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Evaluation of Spacecraft Modal Test Methods

Jay-Chung Chen*
Jet Propuision Laboratory, California Institute of Technology, Pasadena, California

Modal testing methods have undergone great changes in recent years as new testing methods are being created.
Although devoted advocates of each method can be found to argue the relative advantages and disadvantages, the
general superiority, if any, of one or the other is not yet evident. The present paper evaluates various modal
testing methods based on the results of tests performed on a complex, realistic spacecraft structural system. It
concludes that the selection of a modal testing method should be determined by the test requirement, constraints,

and nature of the test article.

Nomenclature
[M] = mass matrix
[C] = damping matrix
{ F(t)} = external excitation vector
K] = stiffness matrix
{%¥} = acceleration response vector
{x} = velocity response vector
{x} = displacement response vector
a, B = scalar coefficients

[\,\ Y.~ ] = percentage of critical damping
[ w2\ ] = cigenvalues

[¢] = normal mode matrix

[M. ] = identity matrix

{q} = generalized coordinates defined by Eq. (5)
{g,} =generalized external forces

{f}, = shaker force vector

a;, b, = coefficients

Q = shaker frequency

s = Laplace variable

(frf),; = element of ij of the frequency

response function matrix

Introduction

ODAL testing plays a significant role in spacecraft devel-

opment where the experimentally determined nature fre-
quencies, mode shapes, and other modal parameters are used
to verify the analytical model for design. Although the tradi-
tional modal test method was first proposed in 1950,' this
so-called “multishaker sine dwell” method is still used exten-
sively in the aerospace industry. However, with the advent of
microcomputers and minicomputers, “frequency response
function” methods become popular.”> Some detailed compari-
sons of these two approaches would have been beneficial. But
so far most of the comparisons have been made on relatively
simple structures such as beams or plates. Only limited actual
testing comparisons have been performed on realistic complex
structures.>* In the summer of 1983, the Galileo spacecraft
modal test provided an opportunity to evaluate these modal
testing methods. The results of the evaluation are the subject
of the present report.
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Basically all modal testing can be viewed as a forced
vibration test in which external forces are applied and re-
sponses are measured. The multishaker sine dwell method
concentrates the shaker frequency at a certain discrete value
and appropriates certain shaker force distribution. The objec-
tive is to make the responses similar to a specific mode shape.
The eigenvalues and eigenvectors, i.e., the natural frequencies
and the mode shapes, respectively, are measured directly and
no further data processing is necessary. Also, since the struc-
ture is responding in steady state, no high speed data acquisi-
tion and analysis capability is required once the mode is
tuned. On the other hand, the frequency response function
methods make sure that excitation inputs contain all the
frequencies such that all the modes of interest are excited
simultaneously. Modal parameters such as the natural fre-
quencies, mode shapes, and dampings are extracted from the
response data, Therefore, it is necessary that high speed data
acquisition and analysis systems are available to process the
data. It became clear why the multishaker sine dwell method
was the only modal testing technique more than thirty years
ago and the frequency response function methods were not
possible until microprocessor technology matured. (A detailed
description of the development of testing methods and an
extensive bibliography can be found in Ref. 5.)

These drastically different testing methods each have their
own advantages and disadvantages and, as such, have their
own ardent devotees. The objective of the present study is not
to evaluate the ease or difficulty in implementing these testing
techniques since the experiences, the test engineer, and the
complexity of the test article are the foremost factors in
determining the quality of the test results. Therefore, the
present evaluation will be focused on two aspects of the modal
test. One is the theory on which the testing method is based.
The inherent difficulties of satisfying theoretical assumptions
will be examined for the different testing techniques.

The second aspect is to evaluate the results of the modal
testing of the same test article in terms of the quality of the
results. Although an identical test article and instrumentation
were used in the applications of these different testing meth-
ods, different test personnel were in charge of implementing
the different methods. Since each of them has been involved in
the development of their chosen modal testing method and
has extensive experience in using the particular method, the
quality of test personnel should be assured.

Theoretical Background
In the evaluation of modal testing methods, the differences
in the theoretical approach are obviously of prime concern. As
mentioned before, the following brief theoretical description is
for the purpose of examining the inherent constraints of the
modal testing methods.
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The equations of motion for an #-DOF (degrees-of-free-
dom) linear damped system under external excitation can be
written as

[MI{2} +[CI{x} +[K]{x}={F()} (V)

where [M], [C], and [K] are the mass, damping, and stiffness
matrices of the structure, respectively, and {F(z)} is the
external forcing function vector. The system represented by
Eq. (1) is said to possess classical normal modes if and only if
it can be reduced to a set of uncoupled second order systems.
A necessary and sufficient condition for the existence of
classical normal modes is that matrices [M] }[C] and
[M] K] commute®

[M]TCHMIT K] =[M](KI[M] 7 [C] (D)

However, the dampings provided by the spacecraft struc-
tural system are usually small. For analytical simplicity, it is
often assumed that the dampings are proportional to mass
and stiffness

[C]=oa[M]+B[K] 3)
where o and B are arbitrary proportional constants. The

existence of the classical normal modes assures the following
orthogonality conditions:

[o]"[M][6] = [\I\] = Unity matrix

[6171Cl o] = 27,0, ] (4)
o] (K16l =] w2

where [¢] is the normal mode or eigenvector matrix, [\y,,\]
is the percentage of critical damping, and [ w?. ] is the
eigenvalues. Now, applying the modal transformation

{x}=[¢]{q} ©)

the governing equation, Eq. (1), can be written as

{ay+ [ 2venJla) + [ (e} =[] (F(1)} (6)

Once the external forces { F(1)} are defined, the motion of the
system may be obtained by Egs. (5) and (6).

Table 1 TAM prediction

Mode no. Frequency, Hz Description
1 11.08 SXAinY
2 11.20 SXAin X
3 14.94 Global bending in X
4 15.08 Global bending in ¥
5 16.36 1st global torsion
6 20.04 RTG walking mode
7 20.37 Appendages in Z
8 21.03 2nd global torsion
9 23.53 Science boom in Z
10 24.87 Sun shade in Z
11 25.33 Probein Y
12 26.41 EDPinY
13 30.67 Thruster booms in Y, out
of phase
14 31.77 Thruster booms in Y, in
phase
15 3221 RRHin ¥
16 32.78 Global bounce mode Z
17 33.03 RRHin Y
18 34.81 400 N. engine in ¥
19 35.35 Science boom in X-Y
20 35.51 400 N. engine in Y
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Multishaker Sine Dwell Method

For the case of the multishaker sine dwell method, the
external forces are sinusoidal with frequency £, therefore,

{F(1)} = {/ }sinft (N
where { f } represents the amplitudes of the forces distributed

on the system and Q is the frequency of these forces. The
generalized forces in Eq. (6) will be defined as

[617 (F(2)} =[¢]"{f}sinQr={g,}sinQ:  (8)

The acceleration responses can be obtained from Egs. (5) and
(6) as

{x}= (li’:a,-gi{@})sinﬂwr (ﬁi:b,gi{qsi})cosﬂt (9)

where
2
(2]
w;
4=T 272 2
T
wz J i
Q
() (10)
b=t UE Q)2
il 20 22
-] | +ee(S)
gi={¢i}r{f}
ith normal mode, a subset
{¢i}=0f[¢,]

The first and second parts of the right-hand side of Eq. (9) are
also known as CO (coincidence) and QUAD (quadrature)
responses because of their in-phase and 90 deg out-of-phase
nature with respect to the input forces.

According to Lewis and Wrisley,! a number of shakers
could be “tuned” to “exactly” balance the dissipative forces
in a structure at a certain frequency. The external forces will
be assumed as

{}=[cl{x} (11)

and the response of the structure will be, for example, the jth
mode. Hence,

{x}={e) (12)
The shaker forces will become, according to Eq. (11),

{7} =[Cc1{9} (13)

When substituting Eq. (13) into the generalized forces in Eq.
(9) and using Egs. (3) and (4), one obtains

g=0 fori+#j
g#0 fori=j

(14)

Next, the forcing function frequency will be “ tuned” to that
of the jth resonance frequency, i.e.,

Q=0 (15)

J
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The a,’s and b,’s can be obtained as

w; \2
(2]
i w0 \2]2 2
EEiEEE
@; W; for l%é_]
w; w; F w;
(2 (16)
b= :
i w \2]2 w2
]l
=0 b= L fori=j
aj* 5 /_Z'Yj ori=j
The acceleration responses, Eq. (9), become
. 1
{x}=7y—jgj{¢j}cosﬂt (17)

Under this perfect condition, the response will be 90 deg
out-of-phase from the input forces and its spatial distribution
will be exactly that of the jth mode.

However, in practice, things are far from ideal. Only a very
limited number of shakers will be available because of physi-
cal constraints, therefore, Eq. (11) cannot be satisfied. In other
words, it is impossible to balance out the dissipative forces
since one cannot install shakers at all the DOF’s. Also, the jth
mode shape cannot be known as an a priori condition: only
an estimated one based on pretest analysis or engineering
judgment is available. Therefore, Eq. (12) also is not satisfied.
At best, the force distribution as expressed in Eq. (13) is an
approximation

{f1=lcl{¢} (18)
and, according to Eq. (10),
g#0 fori=1,2,3,...n

but

g, > gfori+j (19)
Compared to the shaker force appropriation, the frequency
is easier to “tune” to one of the resonance frequencies during
the test since both the 90 deg out-of-phase and maximum
amplitude criteria can be used. The resonance condition in
Eq. (15) or a very close one can be achieved. Therefore, Eq.
(16) implies that for an “almost tuned” jth mode, the follow-
ing are valid:

b, > b,
ja;]<1.0

(20)

fori+#j
for all i

With these considerations, the acceleration response, Eq. (10),
will be
{%} =bg;{ ¢} cosQt + contamination (21)

where contamination is:

I

[(a,gsinQt + b;g,cosQt) { ¢, }] for i+ (22)
i=1

I

Based on Egs. (19) and (20), the first term of the right-hand
side of Eq. (21) is much greater than the contamination terms.
This indicates that the response measurements are indeed very
close to the jth mode.
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For the case of very close modal frequencies, or similar
mode shapes, the inequalities in Eqgs. (19) and (20) are
weakened. This increases the amplitude of contamination and
decreases the accuracy of the mode shape measurements. To
overcome the deficiency, the shaker force appropriation must
be improved. It is evident that the key issue of the multishaker
sine dwell is the shaker force appropriation that has generated
many studies.”"'° However, none has been accepted as an
industry standard.

In summary, the inherent constraints of the multishaker
sine dwell method are the inability to tune the “pure” mode
except in very limited cases and the difficulty in separating the
close modes.

Frequency Response Function Method

In the form of Laplace transformation, the solution of Eq.
(1) can be written as

(x(5)) =[8]] > (s* + 20,5 + )] 61 { F(s))
(23)

where x(s) and F(s) are the Laplace transforms of x(r) and
F(1), respectively. Furthermore, if one substitutes the Laplace
variable s by i, the acceleration responses of the system can
be obtained

(x(D)Y =161 (a,+ i) L1 (F(i2))  (29)

where a; and b, are defined in Eq. (10) and the frequency
response function (frf) is defined as

[n),] =161 (e + ) JIo)” (29)

Eq. (25) contains all the information related to the modal
parameters, namely, mode shapes, frequencies, and damping.
The concept of the frequency response function modal test
method is to develop a curve-fitting procedure for Eq. (25)
that determines all the modal parameters.

If a single shaker is used during the test, the element in one
column of the [(frf),;] matrix can be readily obtained by
dividing the measured responses by the input forces—the
concept of transfer function. It can be shown that only a
single column of a single row of the [(frf),;] matrix is needed
for determining all the modal parameters, if no repeated roots
are involved.

If multiple shakers are used, in principle, multiple rows or
columns of the frequency response function matrix can be
obtained. There are algorithms that utilize as much of the
redundant information within these frequency response func-
tions as possible. A primary example is the Poly Reference
approach.!!

The brief description previously given for the frequency
response function method of modal testing indicated that the
approach is based on sound theory and seemingly no con-
straint is apparent in its modal parameter extraction concept.
Although one may question the accuracy of the curve-fitting
procedure, the concept is valid, nevertheless. However, one of
the most important aspects of this approach has yet to be
discussed. This concerns how the measured time domain data
are transformed into the frequency domain data for the modal
parameter extraction process. The Fourier transform serves as
the bridge between the time and frequency domain functions.
The basis is a Fourier transform pair for continuous signals
defined as follows:

X(1)= [ x(rye > de
- (26)
()= [ X(f)errdy
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The upper-case X(f) represents the frequency domain func-
tions, and the lower-case x(¢) is the time domain function.
Their relationship is governed by Eq. (26). However, when the
measured time domain data are sampled and analyzed, it is
the finite, discrete version of the Fourier transform, or the
Fourier series expansion, that must be used. The analogous
discrete Fourier transform pair is as follows:

1 g —i277'£
X(‘*’,‘)=W > x(t,)e” N
k=0

than a certain frequency f,, then the said continuous function
can be uniquely determined from a knowledge of its discrete
function with a sampling rate of 2f,, which is referred to as
the Nyquist sampling rate.!* In practice, when the sampling
rate is not sufficiently high for the time domain function
measurement, its Fourier transform will be distorted by the
high frequency component. This is also known as “aliasing.”
Usually a low pass filter is used to eliminate the high frequency
component.

Another problem is the “leakage” that is inherent in the
Fourier analysis of any finite record of data. The effect of
truncation at other than a multiple of the period creates a

N-1 ok periodic function with sharp discontinuities. The result is a
x(6)= X X(«)e? VN series of spurious peaks that appear because of this abrupt
Jj=0 ending of the signal in time domain. These “leakages” in the

j=012,..  N-1; k=0,1,2,...,N-1 (27)
Although most of the properties of the continuous Fourier
transform are retained, several differences result from the
constraint that the discrete Fourier transform places on time
domain data defined over finite intervals. The so-called
“Cooley-Tukey fast Fourier transform” (FFT) algorithm is an
efficient method for computing the discrete Fourier transform.
The FFT can be used in place of the continuous Fourier
transform only to the extent that the discrete Fourier trans-
form could be used before, but with a substantial reduction in
computer time. Some of the inherent constraints of the dis-
crete Fourier transform are briefly described.

The sampling theorem states that if the Fourier transform
of a continuous function is zero for all frequencies greater

frequency domain seriously affect the accuracy of the curve-
fitting procedure. The usual approach to reduce the leakage is
to apply a data window to the time domain function, which
has lower spurious peaks in the frequency domain than those
of the rectangular data windows. One of the most commonly
used data windows is the Hanning window.

In summary, the inherent constraints of the frequency re-
sponse function modal test method are the leakage and alias-
ing problems. However, the effects of these problems can be
reduced by applying anti-aliasing filters, increasing the sam-
pling rate, and choosing proper time domain functions and
windows.

Galileo Spacecraft Modal Test

The Galileo is an interplanetary spacecraft whose mission is
to conduct a scientific exploration of the planet Jupiter. It will
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be launched by the Space Shuttle and a modified Centaur
Upper Stage in 1987. Figure 1 shows the Galileo spacecraft in
its modal test configuration with its major components and
corresponding finite-element node numbers indicated. The
total weight of the spacecraft is approximately 5300 lb. A
finite-element model using the NASTRAN code was con-
structed for performing the design loads analysis. This model
consists of approximately 10,000 static DOF and 1600 dy-
namic DOF. It is this loads analysis model which has to be
verified by the modal test.

Extensive pretest analysis was conducted prior to the modal
test'? for the purpose of understanding the modal characteris-
tics of the loads model. This was essential in the design of the
modal test, including the instrumentation distribution and
external excitation selection. After careful consideration, it
was determined that 162 channels of accelerometer measure-
ments, as well as 118 channels of strain gage measurements,
were to be taken. The instrumentation distribution was such
that all the important modal displacements and modal forces
were measured with sufficient resolution. Since the number of
DOF’s in the loads analysis model was a few orders of
magnitude greater than the number of measurements to be
made during the test, a condensed model was constructed so
that this DOF would be compatible with the measurements.
This condensed model was called the Test-Analysis Model
(TAM), which was obtained by Guyan reduction method** to
collapse the mass and stiffness matrices in the loads analysis
model onto 162 DOF. The TAM was adjusted so that all the
modal characteristics predicted by the loads model would be
reproduced by TAM within the range of interest. Table 1
shows the TAM prediction of the modes.

The modal test was performed with various testing methods
and their detailed descriptions and results can be found in
Refs. 15-18. Table 2. summarizes the methods used and the
participants associated with these methods. These participants
have all been involved in modal testing for a number of years,
especially using their chosen methods. Their professional dedi-
cation assures high quality test results. Figure 2 shows typical
response functions for various methods.

Results Comparisons

Table 3 lists the frequencies of the normal modes obtained
by the methods listed in Table 2, with the exception of Tuned
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Sweep. (Incomplete channels of data were taken for the Tuned
Sweep method.) The correlation of the modes obtained by the
various methods is carried out by examining not only the
frequencies but also the mode shapes, cross-orthogonality
between modes from different methods, effective mass, and
kinetic energy distribution. It was pointed out in the pretest
analysis (Ref. 13) that vibration modes are not equal in
degrees of importance with respect to the loads analysis in the
design process. Some modes contribute to the dynamic loads
more heavily than others and these important modes are
usually the target modes to be verified in a modal test. The
important modes for the Galileo spacecraft loads analysis
have been identified as global modes and all of them have
been test verified by all the methods as shown in Table 3.
Specifically, the effective mass and modal accelerations due to
interface loadings are used to define the global modes as
shown in Tables 4 and 5 and Ref. 13. Furthermore, the
frequencies of these modes are consistent regardless of the
method used. The two exceptions are that the first mode
obtained by the 4-shaker random method is noticeably lower
than the rest and the single point random method failed to
obtain the fifth mode. As for the rest of the nonglobal modes
(local modes), the following observations can be made:

1) Except for mode 30, in general the frequencies are in
good agreement for all modes.

2) Mode 15, an analytical predicted local mode, is measured
by the 3-shaker random method only. The 4-shaker random
method as well as all others failed to obtain this mode.

3) Modes 16, 17, 20, 22, and 33, all predicted by the
analysis, are measured by only some of the methods.

4) Modes 28, 30, 31, 32, and 33, all predicted by the
analysis, are measured by only the frequency response func-
tion methods.

5) Modes 6, 7, 8, 23, 24, 25, and 26 are measured by only
the single-shaker methods. Neither the multishaker random
methods nor the analysis succeeded in identifying them.

6) In general, the frequency response function methods
identified more modes than the sine dwell method.

7) Among the modes identified by the Simultaneous
Frequency Domain method, several are suspicious.

The results of the sine dwell method and the 4-shaker
random method will be chosen for more detailed comparison.
First, the 4-shaker random method obtained 27 modes as
compared to 14 modes by the sine dwell method. The global

Table 2 Summary of Galileo spacecraft modal test methods

No. of Input
No.  Methods shakers function Participant /organ. Remark
1 Sine dwell Upto8 Sine Trubert /JPL? Required by Galileo project
2 Multishaker 3 Random Hunt /SDRC® Uncorrelated signals for the
random shakers
3 Multishaker 4 Random Hunt/SDRC Uncorrelated signals for the
random shakers
4 Single-point 1 Random Stroud /STI®
random
5 CHIRP 1 Fast sine sweep  Stroud /STI
6 SWIFT 1 Discrete sine Stroud /STI frfs are obtained between
sweep the frequency changes
7  Tuned sweep 1 Discrete sine Stroud /STI Sweep within narrow frequency
sweep band
8 SFD¢ 1 Random Coppolino/MSC,* Used same frfs as no. 4
Stroud /STI
9 ERAf 1 Random decay  Pappa/LaRC? New modal parameter extraction

Stroud /STI

algorithm

2Jet Propulsion Laboratory. PStructural Dynamics Research Corporation. ¢Synergistic Technology Incorpo-
rated. 9Simultaneous Frequency Domain (Ref. 19). *MacNeal-Schwendler Corporation. {Eigensystem Reali-

zation Algorithm. 8 NASA Langley Research Center.
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Table 3 Frequency comparison for various test methods

Sine  4-shaker 3-shaker Single-pt.
No. TAM dwell random random SWIFT CHIRP random SFD ERA Description
1 11.08% 1270 1146 13.73 12.54 12.59 12.66 12.52 1361 SXAinY
2 11.20* 1311 14.02 14.10 13.78 13.86 13.88 1376 1415 SXAin X
3 1494* 1741 18.54 18.62 17.40 17.95 18.14 17.47 18.37 Global bending in X
s 4 15.08% 17.76 1744 18.32 17.62 17.97 17.93 17.62 18.68 Global bending in Y
5 16.36% 1859 1933 19.45 18.93 19.30 - 18.93 19.52 1st global torsion
6 — — — — 18.22 18.54 18.54 1837 — SXAand + X thrusterin YV
7 — — — — 18.59 18.59 18.62 1874 — SXAin X
8 — — -— — 19.31 19.34 19.31 1945 — RRHinY
9 — — 22.22 — 22.04 21.98 22.08 2203 2213 RTGin Z
10 20.04* 21.67 - 22.06 22.19 22.23 22.24 22.21 2227 22.64 RTG walking mode
11 2037 2310 2252 22.81 22.35 22,62 22.48 2252 22.58 Appendagesin Z
12 21.03* 2546  25.80 25.80 25.30 2571 25.74 2537 — 2nd global torsion
13 23.53* 2366 2519 25.33 27.61 — 27.63 27.62 —  Science boomin Z
14 — — — — — — — 24.57 —
15 24.87 — — 28.16 — — — — — Sunshadein Z
16 2533 — 26.36 26.64 — — — — — Probein¥
17 2641 — — — 26.83 2575 — 26.86 26.65 EDPinY
18 — — — — — — — 27.08 —
19 — — — - — — — 2881  —
20 30.67 2971 3342 33.46 - — — — —  Thruster boom in YO/P
21 — 2612 30.50 — 28.37 28.56 28.51 2813 — DamperinY
22 3177 4220 3914 — — — — — —  Thruster boom in YI/P
23 — — 31.84 31.92 29.48 — — 2947 — Damperin X
24 — — — — 33.02 3321 33.13 33.04 3329 Probein X
25 — — — — 33.63 33.74 33.64 33.69 33.61 Probe and + thrusterin X
26 — — — — 33.98 — — 3399 — Mag can. and DDSin X
27 — — 33.76 e 33.40 33.80 — 3335 — Thrusterin X
28 3221 — 27.84 27.89 26.22 25.53 — 2623 — RRHinY
29 32.78* 3792 3791 37.98 38.17 38.09 37.94 38.14 3842 Global Z mode
30 33.03 — 28.29 28.58 39.70 — — 39.75 3955 RRHinY
31 3481 — 42.35 42.57 — — — — — 400 N.enginein Y
32 3535 — 34.50 34.32 33.75 33.85 33.79 33.76 34.40 Science boomin X-Z
33 3551 — 41.73 — — — — — — 400 N.enginein Y
34 — — — — — — — 37.05 —
35 — — 39.77 — — — — — —  Science boom in Y
36 — — — 39.88 41.01 — — 4111 — RRHandmag can.inY
37 — — — — — — — 4163 —
38 — — — — — — — 4204 —
39 — — 42.36 — — — — — —  Thrusterin ¥
40 — — 44.61 — — — — — —  Thrusters in YI/P
41 — 4253 4498 45.14 42.99 — — 4298 44.27 Scan platformin X
42 — — 46.00 46.05 44 .82 44.70 4434 44.86 44.89 Thrusters and RRHin Y
43 — — - — — — — 4493 —
No. of
modes 14 27 21 27 21 18 34 16
2Global mode.
Table 4 Effective mass for sine dwell modes modes, which are identified by their large components of the
effective mass, are similar for both methods, as shown in
Mode  Frequency  x y z 0, g, 0. Tables 4 and 5. The total effective mass is considered as a
201 12.70 0.3 8.7 0 23.1 08 0 criterion for the completeness of the test. The comparison
101 1311 133 03 0 06 284 0 indicates that. that total effecﬁve mass for the 4-sh_aker ran-
501 17.76 96 265 o1 315 93 02 dom results is 10-20% higher than that of the sine dwell
' ’ ) ) ’ ’ ’ method, with only half of the modes tested. This demonstrates
404 17.40 138 191 0 252 155 04 that the sine dwell method is able to extract most of the
301 18.60 0 0 0 0 L6 202 important global modes with fewer modes tested. Tables 6
601 21.67 424 0.3 0.1 03 336 2.4 and 7 show the orthogonality of the modes obtained by the
20507 23.10 0 26 4 12 0.3 0.1 sine dwell and 4-shaker random methods, respectively. Off-
7022 23.66 0 06 67 11 0 0 diagonal terms greater than 0.10 are boxed, and the results
803 2516 038 0 02 0 03 232 show clearly that modes from the 4-shaker random test are
. 1 o1 o1 57 02 0 43 much more orthogonal than those from the sine dwell test. In
902 26. : : : - ) fact, if only the global modes are considered, the orthogonal-
2902* 29.71 1 08 0 01 01 65 ity of the sine dwell modes is not very good at all. Of course
1503 37.92 02 02 458 0 02 01 the errors could also be due to incorrect mass matrix used in
20022 4220 01 0 0.4 0 0 0 the orthogonality check. The cross-orthogonality between the
18012 4253 0 0 12 0 0 01 modes obtained by the two methods is shown in Table 8.
The purpose of the table is to demonstrate the similarity of
81.6 593 64.1 833 90.1 575

2Local modes.

the mode shapes from these two methods. Ideally, if the
modes are identical, the cross-orthogonality will be unity, 1,
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for the same modes and zero for rest of the modes. In other
words, there should be one value of 1 in each row and the rest
of the numbers should be zero. Any deviation is an indication
of discrepancies with respect to the orthogonality characteris-
tics of the modes. For instance, mode 1 from the 4-shaker
random test is correlated perfectly with mode 201 from the
sine dwell test, and the rest of the modes from the 4-shaker
random test are almost orthogonal with mode 201, as indi-
cated by the numbers in the first row of Table 8. The overall
indication of Table 8 is that some modes are very well
correlated, especially the global modes, while others are not.
For instance, mode 2050 from the sine dwell method is
simultaneously correlated with 4-shaker modes 6, 7, 8, and 10.

Table 9 shows the mode shape comparison for the first
mode. The modal amplitude is listed in the order of amplitude
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Finally, the test-measured damping values are plotted in
Figure 3. They are totally uncorrelated with the frequency.

Overview of Test Results

It must be emphasized here that conclusions from the
present experiences are valid for the specific type of structural
system that we tested, namely, the large, complex spacecraft.
The basic objective for the modal test is to verify the analyti-
cal model for the design process. It tends to involve a large
number of measurements and extensive test/analysis correla-
tion. Of course it is recognized that there are many other

Table 5 Effective mass for multishaker random modes

3Shaded numbers are local modes.

. . - ; Mode  Fre z g, 0 0
according to the TAM, with the maximum normalized to aneney x Y 4 d
unity. The numbers in parentheses represent the sequential 1 11.46 07 48 0 148 15 0
order of the modal amplitudes. It is obvious that the first % %‘;'(4)121 2%; 4(1)2 8;‘ 53'1’ 4513 0
mode is the antenna bending in the y direction since its larger ’ ) ' ’ ’ 7 0

LT . . . 4 18.54 18.6 0.5 0.2 06 172 4.7
motion is in that direction. The RSS 1 is the square root of the 5 19.33 0 02 0 01 06 194
sum of the difference of TAM and test modal amplitude 6 22.06 223 29 03 13 142 13
squared, and the RSS 2 is the similar value between the two 7 22.52 36 148 15 54 15 0.9
test-obtained modes. It is interesting to note that differences 8 25.19 0 1.7 125 0.1 0 1.6
between the TAM and test modes are much greater than the 9 25.80 13 08 1.9 0.8 06 22
differences between the two test modes. Table 10 shows the 10: 26.36 0 33 0 04 0 0.3
mode shape comparison of the Radioisotope Thermal-electric 1* 27.84 01 o1 38 0 01 17
Generator (RTG) walking modes. The predicted TAM value gn gggg 8; 8'4 (5) 7 8; 89 8-7
indicates that the two RTG’s are moving symmetrically, al- 123 3184 02 0.5 o1 0 o1 .
though in opposite directions. However, both test modes 15 3342 133 0 0.9 01 338 02
indicate that one RTG amplitude is much higher than the 162 33.76 18 07 01 01 12 46
other. Tables 11 and 12 show the kinetic energy distribution 172 34.50 0.8 0.2 0 0 0.2 22
for the corresponding modes shown in Tables 9 and 10, 18 37.91 0.1 02 456 0.1 0.1 0
respectively. For the first mode, more than 90% of the kinetic 192 3914 02 0 9.8 0.2 0.2 1
energy is in the y direction and more than 70% is con- 20° 39.77 02 63 02 49 01 27
centrated at the SXA antenna. This mode is described as the 21 41.73 0 0 L0 0 0.6
SXA antenna bending in y direction. From Table 12 the g 3%22 81 (1);"7 81 82 841 8
kinetic energy for the RTG walking mode indicates that a ’ ’ : ’ :

. N 24 44.61 0.2 21 0 12 0.2 0.6
contrary to the TAM results, the energies of the two RTG’s 250 44.98 02 04 1 04 01 0
are indeed different. Careful examination of the test article 262 46 0 69 0 1 01 02
showed physical difference in mass mockups. The kinetic
energy distribution is a very useful tool in understanding the 04 845 856 872 925 T2
details of the modal characteristics. 2Local modes.
Table 6 Orthogonality of sine dwell modes®
Mode 201 101 501 404 301 601 2050 702 803 902 2902 1503 2002 1801
201 1 -04 0 003 | —002 -002| -001| 0 001 —001| 001 -001
101 1 0.10 .04 0.05 008 ~001| -002] 0 0 -0.01 0. 0.01
501 1 0.16 ~004 -o001| oo01] 0 001 o02f 001 ©
404 1 0.15 —016 004| o001 002 0 | -002{-001 -003
301 1 —013 002 004 -005 001 o002 003 002
601 1 -006| —008| 008 0 | -002|-002 001
2050 1 fosd o001 -007 -001 -005 O 00
702 [ 1 008 [“019 -002 -001 000 0
803 1 o1} 0 oo} o003 o0
902 = 0 002 oM
2902 1 -009 -005 -005
1503
2002
1801



Table 7 Orthogonality of multishaker random modes®

Mode 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

L86I "dHd-'NV(

1 1002 -016 004 —003 —004 0.04 —0.04 ~0027=001 002 0 007 002] 0 [ 001 001] 001[-001 -002 —005 0 005 006 003
2 1 002 -004 004 -004 0 —002 002 0 =~001 0 ~003 005 0 |-001 —001] 003 002 -001 002 0 —002 002 0

3 1 001 —0.03 —0.02 0.01 001 0 =001 —0.03 002 ~0.07-002] 001 001 001 —0.01 001 005 —006 008 006 001
4 1 005 —0.04 001 —0.07 —002 ~002 004 10 006 [o1s| 0 ~002 001 001 002 —0.06 002 001 -0.06 —00L -0.02
5 1 005 002001 ~002 002 - 0 008|-002-002 001 003 -001 -016 003 002 001 005 —002
6 1 -003-002 002 007 006 007 002| 009 009 002 001, -003 —0.09 003 —0.03 007 —0.03 ~0.03
7 1 007 40.04! 014/ ~002 ~004 004 001|004 -005 0 | 0 | 002 —003 -001 0 001 003 003
8 1 -004 0 -002 001] 0 |-001 004 0 |~001 001 O 0 002 0 001
9 1 003013010 ~0.03 009 009 —0.07| ~0.03| —0.05 0 ~001 005 008 001
10 1 033 -008 [[036-003 ~004 001 ~0.04 ~001 -003 -006 ~0.03 0 002 002 001
11 1 007 -004 002 0 -003 -001 -007 001 -009 005 0 -004
12 1 005 005 003 003 003 001 -003 -009 008 [019 009 -006
13 L1 -00s 020002 007[01§ 003 [0.14 -004 O.Mmm
14 ] 027 [oa][-010 005 001 001 [010 005
15 [o50 ~000 Joot[“01s [C013 [o18 —00s [o15)[ 019 [ 0.3
16 1 -006 o [-018[-014 o001 [or2[-0.13[-01]]
17 10 006 007 -004 ~004 ~0.02 003 -002

=

18 1 i 006 [o1d-01 0 -002 -002
19 001 ~008 —0.06 010

20 —0.37 foag[-034 0.07
21 1 [-059[-023[-054 —001
2 1 0.03
23 1 ~0.07
24 1 0.27
25 1

SAQOHIANW 1S4l TVAOW 1AVIODdDVdS 40 NOILVNTVAH

2Shaded numbers are local modes.
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Table 8 Cross orthogonality between sine dwell and multishaker random modes*

Mode 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 25
201 ~0.02 -006 006 —004 001 002 —004 002 0 0.03 001 —007 005 00l 001 003 0 —002 -006 —001 ~0.03 0.07
101 039 ~006 -026 013 001 ~001 003 —002 0 0 —001 —003 004 —001 002 —001 0 —-001 —0.04 002 ~002 002
501 033 -008 ~035 010 008 —001 0 -002 006 007 004 008 —003 0 0 -002 0 001 022 -005 007 —007
404 012 -0.13 063 025 001 -001 010 008 -001 —006 —001 003 ~012 0 0.02 003 —002 ~001 -013 0 -006 013
300 0 —003 009 008 0.06 001 —001 —002 002 007 008 00l 007 0 —-001 002 003 —00l —014 001 005 —0.01
601 009 027 010 022 -022 031 009 —010 004 ~007 002 —0.04 —006 ~009 —0.10 —0.03 ~0.02 002 002 005 —0.03 —0.06
2050 -006 025 003 018 -0.22 ~018 057 010 —0.06 —0.20 —0.07 ~0.10 —0.07 001 ~010 006 —011 ~003 0 003
702 005 0 0.04 -004 004 024 053 ~010 070 027 —005 —031 002 —011 —010 003 O 002 —0.06 ~0.06 0 0.02
803 —005 —0.04 —004 0 006 006 —0.03 012 015 ~0.12 —0.09 -004 035 005 007 —029 001 —0.08 —013 001 —-0.02 0.05
902 001 -003 —005 -006 —0.08 001 003 043 013 —062 003 042 -007 011 008 0 —-002 006 003 003 —001 0
2902 007 002 004 005 011 006 ~0.05 —006 002 0 025 034 —038 —0.30 ~065 023 ~0.24 ~011 ~0.03 —-0.72
1503 002 -003 -003 0 002 002 00l —001 -002 —003 —004 001 009 009 ~0.02 —0.02 -0.01 -045 005 012 —0.02
2002 006 001 001 003 003 0 ~-001 —005 007 003 —003 -011 002 008 011 012 -012 003 0.33 [-0.98 0.8
1801  -001 006 003 009 002 -002 -002 0 003 0 —005 006 023 025 -004 0 003 ~004 036 065 ~047 071
#Shaded numbers indicate questionable coupling,
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Table 9 Mode shape comparison
TAM 1 SD 201 MSR 1
Component (1108Hz) (12.70 Hz) (11.46 Hz)
SXAtipinY 1 ) 1 (0)) 1 (¢8)
SXA base ring in Y 049 (2) 047 (2 049 (2
SXACG.inY 025 (3) 030 (3) 030 (3
SXAtipin X 010 @4 -022 & -—-027 (4
EDPin Z 0.08 (5) 006 () 006 (7)
Mag. canister in Z 0.08 (6) 0.05 (8 0.06  (9)
Science boom hingein Z 0.08 (7) 0.07  (6) 0.09 6)
PLSin Z 0.08 (8 0.04 0.03
Mag. canister in Z 0.07 (9 0.05 (9 0.05 (10)
Mag. canister [/Fin Z 0.07 (10) 0.05 0.05
RSS1 0.330 0.384
RSS2 0.059
Table 10 Mode shape comparison
TAM 6 SD 601 MSR 6
Component (20.04 Hz) (21.67Hz)  (22.06 Hz)
+ X RTGin Z 1 ) 0.69 (4 035 (5)
-~ XRTGin Z -097 () -094 (2 -1 @
RRHin Y -032 (3) -066 (5 —065 (2)
SXA tipin X -026 (4 -011 0.15
Mag, canister in X 023 (5 -037 026 (7)
Mag. canister I/Fin X 020 (6) 1 @ 028 (6)
EPDin X 017 (M) 0.66 (6) 021
—X Thruster in Z 016 (8§ -—-021 0.17
BUS in X -016 (99 -056 (99 -—016
BUSin X -0.16 (10) 062 (7) —-018
RSS1 1.66 0.84

RSS2 1.59
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objectives for doing modal testing on a variety of systems and
each has its own particular requirements and constraints.
These individual conditions may ultimately determine the
selection of testing method. Nevertheless, based on the present
experiences, the evaluations are as follows:

1) All methods are able to extract the major modes of
importance.

2) The modal parameters obtained by different methods are
generally consistent.

3) Frequency response function methods extract more modes
than the multishaker sine dwell method.

4) When compared to the frequency response function
methods, the sine dwell method is able to make a larger
amplitude response to investigate nonlinear effects during
modal testing,

5) The sine dwell test provides a unique opportunity for the
test engineer to interact with the test specimen on a mode-by-
mode basis. The structure can be explored with eyes, ears, and
hands during the test. This “hands-on-the-structure” ap-
proach is key to gaining personal insight into the structure’s
behavior.

6) Actual testing time for the frequency response function
methods is only a small fraction of that of the sine dwell
method.

7) Data processing for the frequency response function
methods can be made in almost real time. The data from
multishaker random tests were processed immediately by a
VAX 11 /780 computer and identified modal parameters were
available within twenty-four hours.

8) Multishaker random tests are simplified by not repeating
the test for other shaker configurations as is required by the
single-shaker tests.

9) Input energy distribution among modes is more even for
the multishaker random test than the single-shaker tests.

10) The operational simplicity of the single-shaker tests is
quite remarkable. This is definitely an advantage for those
who lack extensive modal testing experience.

11) For the SWIFT method, the frequency response func-
tions are obtained by exciting the test specimen sinusoidally at
discrete frequency for a finite period before moving on to

Table 11 Kinetic energy distribution

TAM 1 SD 201 MSR 1
Component (11.08 Hz) (12.70 Hz) (11.46 Hz)
X Y z X Y zZ X Y Z
SXA TIP 07 735 0 35 752 0 55 765 03
BUS 0 1.6 02 0 09 02 02 01 O
BUS 0 25 03 01 12 04 01 02 01

Oxidizer 2 0 1.8 03 0 13 01 01 04 O
Oxidizer 1 0 18 03 01 10 01 04 06 O

Sum 09 939 47 41 929 28 70 905 21

Table 12 Kinetic energy distribution

TAM 6 SD 601 MSR 6

Component (20.04 Hz) (21.67 Hz) (22.06 Hz)

X Y Z X Y Z X Y VA
Oxidizer 2 42 01 O 73 02 01 43 07 01
Fuel 2 15 02 0 41 08 O 20 03 O
Oxidizer 1 49 0 0 137 08 O 77 02 01
Fuel 1 22 01 O 50 06 O 44 04 01
+X RTG 0 0 392 02 0 78 0 0 6.2
- X RTG 0 0 367 04 O 145 O 0 50.5
Sum 195 13 779 655 62 257 308 81 59.6




62 J.-C. CHEN

another frequency with incremental value. This method seems
to perform better among the single-shaker tests by having
cleaner frequency response functions.

12) Damping data from the curve-fitting results of the
frequency response function tests are very inconsistent com-
pared with those from the sine dwell tests. This is the case in
the present study as well as in previous ones (Refs. 3 and 4).
Perhaps this is contributed to the fact that the responses due
to random excitation are not sensitive with respect to damp-
ings.

Concluding Remarks

In addition to the evaluation of various modal testing
methods, the objective of the present study also includes the
attempts to rank these methods according to their capabilities.
However, it has failed because each method has its own
unique merit. Also, the fact that the “correct” modal parame-
ters are not known a priori makes it hard to establish the
relative accuracy of each method. However, it should be listed
that the sine dwell method provided the most consistent
correlation with respect to the overall comparison. The selec-
tion of the proper modal testing method should be determined
by its requirements and constraints, and by the nature of the
test article. It should be reassuring that the age-old sine dwell
method still possesses certain capabilities that other modern
frequency response methods cannot provide. Perhaps this is
the reason why this method, which was developed in the
1950s, is still popular among the aerospace industry. On the
other hand, the modern modal test methods that use data
processing demonstrate their powerful capabilities and tre-
mendous operational ease. It is this author’s belief that these
frequency response function methods must mature further to
become the standard practice.
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