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Structural Damage Detection Using Virtual Passive Controllers
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Novel approaches are presented for structural damage detection that use virtual passive controllers attached to
structures, where passive controllers are energy dissipative devices and, thus, guarantee closed-loop stability. The
use of the identified parameters of various closed-loop systems can solve the problem that the reliable identified
parameters, such as natural frequencies, of the open-loop system may not provide enough information for damage
detection. Only a small number of sensors are required for the proposed approaches. The identified natural fre-
quencies, which are generally much less sensitive to noise and more reliable than the identified mode shapes, are
used for damage detection. Two damage detection techniques are presented. One technique is based on structures
with direct output feedback controllers, whereas the other technique uses second-order dynamic feedback con-
trollers. A least-squares technique, which is based on the sensitivity of natural frequencies to damage variables, is

used for accurately identifying the damage variables.

Introduction

ELIABLE and efficient techniques for health monitoring and

damage detection of large structures, such as spacecraft and
aircraft, are essential for safe operation, maintenancecostreduction,
and failure prevention. In the last decade, various vibration-based
methods have been proposed.'~® These methods are more globally
sensitive to damage than localized conventional methods such as
ultrasonicand eddy currentmethods.” However, the vibration-based
algorithms developed so far cannotbe considered very efficient and
effective. For example, the widely used finite element (FE) model-
update techniques'-? require many sensors to measure mode shapes,
but the number of sensors is limited in practical applications.

In general, the identified mode shapes are much more sensitive
to noise and environmental uncertainty than the identified natural
frequencies. On the other hand, the natural frequenciesare sensitive
to structural damage, such as stiffness loss and cracking. Thus, the
identified naturalfrequenciesare more reliable for damage detection
than the identified mode shapes. In real applications, the identified
naturalfrequenciesof the open-loop system may not provide enough
informationfor damage detectionbecause the number of the reliable
natural frequencies may be smaller than the number of the possi-
ble damage elements. To solve this problem, some researchershave
proposed the use of the “twin” structures, where a structure is at-
tached to the tested structure, for damage detection®° The concept
of physical attachmentof structures may limit the application of this
technique.

In this paper, we use the natural frequencies of the closed-loop
systems with virtual passive controllers'®!! for structural damage
detection. Recently, various techniques for the passive controller
applicationshave been developed.!~!* When a virtual passive con-
troller is applied to a flexible structure, the system is almost al-
ways augmented with damping regardless of the system size. In
theory, no matter what happens, the controller, which resembles a
mass-spring-dashpot, will not destabilize the system because it is
an energy dissipative device. In performing the damage detection,
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the virtual passive controller only uses the existing control devices,
and no additional physical elements are attached to the system. The
proposed techniques have the advantages of flexibility of controller
design and placement.

In this paper, two damage detection techniques based on differ-
ent control techniquesare proposed. First, considerthe direct output
feedback,implying the absenceof the dynamicsin the feedbackcon-
troller. In this circumstance, the number of the natural frequencies
of the closed-loop system is the same as that of the open-loop sys-
tem. Second, assume that the feedback controller contains a set of
second-order dynamic equations. It is equivalent to visualize a vir-
tual passive damping system, that is, the feedback controller, that is
linked side by side to the real flexible body. In other words, two sets
of second-orderdynamic equationsare coupledto generatea closed-
loop system. The number of natural frequencies of the closed-loop
system is the summation of the order of the open-loop system and
the order of the controller.

Inonlinehealthmonitoring, first, systemidentification techniques
are used to process experimental data to obtain the identified nat-
ural frequencies of open-loop and closed-loop systems. Then, a
least-squares technique, which is based on the sensitivity of nat-
ural frequenciesto the variables of damage, is used for detecting the
damage variables. Examples are given to demonstrateand verify the
presented approaches.

Direct Output Feedback

In this section, we present a damage detection algorithm that is
based on a system with a direct output feedback controller. In the
analysisand design, the second-orderdynamicequation of structural
vibration is used,

Mx + Dx + Kx = Bu 1)

)

Herex is an n x 1 displacementvector,and M, D, and K are mass,
damping, and stiffness matrices, respectively. In the measurement
equation, y is the ¢ x 1 measurement vector, and C,, C, and C,
are acceleration, velocity, and displacementinfluence matrices. The
measurement equation may be used either directly or indirectly for
a feedback controller design. Here we use the direct feedback, and
the input vector u is

y :Cajé—f—Cvfc-f—Cdx

u=—-Fy=—-FCx— FC,xx— FCux 3)
Substituting Eq. (3) into Eq. (1) yields
(M+ BFC)X+ (D+BFC)x+(K+BFCy))x=0 (4)
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In this paper, the changes of the identified natural frequencies of the
tested system are used for damage detection.

To illustrate the approach, consider the eigenvalue problem of a
second-order dynamic system without a damping term. The eigen-
system of the open-loop system can be written as

[wZM@) +K@]¢p, =0 3)

where wy, is the ith natural frequency corresponding to the ith
eigenvector ¢; and z is the vector of damage variables such as the
stiffness losses of elements. The r-dimensional damage vector z is
defined as

2=l z ... z]" 6)

where z; is the ith damage variable, for example, the value of z; is 1
when the ith element has 0% stiffness loss and the value of z; is 0.5
when the ith element has 50% stiffness loss. The natural frequency
vector of the open-loop system is defined as

wo = [wo wer ... wol 7

There are n natural frequencies for this second-order dynamic sys-
tem. The number r of the damage variables may be larger than n.
In this situation, the use of the natural frequencies of the open-
loop system may not provide enough information to identify the
r-dimensional damage vector z. To solve this problem, we include
the identified natural frequencies of the m closed-loopsystems with
different direct feedback controllers. The eigensystem of the jth
closed-loop system is expressed as

[(wfi)zM;i(Z) + K/ @]p =0 )

where w; is the ith eigenvalue of the jth closed-loop system and
M and K; are mass and stiffness matrices of the jth closed-loop
system, respectively.Each closed-loopsystemhas n natural frequen-
cies. The natural frequency vectors of these m closed-loop systems
are computed as

Wl = [wl wloo Wl ]T
c cl c2 cn
T
2 _ 2
w, = [wcl We wcn]
W, =W Weo Wen

Then the system natural frequency vector, which includes the open-
loop system and the m closed-loop systems, is defined as

o=l @) @) - @] o

From the Taylor’s series expansion, the natural frequency vector w
can be expressed as a function of damage variables

wiZ+ A7) =wi@) +AR)Az+ - (11)
with
[ awo awo awo ]
0z, 02> 0z,
dw!  dw! dw!
A= 3z 92, 0z, (12)
Jwl W ow?
L azl 812 aZ,- -

where A is the n(m 4+ 1) x r sensitivity matrix of natural frequency
to damage variables. The sensitivity of the closed-loop system can
be enhanced by choosing feedback controllers.'® The number m is
chosen to satisfy the inequality

nm-+1)>r (13)

The linear approximationof Eq. (11) is
w(Ez+ A7) R w() + ARR)Az (14)
Equation (14) can be written as
A@QAZ R wiEZ+ Az) —w@) = Aw (15)

The least-squarestechniquescan be used to obtain the approximated
solution of Az as

Az~ (ATATTATAw (16)

To detectthe damage variablesz;, i =1, ..., r, accurately, we apply
the following procedures:

1) Compute the updated natural frequency vector w (Znew) [from
Eqgs. (5) and (8)] as a function of the updated z,,.,,, Where the initial
Znew Corresponds to the healthy structure.

2) Compute the difference between the identified natural fre-
quency vector w,, which corresponds to the tested system, and the
updated vector w(Zpey ) as

Aw = W, — W(Zpew) (17)

3) Compute the sensitivity matrix A (Zew)-
4) Use the linear approximationto compute the updated variables

Az=(ATATTATAw (18)

Znew = Zold + AZ (19)

5) Check if | Az| < precisionerror specified. If yes, stop; if no, go
to procedure 1.

The parameters used for damage detection are not limited to the
identified natural frequencies. For example, consider an n-degrees-
of-freedomspring-mass systemwith singleinputand/ displacement
outputs. The transfer functions of the open-loop system are

g;(s) = Xn: /.

. , f=1,2,...,1 20
2ot J (20)
i=1 4
where g; is the transfer function correspondingto the jth displace-
ment sensor. The parameter vector of this open-loop system is de-
fined as

Po = [wor woubiy  crr by, e by o bylT
2n
The dimension of the parameter vector p, is (I + 1)n. We can also
include the parameter vectors p., j =1, ..., m, corresponding to

the m closed-loop systems, and then define the system parameter
vector as

T 7 2\ T
P =Py (pc) (pc) (pc) (22)
The augmented parameter vector p can then be used for the identi-
fication of the damage vector z.

In the least-squares procedures, the updated variables in Eq. (19)
can be computed as'’*!

Znew = Zold T 0 AZ (23)
with
Az = (ATA)'AT Aw

where « is the learningrate,'” whichis chosen to make the difference
between the updated w and the identified w, smaller. In the design
process, we choose controllers and the number of the closed-loop
systems to make AT A full rank without ill condition. Other opti-
mization techniques, such as Newton’s method and the conjugate
gradient method,'”'® can also be applied to compute the solution of
z and solve the problem of the singularity of AT A.

Controller with Second-Order Dynamics
In this section, we present a damage detection method in which
the feedbackcontrolleris describedas a set of second-orderdynamic
equations
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MC'.X’.'C + DC'*"C + KCxC = BCuC (24)

Ye = Cac-.x:c + Cvcxc + Cdcxc (25)

Here x, is the controller state vector of dimension n., and M., D,

and K. are the controller mass, damping, and stiffness matrices,

respectively. The quantities M., D, K., C,., C,., and C,. are the

design parameters for the controller. Let the input vectors # and u,
be

u=y.= Cac-.x:c + Cvcxc + Cdcxc (26)

u.=y=0Cx+Cyx+ Cyx @7

Substituting Eq. (26) into Eq. (1) and Eq. (27) into Eq. (24) yields

Mx, + Dix, + Kix, =0 (28)
where
w_| M —BC. b P —BCu 29)
"~ |-B.Cc, M. |’ " |-B.C, D,
c_| K -BC [« 30)
Tlope, k|0 YT |k

In the controller design, M., D., K, C,, C4., and C,. are chosen
such that the closed-loopsystemis stable.'®!! This closed-loopsys-
tem has n + n. natural frequencies. For damage detection, we use
the identified natural frequenciesof m closed-loopsystems with dif-
ferent controllers, where the dimension of the controllerstate vector
x. is assumed to be a constantn, for simplicity of presentation. The
vectors of natural frequencies of these m closed-loop systems are
computed as

1 _ [ 1 1 1 ]T
W, =W Weo wc.n+m
T
2 __ 2 2 2
wc - [wcl ch wc.ner]
wc - wcl ch wc.ner

Then the natural frequency vector of the m closed-loop systems is
defined as

w=[@) @) - @) (32)

where w is a vector of (n +n.)m dimension. To find the solution
of r-dimensional vector z, here m needs to satisfy the following
inequality

nm+nym=>r (33)

To obtain solutions of the damage variablesz;,i =1, ...,r, we use
the identified natural frequencies of these m closed-loop systems
and apply the least-squarestechnique in the preceding section. The
identified natural frequencies of the open-loop system can also be
included for damage detection, and the parameters used for damage
detection are not limited to the identified natural frequencies.

Spring-Mass Example
A spring-mass system with two degrees of freedom s used for the
study. First, the results with the direct outputfeedback are presented.
Then, the results with the dynamic feedbackcontrollerare discussed.

Direct Output Feedback
Consider a spring-mass system with two degrees of freedom
shown in Fig. 1. The dynamic equation of this system is

m 0 ..X.'l k1+k2 _kz X . 0
[ 0 ’"2} [iz} * [ —ky  ky } [xz} a [1} “« O

Table1 Case 1 of spring-mass system
with direct output feedback

Iteration no. my my ki ko
1 2.9940 0.9980 49.900 79.840
True 2.9940 0.9980 49.900 79.840

Table 2 Case 2 of spring-mass system
with direct output feedback

Iteration no. my my ky ko

1 42087 1.5595 30.733 53.115

2 4.8997 1.9251 30.001 50.324

3 49985 1.9980 30.000 50.001

4 5.0000 2.0000 30.000 50.000

True 5.0000 2.0000 30.000 50.000
k1 k2

u
[m:}—>
|—> —

X4 X2

Fig.1 Two-degrees-of-freedom system.

The values of the four parameters of this system are

m1:3, m2:1, k1:50, k2:80
When the displacement measurement at x, is used, the input # can

be expressed as
u=—cx, (35)
Substituting Eq. (35) into Eq. (34) yields

0 X ki +k —k
my Jfl n 1 2 2 X -0 (36)
0 ms X7 _kz k2 +c X7

In this example, the results are based on the analysis of the open-
loop system and three closed-loop systems with different output
feedback,

u, = _3.X'2, U, = _lon, Uz = —Xp

In the first case, each parameter (m; or k;) has a small reduction of
0.2%. To find the solution of these four parameters, we need to use at
leasttwo systems because the open-loopsystem or each closed-loop
system has two natural frequencies. Table 1 shows the results when
the natural frequencies of the open-loopsystem and the closed-loop
system with the first controller are used. In this minor damage case,
each parameter converges to the true one with a negligible error in
oneiteration. When the natural frequencies of the open-loop system
and three closed-loop systems are used, the results are the same as
that in Table 1.

In the second case, each parameter has a significant change: m,
changes from 3 to 5, m, changes from 1 to 2, k; reduces from 50 to
30, and k, reduces from 80 to 50. Table 2 shows the results when the
naturalfrequenciesof the open-loopsystem and the first closed-loop
system are used. Each parameter converges to the true value after
four iterations when all of the parameters have significant changes.

Controller with Second-Order Dynamics

Consider the preceding two-degrees-of-freedan system with a
two-degrees-of-freedomdynamic controlleras shown in Fig. 2. The
second-order controller design in this case is simply

u =k, —x) (37
where the controllerdynamic equationsof x.; and x,, are solved by
me 0| X n ket ko —ka||xa| [0 ka||x
0 meo][Xa —ke» ke X2 o o X2

(38)
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Table 3 Parameters of two
passive dynamic controllers

Controller m.; me  key ke

1 5 3 200 100
1 3 50 80

Table4 Case 1 of spring-mass system with

dynamic controller
Iteration no. my my ky ko
1 2.9940 0.9980 49.900 79.840
True 2.9940 0.9980 49.900 79.840

Table 5 Case 2 of spring-mass system with

dynamic controller
Iteration no. my my kq ko
1 4.6310 1.5974 17.659 72.878
2 45499 1.8666 25.804 42.743
3 5.0150 1.9941 29.737 49.870
4 4.9999 2.0000 29.999 50.000
True 5.0000 2.0000 30.000 50.000

Fig.2 Two-degrees-of-freedom system with a two-degrees-of-freedom
dynamic controller.

The dynamic equation of the closed-loop system is

m 0 0 0 X

0 ms 0 0 ..X.'z
0 0 my O X
|_ 0 0 0 chJ I_'.x.'CZJ
1+ k2 _k2 0 0 X1
—kz kz + kcl _kcl 0 X2
=0 39
* 0 _kcl kcl + ka _kCZ Xel ( )
0 0 —ke2 ke 1 Lxe

This closed-loop system has four natural frequencies, so that only
one closed-loopsystem is required for obtaining the solution of four
parameters. The results are based on the analysis of two closed-loop
systems with different controllers having the parameters listed in
Table 3.

In the first case, the parameter changes are the same as those in
case 1 of the preceding direct output feedback example. Table 4
shows the results when the natural frequencies of the first closed-
loop system are used. In this minor damage case, each parameter
converges to the true one with a negligible error in one iteration.
When the natural frequencies of both closed-loop systems are used,
the results are the same as that in Table 4.

In case 2 of thisexample, each parameterhas a significantchange,
which is the same as the one in case 2 of the direct output feedback
example. Table 5 shows the results when the natural frequencies of
the first closed-loopsystemare used. All of the parameters converge
to the true values after four iterations when all of the parametershave
significant changes.

Comparing the results in Tables 1 and 4, both techniques can
accurately identify the damage variables in one iteration when the
parameterchanges are insignificant. From Tables 2 and 5, both tech-
niques can successfullyidentify the damage variablesin a few iter-
ations when parameters have significant changes.

Table 6 Case 1 of Euler’s beam
with direct output feedback

Iteration no. 1 True

21 1.0000 1.0000
22 1.0000 1.0000
23 1.0000 1.0000
24 1.0000 1.0000
25 0.9980 0.9980
26 1.0000 1.0000
27 1.0000 1.0000
28 0.9980 0.9980
29 1.0000 1.0000
210 1.0000 1.0000
211 0.9980 0.9980
212 1.0000 1.0000
213 1.0000 1.0000
214 1.0000 1.0000
215 1.0000 1.0000

Table 7 Case 2 of Euler’s beam with direct output feedback

Iteration no. 1 2 3 4 5 True
21 0.9670 1.0101 1.0018 1.0000 1.0000 1.0000
22 0.6375 0.6864 0.6980 0.7000 0.7000 0.7000
23 0.9802 1.0023 1.0046 0.9999 1.0000 1.0000
24 0.5084 0.6012 0.5989 0.6000 0.6000 0.6000
25 0.6846  0.7523 0.7981 0.8000 0.8000 0.8000
26 1.1144 1.0388 0.9950 1.0000 1.0000 1.0000
27 09174 0.9801 1.0017 1.0000 1.0000 1.0000
28 0.6405 0.6925 0.6993 0.7000 0.7000 0.7000
29 1.0857 1.0284 0.9975 1.0000 1.0000 1.0000
210 0.8670  0.9488 0.9998 1.0000 1.0000 1.0000
211 0.8522 0.8255 0.7970 0.8000 0.8000 0.8000
212 1.0392 0.9948 1.0039 0.9999 1.0000 1.0000
213 0.8776  0.9682 0.9952 1.0000 1.0000 1.0000
214 0.5773 0.6071 0.5997 0.6000 0.6000 0.6000
215 0.9764 1.0153 1.0053 0.9999 1.0000 1.0000
. 7
/]
y ; =3 {15
< 7
/]
/]

Fig.3 Cantilevered Euler’s beam.

Euler’s Beam Example

The second structure used for study is a cantilevered aluminum
Euler’s beam, as shown in Fig. 3. The length, width, and thickness
of thisbeam are 1, 0.0254, and 0.000635 m, respectively. The study
is based on the analysis of the FE model of this beam structure.!® For
the structural damage, we consider the stiffness loss of 15 elements
of equal length from the fixed end to the free end. The damage
variables z;,i =1, ..., 15, which correspond to the 15 elements,
are equal to 1 for the healthy structure. If the stiffness reduction of
the ith elementis a %, then the value of z; is 1 — 0.01a. For example,
the value of z; is 0.5, when the stiffness loss of the ith element is
50%.

Direct Output Feedback

In the direct output feedback example, we use two displacement
measurements located at positions 3 and 15, respectively. The first
closed-loopsystem has the collocated output feedback controllerat
position 3. The second closed-loop system has the collocated output
feedback controller at position 15. The natural frequencies of the
first 10 modes of the open-loop system and the two closed-loop
systems are used for damage detection.

Tables 6 and 7 show the results of damage detection for two
different cases. In case 1, elements 5, 8, and 11 each has 0.2%
stiffness loss. The solution of each parameter in the first iteration
converges to the true one. The results in Table 7 show that all of the
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Table 8 Design variables
of controllers

Variable Controller 1 Controller 2

Me 0.08 0.32
me 0.16 0.24
me3 0.24 0.16
Mey 0.32 0.08
ket 70 140
keo 140 70

kes 140 70

kea 70 140

Table9 Case 2 of Euler’s beam with dynamic controller

Iteration no. 1 2 3 4 5 True

21 0.8916 0.9600 1.0015 0.9999 1.0000 1.0000
22 09711 0.6987 0.6933 0.7000 0.7000 0.7000
23 1.0211 1.0596 1.0036 1.0001 1.0000 1.0000
24 0.6541 0.6397 0.5975 0.6000 0.6000 0.6000
25 0.9504 0.8848 0.7915 0.8000 0.8000 0.8000
26 0.9890 0.9576 0.9887 0.9999 1.0000 1.0000
27 0.7979 0.9494 1.0072 1.0000 1.0000 1.0000
28 0.4471 0.6455 0.6984 0.7000 0.7000 0.7000
29 0.7410  0.8829 1.0012 0.9999 1.0000 1.0000
210 0.8122 0.9416 0.9989 1.0000 1.0000 1.0000
211 0.7451 0.7628 0.8034 0.8000 0.8000 0.8000
212 1.0017 0.9552 0.9916 0.9999 1.0000 1.0000
213 1.0535 1.0141 1.0042 0.9998 1.0000 1.0000
214 0.7395 0.6145 0.5922 0.5999 0.6000 0.6000
215 0.9904 1.0583 1.0335 0.9984 1.0000 1.0000

LLLL LS
Ket Ke

Fig.4 Cantilevered Euler’s beam with passive dynamic controllers.

parameters converge to the true ones after five iterations when six
elements have significant stiffness reductions.

Controller with Second-Order Dynamics

Two passive systems, which are spring-mass systems with two
degrees of freedom (Fig. 4), are attached to positions 3 and 15, re-
spectively. The results of damage detectionare based on the analysis
of two closed-loop systems with controllers of different designed
variables as listed in Table 8. The natural frequencies of the first 12
modes of two closed-loop systems are used.

In case 1, elements 5, 8, and 11 each has 0.2% stiffness loss.
Each parameter converges to the true one in one iteration, and the
results are the same as that shown in Table 6. The results in Table 9
show that all of the parameters converge to the true ones after five
iterations when six elements have significant stiffness reductions.

Table 10 lists the first 10 natural frequenciesof the open-loopsys-
tem and the four closed-loop systems, which include the preceding
two closed-loopsystems with directoutput feedback and the preced-
ing two closed-loop systems with passive dynamic controllers. The
naturalfrequenciesof the first three modes have relativelysignificant

Table 10 Natural frequencies of various systems

w;,Hz Open Direct 1 Direct 2 Dynamic 1 Dynamic 2
i=1 02314 0.4074 0.9297 0.0385 0.0576
2 1.4571 1.3465 1.8906 0.6854 0.5064
3 4.1401 4.3181 4.4665 1.5921 1.5126
4 8.3103 8.2954 8.3300 3.5606 3.5784
5 14.1798  14.2440  14.2698 4.6111 4.7958
6 21.9843 219771  22.0034 7.9502 8.1083
7 31.9425  31.9397  31.9570 10.0531 9.9792
8 44.1603  44.1765  44.1789 15.8172 16.7393
9 58.5049  58.5086  58.5024 20.7861 22.0166
10 744921 745023  74.4978 28.6436 26.3393

changes when the displacement output feedback is used, while the
natural frequencies of the high-frequency modes change little. This
may limit the application of the direct output feedback approach
because noise and environmental uncertainty may have significant
effects on the identified natural frequencies of the high-frequency
modes. All of the natural frequenciesof the two closed-loopsystems
with passive dynamic controllers change significantly.

The advantage of direct output feedback technique is its sim-
plicity because the feedback controller is directly from the output
measurements. The use of the controller with a passive dynamic
system has the following advantages: 1) flexibility of adjusting nat-
ural frequencies, 2) variety of choice of passive controllers, and 3)
increase of the number of the effective natural frequencies, which
are reliable in the considered low-frequency range. In real applica-
tions, we can combine these two techniques and use the advantages
of both techniques for damage detection.

Conclusions

This paper presents novel approaches for structural damage de-
tection by adding virtual passive controllers to structures. The con-
troller is passive in the sense that it contains mechanisms that serve
only to transfer and dissipate energy to the system. Stabilization
can be accomplished by a controller with gains interpreted as vir-
tual mass, spring, and dashpot elements. Both damage detection
techniques, which are based on the direct output feedback and the
feedback controller with second-orderdynamic equations, can effi-
ciently identify damage in the presented examples when the damage
variables have minor as well as significant changes. In this paper
only the identified natural frequencies are used for damage detec-
tion because the identified natural frequencies are generally more
reliable than the identified mode shapes. Only a small number of
sensors are required for the presented approaches. The advantage
of direct output feedback technique is its simplicity. The technique
with the controller of passive dynamic system has the advantages
of flexibility and variety. In real applications, one may combine the
advantages of both techniques for damage detection.
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