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Abstract

The method of updating proposed in this paper is based on condensed models and the frequency
responses. A robust approach of condensation with two levels is presented. The first reduction basis
denoted Tj; reduces the size of the model to a few hundred of degrees of freedom. The vectors of the basis
are sufficient to make the condensed model reliable and robust with respect to the perturbations of the
model in the observed frequency band. The second reduction basis denoted 7'}, condenses the model to the
measurement points. It is updated during the updating procedure. The formulation of the updating
problem with residues on the inputs leads to a linear relation of the parameters to be identified. This
method makes it possible to detect strong errors of mass and stiffness if the Ritz basist Ty is reliable. In
practice, the reduced matrices evolve with the modifications of the model. One can update this basis during
updating. A strategy of iterative regularization makes it possible to obtain the variations of the parameters.
This method is validated on an industrial example. In order to test the robustness of this strategy, the
quality of the readjusted model in comparison with the experimental results for various loading
configurations of the structure is evaluated.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Finite element modeling is used to predict dynamic behaviour. Reliability is essential. Finite
element (FE) simulations must be compared with direct measurements made on the body under
study. Convergence of the calculated results with the experimental observations is achieved by
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correcting the mass, stiffness and damping matrices. These corrections are calculated with
updating parameters using residues:

residues on input [1];

residues on output [2,3];

residues on complex powers [4];
residues based on eigensolutions [5];
behaviour law error [6].

Applying forced responses makes it possible to account for the static contribution of high-
frequency modes. The updated model should be usable in a static problem, but if updating is
achieved solely with eigenmodes, the necessary static applications can be troublesome.

The interesting aspect is to compare structural behaviour at measured points with the
corresponding behaviour at the same points in the condensed model. The degrees of freedom
(d.o.f.) of the condensed model are physical points (sensors) on the structure.

This selection leads to a simple formulation of the updating problem applying residues on input
giving a linear relationship with the parameters to identify. The method used enables updating
strong mass and stiffness errors if the condensed model is reliable. In practice, the condensation
matrices change as the model changes. It can be judicious to recalibrate them at the end of the
updating process.

This leads to a two-level condensation:

e The first condensation 7Ty, reduces the size of the model to a few hundred d.o.f. The number of
basis vectors of the 7Ty, transformation is sufficient. The perturbed model, condensed by an
initial transformation matrix 7y, should be reliable, accepting model perturbations in the
frequency domain of the measurements.

® A second transformation, T,, condenses the model obtained from the measured points. The
T, operation is recalibrated during the updating process. Recalibrating 7; may be necessary
after updating if the distance between the initial model and the structure is considered to be too
great.

2. Definition of the condensation bases

Updating procedures are based on iteration methods. For large-sized structures, large-
dimension models cannot be used at each step due to the excessive calculation time.
One solution is to apply reanalysis techniques by reduced basis approach at each iteration.

2.1. Defining the model parameters

The first step in updating the model is the localization phase. This step defines the macro-
elements of the model which contain the modelization errors. For each macroelement, the
operator chooses the type or types of parameters P; (Young modulus, volumetric mass, thickness,
etc...) which are to be characterized.
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The mass, damping and stiffness matrices of the macroelement number i are defined from the
elementary matrices by

nelem
i _ 2 : elem
Mmacro - Me 4 (1)
e=1
nelem
i _ § : elem
Bmacro - Be > (2)
e=1
nelem
i _ elem
Kmacro - Z Ke : (3)
e=1
The impedance L}, of macroelement number i is defined by
i _ Wi : i AV i
Lmacro - Kmacro + Jmeacro —w Mma(?ro‘ (4)

In general, the updating parameters (P;) intervene non-linearly in the correction matrices of the
macroelements. The matrices can be factorized as

Lfnacro(Pl') = Z(Pi)aLfZacro' )
A variation (AP;) in parameter (P;), gives a variation in impedance:
ALinacro(Pi) = APiZa(Pf)ailLfgtacm' (6)

A dimensional coefficients of variation are used to avoid processing problems when searching
for a parametric solution:

AP;
i = 5 7
P ()
so
ALL’”“"” (pl) =7 iza(Pi)aszuc;'()' (8)
An impedance correction (ALy) of the model is defined by
np
ALy = Z ALlinacro‘ (9)

i=1

2.2. Approached reanalysis on a reduced basis

The reduced basis Ty; applied to perturbed problems must produce reliable condensed matrices.
Recalibration of the Ty, condensation matrices is costly in time and space for large-sized
models. The Ty; condensation matrix evolves during the updating process with

® Ty;: the condensation matrix of the initial model (Mg, By, and Kj).
® Ty +ATy;: the condensation matrix of the perturbed model (My+AM,, By+ABy and Kg+AKy).
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The following approximations are made:

(To1 + ATo1)'*(Mp + AMy)(To1 + ATo) ~ Th;*(My + AMg)* Ty, (10)
(To1 + ATo1)'*(Bo 4+ ABo)(To1 + ATo1) ~Tj, #(By + ABo) Ty, (11)
(To1 + ATo1)'*(Ko + AKo)(To1 + ATo1) ~ Th, *(Ko + AKo)+Toy, (12)

and the following terms are neglected:

AT(I)I*(M() + AM())*(T(H + AT01) + TE)]*(MO + AM())*AT(H ~0, (13)
AT61*(B0 + ABg)*(To; + ATo1) + Té]*(BO + ABy)*ATy ~0, (14)
AT61 *(Ko + AKo)*(To; + AToy) + T61 *(Ko + AKp)*ATy; ~0. (15)

The expected perturbations of the model induce deformations. The reduced basis Ty; must be
able to represent

e the movement of the initial system with impedance Ly;
e the movement of the system submitted to the given parametric modifications AL.

The nature and the localization of these modifications are known, but the amplitudes of their
variations are not.
The behaviour of the initial model is represented by

Loxy, = fo, (16)

and the behaviour of the condensed initial model by
Lixy, =11, (17

with

Tio = Tjy, (18)
L = TyoxLo*To1, (19)
Yo = Tor*yy, (20)
f1 = To+fo. 2D

Reanalysis of the modified system at step i of the parameter correction process is achieved on
the reduced modified system:

L =L +AL, (22)

where _ALEI)_l is the impedance correction issuing from the updating step (i — 1) and AL’i_l =
TioAL] 'Tyy.
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2.3. Adaptation of the condensation basis to changes

The behaviour of the modified model is represented by

[L(w) + AL(w)]y(w) = f.(w), (23)
or by
L(w)y(w) = fo(w) — AL(w)y(w), (24)
this means that the modified model can be considered as an initial model loaded by error forces
AL(w)y(w).

In the expression of these forces, y(w) is not known. It is assumed that the displacement vector
y(w) is decomposed on the truncated basis of the eigenmodes Y,,; enriched by the static residues
Yo [7.8].

This gives
np
AL(@)y(@) = ALO)[YnaYrsle(@) = > ALY (@)Y ma Yrsle(@), (25)
i~
and by deduction, the error forces F can be represented together as
F=| AL [YuaYrs] AL [YwaYe] ... ... AL [Y,aYs] |, (26)
or as
F=|AK} ..[YnaYrs] AM} o YpaYrs] oo AK L [YpaYis] AME 1Y,0Y] ... ] (27)

This matrix F is decomposed into singular values to extract the independent vectors Fr(Fz, =
DVS(F)) representing all possible error forces.
The condensation basis T; is formed by uniting

e a modal sub-basis Y,,4;
e a static residues basis Y, able to represent the static behaviour of the structure:

Y, =K, 'f.. (28)

e a static residues basis Yy, able to approximate the dynamic behaviour of the structure resulting
from changes in the parameters:

Yre = Yina g Y aFre. (29)

This gives
Ty = [Ymd Y, Yfe] (30)

2.4. Multiple reductions to achieve updating
The updating process requires an adaptation of the size of the model to the size of the data

observed on the structure.
Two steps are necessary for large-sized models.
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The first step is condensation reduction to obtain a reduced model with a level 1 impedance L,
with a few hundred d.o.f. on mixed co-ordinates

Li = TioLoTo. (31)

The level 1 reduction basis T can represent the displacements of the corrected mode authorizing
recalibration of the model at this level of reduction. The level 1 model is recalibrated and
reanalyzed at each iteration of the process. The eigenmodes and the static residues obtained are
used to construct the new level 2 reduction basis T,.

The second reduction produces a reduced level 2 model with d.o.f. based on physical
co-ordinates:

L, = ToiLiTip = To1 TioLoTo1 Tho, (32)

the dimension of the condensation basis T|, depends on the number of sensors placed on the
structure. In general, there are fewer sensors than static residues necessary to obtain a robust
condensation basis. This necessitates a recalibration of the reduction basis T, at each iteration of
the updating process.

3. Updating by condensation
3.1. Presentation

The method consists of updating using residues on input in the following manner:

[TPRL)

e the transfer functions measured by “¢”” sensors placed on the structure are used for updating;
e the finite element model of the structure is condensed on ¢ d.o.f. corresponding to the sensors’
d.o.f;
e the dampings introduced into the model are modal dampings;
® in the procedure used, condensation is achieved at two levels:
o Level 1: by a condensation matrix Tjy bringing the initial model (size of approximately
100000 d.o.f.) down to a intermediate model (size of approximately 1000 d.o.f.).
o Level 2: by a transformation T; which brings the intermediate model down to final model
(size approximately 20—-100 d.o.f.: this is the number of sensors on the structure).
e During updating, the level 2 condensed model is recalibrated from the level 1 condensed model
considered to be reliable and robust. Here the robustness is defined by

The aptitude of the condensed model to the level 1 to represent parametric modifications of the
initial model not condensed.

e A T recalibration may be necessary at the end of the updating process;
e Use of residues on input has a dual interest:
o The problem to be solved is linear in relation to the local stiffness, mass, or damping
perturbations.
o  The transfer functions can be used without identifying modes, so errors introduced by the
usual modal extraction procedures can be eliminated. In this application, the measures
used resulted from a set of recordings made over several days which necessarily contained
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Fig. 1. The totality of the method.

eigenfrequency variations between the different measurements. The transfer functions used
were reconstituted from the modal identification.
® The drawback of this updating method is that it is sensitive to measurement errors. This sensitivity
is directly related to the processing of the matrix to invert. This processing depends on the position
of the sensors and the unknown errors, and as such it cannot be predicted from a raw model, so it
may be necessary to replace the sensors after the first attempt at updating. To avoid this problem,
an overly abundant number of sensors are used so that the sensors that produce a good processing
of the matrix to invert can be selected out. The totality of the method is illustrated by Fig. 1.

3.2. Method principle

There is a condensed model with ¢ physical d.o.f.:

Lexy™ = £07, (33)
For a given excitation, the movement recorded on the structure can be represented by
(Le + AL)y® = ), (34)
so that if
£f© — f(Yn)’ (35)
then
ALxy® = L (y™ — y©), (36)

if the modifiable zones are defined beforehand so
AL =) piAL; (37)
i=1
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the problem is linear

Sxp = L(y™ — y®). (38)
To limit amplifying measurement errors in the product L.(y™ —y®), the problem is best
presented as

Asp =y — y©, (39)

3.3. Introduction of damping parameters

Damping is not introduced into the finite element model.

In a body, the principal sources of damping are localized at the joints between components, and
it is difficult to have a linear damping model in the joints.

The simplest solution is to introduce modal dampings into the model using the generalized
damping matrix B diagonal

B=Y'B,Y,=B,=YUUpYD =M,Y,BY' M, (40)

where Y,, is the truncated modal matrix of the conservative model.

Fig. 2. Experimentation with a free—free door without loading.
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It contains the eigenmodes present in the frequency band of the measurements. The modes are
normalized in relation to the mass matrix

Y' M, )Y, =1, withn<ec. 41)

The structure’s damping matrix is thus given in the form
B, = Z B:M,. Y, Y. M (42)

then condensed by transformations Ty and T»;.
The B; are the damping parameters.

For neighbouring frequencies, extradiagonal terms can be introduced into the generalized
damping matrix.

3.4. Development of the optimization problem

Assuming that the forces applied to the structure during the trial are observed correctly, i.e.
such that: f(s) = f(m), we have

(AK, + joAB, — 0*AM )y~ (K™ + joB™ — &> M™)(™ — y9), (43)

= | -1
File Window Help

p_nue

— S

B

Fig. 3. Definition of the zones of the updating parameters on the outer side of the door.
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or

AZ oy, =2y — yW), (44)

with AZ,. the global correction matrix at frequency w condensed twice, ng) the dynamic stiffness
matrix at frequency w condensed twice:

AZ. = i: KK + joo i bB — o’ i mM, (45)
i=1 =1 =1
with
K" = Ty T;K{"' To; Ty, (46)
B = Ty T;oB}" Toi Ty, (47)
M,(T) = T21T10M](.'")T01T12. (48)
= A

File Window Help

Fig. 4. Definition of the zones of the updating parameters on the inner side of the door.
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Grouping the equations written by all the excitation frequencies w, gives

Kgm)(a) )y(S) el 2M(m)(60 )y(S) ] k Z('")(a) )(y(m) (v))
K§m>(wh)y“> M“”)(wh)y‘” o | ¥ | 20 >(y<'"’ wi) [ (49
KEM)( wne)y(s) _wlsz]( )(wne)y(s) _n'aj_ i Z(Cm)(wne)(y,({?) (s))
with
v =y, (50)
¥ =y o), (51)
or in a modified and simplified form:
S«Ap~b, (52)

where b is the vector constructed by the subvectors [y" — y*].

An updating iteration is performed due to the approximations introduced by the two successive
condensations.

=] |
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Fig. 5. Mac matrix between identified and calculated eigenvectors (without loading).
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4. Results and conclusions

To access the validity of a model updating process, the effect of the process has to be assessed
for different boundary conditions.

To do this, we used the experimental results obtained with a free-free configuration of an
unloaded door was used to identify the zones and values of the parameters to update.

This first experimental phase is presented in Fig. 2.

The following tasks were performed on the finite element model to find the values of the
parameters associated with each zone:

e Definition of the zones and the parameters used for updating.

e Condensation of the initial models of the free—free door without loading. The size of the
intermediate model is 320 d.o.f. and the final model is 80 d.o.f.

e Determination of the variations in the parameters, solely using data coming from the free—free
door without loading.

The second phase consisted in calculations on the finite element model as presented in Figs. 3
and 4.

The updated model was validated as follows

E |
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Fig. 6. Mac matrix between identified and calculated eigenvectors (with loading).
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e The updating parameters found in the complete free—free door model without loading were
introduced and compared with the measured experimentation data obtained under the same
conditions.

e The boundary conditions were changed by loading the anchorage points on the door. The
initial model of the door after loading was compared with the experimental data and with the
updated model using the parameters obtained in the free—free model without loading.

The Mac matrix between the first fifteen modes identified and calculated from the initial finite
elements model for the free—free door without loading is presented in Fig. 5.

The Mac matrix between the first 15 modes identified and calculated from the initial finite
elements model for the free—free door with loading is presented in Fig. 6.

The Mac matrix between the first 15 modes identified and calculated from the complete updated
model for the free—free door without loading is presented in Fig. 7.

The Mac matrix between the first 15 modes identified and calculated from the complete updated
model for the free—free door with loading is presented in Fig. 8. These modes were obtained by
introducing the values of the parameters identified in the free-free configuration without loading
for each zone.

In conclusion, an acceptable model of the door was obtained in the free—free configuration valid
for the first 10 modes without loading and for the first 8 modes with loading. The basis used for

promed

=
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Fig. 7. Mac matrix between identified and calculated eigenvectors for the door without loading using the model from
step no. 1.
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Fig. 8. Mac matrix between identified and recalculated modes using the complete model in the free—free configuration
with loading.

the reanalysis of the modified structural behaviour may be composed of a variety of displacement
fields, including free interface, blocked or mixed modes of the nominal model. Furthermore, this
approach is particularly valuable in the context of stochastic updating and optimization
procedures where the cost of an exact analysis is prohibitive.

References

[1] R. Berriet, R. Fillod, N. Bouhaddi, Updating of finite element models based on a double condensation procedure
using frequency response functions data, Proceedings of the 15th Biennial Conference on Vibration and Noise,
ASME, Boston, 1995.

[2] C.P. Fritzen, T. Kiefer, Localization and correction of errors in analytical models, Proceedings of IMAC X, San
Diego, 1992, pp. 1064-1071.

[3] D. Lenoir, S. Cogan, G. Lallement, J.N. Bricout, Model updating bu modal synthesis of experimental forced
responses, Proceedings of the IMAC XVI, 1998, pp. 399-405.

[4] S.J. Huang, G. Lallement, Recalage de Paramétre Structuraux a partir de Solutions Particuléres Harminiques,
Revue Frangaise de Mécanique (1992/2) (1992) 155-160.

[5] G. Lallement, J. Piranda, Correction de modéle eléménts finis a partir d’essais dynamiques, XI¢éme Journée
Scientifique et Technique, ASTE, 1988.

[6] P. Ladeveze, M. Reynier, R. Ohayon, H. Berger, C. Chaquin, B. Barthe, Méthodes de recalage de modéles de
structures en dynamique, approche par réaction, dynamique approche par la notion d’erreur en loi de
comportement, La Recherche Aérospatiale 5 (1991) 9-20.



	Updating complex structures by a robust multilevel condensation approach
	Introduction
	Definition of the condensation bases
	Defining the model parameters
	Approached reanalysis on a reduced basis
	Adaptation of the condensation basis to changes
	Multiple reductions to achieve updating

	Updating by condensation
	Presentation
	Method principle
	Introduction of damping parameters
	Development of the optimization problem

	Results and conclusions
	References


