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This paper addresses the sensitivity problem of sensor locations for vibration control and
damage detection of thin-plate systems with parameter variation or noise. For vibration
control, the technique for robust determination of sensor locations is presented. Based on
the spectral condition number of the Hankel matrix, the optimal sensor locations (OSLs) can
be determined, and the effect of noise on the OSLs is investigated using the matrix
perturbation theory. For damage detection, the damage locations can be determined using
the damage index f§ derived from the curvature modes. The sensitivity analysis of sensor
locations on the detection result for systems with parameter variation is presented. Some
experiments are carried out to verify the effectiveness of the proposed method.
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1. INTRODUCTION

The problem of sensor locations is crucial for system identification [1-4], active vibration
control [5-7] and damage detection [8, 9], which require accurate measurement of the
responses of the structure. Many methods, such as the minimal energy principle, mode
shape independent principle, degree of observability, Fisher information matrix, etc. have
been developed for the determination of sensor locations in many contributions [10-13].

In engineering practice, the measured data are always inaccurate because of the existence
of parameter variation or noise. In such cases, a question arises naturally, i.e., are the
conventional studies on the determination of sensor locations from these measured data still
valid, or under what conditions will the determined locations be insensitive to parameter
variation or noise during system identification, vibration control or damage detection?

A survey of the literature shows that the sensitivity analysis of sensor locations for system
identification has been investigated intensively [2, 14-16]. Kirkegaard and Brincker
determined the OSLs for parametric identification of linear structural systems, and
discussed the influence of noise on these OSLs [2]. Kammer studied the effects of noise on
sensor placement for on-orbit modal identification of large space structures [14]. Fadale
et al. suggested that erroneous estimates of the parameters can be ameliorated by placing
the sensors at points of maximum sensitivity [15].

However, very few papers have addressed the problems of the sensitivity analysis of
sensor locations for vibration control or damage detection. Ma et al. investigated the effects
of parameter variation on vibration control of beam structures, and established the
relationship between robust control and the determination of sensor locations [17]. As for
the robust determination of sensor locations for the vibration control of thin-plate systems,
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the effect of noise on the OSLs, and the sensitivity analysis of sensor locations to parameter
variation for damage detection, no constructive results have been reported.

The aim of this paper is to study these problems systematically. The structure of this
paper is organized as follows. In section 2, the condition for robust determination of sensor
location for the vibration control of thin-plate systems with parameter variation is derived,
the index for optimal assignment of locations is presented, and the method for analyzing the
influence of noise on the OSLs is given. The sensitivity analysis of sensor locations for
damage detection and the effect of parameter variation are discussed in section 3. In section
4, the experimental investigations are described and analyzed. Finally, conclusions are
drawn.

2. SENSITIVITY ANALYSIS OF SENSOR LOCATIONS FOR
VIBRATION CONTROL

2.1. FORMULATION OF THE PROBLEM

The differential equation of a thin plate subjected to control force F € R® is given by

?w(x, y, 1) Mtwix,y,t) L *wx, y ) d*w(x, )
mol%Y) = t Do~ e F 2 T
et ) B pey 0<x<a0<y<h ()

where w(x, y, t), my(x, y), Do and ¢, are the transverse deflection, the mass per unit area, the
flexural rigidity and the damping coefficient of the thin plate respectively. a and b are the
dimensions of the plate. Based on the mode superposition theory, the transverse deflection
w(x, y, t) can be expressed as
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where #;;(t) and ¢;;(x, y) are the ijth modal co-ordinate and shape function respectively.
Assuming that the outputs y(t) are a set of [ displacement signals, with the transformation
(t) = {n(6)"1i(1)"}, the system can be written in the state-space form as

Q) =AQ(r) + BU(r),  y(1)=CQ(), A3)
where U(¢) is the vector of control force F,
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Let {;; and w;; denote the damping ratio and the natural frequency of the ijth mode
respectively. Conventionally, the sensor locations are determined using the measure of
degree of observability based on the observability grammian P, which is the solution of the
Lyapunov equation [18, 19]

AP + PA + C'C =0. (5)

However, when the parameters (w;;, {;) of A vary in the region {{;; w;;|(;j<
[Cij — ACU Cij + Agij:ls Wij < [wij — A(l)ij Wjj + A(l)ij], 1 < i < m, 1 <_] < n}, it is impOSSible
to solve P in equation (5) determinatively. As a result, it will be difficult to locate sensors at

the proper positions. For this reason, it is necessary to find a way to determine the sensor
locations robustly for the vibration control of thin-plate systems with parameter variation.

2.2. CONDITION FOR ROBUST DETERMINATION OF SENSOR LOCATIONS

For an wuncertain thin plate with variable parameter feedback control
U(t) = K(r,)Q(t)[20] (see Figure 1), the Laplace transformation of the responses y(t) can be
expressed as

V(@) =L+ G(@)-Kr)] ' G(@)- Upep(w), (©)

where U, (w) and r, are the reference input and the adjustable parameter respectively. G(w)
is the transfer function under the parameter variation. Denote the real part of the diagonal
element of matrix (-) as R, {diag(-)}; if the condition

J, = R {diag[G(»)-K(r,)]},»>1 (p=1,...,1) (7)
is satisfied, equation (6) can be rewritten as
y((D) ~ K(ro)_ L. Uref(w)~ (8)

The above derivation shows that with the constraint of J, > 1, the responses y(w) will
depend on K(r,) and U, (), and are insensitive to parameter variation. Since the elements
of matrix G(w) are related to ¢;;(x,, ,), in which (x,, y,) is a set of sensor locations to be
determined, there exists a certain implication for determining ¢;;(x,, y,) to make equation
(7) valid. Without loss of generality, separate the pqth complex element of [ K(r,)],.; as

kpq(ro) = Relkpg(ro)] 4 j Im[kpg(ro) ], ©)
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Figure 1. Block diagram of the VPFC system.

J, in equation (7) becomes

SR (@] — 0?) R, [kpy(r,)] + 280y wTS [kpq(ro)]}_

qzl zzl le d)‘l(xl” yP ¢1J(xl+k’ yl+k) (wl] ) + 4C2 0 2

(10)
Denote (5ij(xp, Vp) = $ij(x, y)lx =n and express $ij(x, y) in the form

Pijlx, y) = Zfd,,xycdu, (11)
where f; ;;(x, y) is a function of (x, y), which is determined by the boundary conditions. For
example, for the clamped edges, n, = 4, and

J1.i(x, y) = [sin(e;x/a) — sinh(e;x/a) ][sin(B;y/b) — sinh(f;y/b)],
J2.i(x, y) = [sin(o;x/a) — sinh(e;x/a) ] [cos(f;y/b) — cosh(f;y/b)], (12)
J3.1j(x, y) = [cos(aix/a) — cosh(a;x/a) ] [sin(f;y/b) — sinh(B;y/b)],
Jaij(x, y) = [cos(ax/a) — cosh(apx/a) ] [cos(f;y/b) — cosh(B;y/b)]
(; = Qi+ D)r/2, p; = (2j + 1)7/2)
and for the simply supported edges, n, = 1, and
Srix. y) = sin(ax/a) sin(By/b) (o = im, B; = jm) (13)

Cq,ij 1s the coefficient.
In order to make J,>1 valid, ¢;;(x, y) - max {¢;;(x, y)}|xfxp. That is, the sensors are

. . . .. Y=Yr .
assigned at those locations where the following conditions are satisfied:

adgij(xa y) _ |:af1,ij(x» y) o, U(x )’):| {Cl ..... “}T -0
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Obviously, one solution of equation (14) is that
f1,i5(x, y) fp, i (X, ) - [0]
ax ) 9 ax 1xn, (15)
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The above analysis shows that:

« when the sensors are assigned at the locations determined according to equation (15), the
condition equation (7) holds. That is to say, the responses will be robust to parameter
variation for vibration control;

« from equation (15), the determination of sensor locations relates to function f; ;;(x, y) (or
mode shape ¢;;(x, y)), and is independent of modal frequencies ®;; and modal dampings
Cij;

« the satisfied locations are near the points where the extreme amplitudes for the dominant
modes occur;

» the number of candidate locations is larger than the number of sensors to be placed, which
is always set as the number of modes to be monitored.

2.3. CRITERION FOR THE OSLs

Having identified the sensor locations, the problem will be which criterion among the
combinations of all possible sensor locations to adopt in order to select an optimal set
effectively, such that the measured data will give desirable results for achieving a better
estimation of structural states. Our strategy is to monitor and compare the spectral
condition number (SCN) of the Hankel matrix. It is shown that there are OSLs, for which
the SCN is minimized. Constructing a Hankel matrix by overlapping length L subsets of y,,

Y« Ye+r1 o Ye+r-1
Ye+1 Ye+2 o Ye+L
Hy, () = . . . . (16)
Ye+r—-1 Ye+r 0 Ye+r+L-2|nxL

and rl is chosen larger than the expected model order. Define the SCN as
K(Hy- 1) = [H—q || [H- ], (17)

where the superscript “ + ” denotes pseudo-inverse. The criterion is to locate sensors at
those positions where x(H, — {) reaches its minimum, so as to achieve the best control effect.

2.4. EFFECT OF NOISE ON THE OSLs

An important factor that affects the sensor locations is the signal-to-noise ratio (SNR). It
is known that the precision of a measurement is limited by the SNR of the measured data.
For this reason, the problem of interest herein can now be stated as follows: when the
measured data used for SCN analysis are contaminated by noise, under what conditions
will the OSLs remain optimal?

Consider that the measured responses polluted by noise are given as

Vi = Vi +0p (18)

where v, = {Vy 4, ..., U} " is the vector of noise. Correspondingly, the perturbed Hankel
matrix H,_; can be expressed as

He_y=H, +vi_y, (19)
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v, _1 1s a matrix of vy, ... , Uy4,+5-1- According to equation (17), x(H, - ,) is replaced by
K(ﬁk—l): Hﬁk—l\l Hﬁl:r—lﬂ- (20)

In order to reveal the relationship between x(H,_;) and x(H,_,), the relationship
between ||H{ ;|| and |H;_,| is investigated using the matrix perturbation theory in
advance.

Lemma [21]. V3IH,_,, H,_,eC"" if rank(H,_,)=rank(H,_,) and ¢=||H;_,|
[Vi-1 ] <1, then

I R T R e {(1 /52 rank(Hy-) < minlir(L + 1)),

(1—ey \/E rank(H;_ ) = min(Ir, (L + 1)/2).
(21)

Equation (21) gives the upper perturbation bound of H;_,. From equation (21), one
obtains

~ &
1A <<1 T

(1—e¢)

Assume that the signals and the noises are statistically independent of each other.
Equation (20) can then be rewritten as

> IH 1 Il (22)

k(Hli—q) = [[Hp—y + vi—q |- [HZ |

NP <1 + ):«(Hk_l) O<o, <. (23
(I—¢
Equation (23) implies the connection between x (H, _ ;) from noise-free data and «(Hj_ )
from noisy data. It is found that the SCN of wx(Hj_,) is proportional to x(H,_,), ie.,
(A, _ ) oc k(H,_,), and only a small perturbation will be performed on H,;_,. Based on
this fact, the following proposition is immediate.

Proposition. The sensor locations determined in noise-free cases are insensitive to noise if and
only if the conditions:

ue
(1—¢)

(a) rank(Hy_ ) = rank(H,_,); and (b) | vi_1| =0 <0r R 0(8)) are satisfied.

3. SENSITIVITY ANALYSIS OF SENSOR LOCATIONS FOR DAMAGE DETECTION

Damage in thin-plate systems results in changes in their identified modal parameters,
which have been used to assess the integrity of the structures extensively. Usually, the
vibration signatures, such as natural frequency, mode shape, etc. are the sensitive indices,
which can provide an indication of the extension of the cracked zones in structures [22-24].
In recent years, the techniques of utilizing mode shape data have been developed and used
extensively for damage detection and severity estimation of structures [25, 26]. As is known,
when the damage occurs, the curvature mode shapes of the systems will be changed [27, 28].
Based on this fact, the relative change in curvature mode is adopted as the index to locate
damage for thin-plate systems.



SENSITIVITY ANALYSIS OF SENSOR LOCATIONS 629

=

[0 o X

‘The jth medsurement

Sensor Igi:lmion : .
b, )/ P /element |
e - X x ________ x _/ Y .x ________

" The ith mea\uremenl

o element : D?magu
__________ x./x ___.IX._._____X______...
4b, Darhage ;
b I
/ A.l Aa, |.._
“_.= Ali.'|l l——

Figure 2. Schematic diagram of a thin-plate with damages.

Denote the damage index f3,, as (see Figure 2)

by, +4by, ra, +4a,
w J J ([(iia(x, »)1* — [(d))" (x, )17 dx dy
Bo=2 X b, 5

Pr

i=1j=1 ne (b, +4b, ra, +Aa, 5
5 [ oo asey
br=1 bPr aﬁr
(pr=1,...,n,), (24)

where (¢;)a.(x, y) and (¢;;)"(x, y) are the second derivatives of the ijth normalized mode
shape corresponding to the damaged and intact structures respectively. n, is the number of
measured elements. Similar to equation (11),

Gohx ) = T Comualhuen) @)= ¥ confiser. 09
d= d=1
Using the Cauchy-Schwartz inequality, one obtains
n, 2
|:Z (Ca.ijlaa fa.ij (X, Y):| Z [(ca.ij )aal’ z [fa.ii(x, b1 8 (26)
d=1
N, 2
[Z (ca,ip) faij (%, Y)] Z [(ca,ip)]? Z [fd.i(x, 912 27
d=1

Denoting

.

=

2
(Cd,ij)dafd,:ij(x: y):| _(/da ij Z [(Cd lj)du] Z [f ij X J’) H 0 < (Vda)ij < 1’ (28)

1

|:Z (Cd ij ﬁi l](x .V:| - yl] Z [(Cd lj)]z Z [f ij (X, y)]27 0< yij < 1 (29)
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b,,r +A4 bl,r a,, +A4 a,, g
8ij = f J ( > L (x, Y)]2> dxdy/
d=1

b Pr Ap,

ne b, +4b, ra, +4a, [ 1
Zf f (z[f,,xy )dxdy, (30)

pr=1 Jb,, dp,

and

r

B, can be expressed as follows by substituting equations (25, 28-30) into equation (24),

= i Zn: 8ij <(Vdu)ij i [(ca,ij)aa] / i [(ca,ij)] > (31)

i=1j=1

It can be concluded that for the intact case, 8, = 0, while for the damaged case, 8, # 0
(p. = 1,...,n,). Since, at damaged areas, differences of the curvature mode shapes between
the intact and damaged structures are significant, damage locations can be determined at
those positions where the peaks of f§, occur.

When a small variation of the system’s parameters is taken into account, the following
expressions will be true after some algebraic manipulations. The analysis of the influence of
parameter variation on the damage detection results in

[ P = Gy 3. 010,07 Y. Tcaal® ¥ Ly (5,00 (32)

d=1

Na

(G0 x0T = Y 0”  [ean) Y, Lhiy (e )T (33)

where 17, 4 and 7, 4 are the modified coefficients. Let

0= Z Mo /z (12,0, (34)

the damage index f§, under parameter variation be rewritten as

Z 8ij < Vda) ij i (11,2 Z [(ca, ij )aal //ij i (’12,d)2 i [(cd,ij)]z - 1>

1j=1

M§

i

I
ME
M:

<’7<(Vda)ij i [(Cd,ij)dajz/)’ij 2 [(cai)]* — 1> + (1 — 1)>gij (35)

1

1

=nﬁp,+<n—1>§ S g

i=1j=1

Equation (35) shows the relationship between ﬁpr for the case with parameter variation
and f, for the nominal case. It can be found that the peaks of ﬁpr will also appear at those
locations where the peaks of f, appear, i.e., the damage locations detected for the nominal
case are insensitive to small variations in the system’s parameters.

4. EXPERIMENTAL VERIFICATION

Two experiments were carried out and their results are analyzed in this section. The first
one is for the robust determination of sensor locations on vibration control and the
influence of noise on the OSLs. The second one is for the sensitivity analysis of sensor
locations on damage detection results for systems with parameter variation.
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4.1. FOR VIBRATION CONTROL

Since damping is a property that is difficult to determine exactly, either experimentally or
theoretically, it will be regarded as the variational parameter and taken to evaluate the
robustness of the presented technique for determination of sensor location during vibration
control.

4.1.1. Experimental set-up and data acquisition

The schematic diagram of the experimental set-up for a four-edge clamped thin steel plate
with control is shown in Figure 3. The exciter (B&K 4809) was driven by the signal
generated by a signal analyzer (B&K 3557) through a power amplifier (B&K 2706) to
provide an excitation. The corresponding vibration responses were sensed by the
accelerometers (B&K 4397) at different locations. Consider that low-frequency modes exert
the dominant effects on systems’ vibration control [29]; the highest frequency to be
analyzed was set at 200 Hz. According to the sampling theorem, the sampling frequency
should be more than twice the highest frequency of interest. The signals were therefore
digitized at a rate of 2 kHz by A/D converter. A total of 3 K samples of time history were
recorded for each sampling period by the signal analyzer. The data were then digitally
filtered by an eighth order Butterworth filter with a corner frequency of 100 Hz to remove
the high-frequency modes, and processed using the nominal realization parameters [ = 7,
r = 5and ! = 100, in which [ depends on the available sensor numbers, rl is more than twice
the model order and L should be larger than rl. It should be pointed out that the proper
selection of parameters (r, L) is important for obtaining desirable results and avoiding
a large calculation effort.

As is known, the accuracy of the experimental results is related to the quality of the
measured data. In order to improve the quality of the measured data:

« sufficient care is taken during the data sampling operation, so that aliasing effects can be
restricted to a high-frequency band far beyond the range of interest;
» “Ensemble averaging” is adopted during the measurement process to maximize SNR;

Control loop

—

VPFC
[—
controller e

Sensors _W
Thin

\

= | plate
y V\\»C P
YVY ﬁ

Analyzer Exciter -

° 777 7777 -

Noise signal Power
»lamplifier,

Figure 3. Schematic diagram of the experimental set-up for vibration of a thin plate.
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Figure 4. Two combinations of sensor locations: x, sensor location (unit: mm).

« the stinger with low transverse and high axial stiffness is superior to the over-stiff stinger,
and extra filter and amplifier are used to minimize the effect of measurement noise.

4.1.2. Analysis of results

Figure 4 shows two different combinations of sensor locations for vibration control.
Figure 4(a) represents the normal case, in which the sensor locations are assigned regularly,
while Figure 4(b) represents the optimal case, in which the sensor locations are assigned
with robustness (equation (15)). Since the control effect can be observed from the changes of
amplitude H of frequency response function (FRF) at each natural frequency, i.e., a small
amplitude H will be obtained when the sensors are placed at the OSLs, the performance

1
index J; = (1/) | Y (Hi(w;)* is adopted for analysis, where j = 1, ... ,n,, n,, is the number

i=1

of natural frequencies of interest. The FRF's of each measurement point were recorded by an
FFT analyzer. Figure 5 shows the experimental results of FRF and the index J; (I =7,
ne, =9 for w < 200). It can be seen that the J; value of case (b) (Figure 4(b)) is smaller than
that of case (a) (Figure 4(a)). This means that when the sensor locations are arranged
according to the method of robust determination of sensor locations presented in this paper,
better control effect can be achieved than with the conventional sensor location assignment

To investigate the influence of noise on the OSLs, the SCNs of different combinations of
sensor locations for the noise-free case x(Hy_ ) and the noisy case x(H, _ ;) are calculated
for comparison. In order to acquire the noisy data, random noise (white noise) was
generated by the analyzer and exerted on the tested structure, and no filter was added to
eliminate the influence of noise during data sampling. In this example, rank(Hy_ ;) = rank
(Hx-1) =32 and || vi—|| = 0-:012 ~ 0; thus, according to the proposition, the determined
OSLs in noise-free cases should be insensitive to the noise. Twenty-four different
combinations of sensor locations were tested. The curves of the SCN for the noise-free and
noisy cases are plotted in Figure 6. It is clear that:

o the SCNs «(H, _ ;) for the noisy case are larger than the SCNs «(H, _ ;) for the noise-free
case;

« for noise-free data, the curve reaches its minimal value ([x(Hy- )], = 110-3) at point
a (solid line), i.e., for that combination of sensors (case 11, the sensor locations are
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Figure 6. SCN versus different combinations of sensor locations: + , noisy data; A, noise-free data.

indicated in Figure 4(b)), the OSLs will be obtained. For noisy data, a similar result can be
obtained at point b ([ (H_ ;)]min = 122:7), i.e., the OSLs are the same for both noise-free
and noisy cases. This shows that the experimental results are consistent with the
theoretical analysis.

4.2. FOR DAMAGE DETECTION

To determine the damage location and analyze the sensitivity of sensor locations on the
detection results for systems with parameter variation, the damage indices f§, and Epr need
to be computed. In this example, two thin steel plates with the same dimensions in length
and width, but different thicknesses are taken to simulate the nominal system (h = 0-6 mm)
and the system with parameter variation (h = 0-7 mm). The schematic diagram of the tested
structure with damage is shown in Figure 7. There is a damaged area in element 8 for both
plates.
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Figure 7. Tested structure for damage detection. Case 1: h = 0-6; case 2: h = 0-7 (unit:
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Figure 8. The results for damage indices f3, and ,gp, (pr=1,...,25).

According to equations (24) and (35), the computations of 8, and ﬁpr and related to the
curvature mode shapes of the nominal and variational systems, and the parameters mn and
p,. Here, mn =4 and p, = 25 are selected. The data of excitation and responses at 16
measurement points for the intact and damaged structures in the following two cases are
sampled respectively: (1) with & = 0-6 mm, (2) with & = 0-7 mm, and then analyzed to give
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the first four mode shapes and their curvature modes using the modal analysis software and
mathematical processing. Figure 8 shows the results of f, and f8, . It can be seen that:

o for the nominal system (h = 0-6 mm), $, # 0. 8, achieves its maximum at the damaged
area (element 8), i.e., B3 = 1-47; in contrast, at the undamaged area, f§, is at a low level.
This means that the damage index derived from curvature mode shapes is effective in
damage detection;

o for the system with parameter variation (h = 0-7 mm), the location where the peak of
ﬁpr appears is the same as that for the nominal system, i.e., also at element 8 and Bs = 1:62;

o the trend of curves for 8, and f3, shows good correspondence for these two cases, i.e., the
detection result obtained from the nominal case is insensitive to the system’s parameter
variation.

5. CONCLUSIONS

Sensitivity analysis of sensor locations is significant for the vibration control and damage
detection of thin-plate systems. This paper investigates these problems systematically. In the
case of vibration control, the influence of parameter variation can be eliminated by the
robust determination of sensor locations so that the condition J,>1 is satisfied. Among
these sensor locations, the OSLs are obtained by minimizing the SCN of Hankel matrix
H;, _ ;, which is constructed from the measured data. Using the matrix perturbation theory,
the effect of noise on the determination of OSLs is discussed, and the sensitivity of the OSLs
to noise depends on the variance of noise and the ranks of H,_; and H,_ ;. In the case of
damage detection, the index 8, for nominal cases (or Em for variational cases), derived from
the change of curvature mode shapes, is effective in detecting damage locations. The
sensitivity analysis of sensor locations on the detection results for the system with parameter
variation is discussed, and the relationship between f, and ﬁpr is given. Experimental
studies show good agreement with the theoretical analysis.
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