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AIIS1’RACT

l’here has been an incrw~cd  interest rcccntly  in developing
alternatives to fixed-baac modal testing for verification of
large Space Shuttle payloads. A promising approach is
free-free modal testing, augmented with residual flexibility
mcasurerncnts  obtained from interface verification testing. This
paper presents summary results from the rcccnt  free-free test
performed on t}le Shuttle Imaging Radar-C payload. The test
prmcntcd  special challcngcs,  both cxpcrimcntal  and analytical.
Some of the lessons learned through this effort arc surnmarizcd.

1. INTRO1)UCTION

l)ynamic  model verification for large, across-the-bay Space
Shuttle payloads poses a challenge for payload dcvclopcrs. In
order to provide the proper boundary conditions at the interface
to the Shuttle orbiter, a sizcab]c  investment is required to
develop and qualify a teat fixture. Ref. [1] discusses one such
effort. l’hc  costs involved arc prohibitive unless spread over
a number of payload development programs. And even in
well-planned programs, it is not easy to ovcrcomc interactions
bctwccn test fixture and test article, which makes test data
interpretation problematic. The difllculty  of fixed-ba-sc testing
incrcascs  with the sim and weight of the payload.

Considerable interest and reacarch hss  rcccntly  been dircctcd
toward dcvclopmcnt  of lower cost alternatives to fixed-base
testing [2,3,4]. Particular attention hats been given to variations
of free-free modal testing, in which the test article is not
constrained at the orbiter intcrfaca It has been recognized
that the free-free modes themselves do not contain sufficient
information to verify the properties of the interface structure, so
the free-free modal data must bc augmented with some form of
intcrfacc  verification testing. Alternatives such as mass-loading
of the interface or measurement of residual flexibility have been
proposed.

‘I’his paper dcscribca  a recent application of free-free testing
with residual flexibility mcssurcmcnt.  ‘Ilc test was performed
on a large across-the-bay Space Shuttle paylosd,  the Shuttle
Imaging Radar- C [5].

2. TEST ARTICIJI

The Shuttle Imaging Radar- C (SIR-C) is an imaging radar
systcm  schcdulcd for launch aboard the Space Shuttle in 1994
(Fig. 1). ‘1’hc Slit-C antenna is the largest (12 meters by 4
meters) and most massive (10,500 kg) piece of flight hardware
ever smcmblcd  at the Jet Propulsion Laboratory (JPI,) for
NASA. When it ridca aboard the space shuttle, it will fill nearly
the entire cargo bay.

Figure 1. Silt-C Antenna Mechanical Systcm

The SIR-C payload attaches to the orbiter via six trunnions–
two sill trunnions  and onc keel trunnion  at each of two
longitudinal stations. The distance bctwccn forward and aft
trunnions  is 7.2 rnctcrs.  Dcvc]opmcnt  of a frxturc  for fixed-bmc
testing of this payload was not considered feasible, so frc~frcc
testing was a desirable alternative.



.

- An unusual feature of the test article is the large number of
load-carrying interface degrees of freedom. Each of the six
trunnions attaches to the orbltcr  in two translational degrees of
freedom, for a total of 12 attachment degrees of freedom. The
redundancy of this interface is relieved by mechanisms within
the structure, so that thermal expansion does not distort the
antenna. As a result, when the structure is free-free, there arc 5
low-frequency mechanism modes in addition to the usual 6 rigid
body modes. These mechanism modes are well understood from
the geometry of the structure, a~ are the rigid body modes.

When fixed at the orbiter attachment degrees of freedom, the
lowest natural frequency of the SIR-C payload is 11.5 IIz. l’he
lowest free-free mode of the payload, after the rigid body and
mechanism modes, has a natural frequency of 7.5 IIz.

3. GENERA1, APPROACI1  TO FREBFR13E  TESTING

The most widely accepted practice for Shuttle payload model
verification is through a fixed-b~ modal survey. (Fixed-base
means that the degrees of freedom which will carry loads to the
orbiter are grounded in the test. ) One reason for doing fixcd-
basc testing is that the model as delivered is dcscribcd  in terms
of fixed-base modes. }Iowevcr, this is only a mathematical
corwcnicnce, and the identical model could be dcscribcd  in
tcrrns  of free-free or mass-loaded modes, or in many other ways,
and all of these mathematical approaches would lead to exactly
the same predicted loads. In fact, the only rational criteria for
selecting onc test method over another is not the nature of
the rnathcmatical  formulation, but rather how closely the test-
mca.surcd modes approximate the actual modes w}lich will bc
cxcrciscd during flight.

Of course, the actual in-flight modes are not the fixed-bsse
modes, either, because the Shuttle orbiter is not a rigid or
infinitely m=sivc structure. In fact, the dynamic mass of the
orbiter is not significantly greater than that of many payloads
in the frequency range of payload resonances. It is generally
assumed, however, that the coupled systcm mode shapes in
the payload tend to resemble fixed-base component modes
more closely than free-free or mass-loaded component modes.
l’robably  this assumption needs to bc questioned, particularly
for stiff payloads.

IIaving  stated some concerns about a predisposition toward
fixed-base tests in all cases, we ncvcrthcleas  realize that there
is a long heritage of using frxed-base tests to verify space
payloads. As a result, we accept for now that our goal is to
get acceptable agreement between the rnodcled and the actual
fixed-base modes of the payload. ‘I’his leads to well-defined
test criteria, but places perhaps overly stringent requirements
on the usc of free-free test data. Ideally, onc would like to
demonstrate agreement of true flight modes, which arc neither
frxcd nor free, but no onc has yet shown how to do this.

Given that we must show verification of the fixed-base modes,
the approach for using free-free modal data to satisfy this
requirement is as follows. ‘l’he free-free modm and residual

flexibility of the structure arc measured, and the finite clcmcnt
model is updated to agree with the test results. A mathematical
rcpreaentation  of the payload is now developed using only test-
vcrificd frc~free  modes and residual flexibility. Ermh of the
modes of this representation will have been test-verified, so
the free-free modal model can bc considered test-verified, Jlut
it remains to show that this representation contains enough
free-free modes to accurately predict the significant fixed-bsse
modes of the payload. The fixed-bssc  modes of the payload
arc computed using both the full model and the free-free
modal repreacntation,  containing only the test-verified free-free
modes. If the two resulting sets of fixed-base mode shapes
and frequencies agree, t}lcn the free-free modal model is just a
different mathematical representation for a test-verified fixcd-
base modal model.

4. EXPERIMENTAL, MET11ODS

For programmatic reasons, the modal test was performed in
two phases. In phase 1, only the core structure was present,
and the radar panels were simulated with rigid mass dummies.
In the phase 2, rcprescntativc  panels were included.

‘1’hc teat article was suspended at the four sill trunnions from
gantries, through four airbag isolation systems (see Figures.
2 and 3). Brmd  on prc-te.st analysis, the highest of the 11
suspension rnodcs (6 rigid body plus 5 internal rncchanisrn
modes) was predicted before the test to be 2.8 IIz, while the
loweat fre~frec  mode was predicted to bc above 9 IIz.

The structure was instrumented with a total of 273 PC13
Structcel  accelcrorncters,  28 of which were on the airbags and
suspension cables. (In the phase 1 configuration, only 178
accdcromcters  were nccdcd.)  ‘1’hc instrumented locations were
sclcctcd  bsscd  on several criteria, including a requirement t}lat
sufhcicnt  mcssurcmcnts  bc taken such that Guyan mass matrix
reduction is acceptable. The full set of mcamremcnts,  including
repeat cd measurements of drive point force and acceleration,
was acquired in 5 banks of 80 channels each, using a Zonic
Workstation 70Q0 data acquisition computer.

The accelerometers were tracked during calibration and
installation with a bar code scheme, which proved invaluable
both in speeding up the installation process and in preventing
keypunching or other errors.

Burst  random excitation was applied by up to four 445N
(100 pound) VTS-100 shakers (Fig. 4). The random excitation
wm band limited to roll off below 8 IIz and above 60 IIz.
During phase 1 of the teat, all 12 of the orbiter intcrfacc
degrees of freedom were driven directly by shakers, providing
direct mcamremcnts  of frequency response functions (FRF’s).
In addition to free-free modal pararnctcr  estimation, the  FRF
data was necessary for later extraction of residual flexibility
associated with each of the interface degrees of frccdorn.
Shakers were also placed at key locations internal to the
structure to provide better data on key modes. In the second



o phase  of the test, only four of the 12 interface dcgrcea of freedom
were driven, due to time constraints.

Response data was acquired at multiple force levels, and
critical modca were also acquired with sinusoidal excit at ion
at increasing force levels. This approach allowed a systematic
investigation of nonlinearitica.

Ex}laustivc checks of coherence and reciprocity were performed
during data acquisition.

5. F} W1>F’REE MODE EX’I’RAC1’1ON

Following measurement of FRF’s,  modal parameters (frequency,
damping, mode shape) of the free-free modes were extracted
with the polyreferencc  time domain method, using SDRC I-
DEAS. Multiple measurements of the same mode in different
runs were identified by orthogonality  calculations. Modes of the
suspension systcm  were identified based on kinetic energy, and
were eliminated from the set. A total of 44 distinct structural
modes were finally retained in each of the two test configurw
tions, in the frequency range from 5 to 60 Hz, lhc frequencies
of the first 11 modes from phrmc 1, and the first 9 from phme
2, arc listed on the left side of Tables 3 and 4.

The quality of the experimental modes was assessed primarily
by computing orthogonality  of the test modes using the Guyan
reduced analytical mass matrix (lbbles 1 and 2). Onc or two
of the test modes failed the orthogonality  criterion in phase 1,
T’hc phase 2 test modes did not exhibit the same orthogonality
problcrn. l’hc  large self-orthogonality numbers in phase 1 were
attributed to structural nonlinearity aiisociatcd  with several
closely coupled modes from 17 to 22 IIz. Either t})c nonlinearity
or the dcgrcc of coupling was apparently reduced in the phase 2
configuration. For this reason, the phase 2 test results arc
considered more reliable,

It was rccognimd  during the test that the airbag  suspension
systcrn added significant mass (170 kg) to the trunnions in the
vertical direction. When this mass was added to the model, the
first elastic free-free mode dropped from 9 IIz to below 8 IIz,
and agreed closely with the test measurements.

6. RESII)UA1, F’I,EXIJIII,ITY  EXTRACTION

A critical requirement of the test was that residual flexibility
bc cxtractcd  from the measured FRF’s. The combination
of free-free and residual flexibility shapes is analagous  to the
combination of fixed-base and constraint modes in providing a
statically eomplctc  representation of structural motions.

Residual flexibility is a summation over high frequency modes
of t}lc modal flexibilities.  The residual flexibility value dcj)cnds
on which modes are included in the sum. The residual
flexibility of high frequency modes appears in low frequency
acceleration/force FR.F’s as a term proportional to frequency
squared. This term is combined in the data with resonance

peaks due to low frequency modes, and with a constant
(inertanw) term due to rigid body and mechanism modes, as
illustrated in Fig. 5. ‘1’hc residual flexibility is revealed by
subtracting from the IUW the incrtance  and the resonant terms.
‘J’hcrcforc its accuracy is dependent on the accuracy with which
the incrtancc  and modal terms arc estimated and subtracted.

Wc discovered that it was very dificult  to extract residual
flexibility from the test data, If onc subtracts all curve-
fit modes in order to expose the residual flexibility from
unmcaaured high frequency modes, all of the errors of the
curvefit modes add to the error of the residual flexibility
estimate. When there are many overlapping modes, the errors
arc amplified by resonance effects, making it doubly diflicult  to
extract accurate residual flcxibilitiea.

The approach wc followed for the SIR-C  test was to subtract
only the first fcw elastic modes from the FRF’  (described
as mid frequency modes in Fig. 5), since t}lcsc were known
very accurately. The underlying flexibility line then defined
the residual flexibility summed over the remaining modes,
including many other curve-fit modes, Comparisons bctwccn
test and analysis residual flexibility were made baaed on this
measurement of residual flexibility. In order to estirnatc
residual flexibility for only the unmcaaured  modes, the tcst-
dcrivcd  modal flcxibilities  for the intcrrncdiate curve-fit modes
could bc subtracted numerically.

!f’hc process is illustrated by Figures 6 through 9. Fig. 6
shows a reprcscntativc  drive point FRF.  q’hc mode at 7.8 IIz
was very accurately known. Fig. 7 shows the curve fit for
that mode overlaid on the test data. After subtracting this
curve-fit mode from the FRF,  Fig. 8 is obtained. ]n the
low frequency range, the remaining FRF  can bc approximated
as the sum of a constant incrtancc  and a residual flexibility
term proportional to frequency squared. The incrtancc  tcrrn is
known based on the mcawred mass propcrtiea  of the structure.
This constant was subtracted from the FRF, and the result
divided by W2, resulting in Fig. 9. In this figure, it can bc
seen that bctwccn 10 IIz and 15 IIz, the function is ncar]y
constant. ‘1’hc value of this constant, which had multiplied W2
in the original FRF, is the estimate of the residual flexibility.
Note that this mcasurcmcnt  of residual flexibility is surnmcd
over all modes higher than the 7.8 IIz  mode.

This approach was not without its own difIicultics.  At lower
frcqucncics, the incrtancc  term from rigid body modes tends
to bc large in proportion to the residual flexibility tcrrn.
Therefore, any errors in subtracting out the incrtancc  term
rmult  in errors in the residual flexibility estimate. Another
difficulty cncountcrcd  with some FRF’s  was the effect of
nonlinearity, which made it impossible to account for the FRP
with linear modal curve-fitting.

Onc of t}lc most problematical aspects of residual flexibility
estimation is that there are fcw checks which can bc performed.
When estimating mode shapes, it is usually apparent from
mode shape plots if the data looks reasonable. In the case
of residual flexibility, wc know of no such sanity checks for the



o cr+timatcs. As a result, it is possible for large undctcctcd  errors
to bc present in the data. The only sanity check wc were able
to devise was to check the flatness of the curves such as Fig. 9.

configurate ion, but the phase 2 data was also chcckcd to assure
that the flexibility mcawrcrnents  were consistent with phssc  1.

7. MODEI, CORRELATION

Updates to the finite element model were required to improve
agrccrncnt  with the test data. The major correlation cflort was
focused on the free-free modes. Some large errors in the model
were apparent, and these were manually corrected. lYrthcr
rcfincmcnt  was performed using structural parameter based
model updating. A large number of structural parameters
(bar arem and incrtiaa,  etc.) were identified as candidates
for adjustment. These parameters were iteratively adjusted
b~~cd on linear sensitivity calculations for both frequency
and cross orthogonality. The technique described in [6]
allowed many iterations to be performed almost in real time.
Pararnctcr  adjustments were sclcctcd  which provided the beat
improvement in test/analysis agrccmcnt,  while at the same
time minimizing the percent change in the parameters. ‘l’his
effort successfully produced a single set of parameters such
that the model was able to match modes measured in both
phases of the test. The parameter adjustments were chcckcd
for reasonableness, and all changes were justifiable.

~bblcs 3 and 4 show comparisons of natural frequencies bctwccn
test and the post-correlation analysis model (referred to as
TAM26). lbblea 5 and 6 show cross orthogonality  computed
bctwccn the test and analysis rnodc shapes.

In phase 1, three of the modes failed the original goal of 5~o
frequency agrccmcnt,  and a number of large off-diagonal cross
ort}logonalit y terms remained after correlation. It should bc
noted that the 5.7 IIz  mode is actually a mechanism mode
which will be restrained when the payload is installed in
the orbiter. l’hcreforc  its stiffness is not significant. l’cst
mode 3 (17.50 llz) was considered suspect duc to the poor
self-orthogonality results, so the model was not forced into
agrccmcnt.

I’hc p}mac 2 correlation results arc better than the phase 1
remits. (This is fortunate, since the phase 2 configuration is the
flig}]t-like configuration. In fact, the model updating process
was weighted toward obtaining good phaac 2 agrccmcnt.) Tkle
5% frequency match goal was at taincd  for all modes except t}lc
first, which is not significant to the fixed-base modes. Cross
ort}logonality shows fairly good mode shape agrccmcnt.  The
only significant concern with the phaac 2 results is that analysis
mode 15 (15.89 Hz) was not mcaaurcd  during  the test. It WM
concluded that this is a valid mode, w}lich wm not cxcitcd  by
the shaker locations in the phs.sc 2 test. Thcrcforc  this mode
is not considered test-verified.

After correlation of the model to the free-free modes, the
residual flexibility from analysis was compared to the test
mcassurcmcnts, which had been extracted as described in
section 6. l{csidual flexibility was only available in the phase 1

‘lhblc 7 shows a comparison of the diagonal (drive point)
residual flexibility cxtractcd from test data vs. the analytical
model predictions. The flcxibilities  in the table arc summed
over all modes above 15 JIz. Note that the analysis mode l
uniformly undcrpredicts  the residual flexibility, by about 25Y0.
‘1’here arc a couple of terms where the analysis flexibility
prediction is less than 50% of the measurement, but on closer
examination the test data was considered of poor quality. Our
observation is that test errors have a systematic tendency to
increase the estimate of residual flexibility. It is unclear whether
the analytical model is overly stiff, or whether the test rmults
are skewed toward ovcrestimatea  of residual flexibility.

No model updating was performed to improve the residual
flexibility agreement between teat and analysis for the SIIL- C
payload. Some effort w~~ cxpcndcd  to dctcrminc  the influcncc
of the rmidual  flexibility terms on the frxcd-bssc  m o d e
predictions. It was e.stirnated that the diffcrcncea seen in
‘Pablc 7 could rcsul t in fixed-base frequency diffcrcnccs  of up to
10’%. Bccausc  wc did not have full confidence in the rncsmrrcd
residual flcxibllity, and bccausc  the model did not agree with
test rncasurcmcnts,  this 10% uncertainty in frequency remains
in the final dynamic model.

8. V}IJUHCATION OF FIXHD-BASE  MOIIES

The stated goal of the test was to demonstrate that the
significant fixed-bssc modes of the structure were verified. Since
the fixed-base rnodcx were never mcamred  directly, an indirect
approach as described in [5] and [7] was used. The idea is
to establish an equivalence bctwccn the rcprmcntation  of the
structure in terms of free-free modes with residual flcxibilit y
and its representation in terms of fixed-baac modes. This
equivalence is dcrnonstratcd  by using the free-free modal model
to predict frxcd-base mode frequencies and shapes.

Another way to look at this equivalency is m follows. Suppose
that the analytical model has an error in it which aflccts  the
significant fixed-base rnode.s.  Then onc would expect that the
free-free modes would also bc affected by the error, and the
free-free model correlation effort would correct the error. ‘1’he
equivalency condition is intended to ensure that there could not
bc any errors in the model that arc significant to the fixed-base
modes but “invisible” to the free-free data.

In order to establish cquivalcncc,  the test-verified free-free
modes were assembled into a dynamic model of the structure.
Rmidual  flexibility wss included in the free-free representation,
even though good agrccmcnt  was not est ablishcd.  ‘1’hc free-free
model was then mathematically constrained at the intcrfacc
dcgrccs of freedom, and fixed-base natural frcqucncics  and
mode shapea were gcncratcd. For comparison, the full finite
e!crncnt model was also cxcrciscd  to predict frxcd-base natural
frcqucncics  and mode shapes. l’hc predictions of the free-free
model and the full model were compared, both for frequency



“ and mode shape, Only the significant fixed base modes (those
with effcctivc mass at least 5% of the total mass)  were evaluated
for this comparison,

The results of this comparison were fairly good. Using the
phase 2 configuration, all fixed-base modes below 50 IJz with at
least 5% translational effective maas were in agreement within
3% in frequency. Cross orthogonality  bctwccn the free-free
model and the full model was at least 94% for all of these
modes except one, where the cross orthogonality  was only 62Y0.
This cxcrcisc demonstrated that for thesigniflcarrt  fixed-bsse
modes, the frc~frcc  model is essentially equivalent. ‘J’hcrefore it
is unlikely that a model error could remain in the model which
would affect the significant fixed-bssc  modes, and not similarly
affect the free-free data.

T}lis approach is success oriented. If excellent agreement
bctwccn t}lc two models can be established, then a strong
argument can bc made that the fixed-base modes arc test-
vcrificd, However, results like the 62% cross orthogonality
dcscribcd above are dificult to assess. ‘1’hc modal teat
community has had so little cxpcricncc  with this type of testing
t}lat firm criteria arc elusive.

9. CONCI,USIONS

A frc~frcc  test with residual flexibility mcssurcmcnt  was
performed on the SIR-C payload. This test prcscntcd many
challenges, both experimental and analytical. Not all of the
difficultim  in this approach were solved.

‘1’hc following arc some of the lessons learned through this
cxpcricncc:

o

●

It is possible to usc frcc+frcc modes and residual flexibility
to verify fixed-base modes of a structure. lIowcvcr, this
approach is difficult to implement, and acceptance in the
modal test community is slow.

Extraction of residual flexibility is a difficult process. Fcw
sanity checks arc available, and unquantifiable errors can bc
present. in the results. As a result, confidence in the teat
mcasurcmcnts  is low.

Fur ther  rescarc}l and test csscs  arc nccdcd  to develop
confidence in the free-free approach. l’hc  SIR-C test
hopefully provided some forward progress in this area,

It would bc very advantageous to revisit the rcquircmcnt
that the fixed-bssc modes bc acrwratcly  prcdictcd  by the
free-free data. Perhaps a way can bc devised to show that
the significant in-flig})t modes are WC1l  known.
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Fig. 2. SIR C Structure During Modal l’cst

l’ig. 3. S1 R- C Structure and Airbag Suspension System Fig. 4. Typical Shaker Attachment to TYunnion



Table 1. Orthogonality of Test Modes, Phaae 1

Table 2. Orthogonality of Test Mods, Phase  2
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Fig. 5. Schematic Illustration of Residual Flexibility
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Fig. 7. Curve Fit of 7.8 Hz Mode
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Fig. 8. FRF After Subtraction of 7.8 Hz Curve Fit Mode
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Fig. 9. Result After Subtracting Inertance and Dividing by W2
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Table 3. Teat/Analysis Fhquency  Comparison, Phme 1

Test Freq TAM26 Freq
Mode

Freq
Mode (Hz) Error

~’ 362 36% ●

2 12 7:52 -4%
3 17.40 13 16.01 -a%
4 18.54 14 18.20 -2%
5 19.18 15 18.33 -1 %
6 19.93 16 20.02 +0%
7 94 la 17 91 Q9 .iw. ...!” ., L , ..,- T,-

8 22.30 18 21.67 -3%
9 22.W 19 23.22 +1%
10 25.40 20 23.76 -6%

21 25.19
22 26.65
23 26.75

L , - - - - - n 24 26.66 +3%

“ (frequency of mode 1 not slgnikant
fof fixed-baw modes)

Table 4. Tmt/Analyeia  Frequency Comparison, Phase 2

I Test I Fraq I TAM% I Freq I Freq 1

.
2 , ---
3 11.46
4 13.73

I 15 I 15.89
5 17.66 17 18.36
6 17ni E 16 I 17.23
7 l____
a Xl .U I

L+!
+1%. ..-. . .

19.55 I ii 19.61 +0%

t
I -- .- . 19 20.54 +0%

; 21.62 I 20 2109 -2%

● (frequency  of mode 1 not dgnllkant
& fixed-base Mod6a)
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l’able  5. T~t/Analysis  Crow Orthogonality,  Phase 1

Table 6. Test/Analysis Crom Orthogonality,  Phase  2

Table 7. Teat/Analysis Residual Flexibility Comparison

D@crnal We Flex
(in. pef mllllon lb) Ratb

Test TAM26 TAWTe8t

Woox 63.% 40.82 0.%3
Wooz 4.41 0.57
W o l x :;% 36.64 0.75
Wolz 13.m 10.06 0.76
W02X 41.11 36.06 Owl
W02Y 9.81 4.66 0.46
Qwox 29.26 6.12 0.26
Wooz 5.51 393 0.71
Wolx 22.6& 15.94 0.70
Wolz 12.18 0.11 0.75
W02X 41.01 27.00 0.66
9502Y 7.26 4.49 0.62

●


