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Fig.2 Time history responses: roll-rate command.
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Fig.3 Time history responses: side slip command.

with a natural frequency of 2 rad/s. There is coupling between side
slip and roll rate as specified in the model for desired response.

Time history responsesto a 2-s step, roll-ratecommand are shown
in Fig. 2. It can be seen that the desired and actual responses provide
first-ordertracking of the command and that the directionalresponse
is very small. Figure 3 shows time history responses to a 2-s step,
side-slip command. A second-orderresponseis achieved and a pos-
itive side slip results in a negative roll response as is required for
static lateral stability.

Because the aircraft is unstable, robustness of the controller is
important. It was found that the size of the B matrix couldbe reduced
by 18% before the aircraft became unstable.

Conclusions
The method outlined in this Note provides a simple model for
generating desired eigenvalues and eigenvectors for use in eigen-
structure design of lateral-directional controllers for aircraft.
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Transfer Function Parameter
Changes Due to
Structural Damage
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Introduction

HE damagedetectionoflarge flexible structuresis an important

and challenging task in the system identification and struc-
tural dynamics communities. Recently, various damage detection
approaches have been proposed.! =3 Most of them use the finite ele-
ment model (FEM) update techniques. In general, the FEM update
techniques require many sensors to measure mode shapes, but the
number of sensors is limited in practical applications. Recently, a
correlation approach' was developed for damage detection based
on the comparison of the transfer function parameter change of the
tested system and the change due to damage. Only a few sensors
are required for this approach. The results of a comparison of this
method with some other methods show that this method is more
robust to model inaccuracy such as the error due to noise than the
other methods *

This Note presents a novel study of the transfer function param-
eter change due to structural damage by applying this correlation
approach. This extends the correlation approach to the study of the
characteristics of the parameter change due to structural damage
such as the reduction of element stiffness. The characteristicsof the
parameter change play an important role in pattern recognition for
methods such as neural network techniques, which can be applied to
structuraldamage detection.Because only a few sensorsare required
for the correlation approach, the placement of sensors is important.
This Note also addresses the issue of optimal sensor placement for
structural damage detection. The presented sensor placement tech-
nique is based on the sensitivity of the transfer function parameter
to structural damage.
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Correlation Approach

A brief introduction to the correlation approach! is given in this
section. To concisely present this approach, we consider a flexible
structure with single input and m displacement outputs. Here we
use the first k-mode analytical model, which may be an FEM. The
transfer functions of the healthy structure are

j=12....m (1)

i=
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The corresponding parameter vectors of the healthy structure are
defined as

po=lan au ayp ap -+ ay ay]”
2)

pj=1[bjy bp --- bjk]T, j=12,...,m
The changes of the parameter vectors of the ith damage case are
defined as

Apij =pij —Pj> J=01....m 3)
where p;; are the parameter vectors of the ith damage case. Because
of the perturbationof each parameter, we define the weighted change
vectors as

J w;

J
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where Ap;;(l) is the /th element of Ap;; and W}, is the standard
deviation of {Ap,;(), Ap,;(), ..., Ap,;(1)} for the considered
n damage cases. The correlations between the tested system with
the weighted change vectors Ap", which represent the difference
between the tested system and the healthy system, and the ith dam-
age case are defined as

o B s
T an)||ap)

The correlation C;; represents the cosine between two vectors. The
value of the correlation C;; is between —1 and 1. When C;; is less
than 0, the change vector Ap}V of the tested system is in a differ-
ent direction (>90 deg) from the change vector Apl.‘y due to the ith
element damage. It strongly implies that the ith elementis not dam-
aged. The minimum correlation of the tested system corresponding
to the ith damage case is defined as

C; = min{C;o, Ciy, ..., Cim} 6)

The magnitude ratios between the tested system and the i th damage
case are defined as

R, = L ji=0,1,...,m (7

In the real application, the vectors Ap}V are obtained from the iden-
tified parameters of the tested system and the healthy system, and
the referred vectors Ap}jy are based on analytical models such as
FEM.

Sensor Placement

The study of the characteristics of the parameter change due to
damage is based on the following equation:

Ap}v(rl,...,ri+Ati,...,r,,)%ﬁj(An)(Spg) (®)
where
dapY

dA'[l‘ (9)

8pl.‘y =
Ati =0

where variable At; is the damage parameter related to the ith ele-
mentand Ap}V is the weightedchangeof the jth parametervectorp ;.
Here the value of the variable t;, which corresponds to the healthy
structure, is 1. A negative value of At; represents the level of dam-
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age. For example, Atr; = —0.2 means that the damage of the ith
elementis 20%. The vectors 8p¥ represent the parametric sensitiv-
ity to the ith element damage. The right term in Eq. (8) represents
the projectionof ApY" in the direction of 5p}! .

Because only a few sensors are necessary for the correlation ap-
proach, sensorplacementis very important. A techniqueis presented
that determines the placement of sensors based on the change of the
transfer function parameter due to damage. The cost function of the
sensor placement for the /th mode is defined as

n

Sy = ol ®

i=1

, j=1,...,N (10)

where 8p}ly (1) is the sensitivity of the /th mode at node j, which
is the jth possible sensor location. The variable S;; represents the
summation of the absolute value of the parametric sensitivity to
each damage for the /th mode at the jth node. Each mode has
one associated cost function S;;. In reality, some identified modes
are more accurate and important than others. For the considered k
modes, we define the weighted normalized cost function as

k
;=Y WS} (an

=1
where

S[Oj =Slj/Xl» X; = max{S;, Sz, ..., Siv} (12)
where S;’j is the normalized cost function for the /th mode and W,
is the weighting factor for the /th mode.

Results and Discussion

The FEM of a cantilevered aluminum Euler beam,’ as shown in
Fig. 1, is used for study. The length, width, and thickness of this
beam are 1, 0.038, and 0.0016 m, respectively. This Note presents
the results based on the first three modes with natural frequencies,
1.30, 8.20, and 23.9 Hz, respectively. We consider the damage due
to stiffness loss. First, sensor placement is discussed. An actuator
located at node 5 is used to excite the vibration in the y direction.
For the sensor placement, each mode is considered equally, so that
the weights W, are 1. Figure 2 shows the results of cost function S ;.
For these three modes, the cost function S5 is close to the maximum
cost function S;5. Two sensors located at nodes 7 and 15 are used.

Next, we examine the results for element 8 with stiffness losses
of 10, 30, and 50%. Here the referred vectors Apl.‘y used to compute
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Fig.1 Cantilevered Euler beam.
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Fig.2 Cost function S; for sensor placement.
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Table 1 Minimum correlation and magnitude ratio

Stiffness loss 10% 30% 50%
Cg 1.0000 0.9998 0.9988
Cy 0.7991 0.8041 0.8127
j=0 1.0000 3.6789 7.9266
j=1 1.0000 3.7600 8.4149
j=2 1.0000 37117 8.1260
j=0 1.1170 4.1094 8.8542
j=1 0.4978 1.8717 4.1889
j=2 1.6165 5.9999 13.127
5
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Fig.3 Minimum correlation C; for element 8 with stiffness loss: —,

10%,and ----- ,50%.

correlation C;; and magnitude ratios are the weighted parameter
changes due to 10% stiffness loss of the ith element. Figure 3 shows
that the minimum correlation can distinguish the damage element
with various stiffnesslosses by using the referred systems with 10%
stiffnessloss. The minimum correlationCs for the damageelement 8
has negligible change when stiffness loss changes from 10 to 50%.
This implies that the direction of Ap}V has negligible change for
various stiffness losses.

Table 1 lists the minimum correlations and magnitude ratios for
elements 7 and 8 when element 8 has various stiffness losses. The
minimum correlation Cs has negligible change when stiffness loss
varies from 10 to 50%. This verifies that the right term in Eq. (8)
is almost the same as the left term in Eq. (8) with negligible error.
For each stiffness loss case (10, 30, and 50%), the three magnitude
ratios Rg; (j =0, 1,2) are close to each other. This implies that
fs; (j=0,1,2) in Eq. (8) are close to each other. The minimum
correlation C; is also high and close to 1. But the magnitude ra-
tios R7; (j =0, 1, 2) are not close for each stiffness loss case. The
magnituderatios can distinguishthe damage element from the other
elements with high minimum correlation, and they also indicate the
intensity of damage

The effect of sensor placement is examined by comparing two
different options of sensor placement. The first option is the pre-
ceding one with two sensors located at nodes 7 and 15, whereas
the second one has two sensors located at nodes 2 and 13. The re-
sults from the application of the OKID® algorithm to analyze time-
domainresponsedataare used for comparison. The OKID algorithm
can identify the system model with negligible error from noise-free
data. The simulated time-domain response data are obtained from
the state-space model

x(k + 1) = Ax(k) + Bu(k) + v(k) (13)
2(k) = Cx (k) + w(k) (14)

where [A B (] is the discrete state-space model, x is the state
vector, u is the input, z is the output, v is the process noise, and w is
the measurement noise. The input # and noise v and w are chosen
as Gaussian distributed random data with zero mean. We examine
the results for element 8 with 50% stiffness loss.
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Fig. 4 Minimum correlation C; with various sensor options: —,
noise, and -+ --- , noise free.

Figure 4 shows the minimum correlation of the noise-free and
noise cases. The results in Fig. 4 are obtained by applying Eq. (5)
to the vectors Ap;V based on the identified models and the vectors
Apl.‘y based on FEMs. For the noise-freecase, both optionscan iden-
tify the damage position. For the noise case, option 1 with optimal
sensor placements can identify the damage position, but option 2
cannotidentifythedamage position. Option 2 is much more sensitive
to noise than option 1. This indicates that the use of more sensors
may not be good for this correlation approach. Also, some other
results’ show that noise dramatically affects the magnitude ratios
for option 2, and noise has much less effect on the magnitude ratios
for option 1.

Conclusions

Anovelstudy of the characteristicsof the transferfunction param-
eter change due to structural damage is presented. The results show
that the direction of the weighted change vector Ap}V has negligible
change for various levels of damage. This extends the application
of the correlation approach. The magnitude ratios can be used to
distinguish the damage element when many minimum correlations
are close to 1, and they can also be used to indicate the intensity
of damage. A sensor placement technique based on the sensitivity
of the weighted parameter change to damage is also presented. The
results show that the damage detection with sensors at the optimal
positionsis less sensitive to noise.
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