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Experimental Identification of Modal Identity-Related
Parameters of a Spacecraft Representative Structure

F. R. Vigneron,* R. K. Singal,* and Y. Soucyt
Canadian Space Agency, Ottawa, Canada

Modal momentum coefficients and modal identity parameters can, in principle, be identified experimentally
using a procedure that entails obtaining estimates of modal momentum coefficients x scale factor for each mode
from driven-base test data, then obtaining modal scale factors from tests with a portable exciter, and, finally,
calculating the modal momentum coefficients from the various estimates. The estimated modal momenta can
further be used with modal identities to assess the relative importance of modes and the completeness of the set
of identified modes. The results of laboratory tests aimed at assessing the practicality of the procedure in the case
of a complex structure are presented. The test structure, called FLECS, is representative of a typical modular
spacecraft in terms of mass properties and modal density. The results demonstrate that the procedure success-

fully identifies the modal parameters.

Introduction

HE theoretical development in Ref. 1 describes how

modal momentum coefficients and modal identity
parameters can be identified experimentally by combining
measured data from driven-base and portable exciter modal
tests. These parameters are obtained in addition to the more
conventional modal parameters, namely, frequencies, damp-
ing ratios, mode shapes, and modal masses. The theoretical
procedure comprises the following: 1) estimates of modal
momentum coefficients x scale factor for each mode are ob-
tained from driven-base test data; 2) the scale factors are
obtained from tests with a portable exciter(s); 3) then esti-
mates of the modal momentum coefficients are calculated
from the results of steps 1) and 2). The estimated modal
momenta can also be used in conjunction with modal identi-
ties to assess the relative importance of experiment-derived
modes and the completeness of the set of identified modes.
The concepts have been successfully demonstrated by com-
puter simulation of a structure and with test data of a simple
cantilever beam in Refs. 1 and 2, respectively. The reader is
further referred to these references for additional background
and related progress.

This paper presents the results of laboratory work aimed at
validating the practicality of the procedure for a complex
structure. The structure chosen for the exercise was the
FLECS test structure, which is representative of a typical
spacecraft in terms of mass properties and modal characteris-
tics. The FLECS structure was provided by the German Aero-
space Research Establishment (DLR) through the courtesy of
European Space Research and Technology Center (ESTEC),
for a project which is part of a cooperative agreement for
structural dynamics research between DLR and the Depart-
ment of Communications of Canada.

Concepts and Procedures for Modal
Parameter Estimation

In the driven-base modal test, the structure under test is
either attached to a rigid slip table that is driven horizontally
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by a powerful exciter system, or it is mounted on the exciter
itself (sometimes through a head expander) for vertical vibra-
tion. The input measurement is made with accelerometers
mounted to the moving base, and the measured outputs are
accelerations at several points on the structure. The more
familiar conventional modal test with portable exciters in-
volves fixing the structure to a fixed base, measured inputs
that are forces, and outputs that are accelerations.

The theory and assumptions underlying the modeling and
corresponding parameter estimation for driven-base and
modal survey tests are presented in detail in Ref. 1. A sum-
mary outlining the concepts and notation to the extent neces-
sary to support the description of the experimental work of
later sections is given in the Appendix. The driven-base test
configuration with translational excitation in the x direction
provides data that enable the estimation of the following
modal parameters for each mode: natural frequency, damping
ratio, mode shape, the product Q;P,;, where O, and P, are,
respectively, the modal normalization constant and linear
modal momentum coefficient (i.e., the first moment of the
mode shape) in the x direction, of a kth mode. A modal test
with a portable exciter and a small number of accelerometers
(referred to herein as a ‘‘partial’”’ modal test) suffices to esti-
mate the O, provided that the excitation point is not a node
and the corresponding output signal contains a sufficiently
high content of response of each mode. With the products

Fig. 1 The FLECS structure, including labeling of its submodules.
Also shown are portable exciters used in the modal surveys.
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Table 1 Description of natural modes of FLECS

Mode Frequency

no. (Hz) Module Type of vibratory motion
1 22.92 CB 1st bending along X
2 23.04 CB 1st bending along Y
3 25.52 CB 1st torsion about Z
4 27.85 SA 4 beams, lat. antisym
AM 4 beams, lat. antisym
5 28.34 AM 2 beams along Y, lat. sym
SA 2 beams, lat. sym (oppos. dir)
Sa 28.33 CB bending
AM 4 beams, lat. sym
6 28.63 AM 4 beams, lat. antisym
7 29.29 AM 2 beams along X, lat. sym
8 29.68 AM 2 beams along Y, lat. sym
SA 2 beams, lat. sym
SM 2 beams along X, axial antisym
9 30.76 AM 2 beams along Y, lat. sym
2 beams along X, axial antisym
PM 2 beams along X, axial antisym
SM 2 beams along X, axial sym
10 30.99 AM 2 beams along X, lat. sym
2 beams along Y, axial antisym
PM 2 beams along Y, axial antisym
11 30.95 SM 4 beams, axial sym
PM 4 beams, axial antisym
12 31.33 SM 4 beams, axial sym (oppos. dir)
13 34.81 PM 4 beams, axial sym (oppos. dir)
14 34.70 AM 2 beams along Y, axial antisym
15 36.06 PM 4 beams, axial sym
AM 2 beams along X, axial sym
2 beams along Y, axial antisym
16 35.42 PM 4 beams, axial sym
SA 2 beams, axial antisym
CB 1st bending along Y
SM 2 beams along Y, axial antisym
AM 4 beams, axial antisym
17 35.86 AM 4 beams, axial sym (oppos. dir)
18 36.28 AM 4 beams, axial sym
19 37.86 SA 2 beams, axial sym
20 39.66 CB 2nd torsion about Z
21 39.70 CB Ist beam along X
AM 2 beams along X, axial antisym
2 beams along Y, lat. sym
PM 2 beams along X, axial antisym
SA 2 beams, lat. sym
SM 2 beams along X, axial antisym
22 40.56 CB 1st bending along Y
SA 2 beams, axial antisym
23 49.47 CB 3rd torsion about Z
24 60.37 CB 2nd bending along Y
24a 61.97 CB axial
25 64.91 CB 2nd bending along X
26 66.48 PM 4 beams, lat. antisym
27 66.79 SM 2 beams along X, lat. antisym
2 beams along Y, lat. sym
PM 2 beams along Y, lat. sym
(oppos. dir)
28 80.38 PM 2 beams along X, lat. sym
29 81.70 PM 2 beams along Y, lat. sym
CB 1st bending along X
29a 85.21 CB axial

Qi Py estimated from data of a driven-base test, and the Qy
estimated from a partial modal test, it is possible to construct
estimates of Py, by dividing Q,P,; by Q. These measurement-
derived P, and Q can further be used to calculate estimates
of modal quantities that are associated with modal identities
for damped natural modes, and such modal identity parame-
ters can be used to assess the relative significance of individual
modes and the overall completeness of the experimental modal
determination. Driven-base tests in the y and z direction simi-
larly provide for modal parameters corresponding to the y and
z directions, respectively.
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Experimental Results
Test Structure

FLECS (Flexible ECS-type Structure) is shown in Fig. 1. It
was designed and manufactured by ESTEC, and represents the
modular construction of the ECS-type spacecraft MAROTS in
terms of mass properties and modal density. The structure has
been used in other programs and is well-documented,? and is
thus well-suited for the evaluation of identification methods.
FLECS consists of 1) a center body (CB) composed of cylin-
drical shell representing a Launch Vehicle Adapter (LVA), a
cube representing an Apogee Boost Motor (ABM), and a
center tube (CT); 2) four beams with end masses representing
the service module (SM) attached to the lower end of the cube;
3) two beams with end load representing the solar arrays (SA)
attached to the upper end of the cube; 4) payload module
(PM), represented by four beams with end masses, attached to
the lower end of the center tube; and 5) antenna module (AM),
represented by four top beams with end masses, attached to
the center tube. FLECS has a total mass of 929 kg, and an
overall height and width of 1.53 m and 1.59 m, respectively.
The configuration of FLECS for the present work has five
viscous dampers of star-type piston design integrated into it,
as may be observed in Fig. 1.

Modal Frequencies and Shapes

Modal surveys that determined the number of modes,
modal frequencies, mode shapes, and damping factors, were
done on FLECS in related activities,* using the phase reso-
nance method, the mode separation method with portable
exciters, and with driven-base excitation. The surveys show
that FLECS has 32 modes in the frequency range of 0-112 Hz.
In Table 1, a description of each mode is given for later
reference, in terms of the type of motion of each module. The
mode shapes of FLECS were observed to be in three different
categories: 1) modes characterized mainly by motion caused
by significant deformation of the center body (CB); 2) modes
characterized by isolated motion of individual beams with end
masses; and 3) combined motion of center body and one or
more of the beam modules. Despite the addition of discrete
viscous dampers, the measured damping factors were small
and ranged from 0.15% to 3.43%.

Driven-base and Portable Exciter Tests

Driven-base tests in which the structure was excited sequen-
tially in three orthogonal directions (labeled X and Y for the
horizontal plane and Z for the vertical direction) were done
for modal parameters determination. For the horizontal direc-
tions, the structure was mounted on a rigid slip table through
an adapter plate, as is shown in Fig. 2. The slip table was

Fig.2 The FLECS structure undergoing driven-base tests. Also
shown are locations of modal survey driving points.
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Fig. 3 Measurement point plan.

driven by a 178 kN (40,000 1bf) base exciter. For the vertical
excitation, FLECS and its adapter plate were mounted on the
exciter through a head expander. For response measurement,
101 accelerometers were mounted on FLECS. They were at-
tached to the structure at 39 measuring points. Figure 3 shows
the degree to which the structure was instrumented. In the
figure (in the Y-Z plane), next to each measuring point, the
corresponding numbers of the transducers are listed in the
sequence X, y, z of their individual sensing directions. A hori-
zontal line indicates that a specific component of acceleration
was not measured at this point. Numbers in the parenthesis
belong to those points which are situated on the opposite side
of the structure just behind the visible one. Besides these 101
transducers, 12 more were fixed to the LVA ring at the base of
the structure; an additional number (22 in the case of horizon-
tal excitation and 12 in the case of vertical excitation) were
mounted to the base to measure its flexibility.

Since FLECS has a high modal density in the frequency
range of interest, zoom data were acquired in nine different
bandwidths: 22-30 Hz, 28-34 Hz, 32-40 Hz, 38-49 Hz, 48-60

Hz, 58-70 Hz, 67-81 Hz, 79-95 Hz, and 92-112 Hz. The
driven-base tests identified all modes of Table 1, except modes
14, 15, and 20. Three modes (labeled Sa, 24a, and 29a) were
isolated only with driven-base excitation (Z direction). Mode
S5a can be described as a combination type with motion of CB
and AM modules. Modes 24a and 29a are of longitudinal type
involving deformation of the lower part of the center body
(LVA). Figure 4 shows typical mode shapes from driven-base
modal surveys.

For the conventional mode separation method with the
portable exciters (hereafter called modal survey), it was found
that a minimum of two exciters were needed simultaneously to
sufficiently excite most of the modes of the structure. Two
different surveys were performed with exciter locations, as
depicted in Fig. 2. In the first and main survey, the two
exciters were located at 30Y and 34Z-, and the responses of
101 accelerometers mounted on the structure were measured.
In addition, as mentioned previously, 12 more were fixed on
the LVA ring at the base to monitor the boundary conditions.
This survey was also the main basis for comparison work
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Fig. 4b Mode 19: SA axial bending mode, f = 37.86 Hz.

Fig. 4c Mode 21: Combination mode of CB and all beam modules,
f=39.70 Hz.
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reported in Ref. 4. A second modal survey was performed
with simultaneous excitation at 23Z and 27Y to ensure com-
plete data for the estimation of modal identity parameters.
For this second survey, responses of 35 accelerometers were
monitored. For both of these surveys, the structure was ex-
cited simultaneously with random signals from the two ex-
citers. In the data acquisition phase, the multi-input capability
of the FMON software of Leuven Measurement and Systems
(LMS) was used, and zoom data were acquired in the nine
bandwidths described in the previous paragraph.

The natural frequencies of the modes obtained from the
various test configurations are shown in Table 2. The frequen-
cies of Table 1 are taken from Table 2 and correspond to best
estimate of mode shapes from driven-base tests. As seen in
Table 2, modes 14, 15, and 20 were not obtained from driven-
base tests. The salient observations are that no single configu-
ration provides for an estimate of all of the modes, and that
there are slight variations in frequency, depending on the
configuration.

Two modes were identified through the use of base mounted
accelerometers that were attributable to the nonrigidity of the
slip-plate system. One such mode is depicted in Fig. 5. In this
case, FLECS moves in concert with the base in a rocking rigid-
body pattern. The mode is clearly not a structural mode of
FLECS, but rather a spurious mode relative to the desired set
of structural fixed-base modes, and is not included in Table 2.

The largest differences between frequency estimates from
driven-base and portable exciter tests are observed for modes
involving deformations of the center body. The small fre-
quency differences between these two configurations can be
attributed to a difference in the boundary conditions at the
base. The deformations of the base and perturbations to the
assumed uniaxial driven-base excitation that were measured
with the base-mounted accelerometers were minor for the
modes in Table 2.

The residues at the four reference points (232, 27Y, 30Y,
and 34Z-) for the driven-base and modal survey tests were
obtained from the data using the LMS SMAP software, and

Table 2 Natural frequencies of FLECS, Hz

Portable Portable

Mode Driven-base exciters, exciters,

No. X Y VA 30Y, 34Z- 27Y, 23Z
1 22.92 22.92 _ 23.81 23.83
2 23.04 23.04 —_— 24.14 24.25
3 25.47 25.52 —_ 25.80 25.85
4 27.85 27.91 27.11 27.00 28.00
5 28.34 —_— 27.91 28.53 28.55
6 28.63 28.65 28.73 28.71 28.80
7 29.41 29.28 _— 29.51 29.61
8 29.67 29.78 29.68 29.96 29.96
9 30.94 30.69 30.76 30.95 30.91
10 —_ —_ 30.99 31.08 31.14
11 30.80 30.95 31.31 31.23 31.33
12 31.46 31.33 31.42 31.66 31.73
13 —_— 35.27 34.81 35.10 35.09
143 —_— _— —_ ——— —_—
15 —_ —_ —_ _— 36.06
16 —_— 35.42 35.67 35.89 35.87
17 35.89 35.86 35.88 35.81 36.02
18 36.30 36.27 36.28 36.33 36.43
19 38.69 37.86 —_— 38.47 38.45
20 —_ —_— —_ 39.66 39.59
21 39.70 — —_ 41.04 40.91
22 39.87 40.56 —_ 41.60 41.58
23 51.00 50.70 49.47 51.92 51.65
24 61.61 61.86 60.37 64.67 _
25 64.91 64.64 65.93 66.57 —
26 67.48 _ 66.48 67.12 66.69
27 _ 66.79 —_— 70.94 —_
28 80.38 80.09 80.88 83.73 83.13
29 81.70 81.82 —_— 85.88 85.57

?Obtained only by phase resonance method.
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FLECS

Fig. 5 Example of mode attributable to flexibility of driven-base
mouming (excitation in vertical direction), f = 61.97 Hz.

from them estimates of Qk, QuPu, OxPyi, OiPrucs Puics Pyks
and P, were calculated. It is particularly noteworthy that the
derivation of the residues was found to be a rather complex
topic in practice, in spite of being straightforward in theory. A
substantial amount of background investigation was involved
in refining procedures to obtain confident estimates of the
residues, particularly in the case of closely spaced modes from
driven-base excitation configuration.

The estimates of Q Py, Qy, Py, for driving point 27Y are
given in Table 3. It is observed that these estimates are com-
plex-valued. The QyP, are residues at the driving point loca-
tion from driven-base test in Y direction, and Q, are residues
at the same location from the portable exciter test. Estimates
of P, can be obtained only if estimates of both Q,P,, and Oy
are measured.

For certain modes, the phase estimates of Q,P,, were close
to 0 deg or 180 deg (instead of being close to 90 deg or — 90
deg). This usually occurred with closely spaced modes and it
indicates that the estimation algorithm was unable to isolate
adequately the mode with the given data set from driven-base
excitation. The shortcoming in estimating some reliable
driven-base residues is believed to be associated with a general
observation that separation of multiple (or very closely
spaced) modes necessitates simultaneous processing of re-
sponses from multiple inputs. The driven-base data are essen-
tially single input data.

The most interesting parameters are the M* values. The
residues at the four different driving points for the modal
surveys in conjunction with the residues at these same points
for the three uniaxial driven-base tests enable up to four
independent estimates of each of Mk, M}, and M}, to be
obtained.

i k
Estimates of M),

The estimates of My"y for each mode and their sums are
presented in Table 4. For a particular mode (row), the esti-
mates are independent and in theory should be equal and four

AIAA JOURNAL

Table 3 Estimates of momentum coefficient related parameters
for FLECS from the reference point 27Y

Mode OwPyi, s Ok, s/kg Py, kg
no. Ampl. Phase Ampl. Phase Amp. Phase
1 0.866E-3 175.5 0.131E-6 —95.7 6621.0 —88.2
2 0.242E-2 61.9 0.295E-5 —93.8 820.0 155.7
3 0.362E-4 119.6 0.336E-5 —86.9 10.8 206.5
4 —_ —  0.107E:7 -793 — —_—
5 —_ —— 0.166E-7 —-108.3 — —_
6 N _ — . - —
7 0.638E-4 82.3 0.256E-6 —73.7 249.0 156.0
8 I - — - P _—
9 0.107E-4 101.3 _ —_ —_ —_
10 _ S — - — _—
11 S _— — _ - —
12 0.348E-4 135.8 R —_— — —_
13 0.423E-3 74.8 —_— _ — _—
14 —_— _ _— —_— — —
15 — —_— _— —_— —_— —_
16 0.497E-3 102.9 — —_— —_ —_
17 — —_ —_ —_— —_— —
18 _ — _ —_— —_— —_—
19 0.217E-3 92.9 _ —_ — _
20 —_ —— 0.134E4 —-84.6 — —_
21 —_ _— B — i ——
22 0.146E-2 76.4 0.355E-5 —87.0 410.0 163.4
23 0.207E-4 —89.1 0.137E-4 -91.8 1.51 2.7
24 0.193E-3 -—111.0 _ —_— _ —_—
25 0.693E-4 -145.9 e — — _
26 _— —— 0.198E-4 —-89.9 — —_—
27 0.631E-4 —113.6 —_— —_— —_— —
28 0.730E-3 —93.7 0.285E4 -—87.9 25.6 —-5.8
29  0.597E-4 -71.9 0.616E-6 -—91.4 96.8 19.4

in number. Such is not quite the case with the real data given
in Table 4.

For several modes, there is no estimate in columns 2 to 5. As
mentioned before for P,y, this corresponds to situations where
no measurement of the mode is available at that location,
either for the driven-base modal test or for the modal survey,
or for both, in which case it is not possible to calculate M}’,‘y for
that mode from the corresponding response location. This
situation occurs if the reference point is on a part of the
structure which is not well-excited in that mode, or is at a
node.

In Table 4, the ‘‘Best Estimate’’ (sixth column) for a partic-
ular mode is obtained by averaging acceptable estimates from
the corresponding reference points. Estimates with no super-
script are of high confidence. For mode 1, for example, the
estimates from 23Z and 34Z- are generated from data with
good signal/noise and good curve fit characteristics, and cor-
relate with each other in magnitude; they are, thus, confident
estimates. The superscript ‘b’ indicates that the corresponding
estimate is not reliable and, consequently, was not used in the
best estimate computation for that mode. Values were consid-
ered unreliable if one or both residues (QPy, and Qy) used in
their calculation were believed inaccurate. The inaccuracy was
assumed if one or more of the following conditions was expe-
rienced: 1) mode was not well-defined, as indicated by a
frequency response function having no or almost invisible
peak, poor phase shift (for isolated mode); 2) a poor curve fit
was obtained; 3) an estimated phase value was obtained which
was closer to 0 deg or 180 deg instead of 90 deg. The
presence of superscript ‘a’ in Table 4 indicates that the esti-
mate is believed to be an acceptable, but not fully reliable,
approximation of My"y. In these cases, a fully reliable estimate
was not available for the mode.

The best estimates of Table 4 are consistent in every case
with a qualitative physical interpretation of them, derived by
considering the mode description of Table 1. As would be
expected, modes 2 and 22 have the largest values of MY, as
they involve the first bending along Y, for which the whole
center body (having 50% of the mass of FLECS) moves in one
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Table 4 M}, for FLECS, kg

Mode Reference point Best
no. 23 Z 271Y 30Y 34 2Z- est.
1 58.0 1715.0b 34.4b 53.1 55.5
2 2267.00 370.7 230.2b 368.9 369.8
3 —_ 0.07° 0.02v —_— _
4 0.001 —_ 0.020 0.002 0.0
5 - J— _ _— —
6 —_ e 0.03 — 0.0
7 —_ 5.04b 8.15 -_— 8.2
8 0.001 e —_ — 0.0
9 0.03 _ ———— —_— 0.0
10 — —_— —_— —_
11 1.082 —_ —_— 0.82 0.9
12 _ [ — —_ —_ —_
13 —33.0° —_— —_— —4.2b —
14 —_— —_ —_ — —_
15 —_ —_— —_ — —_—
16 44.2b — —_ 17.9v —_—
17 0.05b —_— — 0.12 0.1
18 —1.02b — —_— —0.070 —
19 —_— —_ —_— — —_
20 _— —_— —_ —_— —
21 —_ —_— —_ — R
22 —_ 270.6 332.8b — 270.6
23 —_— 0.022 —_— _— 0.0
24 —_ — — _— —_
25 —_ e —_ — _
26 —— — _— —— e
27 —_ — —_ —_ —
28 —_ 19.3 —_ —_— 19.3
29 —_ 4.98 —_ — 4.9
M, 729.4
Total mass of FLECS 929.0

*Estimate of moderate confidence, used for best estimate calculation.
°Low-confidence, not used for best estimate computation.

direction. One can observe that the My"y estimates for the
torsion and the antisymmetric modes (such as numbers 3, 6,
and 23) are generally small. This is rational, since FLECS is
symmetric with respect to its main axes. For a perfectly sym-
metric structure, the Mf, values would be zero for these two
types of modes, since the linear momentum contribution of
each part of the structure would cancel the linear momentum
of the corresponding part moving in the opposite direction
with the same velocity. For modes that contain predominant
motion not in the Y direction, the associated My"y values are
generally small. Modes 8 and 19 are good examples of this
situation.

The summation of the My"y over the frequency range from
zero to infinity is, in theory, equal to the mass of the structure.
In this practical situation, the summation for the frequency
range of 0-112 Hz is 729 kg, which represents about 79% of
the mass (929 kg). The summation and its elements are be-
lieved to be complete and reliable for the Y-axis estimations.
The unidentified 21% of the mass is believed to be associated
with modes outside the frequency range of the tests (i.e.,
above 112 Hz).

Estimates of M,

The estimates of MY, for each mode and their sums are
presented in Table 5. The estimates were derived from four
independent reference points in a manner parallel to that
described in the preceding subsection.

The largest M¥, (418.0) is the one corresponding to the first
bending mode and has a value that corresponds to 45% of the
mass of the structure. This value is larger than the one associ-
ated with the similar bending mode along the Y direction
(369.8, Table 4); this is explained by the orientation of the
solar array beam modules in the Y direction. The other two
large values of MX (modes 5 and 29) are for lateral symmetric
motion along the X direction.
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Table 5 M, for FLECS, kg

Mode Driving point Best
no. 23 Z 27Y 30Y 34 Z- est.
1 419.0 307.0° 20.3b 417.0 418.0
2 —_ 16.40 2.85b —_— —_
3 _ 0.017 0.014 _ 0.0
4 2.04 —_— 1.90 1.63b 1.8
5 31.5 _ _ 23.2b 315
6 —_ - 0.13 - 0.1
7 —_— —0.07° —0.05b — _—
8 —10.9b —_— - —_— _—
9 0.49 —_ _— —_— 0.5
10 —_— _ _ - _—
11 —0.09b — S 0.01% _
12 — —_ —— —_— —_—
13 —_— _ —_ — —
14 _ — _ _— S
15 e — e _ —_—
16 —_— —_ —_ —_ —_
17 0.122 - —_ — 0.12
18 0.23 —_— — 0.16b 0.2
19 — — S _ -
20 —_— — —_— —_— —_—
21 — 23.4b — 7.940 7.9
22 _— 9.51 — 9.59 9.6
23 — — — — —
24 —— —_ — —_— —_—
25 — 0.112 — 0.12
26 — — _ —_— _
27 _— _— _ _ S
28 _ 0.75 —_ _ 0.72
29 — 30.092 — _— 30.12
IM,, 500.6
Total mass of FLECS 929.0

:Estimate of moderate confidence, used for best estimate calculation.
Low-confidence, not used for best estimate computation.

The summation of the MX, is 501 kg, which represents only
54% of the mass of FLECS. A certain amount of the 46%
unaccounted for is associated with modes above 112 Hz,
which were not measured. However, for data of this axis (X),
some of the unaccounted summation is believed attributable
to poor or missing estimates of M¥ in the frequency range
0-112 Hz.

The poor and/or missing estimates in this case are due to
shortcomings in placement and orientation of the reference
point exciters. For example, one element of mode 9 is lateral
symmetric motion of the two AM beams aligned along the
Y-axis direction. Although measurements from the driven-
base and modal survey tests produce good mode shapes, the
estimated M¥, of 0.49 seems to be too small. The shortcoming
is that the residues at the driving (reference) point location
were not well-defined (even though the excitation produced
measurable motions at many other points); at least one refer-
ence point should have been chosen on one of the two AM
beams in order to obtain adequately measurable signals. Fur-
ther, it is likely that certain M,’(‘X were underestimated for some
of the modes because the driving directions at a reference
point were not oriented in the direction of major motion.

Estimates of MK

The main observation from the estimates of MX in Table
6 is that major Mz"Z seem to be unidentified, since the total
sum of all the best estimates is only 159.0 kg, which is only
17% of the mass of the structure. The main reason for this low
summation of linear momentum is the fact that Table 6 con-
tains no value corresponding to longitudinal modes of the
structure that would involve the whole structure moving in the
Z direction.

One of the unidentified modes is the first longitudinal mode
of the center body (mode 29a in Table 1). This mode was
measured with the Z-axis driven-base excitation, but it was
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Table 6 M¥X for FLECS, kg

Mode Reference point Best
no. 23 7 27Y 30Y 34 Z- est.
1 N R N _ _
2 N S - - J—
3 —— - - - N
4 —_— — 0.11 —_— 0.1
5 1.29 _ —_— 0.90 1.1
6 e _— 0.0007 —_ 0.0
7 R - - - I
8 —27.3b —_ —_ —_— e
9 40.42 — _— —_ 40.42
10 —_ _— 18.2 _— 18.2
11 2.64 _ —_ 2.49 2.6
12 —_— —_ _ —_— —_—
13 —6.35b _ —_ —2.91b —_—
14 — — —_ _ _
15 —_ — —_ —
16 146.0 —_— —_ 72,72 72.72
17 —0.14b _ _ —0.03 —_
18 23,92 e —_— 15.0b 23.92
19 _  — — — —_—
20 —_— —_ — —_— —_—
21 —_— — —_ _ —_—
22 —_— —_— —_— —_— —
23 —_— 0.03 —_— — 0.0
24 —_ —_— —_ —_— e
25 —_— _ —— —_ e
26 —_— 0.002 —_— —_— 0.0
27 —_ —_ —_— — —_—
28 _ 0.040 —_ _ 0.0
29 —_— — — —_— —_—
M, 159.0
Total mass of FLECS 929.0

®Estimate of moderate confidence, used for best estimate calculation.
bLow—confidence, not used for best estimate computation.

not captured in the portable exciter modal surveys. To identify
this type of mode, it would have been necessary to excite
FLECS vertically at the top of the CB module. An other major
source of the unidentified MY is second and higher order
longitudinal modes, as well as axial beam modes above the 112
Hz test range.

Another cause for the low summation of the MY is the
underestimation of the linear momenta due to shortcomings
of the location of the portable exciters. A good example is
mode 11, for which the four SM beams move together in
the Z direction, although no exciters were located on these
modules.

Summary and Conclusions

The work of this paper demonstrates that the procedures
outlined in the theoretical work of Ref. 1 can be successfully
applied in a practical situation with a complex structure to
obtain estimates of the modal momenta and identity parame-
ters. However, there are potential pitfalls to be avoided that
are noted below.

The choice of portable exciter locations and directions is
crucial for obtaining reliable and complete estimates of
residues and related momentum coefficients. For each mode
of interest, at least one driving point (location and direction)
must be chosen, such that substantial measurable motion is
induced at the reference (driving) point, especially for the
modes that potentially contain a large amount of linear mo-
mentum. It was observed with FLECS that if the driving point
is not judiciously selected, the residue at the driving point
might not be well-defined enough to produce a reliable esti-
mate of M*, although a measurable mode shape may be
obtained. It was found that a cross-check of independent
estimates of the M* is very helpful in assessing the reliability
of estimates. From the FLECS exercise, it is concluded that
the best procedure is to first perform the driven-base test, and
then use the driven-base mode shapes for judicious selection
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of the driving points for the portable exciter tests done subse-
quently (this is contrary to what was done for FLECS).

Residues of some closely spaced modes from the driven-
base tests could not be identified precisely enough to produce
reliable estimates of the M¥*. The unidirectional driven-base
test procedures inherently do not provide response functions
derived from multi-input data.

Unplanned movements of the base (rotations or deforma-
tions) may result in the appearance of modes in addition to the
modes of the structure, and/or a slight modification to modes
of interest. Although, in theory, the Y% _, M* in one direction
for all the modes should equal the mass of the structure under
test, in practice, the mass of the structure may effectively and
inadvertently include an undetermined fraction of the mass of
the base fixture. These effects may be detected and assessed by
adequately instrumenting and monitoring the driven-base as
part of the test exercise.

Appendix: Theoretical Principles for Experimental
Identification of Modal Momentum
Coefficients and Related Parameters

A structure undergoing driven-base modal test is illustrated
schematically in Fig. Al. The rigid base is assumed driven in
a single direction, O,, with no rotation. The reference axes
(0y,0,,0,) are fixed to an arbitrary convenient location of
the driven-base. The deformation of each mass point of the
structure is defined relative to the driven-base by components
(u',v',w') in the (O,,0,,0,) reference frame. The measurable
quantities upon which parameter estimation is based are:
1) the input acceleration, ao(t), equal to ZE(¢), and 2) the
inertial accelerations at each mass point denoted by {a’(¢),
ay’(t),azi(t)}. The analytical model of this test configuration
can be described in the frequency domain by

A (w)/ayw) - "
E Ay w/aw) |= L {?:P_*kf ki
A (@) @) e “

*P* Q*
Qk xk *k} A1)
lw—>\k

In Eq. (A1), AT = [a},a2,...,aY] and Y7 = [1,1,...,1], and
Ay, ¥, etc. are all of order N X 1, where N is the number of
mass points of the assumed model for the structure. Also, A,
&, , Ok, and P, are modal parameters of the kth mode, the
mode shape ®; is of order 3N x 1, and n is equal to 3N. A
modal eigenvalue, A\, is related to its modal frequency, wy,
and damping ratio, &, by M = — G + fwe(l — &), The
QO is the modal normalization constant. The linear modal
momentum coefficient P,y is defined by

N
Py = L mid (A2)
i=1

where m’ is the mass of the /th point, and ¢, is the component
in the O, direction of the kth mode shape associated with m'.
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(ul, vi, wi)

DEFORMED POINT,

ACCELEROMETER

i, ¥, z) MEASUREMENT, (a, a,, al)
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I—

/ACCELEROMETER

7 2L

RIGID BASE DRIVEN IN
UNIAXIAL TRANSLATION

Fig. A1 Schematic of driven-base test configuration.
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Note that P, might also be described as a first moment of the
kth mode shape about the O, axis. The parameters Qy, Py,
0%, ®,, and A, are complex-valued, and the * denotes complex
conjugate. Equation (A1) relates the modal parameters (right-
hand side, A;, ®,, O, and P, k =1 to n) to the quantities
that are directly measurable (left-hand side, A’s and a,), and
is the basic model needed for parameter estimation by curve-
fitting methods, for driven-base tests with single-degree-of-
freedom excitation in the O, direction. Equation (A1) corre-
sponds to a passive structure with general linear viscous (not
proportional) damping.

Estimates of the functions A,(w)/ay(w), A,(w)/ax(w), and
A_(w)/ay(w) may be obtained from the accelerometer data of a
test, using standard data acquisition and spectral analysis
equipment. From these quantities, a measurement-based esti-
mate of the functions appearing on the left-hand side of Eq.
(A1) may be constructed. Modal parameter estimation then
entails determination of the values of the modal parameter set
e, @, (QkPyi)] that result in an acceptable curve fit of Eq.
(A1) to the measurement-based estimate of the functions.

For the driven-base test, it can be deduced from Eq. (Al)
that if the £th mode shape is normalized so that qSZ is unity,
where ¢ refers to the dth component of &, then QP is
equal to the residue of the dth component. There is not
enough information to deduce separate estimates of Q, and
P, solely from the data of the driven-base tests.

For a conventional modal survey with a single portable
exciter, the corresponding analytical model is

Ax(w)/fo(w) n d * 4 d x ok
~@| A,/ |= 1 {,Qk“’k‘l’k o "’kq’fI (A3)
Ay | IO TN TN

where fj is the reference force input. The modal parameters
that are estimated are the set {\;, ®x, O }. If the dth location
is specified to be the driving point (reference point) and the
kth mode shape is normalized so that qbZ is unity, then the
corresponding residue at the reference point is equal to Q.

Thus, driven-base test with excitation in the O, direction
provides an estimate of the products QP , and a partial
modal survey provides an estimate of Q. It follows that an
estimate of the linear modal momenta P,; can be obtained by
dividing the aforementioned two estimates.

A modal identity involving the O,-associated linear momen-
tum coefficients may be written in the form

kE Mt <m (A%)
=1
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where M¥, are ““modal identity parameters’’ defined by
My, = MQiPi + NeQiP3Z (AS)

Estimates of \g, Ok, and P can be derived from tests as
outlined in the foregoing and, from them, measurement-based
estimates for MY, can be calculated using Eq. (A5). A measure
of the net linear momentum, MX,, is associated with the kth
vibratory mode, and is also invariant to the choice of modal
normalization constant of ®,. Comparison of the individual
ME., k =1, 2, etc., gives an indication of the relative linear
momentum in the x direction of each mode. The mass m of the
structure can be estimated by weighing it. Equation (A4) states
that the sum of the experimentally derived MY, should equal
m, and the extent to which it does gives an indication of the
accuracy of the experimental modal determination process.

Similarly, estimates of Py, M%,, as well as Py, M, can be
obtained by performing a driven-base test with the excitation
in the O, and O, direction, respectively. Equations corre-
sponding to Eqs. (A4) and (AS) are also available for these
two directions.
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