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Introduction

H istorically, the model modification and updating has
been accomplished by a "trial-and-error" approach

heavily dependent upon the individual's experience and intui-
tion. With increasing complexity of the structural system, the
model modification becomes difficult and systematic ap-
proaches are necessary. In recent years, a number of sys-
tematic procedures have been developed, typical examples of
which are described in Refs. 1-10.

In principle, the procedure uses the differences between the
test-measured and analytically obtained eigenvectors and
eigenvalues to identify or estimate those model parameters
that effect these quantities. The parameters effecting the
eigenvalues and eigenvectors are the stiffness and mass
representations in the model. In other words, it is the objective
of system identification procedure that the stiffness and mass
matrices be modified if finite-element formulation is adapted,
based on the modal test results. It is qommon that the
measured modal characteristics (namely, the natural frequen-
cies and mode shapes) are used in the identification procedure.
However, mode shapes are vector quantities whose elements
are the motions of individual degrees of freedom (DOF). For a
large, complex structural system, the amplitude of each DOF
can be an order of magnitude different. In other words, for
certain modes, some dominating DOF will have very large
modal displacement and others very little motion. The iden-
tification procedure uses the differences between a test-
measured mode and a corresponding analytical mode. If the
two modes are very close, such that their dominating DOF
have the same amplitude and only the less important DOF
have different amplitude, the resulting difference between
these two vectors will be dominated by those unimportant
DOF. This may lead to incorrect parameter identification. The
quantities needed to represent the mode shape should be such
that the important or dominating DOF are more emphasized
than those unimportant DOF.
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In the present study, the kinetic energy distribution is
chosen in place of the mode shape for the identification pro-
cedure. The kinetic energy is defined as the quantity of modal
displacement squared multiplied by the mass associated with
the DOF. The idea is to make those DOF with large-mass
and/or large-amplitude modal displacement more important
than others. The kinetic energy terms specifically eliminate the
importance of those large local modal amplitudes associated
with very small mass DOF. Also, it is thought that kinetic
energy may smooth some of the instrumentation errors by
weighting the measurements with the mass matrix. It is be-
lieved that this is the first time that kinetic energy is used as
measurements in a system identification procedure.

Approach
The approach used in the present study was developed

previously.7 The equation can be written as

(1)

where

*fj=fj-fj (2)

in which rt is defined as the /th parameters to be identified (the
selected elements in the mass or stiffness matrices in our case),
r~ the corresponding parameter value used in the analysis (in
other words, the values of the elements in the original mass
and stiffness matrices); and/) they'th test measurements such
as the eigenvalue or the kinetic energy. It should be noted that
the measured quantities such as eigenvalue or kinetic energy
are functions of all parameters rf. Incidentally, the kinetic
energy for they'th mode at /th DOF, Eijt is defined as

(3)

where </>/, is the modal displacement at /th DOF of the y'th
mode. Finally, the matrix [df/dr] is referred to as the sensitiv-
ity matrix whose elements are the derivatives of the eigen-
values and kinetic energies with respect to the parameters.
These derivatives are evaluated at f.

In Eq. (1), the unknowns are the r/ and the solution involves
the inversion of the sensitivity matrix, which usually is not a
square matrix. The detailed procedure has been developed in
previous studies.7'11 For the case in which the number of
measurements is greater than the number of parameters to be
identified, Eq. (1) contains more governing equations than
unknowns. The approximate solution is obtained by a
minimization procedure and the result is

where [w] is a positive definite compatible weighting matrix.
The purpose of the weighting matrix is to emphasize the im-
portant measurements in the identification procedure.



JAN.-FEB. 1987 ENGINEERING NOTES 91

Table 1 Test and analysis modes comparison

Test

Mode

1
2
3
4
5

6
7
8

14

Frequency,
Hz

13.48
13.69
17.95
18.15
18.59

21.60
23.58
24.85
37.59

Mode

1
2
4
5
3

7
9
8

17

TAM6
Frequency,

Hz

13.49
13.74
18.15
18.83
16.44

20.52
22.97
21.27
33.77

Average

Error, %

0.07
0.37
1.11
3.75

11.57

5.00
2.59

14.41
10.16
5.45

Mode

1
2
3
4
5

7
8

10
18

TAM9
Frequency,

Hz

13.87
14.03
18.48
18.89
19.56

21.22
23.04
24.53
37.44

Average

Error, %

2.89
2.48
2.70
4.08
5.22

1.76
2.29
1.29
0.40
2.57

Description

SXA in x
SXA in y
Core bending y
SXA in x-y
Torsion

± RTG in z
+ RTG in z
Torsion
Bouncing

Table 2 Orthogonality for test modes

Mode 1 2
1 1.00 0.49
2 1.00
3
4
5
6
7
8
14

3
0.02

-0.14
1.00

4
-0.
-0.

14
10

0.45
1.00

5
0.

-0.
-0.
0.
1.

13
02
02
16
00

6
0.07
0.06

-0.04
0.00

-0.02
1.00

7
0.02

-0.09
-0.04
0.02

-0.01
-0.01
1.00

8
-0.03
0.00

-0.02
0.02

-0.07
0.02
0.02
1.00

14
-0.01
0.01
0.02
0.01

-0.04
-0.08
-0.01
-0.02
1.00

Galileo Spacecraft Modal Test
The Galileo is an interplanetary spacecraft whose mission is

to conduct scientific exploration of the planet Jupiter. It is to
be launched by the Space Shuttle and a modified Centaur up-
per stage in 1987. The total weight of the spacecraft is approx-
imately 5300 Ib. A finite-element model using NASTRAN
code was constructed for performing the design loads analysis.
This model consists of approximately 10,000 static DOF and
1600 dynamic DOF. It is this loads analysis model that must
be verified by the modal test.

Extensive pretest analysis was conducted prior to the modal
test12 for the purpose of understanding the modal characteris-
tics of the loads model. This was essential in such design con-
siderations of the modal test such as the instrumentation
distribution and external excitation selection. After careful
consideration, it was determined that 162 channels of ac-
celerometer measurements and 118 channels of strain gage
measurements would be taken. The instrumentation distribu-
tion was such that all of the important modal displacements
and modal forces were measured with sufficient resolution.
Since the number of DOF in the loads analysis model was a
few orders of magnitude greater than the number of
measurements to be made during test, a condensed model was
constructed such that the DOF would be compatible with the
measurements. This condensed model was called the test-
analysis model (TAM), which was obtained by the Guyan
reduction method to collapse the mass and stiffness matrices
in the loads analysis model onto 162 DOF. The TAM was so
adjusted that all of the modal characteristics predicted by the
loads model should be reproduced by TAM within the range
of interest.

The modal test was performed by various testing methods
and their detailed descriptions and results can be found in
Refs. 13-16. The modal test data chosen for the identification
process were obtained from the multishaker sine dwell method
because the relative high-amplitude responses are thought to
be closer to reality in flight. Of the 17 independent modes ob-
tained by the multishaker sine dwell method, only 9 were used
in the identification procedure. They were selected because the
large effective masses indicate the global modes. Table 1 lists

the frequencies and descriptions of these test modes and those
of TAM6. Tables 2 and 3 show the orthogonality and cross-
orthogonality, respectively. The analytical mass matrix and
modes are those of TAM6.

Subsequent to the modal test, a static test was performed.
The results were used to improve the Galileo stiffness matrix.
The model improvement and modification were reflected in
the TAM7-9. Table 1 also lists the frequencies of TAM9 com-
pared to the test and TAM6. Table 3 also shows the cross-
orthogonality between TAM9 and test modes. Figure 1 shows
the kinetic energy comparison between the TAM6, TAM9,
and the test. According to the test results, TAM9 shows cer-
tain improvement over TAM6, but discrepancies still exist.

In view of the corrections of stiffness based on the static test
results, the parameters in the identification procedure were
limited to the mass representation of the model. Table 4 lists
the parameters and their original masses. These parameters
are not individual elements in the mass matrices, but rather the
lumped masses of several nodes within the major components.
All together, 51 test-measured quantities were selected as the
observations, which include 9 frequencies and kinetic energies
of each of the chosen test modes whose amplitudes exceeded
5%. The sensitivity matrix, whose elements are the derivatives
of the eigenvalues and kinetic energies with respect to the
parameters, is constructed using perturbation technique
outlined in Ref. 7.

The weighting matrix is defined by the effective mass
distribution for each mode. The larger effective mass indicates
greater paticipation of the mode in the loads analysis; thus,
the more important it is. Table 5 shows the effective mass in
percentage of the total mass for the nine test modes. The sum
of the effective mass over the six directions is the weighting
factor for each mode in the weighting matrix [W\. Each
measurement in the same mode is assigned the same weighting
factor and no weighting correlations exist between the modes.
Therefore, matrix [W\ is diagonal with nine different numbers
assigned to nine corresponding modes.

Using Eq. (4), the parameters are estimated and listed in
Table 4. Based on the estimated new parameters, a new model
was constructed and its eigenproblem solved. It should be
noted that one of the parameters (the despun box mass) was
identified as having an increment of 290%, which is physically
impossible. Therefore, in the new model, a 20% limit was im-
posed on that parameter. The 20% was chosen because it re-
quired only small changes as an a priori condition. Table 6
shows the frequencies calculated from this new model and the
comparisons with the test frequencies. In general, the new
model is an improvement of the previous model shown in
Table 1. The average frequency error is reduced from 5.45 to
1.70%. The orthogonality and cross-orthogonality of the new
model are shown in Tables 7 and 8, respectively, to compare
the results with those of the previous model shown in Tables 2
and 3. The orthogonality has been improved slightly;
however, the major large off-diagonal terms are still present.
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Table 3 Cross-orthogonality for test vs TAM6 and TAM9a

TAM 1
Test

4 5 14
-0.15 0.20 -0.16 -0.05 0.02 0.01

0.03

0.02
-0.18) (0.20) (0.03) (-0.03) (-0.01) (-0.02)

0.02
(-0.02)

-0.02
(-0.02)

0.02
(0.00)

0.02
(0.02)

0.00
-0.02)

-0.01

-0.70)
aNumbers without parentheses are for TAM6; numbers with parentheses for TAM9.
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Fig. 1 Kinetic energy distribution for analytical models.

Table 4 Structural parameters

Identified model
Unweighted Weighted

Parameter Description

Identified Identified
Original weight, weight, weight,

Ib Ib Increment, %___Ib Increment,
r\
r2

r4
>-5

r6
ri
r8
r9

'10

SXA
Bus
Despun box
Science boom
Scan platform

+ XRTG
-XRTG
Probe
Rpm MX, My
Rpm Mz

77.92
538.68
217.24
156.01
207.65

159.78
153.98
640.41

2315.98
2315.98

92.60
452.58
849.34a

155.03
195.72

161.07
156.99
662.92

2265.80
2392.06

18.84
-15.98
290.97a

-0.63
-5.74

0.81
1.95
3.52

-2.17
3.29

91.36
342.01
753.36a

163.85
195.92

161.78
150.86
647.81

2415.48
2468.31

17.25
-36.51
246.79a

5.03
-5.65

1.25
-2.03

1.15
4.30
6.58

aThe identified despun box mass is unrealistically high. They are limited arbitrarily to 20% increment in the identified
model.
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Table 5 Effective mass of test modes

Mode
1
2
3
4
5

6
1
8

14

X

0.3695
0.0231
0.0735
0.1737
0

0.2766
0
0.0133
0

y
0.0199
0.2677
0.4456
0.2033
0

0.0103
0
0
0

z
0
0
0
0
0

0.0127
0.1018
0
0.7511

px
0.0356
0.4011
0.3587
0.1790
0

0
0.0089
0.0022
0

Oy
0.5850
0.0320
0.0550
0.1484
0.0285

0.1346
0
0
0

Oz
0
0
0
0.0548
0.2972

0.0123
0
0.3581
0

Suma

1.000
0.7239
0.9327
0.7591
0.3257

0.4465
0.1107
0.3737
0.7511

aNumbers are used in the weighting matrix.

Table 6 Identified modes comparison

Test

Mode
1
2
3
4
5

6
7
8

14

Frequency,
Hz

13.48
13.69
17.95
18.15
18.59

21.60
23.58
24.85
37.59

Unweighted Model

Mode
2
1
4
3
5

7
8

10
18

Frequency,
Hz

13.54
13.52
18.01
17.85
19.48

21.23
22.92
24.47
37.33

Average

Error, %
0.45
1.31
0.33
1.65
4.79

1.71
2.80
1.53
0.69
1.70

Mode
2
1
4
3
5

7
8

10
18

Weighted Model
Frequency,

Hz
13.63
13.56
18.11
17.99
19.10

21.26
22.93
24.54
37.13

Average

Error, %
1.11
0.95
0.89
0.88
2.74

1.57
2.76
1.25
1.22
1.49

Description
SXA in x
SXA in y
Core bending y
SXA in x-y
Torsion

± RTG in z
+ RTG in z
Torsion
Bouncing

Table 7 Test modes orthogonality with respect to identified model3

Mode 1
1 1.00

2

3

4

5

6

7

8

2 3 4
0.49 0.01 -0.06

(0.49) (0.01) (-0.06)

1.00 -0.06 -0.01
(-0.06) (-0.01)

1.00 0.45
(0.44)

1.00

5
0.10

(0.09)

-0.03
(-0.03)

-0.02
(-0.03)

0.16
(0.18)

1.00

6
0.06

(0.06)

0.04
(0.04)

-0.05
(-0.05)

0.01
(0.01)

-0.03
(-0.02)

1.00

7
-0.02

(-0.02)

-0.07
(-0.07)

-0.04
(-0.04)

0.01
(0.01)

-0.01
(-0.01)

-0.01
(0.01)

1.00

8
-0.03

(-0.03)

0.00
(0.00)

-0.02
(-0.02)

0.02
(0.02)

-0.06
(-0.05)

0.02
(0.02)

0.02
(0.02)

1.00

14
-0.01

(-0.01)

0.01
(0.01)

0.02
(0.02)

0.01
(0.01)

-0.04
(-0.03)

-0.09
(-0.10)

0.00
(0.00)

-0.02
(-0.02)

14 1.00
aNumbers without parentheses are for unweighted model; numbers with parentheses for weighted model.
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Table 8 Cross orthogonality for test vs identified model3

Model
Test

4 5 14
11 0.00 0.01 0.01 0.02

(0.02)

18
(18) (0 p.92)

aNumbers without parentheses are for unweighted model; numbers with parentheses for weighted model.

The improvement on the cross-orthogonality is more evident,
especially for the diagonal terms whose values are closer to
unity compared with previous models. The kinetic energy
comparison is shown in Fig. 2 for the four selected modes. Ex-
cept for the mode 6, which is a local RTG mode, all of the
others show significant improvement.

Conclusions
A system identification procedure has been described and

an application to a realistic complex spacecraft structure was
performed. The usual modal displacements are replaced by the
kinetic energy distributions as the measurement quantities in
the procedure. Also, the concept of weighting the measure-
ments in order to emphasize certain data was described. The
results show that the proposed approach produces a better
model that, in turn, predicts better modal characteristics than
the original analytical model.

One shortcoming of the approach is that engineering judg-
ment is still required to eliminate the physically impossible
parameter changes. Also, a more important aspect of the ap-
proach is the selection of parameters, a process based primar-
ily on the individual's intuition. A more systematic method of
selection would be to assign a large number of parameters and
to calculate the sensitivity of the modal characteristics with
respect to these parameters. Only those with higher sensitivity
should be retained for the identification. However, sensitivity
calculation is a very expensive process; therefore, it may not
be a cost-effective method for a large system containing large
numbers of parameters.
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