution ++
Test 16z 314x
: H 1dFrf 162 314x
100
= E40°
£ ! =10 idcom(2) properties
g : 8 TSEe X ldert%  Uni % Channei®  SEBDIX CANE
O —_— 2 Modes
107} ; [~ 5 2
; Mode?  FreglHad  Dampl%] Enorl%]  Conirbl. MPCI%]  NOSmas..
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! ] B 1eaid o008 i 1
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. i . 1 : . ' [ 150 1 0,08 8 )
2100 2200 2300 2400 2500 2600 2700 2100 2200 2300 2400 2500 2600 2700 13 287174 007 3 [
Frequency [Hz] Frequency [Hz] [ 009 Ef 5
18 gl 007 5 ol
] hrsie 3 AT 011 & 85!
Test 257y 31dx _ Test 45y 314x LT oo I
1l dfrf 251y 3145 ] 1dFrT 43y 314x Hi %754 0,08 3 [H
T ey o
h O 18 3008 0,10 1 [H
i 13 25523 0o7 5 B
i el § i
e g )
Erlrnorl +- Z J g1’} o Par
£ E "
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2 g7 / /‘ 2
g i g
£ £
10" 3
H
3
33
2
10° L - 11,0 : % .7
2100 2200 2300 2400 2500 2600 2700 2100 2200 2300 2400 2500 2600 2700 I_Ai: 1185 | |'|I||19I 9.7 'I5_.,'!3‘as 0% 1,3%
Frequency [Hz] Frequency [Hz] 14 38,02 111,05 4% 17.0% 0o 14%

[1] G. Martin, E. Balmes, et T. Chancelier, « Characterization of identification errors and uses in localization of poor modal correlation », MSSP 2017.



4. Model error analysis

In [—Z (kc:), p) y_[f](Tag [c)]] {61121511} N {V[C]T%Ytest}

One has [Z(w, »)I{Rp} = [c]"y(cqEx — Yrest)

The model error is approximated as
dynamic response to point loads at sensors } g A EN
=> stress concentrations Wi - e W S

»  But sensor enrichment can be
split by regularity/frequency
[T] — [¢M TSJéns]

emod = {Rp} 3 oy, {Rp}y + {Ro}] o} {Rp}|,




4. Model error analysis

ps, = B Ky + E;Kry

Regularity may still not be sufficient S i A S, SR
Bottois (PhD 2019) used Bayesian inference .., -.ouy

s, = (w*M)a2E, (w*M)H

{EtE = (25 + a7

MDRE expansion used to estimate shape q"*”

Good for displacement but not stress. Keep on edge
where unknown force R; occurs and to estimate acceleration field

Estimate regularized interior displacement ¢ (possible shift a)

For true solution qo*P = qFe

Exp
[M(s?—a)] {quxp} + (Ma + K(p))

Exp
ol 5)

dc

8800.00 Hz

ps =25 (X5 'us + s,

s, )




Conclusion

» Understanding multi-objective - i
le3 points needed Faet
Reduction is critical ~

- Ritz reduction (offline «1h, once) \T

- Learning {¢;(p,)}

19 @ 910 Hz g1e+10, dEk 62 % dY 0 % Order 6.0 @ NaN RPM NaN®Hz /

(K]~ [c]"

- Basis building : SVD/EIG/LU
Ongoing work -
- Parameter updating e e
- Quantification of test errors ey -
- Non-linear transient |
- GUI / user friendliness ——
w it SDEA T00IS
Thanks to ( ) : Airbus, Arianespace, Bosch, ...

Daimler, EDF, ESA, JE Electric, PSA/Stellantis, ...

R
=109
Test—10% €104

=47 %

¢




Static/dynamic expansion

Mode 11 (103 Hz)

—_— Static
B Dynamic
_— FE mode

=
— -
LGS

» Static expansion has cut-off frequency
- Measurement errors are not accounted for




Fixed sensor mode

F iIXed sensor modes“"“”‘m
K —wiM|{¢;} = {0} 7

With

[CT”} m<k {Q‘J} =0

Uses
*  Analyze static expansion validity

*  Place additional sensors to extend
frequency band (IMAC 05)



