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A novel approach is presented for damage detection of large flexible structures by using the parameter change
of the transfer function. First, an interval modeling technique, which represents the system uncertainty under
the environmental change via the intervals of transfer function parameters, is used to distinguish the structural
damage from the environmental change. In this paper a coherence approach is developed for locating the damage
position when the structural damage is observed. Only a few sensors are required in using the proposed coherence
approach for damage detection. This has the advantage of using the proposed algorithm for practical applications.
Also this approach has the flexibility of using the multi-input and multi-output system. A nine-bay truss example
is used to demonstrate and verify the approach developed.

Nomenclature
a, b = denominator and numerator parameters of transfer

function
C = coherence of the tested system to damage
G = interval model
g = transfer function
k = number of modes
m = number of outputs
n = number of tests for environmental change
p = parameter vector of transfer function
R = magnitude ratio of the tested system to damage
R, JR = magnitude ratio bounds
W = weight of parameter change
Wa, W}} = weights of intervals for interval model
x,y = unit vectors of Cartesian coordinate system
Ap = parameter change vector

Superscripts

W = weighted parameter change
—, + = lower and upper bounds

Introduction

T HE operation of large flexible space structures is sensitive to the
damage of the structural components. To maintain the perfor-

mance and safe operation of the system, it is necessary to remotely
monitor the mechanical health of the structure. Then the control
systems and adaptive components can respond to improve mission
performance.

The identified model of a system is varied with the environ-
mental change and the structural damage. The first step of dam-
age detection is to identify the status of the system damage. In
this paper, an interval modeling technique, which represents the
system with uncertainty via a model set whose transfer function
coefficients are bounded,1'2 is used to quantify the system para-
metric uncertainty due to the environmental change. This approach
initially obtains the system identified models under the environ-
mental change by running many tests, e.g., Monte Carlo runs,
under different circumstances. One can then use these identified
models to generate an interval model to represent the system
with the environmental change. The status of system damage is
determined by checking whether the parameter change of the
tested system is outside the interval model. If system damage is
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observed, one may carry the analysis forward to detect the damage
location.

Recently different approaches for damage location and estima-
tion have been proposed.3"5 Most of them are based on the fi-
nite element model (FEM) update techniques. These techniques
are based on the parameter changes of the stiffness and mass ma-
trices between the damaged system and undamaged system. In
general, these methods require a large number of sensors to mea-
sure mode shapes accurately. But the number of sensors is limited
in practical applications. Also researchers have shown that these
methods can generate ambiguous results unless the modes with
high-strain energy are used.3 Recently neural network techniques
have been applied to structural damage detection.6'7 The neural net-
work approach uses the patterns from the past experience to detect
system damage and, thus, requires the data of the previous pat-
terns. The neural network approach is a learning process and does
not provide information about system parameter changes. In gen-
eral, the neural network approach does not provide for theoretical
analysis.

This paper presents a novel approach to locate the damage po-
sition based on the comparison of the transfer function parameter
change of the tested system and the change due to damage. Unlike
most other damage detection approaches, which use finite element
model update techniques, the proposed approach considers the pa-
rameter change of the transfer function. The approach is based on
the fact that the system transfer function parameter change due to
damage is uniquely determined by the damage type and location.
The coherence between the parameter change of the tested system
and the change due to damage is used to locate the damage posi-
tion. Only a few sensors are required for this approach. Also the
proposed approach has the flexibility of using the multi-input and
multi-output system.

Damage Detection Approach
In this damage detection approach, we first use an interval model-

ing technique to quantify the environmental change. The identified
interval model is used to determine the damage status of the tested
system. If system damage is observed, a coherence algorithm is
used to locate the damage position.

Interval Modeling Technique
To present this interval modeling technique simply, we use a

single-input and single-output system. Here we consider n sets of
experimental data of the healthy structure from n tests under en-
vironmental changes. The experimental data can be time-domain
response data or frequency-domain response data. We apply system
identification algorithms8"10 to process each of the n sets of exper-
imental data to obtain the identified transfer functions2
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+ bjj
s2 + dijis + aij()

(1)

where £>y and a^ are numerator and denominator coefficients of the
identified model of the zth test, respectively. The variables bit bijk,
and ciijk are the corresponding parameters of the zth identified trans-
fer function with second-order form. After the identified models of
all of the tests are obtained, an interval model1 is generated:

+ bQ

(2)

where the interval bounds of each parameter are chosen as the max-
imum and minimum of the corresponding identified parameters of
all the tests11; for example,

b+ = max{&i, b2,..., bn] (3)

Later examples will be used to demonstrate how to use this interval
modeling technique to quantify the environmental change. The pro-
cedures to decide which damage cases can be distinguished from
the environmental change also will be discussed.

Coherence Approach
The coherence approach is based on the fact that the change of

the system transfer function is uniquely determined by the system
damage type and location. To concisely present this approach, we
consider the model of the selected k modes for a structure with m
displacement outputs and single input. Here we consider the analyt-
ical models, which are obtained by applying finite element analysis,
with zero damping. The transfer functions of these m outputs of the
healthy structure are

j = 1 , . . . , m (4)

where a()/ and fc()7-/ are the parameters of the /th modes of the jth
output. Because natural frequencies are system characteristics, the
/th modes of all of the outputs share the same variable #o/> which is
the square of the /th natural frequency. Here we define the parameter
vectors of the healthy structure as

POJ =

Poo = [OQI a()2 - - • d()kf

i b()j2 - - - b()jk]T , j = 1, . . . , m (5)

where the /th elements of poo is the square of the /th natural fre-
quency, and the /th element of poj is the numerator coefficient of
the /th mode for the y'th output. The transfer functions of the system
with the zth element damage are expressed as

s2 + an'
7 = 1 , . . . , m (6)

where the indexes z , 7, and / represent the numbers of damage ele-
ment, output, and mode, respectively. The corresponding parameter
vectors of the system with zth element damage are defined as

io = [an a/2

Pij = biij2 • • • ijki j k ] T ,

aik]T

j = 1, . . . , m (7)

The changes of the parameter vectors due to the damage of the zth
element are

=Pij - 7 = 0, 1, . . . , (8)

Because of the perturbation of each parameter, we define the
weighted parameter change vectors as

Ap^ =• [Aptj(I) / Wji Apu(2)1 WJ2 • - - APij(k)/ Wjk]T (9)

where Ap/7 (/) is the /th element of Ap/7 and Wjt is the mean square
root of (Api;-(/), Ap2;-(/),..., Apn7- (/)}. The weight W7-/ is the mean
square root of the numerator coefficient change of the /th mode
of the jth output due to all of the damage cases. Consider the
tested system with the weighted parameter change vectors Ap^,
7 = 0 , . . . , m. The coherences between the change vectors Ap^ of
the tested system and the change vectors Ap^ of the zth damage
case are defined as

; =0, 1, ...,m (10)

The variables C//, j = 0, 1 , . . . , m, represent the coherences of di-
rections of the parameter change vectors between the tested system
and the system with the zth element damage for the chosen m out-
puts. Here we define the minimum coherence of the tested system
corresponding to the zth damage case as

= min{C/o, Qi ] (11)

The magnitude ratios between the parameter change vectors ApJ
of the tested system and the parameter change vectors Ap^ due to
the ith element damage are defined as

K 7 =0, 1, . . . , m (12)

Here we also define the magnitude ratio bounds of the tested system
corresponding to the zth damage case as

/?-i R } (13)A\I i, . . . , HIM) V A ~v

(14)R. =mm{RiQ,Rii,...,Rim}

Some properties associated with C/;, C/, /?/-,-, Rit and /?,. are as
follows:

1) When both C,7 and Rtj (j > 1) are equal to 1, the parameter
change vector/?^ is in the same direction and has the same magni-
tude as the parameter change vectorp™ of the jth output due to the
zth element damage.

2) If the tested system is the system with the z th element damaged,
all of these variables are equal to 1.

3) The variable C// is between —1 and 1. When C/7 is less than
0, the change of the numerator parameter vector of the y'th output
of the tested system is in the different direction (>90 deg) from the
change due to the zth element damage. It strongly infers that the zth
element is not damaged.

4) The magnitude ratio bounds Rt and R_t represent the relation-
ship of the magnitude of the parameter change between the tested
system and the system with zth element damage. If the tested sys-
tem is the system with the zth element damage, both Rf and R_{ are
equal to 1. If Ri/R_i ^> 1 °r both RI and R_t are far away from 1, it
strongly infers that the zth element is not damaged.

Here the coherence approach for the single-input system is pre-
sented. This approach can also be applied to the multi-input system.

Example
The finite element model12 of a nine-bay truss structure as shown

in Fig. 1 is chosen as the system for the numerical study. This struc-
ture is cantilevered to the ground at the end. The structure has 9 bays
with 45 bar elements, and each nondiagonal element is a 3-m-long
aluminum tube with cross-sectional area of 1.382 x 10~4 m2. First,
a study of the coherence algorithm based on the model of the modes
with natural frequencies below 100 Hz is presented. There are four
modes below 100 Hz and the natural frequencies of these modes are
4.986, 27.717, 39.787, and 67.434 Hz, respectively.

In the study of the coherence algorithm, we use the FEM model of
the system with one input at node 20 and four displacement outputs
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Fig. 1 Nine-bay truss structure.
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Fig. 2 Minimum coherence Q for the beam 21 damage case with input
in y direction.
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Fig. 3 Minimum coherence Q for the beam 21 damage case with input
in x + 2y direction.

at nodes 20, 14, 12, and 7. All of the outputs are in the y direc-
tion. For the system damage, a beam is removed for each case. Here
we present two cases with beam 21 or 25 removed, respectively.
Figures 2 and 3 show the results of the minimum coherences C/ for
the beam 21 damage when the inputs with different directions are
used. These inputs are in the y direction and in the x + 2y direc-
tion, respectively. Because of the symmetry of this nine-bay truss
structure, the transfer function change due to the damage of beam
21 and the change due to the damage of beam 23 are very close
when the input is in the y direction. Figure 2 shows that both of the
minimum coherences C2i and C23 are close to 1. Figure 3 shows
that using input in the x + 2y direction can significantly improve
the problem due to the symmetry of the structure, and the damage
position is well identified. In Fig. 3, the largest coherence is C2\
with a value of 1, and the second largest coherence is C28 with a
value of 0.316. The following discussions are based on the results
with input in the x + 2y direction. Figure 4 shows the results of
the minimum coherences C, for beam 25 damage and the damage
position is well identified. To demonstrate the effect of using the
responses from more than one input, we choose a system with two
inputs at nodes 15 and 20. Here we add the responses with the in-
put in the — x + 2y direction at node 15. In Fig. 5, x represents
the previous results of the system with one input and o represents
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Fig. 4 Minimum coherence Cj for the beam 25 damage case.
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Fig. 5 Minimum coherence Q for the beam 25 damage case: x one
input, o two inputs.
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Fig. 6 Magnitude ratio bounds for the beam 21 damage case: x upper
bound, o lower bound.

the results of the system with two inputs. For the single-input case,
eight minimum coherences are positive, and the second largest is
0.443. For the case with two inputs, the number of positive mini-
mum coherences is reduced to 3, and the second largest is 0.127.
This demonstrates the improvement by using the responses from the
multi-input system. The results of the magnitude ratio bounds for
the case with beam 21 damage are shown in Fig. 6. The maximum
magnitude ratios /?/ are about one order larger than the minimum
magnitude ratios R_i except that R^\ and R_2i are equal to 1. These
magnitude ratio bounds are additional good references for locating
damage position.

Next we discuss the results of applying the interval model-
ing technique to model the identified parameter change under the
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environmental change. Here we consider the model of the first two
modes of the system with one input in the x + 2y direction at node
20 and one displacement output in the y direction at node 20. The
transfer function of the FEM model of this system is

2.8310 x IP"1 1.8953 x IP"1

s2 + 9.8155 x 102 + s2 + 3.0328 x 104

In this part of the study, there are 15 sets of noisy pulse response
data used to represent the system undergoing environmental change.
The noise is modeled as additive, white, and Gaussian, and its mag-
nitude is 5% of the magnitude of the pulse response data. We apply
ERA/DC8'9 system identification algorithm to process each set of
the noisy pulse response data to obtain the identified models. These
models are used to generate an interval model with the form

boi [b()ib+], am e [a()i a+]

(15)

For comparison, we define the weighting of the interval of each
parameter as

and we normalize the intervals as

(16)

(17)

where a^ and b(^ are the mean values of the corresponding identified
parameters. Table 1 shows the results of the interval model.

Here we consider three cases with beam 21, 22, or 25 damaged,
respectively. The ERA/DC algorithm is used to process the noisy
pulse response data of the damage cases of this single-input and
single-output system. The weighted parameter differences between
the tested system and the healthy system are defined as

Wi br = WL
(18)

where the variables a/ and bt are the identified parameters of the
tested system. Table 2 shows the results of these three damage cases.

Table 2 also shows the results of df* and bf computed by using the
parameters 0,- and Z?/ of the finite element model and the identified
parameters a^ and b^. Figure 7 shows the results of \a™\, which
are obtained by using the finite element parameters a/ and bt, for all

Table 1 Results of interval model

% 4 bOi bOi

i = 1
i =2

i = 1
i =2

9.8152e02
3.0323e04

aT
-0.4602
-0.3916

9.8165e02
3.0331e04

<
0.5398
0.6084

2.8139e-l
1.8195e-l

bT
-0.5401
-0.4169

2.8446e-l
2.0723e-l

b+
0.4599
0.5831

Table 2 Weighted parameter differences

Damage

Beam 21
Beam 22
Beam 25

Beam 21
Beam 22
Beam 25

-1.5333e03
2.1667e02
4.5387e01

-1.5334e03
2.1664e02
4.5101e01

ID model
-1.7056e03

3.0963e02
2.4588e02

FEM model
-1.7054e03

3.1042e02
2.4559e02

1.1383e01
2.8194eOO
1.4052eOO

1.0638e01
2.8957eOO
1.1055eOO

-1.4119eOO
-4.6420e-l

6.4050e-2

-1.8276eOO
-4.6346e-l
-2.0862e-l
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Fig. 7 Weighted parameter change for all of the damage cases: x \a™ \,

of the damage cases. From the results, the following observations
are noted.

1) Table 1 shows that the natural frequencies, which are the square
root of dQi, are affected little by the assumed environmental change.
When the system is damaged, the system characteristics change
dramatically, so the variables a,, which are the squares of natural
frequencies, change significantly. In Table 2, the variables a™ due to
the system damage are around 102-103 times larger than the interval
bounds af of the environmental change. Using the variables a™ and
the interval bounds af, the system damage can be distinguished
from the environmental change for these three damage cases. The
variables d? obtained by using the parameters of the finite element
model are almost exactly the same as that obtained by using system
identification parameters because the variables a™ are not sensitive
to the assumed environmental change.

2) Table 1 shows that the identified numerator parameters are
much more sensitive to the environmental change than the identi-
fied denominator parameters. From Table 2, the variables bf due
to the damage of beam 22 or 25 have magnitudes similar to the
interval bounds bf of the environmental change. The variables b^
are not as reliable for distinguishing the system damage from the
environmental change as the variables d?.

3) Figure 7 shows the results of \a™ \ for all of the damage cases.
Most of the variables \d^\ are about 102-103 times larger than the
interval length of the environmental change. For the beam 2 damage
case, the variable d\\ is smaller than 1, but \d^\ is larger than 10
and so this damage case is clearly distinguished from the environ-
mental change. All of the damage cases can be distinguished from
the environmental change by using the variables \a™\.

The procedures to check whether the damage case can be distin-
guished from the environmental change are as follows.

1) Obtain the identified models of various tests that represent the
system under the environmental change.

2) Use the identified models to generate an interval model.
3) Use the parameters <?/ and /?/ of the finite element model of the

damage case to obtain variables d? and b^.
4) Check whether any one of these variables has a magnitude

level larger than 1: a) yes, this damage can be distinguished or b)
no, this damage cannot be distinguished.

For the real system, some system damages may not be distin-
guished from the environmental change. Following the given pro-
cedures, we can decide which damage cases can be distinguished
from the environmental change. All of the damage cases in this ex-
ample can be distinguished from the assumed environmental change
by using the preceding process. After the system damage is detected,
the next step is to locate the damage position by applying the de-
veloped coherence algorithm. Here we consider the model of the
first two modes of the preceding system with one input and four
displacement outputs. The ERA/DC algorithm is used to process
the noisy pulse response data of the healthy structure and the tested
system with beam 21 damage to obtain the identified models. The



LEW 2193

20 25 30

Element Number

Fig. 8 Minimum coherence Q for the beam 21 damage case: x identified
model, o finite element model.
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Fig. 9 Magnitude ratio bounds for the beam 21 damage case: x upper
bound, o lower bound.

magnitude of the noise is 5% of the magnitude of the pulse response
for each output. The changes of the parameter vectors [see Eq. (8)]
of the tested system are defined as

V; =p°j - 7 = 0 , 1 , 2 , 3 , 4 (19)

where p()- and p[|. are the identified parameter vectors of the tested
system and healthy structure, respectively. The vectors Ap^ of the
identified models and the vectors Ap// of the finite element models
are used to obtain the coherences of this tested system. In Fig. 8,
x represents the minimum coherences based on the analysis of the
parameter vectors A/?(j and o represents the minimum coherences
based on the analysis of the parameter vectors A/?; of the finite
element model for the system with beam 21 damage. Also the bounds
of the magnitude ratios are shown in Fig. 9. From Figs. 8 and 9, the
following observations are noted.

1) The minimum coherences C, of the system with uncertainty,
which is represented as the added noise, are close to that of the
system without uncertainty. The minimum coherences obtained by
analyzing the noisy pulse response data well identify the damage
location.

2) Both of the magnitude ratio bounds R2\ and R_2l are very
close to 1 for the system with uncertainty. They can be used as the
reference to identify the damage location.

Concluding Remarks
A novel approach is presented for damage detection of large struc-

tures. First, an interval modeling technique is used to quantify the
parameter change due to environmental change. The results show
that the system's natural frequencies change little due to the envi-
ronmental change, but they change dramatically due to the system
damage. The changes of the natural frequencies can be used to dis-
tinguish system damage from environmental change.

In this paper, a coherence algorithm is used to locate the damaged
position if the system damage is detected. This approach is based on
the fact that the transfer function change due to damage is uniquely
determined by the damage type and location. Only a few sensors
are required in using the proposed approach. The results based on
the analysis of the noisy response data show that this coherence
algorithm well identifies the damaged element when the system has
uncertainty. In addition, the bounds of magnitude ratios are reliable
references for distinguishing the damaged element. The developed
coherence approach can also be applied to the multi-input and multi-
output system. Using the multi-input and multi-output system can
improve the performance of the coherence algorithm.
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