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Abstract: It is difficult to measure the input forces of some operating structures. Only the operating response
data can be used to identify modal parameters. A frequency domain poly-reference modal identification
method under operational conditions was presented on the basis of the cross-correlation function of measured
responses to solve the only-output problem. The proposed method in this paper was applied to an airplane
model.
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Fig. 2 The 1st and 2nd mode shapes of airplane model

(left ; Pure mode method; right: Frequency-domain method)
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Abstract The
identification is usually based on frequency response

conventional modal parameter

functions that require measurements of both the input
force and the resulting response. However, in many cases,
only response data are available while the actual
excitations (such as wind/wave load) are unknown.
Modal parameters estimation must base itself on
" response-only data.

The problem of output-only modal analysis has
gained considerable attention in recent years. The Natural
Excitation Technique (NEXT) using cross-correlation
functions instead of impulse response functions in time
domain becomes a very powerful tool for the modal

SEar g LR st

analysis of structures under the assumption of
white-noise random inputs. However, currently there are
only a few approaches in frequency-domain to identify
modal parameters of structures from output-only, such as
. peak-picking from power spectral density functions, and
~ seeking optimal modal parameters by fitting measured
5‘ data.

" This paper presents a poly-reference frequency-
domain modal identification scheme from output-only by
coupling the correlation technique with conventional
«’ modal parameter extraction when the excitation forces are
” not measured. This method is based on the theory that
. cross-correlation functions have the same form as impulse

response functions of the original system under the

© assumption of white-noise excitation. The outlined
E‘ technique was applied to an airplane model to estimate
' modal parameters from response-only data.

- Proceedings of the 5th International Conference on Vibration

MODAL IDENTIFICATION FROM OUTPUT-ONLY IN
FREQUENCY-DOMAIN

Shen Fan', Zheng Min’ and Chen Huaihai'
! Institute of Vibration Engineering Research
% College of Civil Aviation, Nanjing University of Aeronautics & Astronautics,
Nanjing, China, 210016, E-mail: ShenFanZM @hotmail.com

Keywords: modal analysis, modal identification,
signal processing

1. Introduction

In some practical cases, only response data are
available while the actual excitations are not measurable.
Modal parameters estimation must base itself on
output-only data. Over the past years, many time-domain
modal parameter identification methods from output-only
have been proposed. They include autoregressive moving
average (ARMA) models "?, the stochastic subspace
methods®, and the natural excitation technique (NExT)¥
by coupling cross-correlation functions with some

time-domain modal identification methods such as the

Ibrahim time domain (ITD) *), the eigensystem realization
algorithm (ERA)?, and the polyreference least square
complex exponential (PRLSCE) method!").

However, there are only a limited number of
approaches in frequency domain to estimate modal
parameters on response-only data, such as the
peak-picking method'® applied to the auto - and
cross-power spectral density (PSD) functions of the
operational responses, and the curve-fitting method” to
seek optimal modal parameters in frequency-domain. The
peak-picking method has been a typical frequency-domain
method on response-only, but it suffers from a lot of
disadvantages such as the modes of the structure are

sufficiently far apart and the system should possess very

625
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small damping. The curve-fitting method often meets the
minimdization problem that is swrongly non-linear and
methods of linear algebea are not directly applicable to get
the solution.

A frequency-domain poly-reference modal analysis
method from response-only measurements is presented in
this paper. It is based on coupling cross-comrelation
function with conventional frequency-domain modal
paramecter  identification under the assumption of
white-noise excitation.

2. Cross-Correlation Function Between Outputs

The following derivation holds for a general class of
stationary  random  inpwis. We can  define  the
cross-corelation  function R..{T) of 1wo stationary
responses { Yol and y.d1) ) due to 2 white-noise input f; ()
-8t a particular input point { as:

R...rﬂ")‘ Ebﬂ('+r)yp:(')] L

where E is the expectation operator, T'is & time scparation,
¥arl#) s (he response at the nth point due 10 the input at the
fth point, y.(r) is the response at the pth point due 10 the
input at the ith point.

Summing over all the inputs fr(r), /=1, 2 ...., L, which
are assumed 1> be uncorrelated with one another, then we
can get the cross~correlation function R (T) between the

output # and the owtput p

1IN

R, (T)=2v.0,"
i 2)
where N is the mode number, ¥, is the nth component of
the rth mode shape, A ris the rth complex cigenvalue,

and Q. i3 a new constant defined by
“ W WV,
ANy

=l g @4,

)
where L is the number of inputs, b , a,, a, are constants,

_ It shows that the cross-correlation function in Bg.(2) is a
sum of complex exponential functions of the same form as
the impulse response function of the original system in the

Jfollowing:

ha)= S v W,

=i (4}
where f(r) is the impolse response at point n# due to the
input force at point [, W, is the modal participation factor.
Each complex exponential function ¢ *“'has an eigenvalue
A r implying & patral frequency and damping ratio
identical to a stractural mode. The term ¥, Q.. in Bg.(2)
can be used to derive the mode shape by selecting a

common reference station p to climinate the term @,
Consequently, some classical time-domnin modal
identification methods have been used to extract modal
parameters under ambient excitation by using
crosg-correlation functions instead of impulse response
functions. The proposed frequency-domain method in this
paper i3 also based on the same form of cross-correlation
function in Eq.(2) as the impuise response function in
Eq.(4). It can be derived from coupling cross-comelation
function matrix with classical Ffequency-domain

poly-reference modal parameter extraction method'®,

3. Frequency-Domain Modal Identification
from Outputs

According to EqJ2), the auto-and cross-correlation
fupction matrix [R(7)] between N respomses and P

responses can be expressad as
(R N=lwlle lic) &

where [#] isthe N X ZNcomplu eigenvector mabrix,
TAYTic the T W TN, 1 1 Friv [n)ma

2N X P constant matrix filled up with the term Q.-
The Laplace transform of Eq.(5) can be writien a3

6= wkslrl-1a]"le] )

where [({5)] is the Laplace wransformn of the anio-and
cross-correlation function matrix [R(T], [f] is a unit
matrix.

Modal parameters can be extracted from
responsc-only by using matrix [G{s)] instead of transfer
function matrix [H{s)] in the classical frequency-domain
poly-reference modal identification’™, We can get

iAlGis)+ sigis)-wigl=i @

i
i
]
:



where [A] is a system matrix that satisfies the following
relationship

[ATv]+ [y IA]= o] ®
Let s = j w, Eq.(7) becomes

[Allc(jw)l+ jolc(iw)]-lw]le]=b] ©

For all discrete frequencies @ @3z ,..., @k in the
frequency range of measurement, we have

w-bielfy, 7 el 0o
where [D]=[[Glia)] [GU,)| ... [l )]]

[Q=—diadjnll] jw,ll] ... jol]]

and [G(j @)] is the auto- and cross-power spectral density
function matrix of measured responses. The matrix [A]
can be obtained from Eq.(10) in a least-squares sense by
considering all available of the measured power spectral
densities.

Solving an eigenvalue problem of Eq.(8) results in

. the system characteristic values 4 r from the diagonal of

[A]. And the rth mode shape of the original vibrating
system is just the rth eigenvector { -} of the matrix [ ¥].

The damped natural frequency «,, and the damping ratio

¢ rof the rth mode are given by
o, =yR.(,) +1,(1,)
and g, = —B—&(}'—’-—) , respectively.
: ®

nr

Where Re( A7) is the real part of 47, Im( A7) is the
imaginary part of Ar.
In addition, Eq.(9) can be expressed as following |
(al+ joliDi6o)l=wI2] an
Let [VI=[ Z][Q], the auto- and cross-power spectral
density matrix [G(j @)] between the outputs can be

* written as

[6(iw)l=(a)+ jolID)'V]

It can be easily shown that matrix [G(j @) ], [G(j @2) ], -+,
[GG @ Q] can be derived from equation (12) by
considering all frequencies in the selected frequency
interval. Therefore, it can be used to graphically check the

12)

quality of the output-only modal model by overlaying the
actual test data with the synthesized data.

4. Experimental Set-up and Results.

In this context, a case study was performed
employing data acquired from a test conducted on an
airplane model in order to assess the usefulness of the
algorithm described above.

The airplane model is made of aluminum and the
fuselage is 1000mm long and the wingspan 1100mm wide.
It was suspended on three flexible threads at the fuselage.
The responses were measured only in the vertical direction
at 24 pointg for vertical excitation at two symmetrical
excitation points. Fig. 1 shows the distribution of the 24
acceleration transducers, the shaker attachment points and
the suspending locations.

o
’_- o Suspending Point

o Measuring Point

Excitation .7 ° ° °
Point - b 2
L) o

o\ ) .
_Excitation
1. Point

o o i

B »
6. ‘6 - 9!0 olBle e o 6 &,

2

Fig. 1 The airplane model with indication of

the distribution of transducers.

Two uncorrelated white noise signals were applied to
the 2 shakers. The MVMAS - 3 multi - vibration
measurement and analysis system with 64 channels was
used to acquire the response data at the 24 locations with a
sampling rate of 512Hz, which results in a bandwidth of
0~200 Hz. In this paper, all the responses were chosen as
reference points and the auto- and cross-power spectral
densities of all the responses were calculated. The modal
parameters were obtained using multi-point pure mode
excitation method, yielding the baseline model for
comparison purposes.

Table 1 lists the results for the first 10 modes from
both multi-point pure mode excitation method and the
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frequency-domain poly-reference modal identification
with power spectral densities. Addition to the frequencies
and damping ratios, the MAC-value between the mode
shapes extracted by multi-point pure mode excitation
method and the mode shapes extracted by the method
described above are given. A good agreement can be seen
with the baseline model in table 1 except the damping
ratio of the 2™ mode is different significantly. Fig. 2
contains the first 4 mode shapes obtained from two
different modal identification approaches.

Table1 Comparison of modal parameters

from two different methods
Multi-point pure Frequency-domain modal
s B/ mode excitation identification method from
No. A method output-only
Freq. Damping Freq. Damping MAC
(Hz) (%) (Hz) (%) (%)
1 S 1438 5.14 15.3 4.76 98.2
2 A 236 0.86 24.2 0.36 99.1
3 A 351 4.25 36.2 4.05 98.6
4 S 450 1.67 449 2.01 99.2
9 A 525 3.11 524 3.53 98.4
6 S 634 1.50 64.7 1.61 99.0
v A 692 1.45 69.6 1.70 96.7
8 S 748 6.56 753 5.05 83.2
9 A 915 1.02 92.3 135 92.1
10 S 987 1.36 97.6 0.92 98.8
(a) The first mode shape
(b) The second mode shape
A
- & ﬁ &
(c) The third mode shape

A8 T, 4 B

(d) The fourth mode shape
(Left: Multi-point pure mode excitation method
Right: Presented frequency-domain method)
Fig. 2 Comparison of mode shapes
from two different methods

The auto- and cross-power spectral densities between
responses were fitted according to equation (12). Clearly,
a good fit is obtained. Fig. 3 shows a comparison between
measured and synthesized auto-power spectral densities
data.

——: Synthesized PSD

- : Measured PSD
20 T v v -y .2 T v r ™

Cross-power spectral density G11/dB

o 20 40 8 8 100 120 140 160 180 20
Frequency/Hz
(a) Auto-power spectral density of point 1

——: Synthesized PSD
- : Measured PSD

Cross-power spectral density G22/dB

4 60 80 100 120 140 160 180 200
Frequency/Hz

o 20

(b) Auto-power spectral density of point 2
Fig. 3 Comparison between measured and
synthesized power spectral density
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Conclusions

A frequency-domain poly-reference modal
fdentiﬁcation method from output-only data has been
’7 presented in this paper. It is based on the theory that the
; cross-correlation function can be expressed as a sum of
! complex exponential functions. Modal parameters can
. be extracted from response-only data by using the auto-
- and cross-power spectral densities calculated between
Lol responses and a set of responses- that serve as
references in this paper. It is different from the
?-: conventional frequency-domain modal identification
because the conventional one utilizes frequency
response functions which require measurements of
both the excitation force and the resulting responses.
The main features of this outlined frequency-domain
system identification method can be summarized as
follows: : .
(1) This method is a frequency-domain
* poly-reference modal identification.

(2) This frequency-domain method can obtain the
global estimate of modal parameters by using all
measured data simultaneously.

(3) Overlaying the synthesized auto- and
cross-powers with the measured data is a useful
graphical check for the quality of the modal
parameters derived from output-only data.

(4) Sometimes the damping ratio of some modes
from the presented method is different significantly
from the baseline model.

The proposed frequency-domain modal extraction
method on output-only has been successfully applied to
the experimental data sets. The results shows using the

described method in this paper can give a good
agreement with the baseline model. i
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