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Free-Decay Time-Domain Modal Identification for
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Concept definition studies for the Modal Identification Experiment (MIE), a proposed space flight experiment
for the Space Station Freedom, have demonstrated advantages and compatibility of free-decay time-domain
modal identification techniques with the on-orbit operational constraints of large space structures. Since practi-
cal experience with modal identification using actual free-decay responses of large space structures is very lim-
ited, several numerical and test data reduction studies were conducted. Major issues and solutions were
addressed, including closely spaced modes, wide frequency range of interest, data acquisition errors, sampling
delay, excitation limitations, nonlinearities, and unknown disturbances during free-decay data acquisition. The
data processing strategies developed in these studies were applied to numerical simulations of the MIE, test data
from a deployable truss, and launch vehicle flight data. Results of these studies indicate free-decay time-domain
modal identification methods can provide accurate modal parameters necessary to characterize the structural
dynamics of large space structures.

Introduction

IN conventional modal analysis, impulse response functions cal-
culated from inverse Fourier transforms of frequency response

functions (FRFs) have been widely used with time-domain modal
identification algorithms.1'2 This approach is called a forced re-
sponse technique since the FRF is determined using both input and
output measurements from the forced response testing of struc-
tures (Fig. 1). Indirect free-decay data obtained in this manner is
relatively noise free and absent of significant nonlinearities due to
the large number of data averages used to obtain high-quality
FRFs. For large space structures,3"5 a low-frequency range of in-
terest (less than 0.1 Hz) requires longer data records per each aver-
age in FRF calculations. In addition, large numbers of excitation
points and structural nonlinearities require large numbers of aver-
ages. Finally, computational limitations precluded the use of direct
forced response techniques, e.g., ARMAX6 and OKID7 methods,
on large space structures such as the Space Station Freedom (SSF).
These methods, which use both input (force) and output (response)
data without FRF calculation, have been used for identification of
small linear systems.

In free-decay modal analysis, the modal identification algorithm
is applied directly to free-decay responses of the structure, instead
of impulse response functions. This free-decay technique not only
significantly reduces the test time for large space structures, but
also eliminates the need to measure the input force to the structure
(Fig. 1). In addition, changes in modal parameters can be charac-
terized by identifying different linearized models over short peri-
ods of the free-decay data rather than using the entire period,
which is necessary in a forced response technique.

The modal identification experiment (MIE) is a proposed flight
experiment to characterize the structural dynamics of the SSF. The
baseline experiment consists of excitation of the SSF, measure-
ment of the structural responses, recording and transmitting the
measurement data, and ground-based data processing for modal
identification.8 In the case of the MIE, a decision was made to con-
duct excitation and response measurements during the night por-
tion of an orbit (less than 45 min duration) to minimize impacts on
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the SSF operations and effects of thermal transients on structural
responses. This time constraint severely limits the number of aver-
ages in the FRF calculation for forced response testing since the
low-frequency range of interest (0.1-2.0 Hz) dictates long sample
times.9 Attitude control system (ACS) and reboost thrusters of the
SSF were found to be the most suitable available excitation
sources.10 Although the applied force from each thruster firing can
be estimated by measuring the combustion chamber pressure, it is
not practical to directly measure the input force, which is essential

* Forced Response Modal ID Technique
** Free-Decay Modal ID Technique

Fig. 1 Free-decay vs. forced response modal identification tech-
niques.
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in calculating FRFs. Thus, the test time and force measurement
constraints led to selection of a free-decay time-domain modal
identification technique as a baseline for the MIE design.

Although direct free-decay modal identification for the MIE is
more compatible with operational constraints of the SSF, there are
legitimate concerns about the modal identification performance of
this approach due to lack of practical experience.11 In addition, the
on-orbit modal identification difficulties presented by large space
structures such as the SSF are challenging for even the most highly
developed modal testing methods. To address these concerns, sev-
eral studies were conducted to develop data processing techniques
and evaluate free-decay time-domain modal identification perfor-
mance relative to major issues such as closely spaced modes, wide
frequency range of interest, data acquisition errors, sampling de-
lay, excitation limitations, nonlinearities, and unknown distur-
bances during free-decay data acquisition.

These studies are organized into two main sections of the paper,
entitled Free-Decay Modal Identification Methods Development
and Case Studies. The eigensystem realization algorithm (ERA)
was selected in the study to determine natural frequencies, damp-
ing factors, and mode shapes.12 In the first section, numerical sim-
ulations with relatively simple mathematical models are employed
to illustrate free-decay testing, and data processing techniques are
developed to address modal identification performance concerns.
In the Case Studies section, performance of the developed free-
decay modal identification techniques is presented through numer-
ical simulations of the MIE and compared to a burst random FRF
modal identification alternative approach for the MIE. Also, re-
sults of free-decay modal identification using ground test data of a
deployable truss and flight data of a launch vehicle are presented.

Free-Decay Modal Identification Methods Development
Closely Spaced Modes, High Frequency Aspect Ratio, and
Sampling Delay

A 10 degrees of freedom (DOF) linear system model (Fig. 2)
was created to investigate the problems of closely spaced modes,
high frequency aspect ratio, and sampling delay. The frequency as-
pect ratio is defined as the ratio of the highest target frequency to
the lowest target frequency. Although this model does not repre-
sent any particular physical system, it allows one to arbitrarily se-
lect frequency, damping factor, and mode shape for parametric
studies. Thirty accelerometer locations were simulated along the
length and response data was sampled at 50 Hz. It is noted that re-
sponse data from 10 of 30 measuring stations are linearly indepen-
dent. Data acquisition errors due to electrical random noise from
the accelerometer, signal conditioning electronics, and electro-
magnetic interference were added to the simulated response data.
The model contained five sets of closely spaced modes (separation
factors were about. 3%) and a frequency aspect ratio of 40 (from
0.1 to 4.0 Hz). The separation factor for closely spaced modes is
defined as the frequency difference as a percent of the lower mode
frequency; for instance, the separation factor of repeated modes is
zero.

Nonlinear Material Model

Nonlinear Material
Model

Gap Model

SPRING

o/

40 -

o 3 0 '
UJ
(fl
III
F

20 '

10 "

0

i

11
11

11
1

1

3.0 3.5 4.0 4.5 5.0

FREQUENCY, Hz

Gap Model

40 -

UJ

uT
p

20 -

10 '

0 r

I
I
1

i

1
1

1
1

1
1

3.0

1
i

,

~ r- T ———— -,- —————— , ——————— ,

3.5 4.0 4.5 5.0

FREQUENCY, Hz

SPRING

Fig. 3 Nonlinear material and gap models.

Fig. 4 Frequency time history for nonlinear models.

Repeated modes are not identifiable from the response with a
single input or a single initial condition for the free-decay re-
sponse. Theoretically, there must be the same number of linearly
independent initial conditions as the number of repeated modes at
a frequency. Closely spaced modes, though theoretically possible
to identify with a single initial condition, can cause similar prob-
lems in practice due to numerical instability and measurement
noise. This problem can be solved by employing multi-initial con-
dition modal identification, where the number of initial conditions
should be, at least, the number of modes in the modal cluster. In
the simulation, only 6 of the 10 modes were indicated by the fre-
quency spectrum due to the presence of closely spaced modes.
With a single initial condition (equivalent to a single-point input
for the forced response modal identification method), identifica-
tion of all 10 modes failed. By using three linearly independent
data sets produced by placing the impulse force at different loca-
tions, all 10 modes were clearly identified.

A large frequency aspect ratio can also preclude the identifica-
tion of all modes through one run of the modal identification algo-
rithm. The main problem is the large variation in the number of cy-
cles for each mode in the fixed-time-length data record. For
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example, if a 4-s data record was sampled at 25 Hz (100 data sam-
ples), the system identified by ERA would emphasize the higher
frequency modes since the data contain 16 cycles of a 4.0-Hz
mode, but less than a half-cycle of data for a 0.1-Hz mode. On the
other hand, if a 20-s data record was sampled at 5 Hz (100 data
samples), the algorithm would emphasize the lower frequency
modes with aliasing effects on the higher frequency modes.

The use of multiple ERA runs with different frequency ranges
can solve this problem, which is similar to a zooming technique in
the frequency domain. The entire frequency range is subdivided
into a series of shorter frequency ranges. Within each frequency
range, a different sampling frequency is used and a band-pass fi-
nite impulse response (FIR) filter is applied to eliminate aliasing
effects. This approach is called a time-domain zooming technique.
In the simulation, three ERA modal identification runs were made
for frequency ranges of 0.0-1.0 Hz, 1.0-3.0 Hz, and 3.0-5.0 Hz.
Parameters within ERA were manipulated to give equivalent sam-
pling frequencies of 5, 10, and 25 Hz, respectively. All 10 modes
were identified with a maximum frequency error of 0.1%.

Sampling delay is a form of data acquisition error that occurs
when all measurement channels are not sampled simultaneously.
This can result in erroneous modal parameters, especially mode
shapes. For example, the current data acquisition system design for
the MIE may allow a maximum of 1 ms delay between multi-
plexer/demultiplexers (MDM) and a cumulative 50- to 130-jis
delay between channels within the same MDM.

Response data from the linear system model was modified so that
there were three MDMs and each MDM handled 10 measurement
channels. Sampling delay between the MDMs was simulated by

Table 1 MIE modal identification results

Tm = 1 ms x random(0, 1) (1)

and the sampling delay between channels was assumed to be

Tc = 50 (is + 80 ILLS x random(0, 1) (2)

The total sampling delay of each channel was estimated by

Sampling Delay = Tm + ̂ JT Tci (3)

The ERA identified the exact natural frequencies and mode
shapes, but had a maximum error of 6% in the damping factors. It
is noted that the major portion of the sampling delay for the MIE
can be compensated from the MDM data, if necessary.

Modal ID
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Fig. 5 Space Station Freedom: assembly complete configuration.
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Fig. 6 Mini-Mast deploy able truss.

Nonlinearities
Most modal identification algorithms assume that the test struc-

ture is linear. Although there are several techniques available for
nonlinear systems, it will be difficult to characterize the nonlinear-
ities in large and complex structures such as the SSF by on-orbit
modal testing. The forced response modal identification method
utilizing FRFs can identify a linearized model if the test structure
behaves within a reasonable linear range during the entire test pe-
riod. However, a free-decay time domain modal identification
technique assumes linear behavior during a relatively short time
period. By identifying different linearized models over short peri-
ods of the free-decay data records, changes in nonlinear behavior
of modal parameters can be identified with respect to different lev-
els of the responses. This approach is called a sliding time window
technique.13

There are three types of nonlinearities common to most struc-
tures including material nonlinearity, nonlinearity due to loose
joints, and geometric nonlinearity. The first two nonlinearities
were incorporated into a linear cantilever beam model to evaluate
the ability of the free-decay time-domain technique to assess non-
linearity (Fig. 3). The linear cantilever beam has a lumped mass
that is about 5% of the total mass and is attached to the tip by a
linear spring. Several viscous dampers were attached throughout
the beam. The gap model simulates a loose connection between the
beam and tip mass by a spring constant of zero within 13% of its
maximum elastic deflection. The nonlinear material model used
a bilinear connection spring whose coefficient was reduced by
half once the spring deflection surpassed 33% of the maximum
deflection.

Numerical simulations demonstrated the ability of the proposed
time-domain modal identification approach to successfully iden-
tify linear mode approximations of nonlinear models and to char-
acterize the nonlinearities by identifying the time-varying charac-
ter of the modal parameters during the free-decay. Figure 4 shows
frequency time histories for both nonlinear models. For a gap
model in free-decay, the modal frequencies decreased as the am-
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plitude of spring deflection decreased, which corresponds to a
decrease in the average spring coefficient with decreasing ampli-
tude. For a bilinear spring model, the modal frequencies were
lower during the earlier time periods of the free-decay, and then in-
creased throughout the free-decay due to an increase in the spring
coefficient.

Random Data Processing
In situations where free-decay responses are corrupted by un-

measured random disturbances, the response data can be processed
into cross-correlation functions that approximate free-decay re-
sponses of the structure. Consider a general «-DOF, linear time-
invariant dynamic system, with equations of motion written in
the form

(4)

Premultiplying Eq. 4 by Jt^r), a reference coordinate, integrating
from 0 to T, and taking the limit as T tends to infinity:

where

lim - f xt(t)Mx(t + i) dt
7->oo 1 JQ

lim ,r-*oo T J0
dr

+ lim i f Xi(t)Kx(t + i) dr
T-+OO T JQ

r->oo T JQ dr (5)

Differentiation and integration can be interchanged if the integrals
in Eq. 5 converge uniformly:

M——2 lim
dT

2 r^oo T
dt

C-J- lim 1 \T
Xi(t)x(t + t) dtdT r^oo T JQ

K\im i \T
Xi(

r->oo 1 JQ
dt

Equation 6 can be written in the condensed form

Mr(T) + Cr(T)

(6)

(7)

r(T) 1 rr
= lim - xtr-»oo 7 J0

dt
(8)

Therefore, Eq. 7 becomes the homogeneous equations

Afr(T) +Cr(T) +&(T) = 0

r(T) and /I(T) are cross-correlation functions.14 If /(T) is white
noise, by definition

(9)

(10)

Multiple data channels can be processed into auto/cross-correla-
tion functions by selecting one channel as a reference, xfa). The
modal identification algorithm is then applied to r(i). As shown in
Eq. 10, these functions represent free-decay responses from initial
conditions, r(0), and the modal parameters are identical to those of
the original data. In cases when/(r + T) is not white noise and h(t)
!=• 0, usable data can be obtained if the magnitude of responses due
to h(i) is sufficiently small compared to the responses of initial
conditions, r(0).

This random data processing approach together with the normal
ERA method is theoretically equivalent to the eigensystem realiza-
tion algorithm using data correlation (ERA/DC) method.15 It is
noted that randomdec functions16 can be used in place of cross-
correlation functions for the above random data processing.

Case Studies
The free-decay data processing strategies developed from the

simple models were applied to three modal identification prob-
lems: (1) analytical simulations of the MIE, (2) modal test data
from the Mini-Mast deployable truss, and (3) launch vehicle flight
data. The first two studies were performed using both free-decay
and forced response techniques for comparison, whereas the third
study utilized the cross-correlation random data processing and
sliding time window techniques. In all three cases, the ERA time-
domain modal identification algorithm was employed and an ex-
tended modal amplitude coherence (EMAC) of greater than 80%
was used to determine the identification of accurate modes. In ad-
dition, for the MIE simulations, it was required that identified
modes differ from the analytical (true) model by a frequency error
of less than 1%, damping factor error of less than 20%, and a
modal assurance criterion (MAC) of greater than 90%.

MIE Simulation Case
The test time, data storage, and force measurement constraints

lead to selection of a free-decay time-domain modal identification

Table 2 Mini-Mast modal identification results
Forced response

Mode
IstXBend.
IstYBend.
1st Torsion
2nd X Bend.
2nd Y Bend.
2nd Torsion
3rd X Bend.
3rd Y Bend.
3rd Torsion
4th X Bend.
4th Y Bend.
4th Torsion
5th X Bend.
5th Y Bend.
5th Torsion

Analytical
freq. (Hz)

0.798
0.799
4.37
6.11
6.16

21.6
30.7
32.1
39.0
42.2
44.9
54.3
69.9
70.2
72.9

Freq.
(Hz)
0.877
0.890
4.20
6.14
6.19

22.9
31.0
31.8
38.2
40.2
43.4
51.8
67.1
67.3
67.6

Damp.
(%)
1.02
2.56
1.27
1.87
1.14
0.647
1.11
1.15
0.553
1.63
0.639
0.786
0.327
0.319
0.495

EMAC
(%)
99.0
97.9
99.7
99.5
99.3
94.0
89.0
86.6
88.2
81.7
93.3
98.0
85.3
85.3
91.4

Free decay
Freq.
(Hz)
0.867
0.878
4.24
6.14
6.22

23.0
31.7
33.0
38.4
40.0
43.7
52.1
66.6
67.1
68.3

Damp.
(%)
4.12
2.73
1.47
4.38
1.80
1.01
0.988
1.38
0.466
2.55
0.286
0.577
0.447
0.244
0.295

EMAC
(%)
95.6
97.9
95.8
88.1
96.6
92.3
73.5
74.8
88.7
63.7
72.8
89.5
79.3
71.3
70.8
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Fig. 7 Third-stage rate gyro data.

technique as a baseline for the MIE design.8'10 A potential threat to
the performance of this modal identification method is large modal
damping. This could cause the free-decay responses to decay too
rapidly and affect the signal-to-noise (S/N) ratio. Thus, results
from alternate forced response and free-decay techniques, assum-
ing 2% modal damping, were compared to free-decay results with
1% modal damping. The forced response technique was expected
to increase the S/N ratio by including data from the excitation peri-
ods as well as free decay periods in the modal analysis. Numerical
simulations were performed using a 3834 DOF finite element
model of the SSF assembly complete (AC) configuration (Fig. 5).
The SSF is a large and complex structure that has a wide frequency
range of interest and closely-spaced modes. Twenty important
modes ranging from 0.12 to 1.2 Hz were preselected to evaluate
the performance of each simulation case in identifying these target
modes. A special random pulse excitation technique10 was applied
at eight input points to excite modes of interest. It utilizes the ACS
and reboost thrusters of the SSF and has the general form of burst
random forcing functions.17

In the free-decay modal analysis case, four sets of forcing func-
tions were sequentially applied to satisfy the multiple initial condi-
tion requirement for the separation of closely spaced modes. Ac-
celeration responses were calculated at 159 measurement locations
throughout the SSF for 150 s after each excitation of 50 s. Realistic
data acquisition errors were added to the data, including bias error,
scale factor error, electrical noise, digitization error, and sampling
delay. For ERA analyses, the Hankel matrix was specially con-
structed to overcome the large data size and computational effort
by selecting a larger number of rows than columns and emphasiz-
ing 20 critical channels while using all 159 channels to calculate
complete mode shapes. In addition, the time-domain zooming
technique with four frequency ranges was employed to identify the
modes with high frequency aspect ratio.

In the forced response modal analysis case, the same random ex-
citation for the free-decay case was used, but two changes were
made to calculate FRFs. First, free-decay duration was extended to
155 s so that the structural responses decayed to 10% of their max-
imum values prior to the next excitation to minimize leakage er-
rors.18 Second, the number of forcing function sets was increased
to at least eight to avoid the singularity resulting from multipoint
excitation.19 The same type of noise for the response data, but
twice the level, was added to input data to account for inaccuracies
in estimating input force from thruster chamber pressure data. In
calculating FRFs, three different numbers of averages (8, 12, and
16) were taken using the data during both excitation and free-
decay periods. Impulse response functions were generated from in-
verse Fourier transforms of FRFs and treated as free-decay data in
the ERA analysis. The only change from the free-decay technique
was that the size of the Hankel matrix had to be increased to incor-

porate the additional number of initial conditions while maintain-
ing the length of the time window.

Modal identification results of the free-decay and forced re-
sponse methods with and without simulated noise are presented in
Table 1. As expected, increasing modal damping from 1 to 2% de-
creased performance of the free-decay method from all 20 modes
identified with 1% damping to only 13 modes identified with 2%
damping. The effect of noise on the free-decay results with 2%
damping was minimal as 15 compared to 13 modes were identified
when noise was removed from the data. As expected, the number
of modes identified with the forced response method increased as
the number of averages were increased from 8 to 16, but the effect
of noise on the forced response method was much more pro-
nounced than for the free-decay method. With 16 averages, the
forced response method required more than four times the data ac-
quisition time of the free-decay method, but only identified 8
modes compared to 13 with the free-decay method. Given the
unique on-orbit testing constraints of the proposed MIE, the free-
decay testing technique gave substantially better modal identifica-
tion performance than an alternative forced response method.

Mini-Mast Truss Case
The Mini-Mast structure tested at the NASA Langley Research

Center is a 20-m-high, deployable/retractable truss with triangular
cross-section. This structure has been used for control-structure in-
teraction research and has also had extensive modal testing.20 The
truss consists of 18 bays in a single-laced pattern that is repeated
every other bay (Fig. 6). Its members are constructed of graphite/
epoxy tubes and the joints are made of titanium. The longerons are
hinged at both ends, while the diagonals are hinged at the mid-
point and both ends. These hinges may introduce nonlinear behav-
ior into the structure. The frequency range of interest was from 0.8
to 73 Hz and included the first five bending modes and the first
five torsional modes.

Three shakers were located at bay 9 vertices and 25 burst ran-
dom sequences of 32 s each were applied for a total test time of
800 s. Each burst random sequence was composed of 20 s of un-
correlated random excitation followed by a 12-s free-decay period.
Displacement responses were measured at the vertices of four bays

Fig. 8 Cross-correlation data reduction procedure.
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Fig. 9 Frequency time history plot.

(6, 10, 14, and 18) for a total of 12 measurements. The displace-
ment sensors were located tangentially around the circumference
of the cross section as shown in Fig. 6.

In order to evaluate the practicality of using limited free-decay
data as proposed for the MIE, the free-decay modal identification
technique using ERA was applied to only four sets of free-decay
response data. In addition, the time-domain zooming technique
was employed with six frequency ranges due to the high frequency
aspect ratio of 91. The free-decay technique resulted in the identi-
fication of 8 of the 15 modes with EMAC values greater than 80%
and 6 of the other 7 modes had EMAC values greater than 70%
(Table 2). Damping values were 2-^% for the first two bending
modes and were approximately 1% for the other modes, which
generally agreed with the results from previous forced response
modal identification.20

The forced response method used 16 ensemble averages in FRF
calculations. Impulse response functions were generated and
treated as free-decay data in the ERA analysis. The three shakers
used to excite the structure provided multiple initial conditions to
separate the closely spaced modes. Modal identification results
from the forced response analysis indicated that all 15 modes had
been identified with EMAC values greater than 80% (Table 2).
The identified frequencies and damping factors were very compa-
rable between the results of the two techniques. The free-decay
technique using time-domain zooming provided adequate modal
identification results using only 4 of the 16 data sets used in the
forced response modal identification.

Launch Vehicle Flight Data Case
The cross-correlation random data processing strategy devel-

oped in this study was applied to flight data of a launch vehicle in
an attempt to identify modes excited by unmeasured random dis-
turbance. Since the dynamic system is not stationary due to propel-
lant mass loss, modal identification is possible only if response
data over relatively short time intervals can be used. The first 300 s
of third-stage rate gyro data (Fig. 7), spanning the liftoff, maxi-
mum dynamic pressure, and first-stage burnout events, was ana-
lyzed. Figure 8 illustrates the data processing strategy employed
for this case study. The analysis was begun by prefiltering the re-
sponse data using a band-pass FIR filter to eliminate aliasing and
bias. A sliding time window technique was applied to characterize
the system in a series of 15-s-long data windows at 2.5-s intervals
through the entire data period. Autocorrelation functions were gen-
erated for these windows. It was assumed that the system remained
sufficiently constant for a 15-s time span to allow modal identifi-
cation.

The ERA was applied to each autocorrelation function four
times by using a different data record length ranging from 1.0 to
2.3 s to evaluate repeatability of the modal parameter estimates.
The closed-loop frequencies and damping factors for the first two
structural bending modes were identified with EMAC values of at

least 80%. Figure 9 is a frequency time history plot for the first
bending frequency where the absolute time was the midpoint for
each 15-s window. Whereas the data processing technique em-
ployed in this study was able to identify a smooth trend for system
frequencies, the identified damping factors had substantial data
scatter, and no firm conclusions regarding system damping could
be made. Several factors, including the nonstationary nature of the
dynamic system, the data window length required to obtain the
auto/cross-correlation functions, and the degree to which the ran-
dom disturbances approximate white noise could affect the accu-
racy of the damping estimates. Further study is required to resolve
these issues.

Conclusions
A free-decay time-domain modal identification technique has

been developed to address major issues and solutions to on-orbit
modal identification of large space structures. A data processing
strategy was presented to generate equivalent free-decay responses
from structural response data subject to unmeasured random input.
The effectiveness of the free-decay technique was demonstrated in
numerical simulations of the MIE, modal test data from the Mini-
Mast deployable truss, and launch vehicle flight data. It was found
that a free-decay time-domain modal identification technique can
provide accurate modal parameters of large space structures and
has been found to be more compatible with the limitations of on-
orbit testing than conventional forced response techniques typi-
cally used in ground testing.
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