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ABSTRACT

A technique to localize errors between two modal =_: _.= :_:_=._ _
models is presented• Mode shape differences are =-= : _ _ =_ _ _,
calculated from each model A global comparison =_ --_g_ _,_ _

_= _ - _ :._ _ _ _
of the ratios of these corresponding differences = _._ = _-._ =_.
is used to identify the physical locations on _. == = = =-
the structure where stiffness differences exist _ -_ :-_. _
between the two models Some of the strengths = = _.-_ _._ _ =
and limitations of the technique are illustrated -_°'_ _ _- - _
using the mode shapes of two similar finite = __ _. _.. ; =
element models with a known stiffness :_=- _ __=___::----_--=

_ = C = H -- __ " _..
difference• The technique is then applied to a _==__:_:-_ ==_e._"_
two link robot arm for which a finite element :_ _=_=_-=-=:_ _ __="

model exists and a modal test has been :_ _ ._ " _ -" _ r_
• -'_ :_conducted The results of the error _-_ _ _.=

localization aid the selection of physical _ _ ___=-_ _ _"

parameters to be updated in the finite element _ _ _ _ = _;model. Sensitivity methods are used to :_= =_ . _ :=correlate the finite element model to the modal m.- ___ = =

presentedtest. The results of the correlationare. _:i =___-_-=__=_._==-'_._:___=_"'_=:
.... _._NOMENCLATURE a :__ _._- =

FE = Finite Element -_, =
STRECH = (S)tructural (T)ranslation and _" _= _-'

(R)otation (E)rror (CH)ecking _ =_-:-i-Technique =__ _
uc,vc,wc = Orthogonal translation displacements _ _,._ _ _.=.__ -

in comparison model
ud,vd,w d = Orthogonal translation displacements

in desired model

9u,_v,0z = Orthogonal rotation displacements  ASTERabut u,v,w axes

@I_TBi_UTIONOFTHIS O0_UI',4ENT;_ UNLIMITED
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u12 = Difference in displacementin u
direction between grids I and 2

St = TranslationSTRECH ratio
Sr = Rotation STRECH ratio
lu,lv,lw = Distance between two grids in the u,

v and w directions
link = The geometric region between two

adjacent grid points in a model
I = Area moment of inertia
MAC = Modal assurance criterion

INTRODUCTION

The desire to localize and identify errors in
finite element (FE) models is understood by
every FE method analyst. Many investigators
have worked on error localizationtechniques. A
summary and comparison of some techniqueswas
presented by Gysin illreference [I]. Imregun
and Visser [2] have an excellent review with
observationson the advantages and disadvantages
of error localizationand model updating
techniques. Optimizationtechniques utilizing
design sensitivities [3,4] are especially robust
in correlatingthe FE model with modal test
frequencies. One great difficulty with design
sensitivitytechniques is the proper selection
of physical parameters to change when adjusting
the FE model. Generally the problem is
underdetermined,that is, there are many more
potential parametersto adjust than there are
modes to compare. Because of this it is
possible for the analyst to adjust parameters
that are not originally in error and still match
the modal test frequencies. Although
theoreticallypossible, it is much more
difficult to adjust the "wrong" parameters and
match the test modal frequenciesAND mode
shapes. This is particularlytrue if the form
of the FE model is basically correct and some
plausible physical limits are applied to the
values of the parameters themselves. Typically
the parameters adjusted are those to which the
modal frequencies are most sensitive [2,4].
These may not be the physical parameterswhich
are truly in error. If the errors in the model
can be localizedphysically, the analyst has a
much better chance of selecting the parameters
which truly need to be adjusted in the
optimizationprocess. Imregun [2] enumerates
the difficultiesof many of the error
localizationtechniques. Several techniques
localize an element of the stiffnessor mass
matrix that _s in error, but cannot address the
physical parameters that were modeled in the FE
formulationthat led to the error. Most

i techniques require a one to one correspondenceL



3

between the modal test and FE model degrees of
freedom. Often this requires a reduction of the
FE matrices or an expansion of the modal test
model. Techniques that reduce the FE matrices
to the experimentaldegrees of freedom lose
their physical meaning and may lose accuracy.
Often the master degrees ef freedom that are
best associatedwith high inertias in the FE
model are not accessible for a modal test
measurement. Techniques that attempt to expand
from the modal test degrees of freedom are also
difficult to relate to the physical parameters
of the FE model, and are extremely sensitive to
errors in the experimentalshapes.

The concept presented here eliminatesmost of
these problems. No matrices are required. The
physical meaning is maintained. The limitations
as to where the master locations should be
placed on the structure are greatly relaxed.
The greatest _isadvantageof the design
sensitivitymethod is also theoretically
eliminated. That is, the technique leads to
identificationof the physical parameters that
are in error, so they may be chosen as the
design variables. The techniquehas the acronym
STRECH (StructuralTranslationand Rotation
Error CHecking). Its output can be immediately
interpretedto locate the most significant
stiffnessdifferences between two modal models.
lt identifiesthe physical area of the structure
where the error appears. With a little
engineeringjudgment, the FEM analyst can
usually determine the most uncertainphysical
parameter(s)in the localizedarea. The two
basic requirementsfor this technique are an
accurate set of mode shapes from the modal test
and an accurate inertial representationof the
modal test structure by the FE mass matrix.
Although the term "modal model" is used in this
paper, a full modal model (i.e. damping and
modal mass) is not required. Neither reduction
nor expansion of matrices is required. The test
locationscan be selected at certain FE model

grid points or they can be added to the FE model
with multi-point constraints.

This technique might also be applied in the
health monitoring field as weil. An original
modal test on a structure could be used to
compare with a later modal test to locate "soft"
spots that would indicate that structuraldamage
had occurred since the original modal test.
However, this application is not addressed
further in this paper.



STRECHCONCEPT

For the fundz_lentalmode of an n degree of
freedom system,the stretch in the connection
between two adjacent grid points changes
inverselyto the connection stiffnesswhen
compared to the stretch of other unchanged
connectionson the structure. This may not be
true for certain stiffnesschanges for high
order modes, but if care is used, this
observationmay be extended past the fundamental
mode to other low order modes. To illustrate
the simplicityof the basic concept, consider
the displacementsof two adjacent grids in a
modal model. Only one displacementcoordinate
will be addressed initially. If Ul is the
displacementof the first grid point and u2 is
the displacementof the second grid point, then
u12 is defined as the difference.

u12 = u2 = uI (I)

Two modal models exist for the same system. One
model is the desired model (denotedsuperscript
d) and the other is a comparison model (denoted
superscriptc). The desired model is an
accurate modal test model. The comparisonmodel
is the uncorrelatedFE model. For a system with
only one displacementcoordinate, the
translationSTRECH ratio is calculated for each
mode as

C

u12
St : B (2)

u12

This simple concept can be extended to three
dimensions in the cartesian coordinate system.
If u, v and w define the orthogonal
translationaldisplacementsfor a grid point
then

= u d 2+ v d 2+ w d

If there are rotations in the structure, u12 may
be large due to the rotation at grid point 1 and
the lever arm to grid point 2. Since a
relationship between the stiffnesses and the
elastic displacement is desired, a formulation
that removes the lever arm displacements due to
rotations is desired. A better quantification
of the translational STRECH ratio for this
purpose includes the rotational degree of
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freedom at grid 1. Let Iu, Iv, and lw represent
the lengths in the u, v and w directions between
grids I and 2. Let eu, #v and #w be the
rotational displacements about the u, v and w
axes. Considering this enhancement for lateral
bending in a plane, equation (2) becomes

c C[Iw)u12 - #vi
St : d d (4)

u12 - #vl (lw)

Figure I illustratesa case in which equation
(4) captures the elastic deflection ratios
better than equation (2) for a case where the
rotational displacementat grid I is not zero.

FIGURE 1 - Beam Element in One Plane

The extension to three dimensions in the
cartesian coordinate system is

]A2 + B2 + C2
St = D2 + E2 + F2 (5)

where



c c ilwlA = u12 - ev1

c C{lu}B = v12 - ewl

c c{lv)C = w12 - #ul

D = Ul2 - 0vl

E = v12 - Owl

F = w12 - 0ul

Equation (5) is a more generalized translation
STRECH ratio. If the rotational displacements
are removed it collapses to equation (3). A
rotational STRECH ratio can be formed that is
analogousto equation (3) using only the
rotationaldegrees of freedom.

Jl,u12C12•I,v12C12•[,w12CI2Sr[,u12012[,v12dli,w12012
APPLICATIONOF STRECHRATIOS

In preparation to apply this technique, the user
specifies a list of adjacent grids (following
the load path from one end of the structureto
the other) for which the STRECH ratios are to be
calculated. Let each ratio be associatedwith a
"link" between grid a and grid b. After the
STRECH ratios are calculated how are the results
to be used? Consider an example using the first
mode of the structure. Suppose the modal
frequency of the comparisonmodal model is lower
than the frequency of the desired model. Then
it is obvious that some stiffnessvalue in the
comparison model is too low. The analyst then
looks for the largest numericalSTRECH ratio
which will locate the link where the comparison
model is stretching more than the desired model.
Engineeringjudgment is used to determine the
physical properties that are most uncertain in
the area of the soft link(s). These are then
included in the set of design parameters to
update the model. A similar process is followed
using other low order modes. (Caution should be
used here. This technique is not universally
applicable for high order modes, lt may be used
successfullyby applicationto only a portion of
the structure that is exhibiting a fundamental
type modal deformation,i.e. no inflections in
shape). The desired end result is for the
comparison model to approach the desired model
in both modal frequenciesand shapes. MAC or



orthogonalitycalculationsmay be used to
quantify the improvement in the mode shapes.

In the next section, equations (3) and (5) will
be applied to a FE model that represents a
cantileveredrobot arm.

ANALYTICALSTUDY

Figure 2 shows the top view of a flexible two
link robot arm and the correspondinggrid points
of a FE model. Also shown are the first four
mode shapes.
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FIGURE 2 - Schematic Beam Model and First
Four Modes

The actual hardware was designed as a research
and developmentproject for control of flexible
structures [5]. The overall length is 1.3
meters. The hub motor is fixed for the analysis
and therefore the arm is cantilevered. The
elbow motor is locked. Only motion in the
horizontal plane is considered. Links 2-5 and
9-12 are the controlling stiffnesses,being many
orders of magnitude softer than links 1-2 and

IllIIiInIIIllII_IIIIlllIIIl



5-9. The dominant inertia is concentratedin
the elbow motor and its brackets. The arm is
very flexible as illustratedby the fact that
the first modal frequency is about 2 Hz. There
are four modes below 35 Hz. A baseline FE model
was chosen as the "desired"model. Three
separate changes in the bending stiffness (area
moment of inertia, I) of specific beams were
made to create the "comparison"models. The
STRECH ratios were analyzed to see how they
correlated with the stiffness changes. Equation
(5) was applied in two ways during this process.
First, the exact rotationsprovided by the FE
models were used. Second, an approximationof
the rotations was used which averaged the slopes
of the adjacent flexible links. Finally, only
translationaldisplacementswere used (equation
3).

Three arbitrary modificationsof the comparison
FE model were selected. The first (Mod I) was
to reduce I for links 2-5 by five percent. The
second (Mod 2) was to reduce I for link 3-4 by
20 percent. The third (Mod 3) was to increase I
for links 9-10 by 10 percent. The results are
listed in Table I. The interpretationof a
"good" result is that the changed links were
identified. "Fair" is used only for MOD I
indicating that one of the three soft links was
identified. A "bad" result indicates that an
unchanged link in another part of the model was
identified incorrectly.

TABLE I
STRECH Identificationof Differences

MOD I - Soften Links 2-5 5%
Exact Approx. No % Freq

Mode# Rotat. Rotat. Rotat. Change

I Good Good Good -2.5
2 Fair Fair Fair -0.1
3 Good Good Good -I.0
4 Bad Bad Bad -1.5

MOD 2 - Soften Link 3-4 20%
I Good Bad Bad -3.4
2 Good Bad Bad -0.I
3 Good Bad Bad -0.4
4 Bad Bad Bad -0.9

MOD 3 - Stiffen Link 9-I0 10%
I Good Good Good O.I
2 Good Good Good 3.6
3 Good Good Good O.8
4 Bad Bad Bad 0.7



Several guidelines resulted from the analyses
which showed some of the strengths and
weaknesses of the technique. The technique was
implementedvisually by a plot of the actual
mode shape in which the links were color coded
to show whether the link was comparatively
stiff, soft or similar. Since this paper must
be printed in bl_ck and white, the results must
be explained and tabulated rather than plotted.
The general results show that the STRECH ratio
gives considerable insightto differences in the
controlling stiffnessesfor modes in which the
modal frequency is sensitiveto the error.

First, a limitation of the STRECH ratio was
observed. In nearly every case, for the almost
rigid links between I-2 and 5-9, the STRECH
ratio indicateda very stiff or very soft area
when in actuality they were exactly the same in
the comparison and desired models. This brings
forth the first guideline in applying the
technique. The link must be somewhat exercised
(i.e. there must be measurable elastic
displacementbetween the two grids). Otherwise
computationalnoise (or in the more practical
case, noise on the experimentalmode shapes)
will yield an inaccurateSTRECH ratio. Links
which have little elastic displacement
(essentiallyrigid links or links not exercised
in the mode) should be removed from the
analysis. The results in Table I have utilized
this guideline. A quick look at mode shape two
of Figure I shows that only links 9-12 should be
compared in a practical applicationsince links
i-9 are not exercised.

A second very importantresult is observed for
mode four. Table I shows that for all three
modificationsthe STRECH ratios from mode 4 gave
wrong results. The links are exercised, but
obviouslythe technique failed. There are two
possible causes. One cause could be that this
mode can no longer be considered a low order
mode. Remember that the basis for the concept
is an observation of the fundamentaimode of a
structure, lt is known that high order modes
cannot be used in this formulation. Mode four
may cross the unknown line between low order and
high order modes for these particular stiffness
changes. The second possible cause is that mode
four has a particularlystrong inflection point
in link 9-10. Neither equation (3) or (5)
adequately captures the elastic displacement
differenceswhere there is a large inflection
point. Equation (5) assumes a continuously
increasing difference in the displacementswhen
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moving from grid I to 2, which is not the case
when an inflectionpoint is present.

The comparisonswhich utilized the FE rotations
gave the best results. Very accurate rotations
were required to locate the stiffnesserror in
Mod 2. The comparisonsutilizing approximate
rotationswere better than those using no
rotations. This was apparent when examining the
actual magnitude of the STRECH ratios. If a
reasonable scheme to approximaterotations for
two models can be devised, the payoff in more
accurate STRECH ratios is probablyworth the
effort. However, in both Mod I and Mod 3 the
results with no rotations correctly identified
the changed links. More applicationsare needed
to define guidelines as to what structures
require rotationsto locate errors.

An interestingfeature of the STRECH analysis is
that it appears to be sensitiveto the
differences in stiffnessesthat are importantto
the particular mode being analyzed and
insensitiveto differences in stiffnessesthat
are not so important. The FE analystcan take
advantageof this to immediatelyfocus on the
importantdifferences and neglect the others.

CORRELATIONOF FE MODEL USING MODAL TEST RESULTS

A modal test was performed on the two link robot
arm in the configurationdescribed previously.
The purpose of the test was to providedata to
correlate an existing FE model. Obviously, the
test mode shapes must be accurate for the STRECH
technique to give useful informationto the FE
analyst. Frequency response functions
synthesizedfrom the extracted modal parameters
are overlaid on the original measured data in
Figure 3.
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FIGURE3 - Synthesized FRF's Overlaid With
Measured FRF's

lt can be seen that the synthesized functions
(which assumed real modes) fit the data weil, so
there is little error in the modal extraction
routine. Examinationof the test mode shapes
revealed an obvious inaccuracy in mode I
indicatingmeasurementerror in the data at grid
4 for the first mode. Unfortunatelythis
elimineted any informationfrom mode 1 about
links 3-4 and 4-5. The author judged modes 3
and 4 to be the best test shapes. However, from
the previously mentioned analyses, it was
evident that mode 4 should be used with caution.
Modes 2 and 3 were used most confidentlyfor the
STRECH ratio comparisons.
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The existing FE model was a simple beam and mass
model that was being utilized in a control model
to simulate the flexible body dynamics of the
robot. Its basic form was not to be changed,
i.e. the number of grids and beam elements were
to remain the same. The STRECH techniquewas
applied to the first four bending modes. The
accelerometerlocations coincidedwith the FE
grid points.

Table 2 shows the indicationsof the links that
were too stiff using translationSTRECH ratios
for each mode. Equation (5) was used. Refer to
Figure 2 for location of the numbered links.

TABLE2 - STIFF LINKS

MODE# LINK #'s

I 2-3
2 9-10
3 2-3, 9-10
4 2-3, 4-5, 9-10

Since the bending stiffnesswas easy to
accurately determine for the flexible members,
there had to be a good physical justification
For the lower stiffnessvalues in the
experimentalmode shapes. The explanation is
that there are clamped joints at points 2, 5 and
9. Therefore, the identificationprocess
involved reducing I for links 2-3, 4-5 and 9-I0.
The most reliable results from the STRECH
calculationswere to soften only links 2-3 and
9-10. (Only mode 4 indicatedthat link 4-5 was
too stiff, and the validity of mode 4 for STRECH
calculationswas questioned earlier). However,
the clamped joint at grid 5 was the same type as
used at grids 2 and 9, so engineeringjudgment
dictated that the result from mode 4 be
included.

The control designers desired the FE model to be
very accurate with respect to the lowest natural
frequencies. Since three stiffnesseswere to be
adjusted, theoreticallyit was possible to match
the first three modal frequencies. The
sensitivitiesof the modal frequencieswith
respect to a small change in each of the three
area moments of inertiawere calculated, lhese
were used in a system of three equations to
calculate the change in each area moment of
inertia required to match the first three modal
frequencies. Table 3 gives the modal
frequenciesof the test and FE models before and
after this correlation. Also, the Modal
Assurance Criterion (MAC) values are given, lt
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can be seen that the correlationwas able to
match the first three modal frequencies
extremely well and significantlyreduce the
error in the Fourth modal frequency from 9.1 to
3.5 percent. The high MAC values are about the
same for each case.

TABLE3 - CORRELATIONRESULTS

Test Uncork-el ated Correl ated
FEN FEN

frequencies - Hz
1.94 2.17 1.94
5.73 5.53 5.23

26.97 30.20 26.97
33.68 36.73 34.86

Test/FEM MAC values
•9964 •9972
.9981 .9988
.9897 .9858
•9880 .9840

Several arbitrarychanges were attemptedto
achieve a better correlationfor the fourth
mode. Interestingly,in almost every case the
frequency could be matched, but the MAC values
were much worse. This emphasizes the value of
using mode shapes to help quantify whether the
changes are realistic• lt also reinforces the
observation that if the physical parameters that
are truly in error can be isolated,a realistic
correlation using optimizationwith design
sensitivitiesis quite feasible. The author
believes that there was some unidentifiedmass
error that caused the difficulty in matching all
four modes. The masses of strain gauges, wiring
and connectors mounted on the hardware were
neglected. The STRECH technique, as mentioned
earlier, does not currently apply to location of
mass errors.

CONCLUSIONS

The Structural Translation and Rotation Error
CHecking (STRECH) technique has been presented
and Found useful in physically locating
stiffness differences between two analytical
modal models for low order modes of the
structure. Good approximations of the rotations
increase the reliability of the STRECHratios.
The technique requires accurate mode shape
estimates from the two modal models being
compared. STRECHwas used successfully in
comparing a FE model with a modal test mode] to
locate stiffnessesthat required adjustment. An
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optimizationtechnique based on frequency
sensitivityanalysis was used to adjust the
stiffnesses. It improvea the correlation of the
modal frequenciesof a FE model to a modal test
while maintaining high MAC values for the
associatedmode shapes.

ACKNOWLEDGEMENTS

This work was supported by the United States
Department of Energy under contract DE-ACO4-
76DP00789. Thanks to G. R. Eisler and D. R.
Martinez for, respectively,requesting and
authorizingfunds that allowed this technique to
be developed and implemented.

REFERENCES

1. Gysin, Hanspeter, Comparisonof Expansion
Methods for FE Modeling Error Localization,
Proceedingsof the 8th InternationalModal
Analysis Conference,Vol. 1, pp. 195-204,
1990

2_ Imregun, M., and Visser, W. J., A Review of
Model Updating Techniques, Shock and
Vibration Digest, pp. 9-20, January 1991.

3. Collins, J. D., Hart, G. C., Hasselman, T.
K., and Kennedy, B., Statistical
Identificationof Structures,AIAA, J., 12
(2), pp. 185-190, 1974.

4. Flanigan, C. C., Test/AnalysisCorrelation
of the STS Centaur Using Design Sensitivity
and OptimizationMethods, Proceedingsof the
5th InternationalModal Analysis Conference,
Vol. 1, pp. 99-107, 1987.

5. Eisler, G. R., et al, ApproximateMinimum
Time Trajectoriesfor 2-Link Flexible
Manipulators, Proceedingsof the American
Control Conference,Vol. 1, pp. 870-875,
1990.



19/ll. f'
) I,fl wwr _.




