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ABSTRACT developments of structural health monitoring system
These patches offer many advantages, among of them:
In structural health monitoring, features extractio lightweight properties, relative low-cost and cae b
from measured data plays an important role. Inrotale  produced in different shapes. Recently, (Su e2@06)
enhance information about damage, we propose $n thihave developed a sensor network for SHM using
paper, a new damage detection methodology, based quinted circuit to embed piezoceramic patches @to
the Hilbert transform and multivariate analysisirdds composite structure.
measurements given by distributed sensors of atsmar Damage is a structural state which is differeotrfr
composite structure, we apply the Hilbert transfaom a reference state that is healthy. A damage esemoti
calculate an envelope matrix. This matrix is themted  meaningful without comparisons between two différen
using multivariate analysis. The subspaces assgactat  structural states. The greatest challenge is ter&so
the envelope matrix are used to define a damagexind what changes are sought in the signal after theepoe
(DI). Furthermore, from perturbation theory of of damage. Features extraction is therefore a tegyin
matrices, we propose a bound associated to thigyDI, the processing of signal sensor. In SHM, feature
inspecting this bound, decision on the health & th extraction is the process of identifying damage-
structure is generated. Experimentation on an hctussensitive properties derived from the measured
composite smart structure will show the effectivene response data of a smart structure; it servesdicaitor
of the proposed approach. to describe the damage and its severity. Thesactztt
features are termed as damage index (D). Recdhdy,
method of empirical mode decomposition (EMD) and
1. INTRODUCTION Hilbert transform have been applied in SHM, (Huahg
Composite structures have been increasinglyal- 1998). By applying EMD and Hilbert transforman
adopted by the aviation community to provide high measured data, (Yang et al. 2004) have developed a
performance, strength, stiffness and weight redacti method to detect the damage time instant and damage
One of the major concerns associated with compositelocation, in addition they propose in others wothe
is the susceptibility to impact damage,(Staszewskidentification of linear structure using the EMDdan
2002). Impact damage may occur during manufacturetilbert transform, (Yang et al. 2003a; Yang et al.
service or maintenance. Low-velocity impacts aterof 2003b).
caused by bird strikes, runway stones and toolslrop  In recent years, techniques based on multivariate
during maintenance. Impacts can induce serioustatistics have been also applied in SHM. As theena
damage to composites such as delamination, matdx a implies, multivariate analysis is concerned witre th
fiber cracking. Faced with these various damages, @nalysis of multiple measurements from sensors and
structural health monitoring system (SHM) is neededtreats them as a single entity. There are two major
and if possible in real time. multivariate techniques in SHM, principal comporsent
SHM methods are implemented on structuresanalysis (PCA) and independent components analysis
known as "smart structures”, (Giurgiutiu et al. 2p0  (ICA). These techniques serve two purposes, namely
These structures consist of a network sensors an€@rder reduction and feature extraction by revealing
actuators and offer a monitoring capability forl+éme structure hidden in the measurement, (Kerscherl. et a
application. Recently emerged piezoceramic patche€005). By applying a PCA on the sensor time
have the potential to improve significantly responses, (De Boe and Golinval 2003) have develope



a damage index based on angle between subspace abthe middle of the plate. Figure 3 shows thetlooa
detect and locate damage, in addition (Hajrya et alof this impact damage.
2011) have applied the same principle and theyqeep The input excitation generation and the data
a bound based on correlation coefficient thatacquisition were made using a commercial system
automatically decides if a composite structure ris i dSPACE ®. The input excitation consists in a signal
healthy or damaged state. Using independenpulse with 1ms width. Signals were acquired with
component analysis combined with artificial neural sampling frequency; = 100 kHz, time duration was
network, (Zang et al. 2004) have used a mixing imatr T = 0.65s and N = 2!® time samples were recorded
which is extracted from ICA to detect and locate for each channel: one corresponding to the exaitati
damage. applied to the PZT actuator and the others contten
In this work, we propose an original damage indexmeasurements collected by the PZT sensors. Figure 4

(DI) based on the calculation of an envelope matrix shows the time responses of sensor PZT 7 in threeafas
This matrix is built using the Hilbert transform tdihe  the healthy and damaged plate while we have uséd PZ
response matrix measurements. Furthermore, fronl0 as actuatoi,e. (Path PZT 10-PZT7): only the 512
perturbation theory of matrices, we define a botirad  first samples are displayed.
automatically decides if the composite structurenis

healthy or damaged status. 3. MATHEMATICAL FORMULATION

The paper is organized as follows: In the next

section the experimental test is presented. In@sed&; 3.1 Hilbert transform
the mathematical formulation of the Hilbert transfio ) ) ) _
and the multivariate analysis are briefly describied The_ Hilbert transform of an arbitrary signalt) is
section 4, our methodology for damage detection isd€fined as, (Bendat and Piersol 2000):

resented. In section 5, the proposed damage ietect N oy
gcheme is applied on an efpe?imental Iabgratory tes yO=Hly®l = f—w n(t-u) (1)

bench. Finally, qonclusions and further direct'imriﬂ Equation (1) is the convolution integral ¢f¢) and
'tl)le dI’aWI’(lj In SﬁCt'Onde'er?m termst,J t?ble a;]nd Q& (1 /71) and it performs @0° phase shift or quadrature
illustrated at the end of the paper before theresiees. filter to construct the so-called analyti€t) expressed

by:

2. EXPERIMENTAL TEST BENCH 2(0)=y(t) + j5(t) )
The structure employed consists of a piece Oquuation (2) can also been written as follow:
composite fuselage; it was manufactured by INEO 2()=e(t) - e/0® 3)

DEFENSE which is a partner in the MSIE research

program. The structure consists of a carbone-epoxwhere

composite plate with dimension@t00 x 300 X 2mm) e(t) is called the envelope signal »ft) ando(t) is
and it is made up of 16 layers. The layers sequencecalled the instantaneous phase signay @), we have
are: [0%,+45%,-45%, +90%, -90%, -45%, +45%, 0°%]. the relations:

The properties of the composite plate are detaited e(t) = /y2(0) + 72(0)

table 1. Using a modal approach, we have perforimed 4)
a previous work, (Hajrya et al. 2010), an optimal 0(t) = tan~1 [@

placement of ten piezoceramic patches (figure Zh w y(t)

dimensions (30 x 20 x 0.2 mm). The piezoceramic i o
patches are made on lead zirconate titanate (PzT) N€ envelopee(t) depicts the energy distribution of
Figure 1 is a diagram and it shows the positionthef ~»(t) in the time domain..
ten PZT in the composite plate. It is to be noteat tn In practice, t_he da_ta are discretized in time, Iet:_
our work, only nine PZT are used (PZT 6 is not take X(k) be a discretized measurement vector at ingtant
into account in thedlamage detectionmethodology). from n, PZT sensors, that are instrumented in the
Sensor PZT 6 will be used in another work $ensor ~ composite smart structure:
fault detection. T

Figure 2 shows the experimental smart composite yl) = [yl(k) - yi(k) "'y"y(k)] ©®)
plate and it was used as baseline for damage aetect The data matrix of measuremeiyte R™*N
In order to develop a damage detection methodologyN
we have used a second composite plate with the same
dimensions and numbers of PZT (at the same logation Y= [X(l) "'X(k) "'X(N)] (6)
but, in this plate, impact damage was produced
throwing a ball at high velocity: the damage isaliza

gathering
samplei(k)(k =1,...,N) is defined as follows:



In our case of study, we havg = 8,N = 2'%,n, « The SVD of the matrixE provides important insight

N. about the orientation of this set of vectors, and
The matrixY has been autoscaled by subtracting thedetermines how much the dimension Bf can be
mean and dividing each line by its standard demiati ~ reduced, (Kerschen et al. 2005). One way to rethee

For sensof and instank, the analytic signat;(k), the  dimension ofE is to takethe sum of all singular values
envelope signale;(k) and the instantaneous phase then to delete those singular values that fall wedome

0;(k) are given by: percentage of that sum, (De Boe and Golinval 2003).
our work, we have decided to fix a percentage sfim o
z(k)=y; (k) + j: (k) (7 98%.
N According to this, the SVD of matriE take the
ei(k) = |y?(k) + y7 (k) (8)  following form:
5. (k E=[U; U]- Vi V]
0,(k) = tan™? [y ‘(k)] (9) 0 L (14)
yi( ) — E1 + EZ
Using Eqg. (8), we define the envelope veattk) at  \here:
instantk for then,, sensor: . U, € R*"PoM [, € R"Pom*npom Y, € RN*"Pom
e(k) = [31(k) - e; (k) ---eny(k)] (10) U, € Rnyx(ny—nPOM),[‘z € R(y-npom)x(ny-nrom)

. ) V, € RNx(ny_nPOM),
For example, the corresponding envelope signal of, s the retained dimension after reduction.
sensor PZT 7 in the case of healthy and damagegne columns of the matril, are called the principal
structures are depicted in figure 5, only the 5t&tf |4 singular vectors and the columns of the ma¥ix

samples of the envelope signals are displayed. _are called the principal right singular vectors.
Accordlng to Eq. (10), we define the enveIoSe mwatri Analogously, the columns of the matiik, are called
NnyX 1 ny X .
E € R™*" of the matrix measuremerifss R™*" by: the residual left singular vectors and the columinge
matrix V, are called the residual right singular vectors.
E=[e(1)e(k)e(N)] 11)
This envelope matriE gathersN samplese(k), (k = 4. DAMAGE DETECTION METHODOLOGY
1,..,N):

The presence of damage in the structure cause
change in the stiffness and mass matrices.
Consequently, damage will introduce change in the

As stated in section 1, multivariate analysisresponse of the measurement sensor and the matrix
concerns the analysis of multiple measurements fronmeasurementsy, see (Hajrya et al. 2011) for the
sensors and treats them as a single entity. Irwouk, demonstration. Hence, the envelope maRixs also
the single entity concerns the envelop matke modified. Figure 5 depicts the corresponding emelo
R™*N, One way to study the matri& is to use the signal of sensor PZT 7 and one can see that teege i
singular value decomposition (SVD), (Golub 1983): significant difference in the envelope signal ok th
The matrixE € R™*N admits two orthogonal matrices: healthy and damaged structures.

3.2 Multivariate analysis

U= [Ep"',ﬂny] € R 12) 4.1 Damage index
V= [171 v ]e RN*ny Let ES,E*e R»*M pe respectively the envelope
— =y matrices of the healthy and unknown structures.
such that According to section 3.2, there SVD is defined as
follow:

r=u’-Y-V=diag(s,,0,)

r; 0
s — N s1.171 . Tvs S1T
p = min{n,, N} =n, (13) E°=[Uf Uz]-|, FZS] [Vi V] (15)
—_ N S
Ur-U=1,,V' V=1, =E; +E
r‘“ o
wherel' € R™»*™ is the matrix of singular values, the ~ E*=[U} U3]- [6 l-u] v T (16)
columns of the matrixU € R™*"™ contain the left = E¥ +2E;‘

singular vectors and thecolumns of the matrix
V € RM*™ contain the right singular vectors.



We suppose that the dimensions of all components invhere

Eqg. (15) and (16) are equals to those in Eq. (14).

In our methodology, we are interested in studyimg t
principal left and right singular vectors.

Let:

UF = [ufy w3 - uin,p | € R™XWPOM, - be  the
principal left singular vectors of the healthy stnar
structure,

Vi = [vd) v Vingoy | € RV¥POM,  be  the
principal right singular vectors of the healthy stna
structure,

Ui’t = [Ezfl '“E;.Li '"E‘i‘nPOM] € RnanPOM’ be the
principal left singular vectors of the unknown stnar
structure,

Vi = (vl o vy v, ] € RVPOM, e the
principal right singular vectors of the unknown sma
structure.

We define the angle betweer); andu}; and the angle
betweerv;; andv}; as, (De Boe and Golinval 2003):

lcos il = |(uf )] = | ()" -
Y; = cos”Hcosyyl, P € [O'g]
r 17)
lcos o] = ()] = |(@)" - v
s
@; = cos™1|cos ¢;], @; € [O'E]

According to this, we define two angle vectgrand
D by:

ﬂ = [lpl ltbl ”'lzanOM]T'g = [<p1 Qi ‘PnPOM]T

We propose the following new damage index DI

DI =\]||sin£”z+||sing||z (18)

Theoretically, when the current state is healttmgnt
the damage indeRI is null, but if the current state is
damaged, then the damage index is different fram. ze

In order to improve the damage detection methodolog
under experimental conditions, we define in thetnex

subsection a bound associated to the DI and iased
on the work of Wedin, (Wedin 1972).

4.2 Definition of a bound for the damage index

Wedin have studied the perturbation of matrices

using subspaces. Our contribution in this subsedso
to extend the theoretical work developed by Wedin i
the case of experimental SHM system.

Define first a new envelope matr¢ € R™*V of the
healthy smart structure:

ES = ES + GES (19)

SES € RW*N is a matrix which reflects the effect of
noise in an experiment.

According to subsection 3.2, the SVDEY andE® are
defined as follow:

ES = [US U3 Fls 0 [vs o vs T
_[ 1 2] 0 Fzs [ 1 2] (20)
= Ej +E3
SORESUE ) VR | IO
s — s s1.1°1 . [7s s1T
E® = [Ul UZ] [0 fzs] [Vl VZ] (21)
=E} +ES

Let ¥° and @° the two angle vectors, repectively

between the left singular vectors Bf andE*and the
right singular vector&s andE?, these angle vectors are
calculated using Eq. (17) .

According to (Wedin 1972), we define two residual
matricesR;,, R,; as:

Ry, =E- Vi U5 -If = (ES-E°)-V§ (22
= —8ES-V§
Ry = (E5)T- fji - V~1S Tff _ (23)
= ()7 - (B2)") - 0
= —(6E%)" - U
Given, the aforementioned definitions, Wedin’s

theorem sates:

Theorem

If 3 @ = 0 andn > 0 such that
min o(E{) > a +nandmax o(E5) <a
And lety = max \/”Rn”z + [IR34]l2, then

K

2. n
Isin@s], <&
n

||sin Ps

According to this theorem, we define a bohds:
B =12 % (24)

In order to improve the boundB, we maken
experimental tests of the healthy smart structocevee
calculate the mean of the bound:

n
_123
ﬂﬂ—n j
j=1

The detection procedure is as follow

If DI < pug then the unknown smart structure is in
healthy state,

Else the unknown smart structure is in damageé.stat
To summarize the damage detection methodology, we
use the following steps:

(25)



Damage detection methodology

10.

11.

12.

13.
14.

15.
16.

17.

Measure acquisition of the healthy sm
structureyYs,

Repeat: times the experiment for the
healthy smart structur&®, j = 1...n,
Center the data matric¥s, T(js and
normalize them using the standard
deviation,

Using Eq. (8) and (11), calculate the
envelope matriE*andE;,

Using Eq. (13), applied the SVD for
matricesE® andE;,

Reduce the dimension if possible,
Using the Wedin’ theorem and Eq.(24),
calculate the boun#;,j = 1--n,
Calculate the mean boupg =

1yn
n2j=1B)
Measure acquisition of the unknown
smart structur&™,

Center the data matr&* and normalize
it using the standard deviation,

Using Eq. (8) and (11), calculate the
envelope matriE®,

Using Eq. (13), applied the SVD for the
matrix E%,

Reduce the dimension if possible,

Using Eq. (17), calculteos ¥ andcos @
Calculatesin ¥ andsin @ ,

Using Eq. (18), calculate the damage
index DI between the healthy envelope
matrix ES and the unknown envelope
matrix E%,

If:

DI < ug : Then the unknown smart
structure is in healthy state,

Else the unknown smart structure is in
damaged state.

5. APPLICATION TO THE COMPOSITE
SMART STRUCTURE

calculated. Before the calculation of the damagkin
DI and its associated bou®] we have search for each

art state of the composite plate to reduce the dimensio

the envelope matrices. According to the 98%
percentage sum of singular value fixed in subsectio
3.2, we see using figures 6 and 7 that the dimansio

the envelope matrices cannot be reduced, those the

dimension remain:ES,EY € R®2'°. Using the six
experiments of the healthy composite state, thenmea
value of the bound was first calculatgad; = 0.40.

The damage index between the healthy and damaged
composite plates defined in Eq. (18) BI = 3.37.

One can we see that the DI is upper than the mean
value of the bound, then damage is detected. lerdad
illustrate the efficiency of the damage detection
methodology in term of false alarms, we have done
another experiment of the healthy structure whigh i
strictly independent from the others done previpusl

this caseDI = 0.26 and it is lower thapg = 0.4042.

In second step of our application, we have used
PZT 7 as actuator, according to the same methogolog
we have obtained the result depicted in table 3 a
damage inde®I = 3.30, one can we see that the Dl is
upper than the mean value of the boyng= 0.54.

No false alarms were detected.

6. CONCLUSION

In this paper, a damage detection methodology was
developed to enhance feature information about
damage. This methodology is based on the calculatio
of a damage index which consists on comparing
subspaces of the healthy and damaged state ofopevel
matrix. This DI was associated with a bound.

The efficiency of the proposed approach was
successively applied to detect experimentally impac
damage in the composite smart plate. The proposed
method presents a cheap computational cost andsseem
to be well adapted for structural health monitoring
real time application.

For the work under progress, we are investigating
the localization of the impact damage in damaged
composite plate.
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is not taken into account in the damage detection)MAIN TERMS

Following the methodology developed, we have §(b)
performed six measurements for the healthy corrmositz(t)
plate and one measurement for the damaged composigqt)

Hilbert transform of signap(t)
Analytic signal
Envelope signal

plate. Using these measurement matrices, the gmeelo 6(t) Instantaneous phase signal
matrix for each healthy and damaged state was



n,, Number of sensors in the composite smart structure
N Number of samples
y(k) Measurements vector at instént

Y Matrix measurements

e(k) Envelope vector

E  Envelope matrix

ES Envelope matrix of the healthy structure

s Envelope matrix of a second experiment of the
healthy structure

T

E* Envelope matrix of the unknown structure

U  Matrix of left singular vectors

V  Matrix of right singular vectors
Angle vector between the left singular vectors _. . .

L4 g . g . Figure 2 Healthy composite plate bonded with tefi PZ
of the healthy matriES and unknown matrix atches
E* P

@ Angle vector between the right singular

vectors of the healthy matri&® and unknown
matrix E%,
P° Angle vector between the left singular vectors

of the two healthy matricel’® ES

@° Angle vector between the right singular
vectors of the two healthy matricE$ ES

DI Damage index

B Bound of the damage index

us Mean value of the damage index

8Y* Matrix of noise

Y" Transpose of matriy ; s

j Imaginary number

R  Set of real number

Figure 3: Impact damage in the composite structure

Impulse response of path: Actuator PZT 10-Sensor PZT 7
15

—Healthy smart composite structure
=—=Damaged smart composite structure « impact »
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Figure 1: Placement of the PZT in the compositéepla



Envelope signal of path: Actuator PZT 10-Sensor PZT 7
T

T T T T T
=—=Healthy smart composite structure
D) amaged smart composite structure « impact »
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Table 1 Mechanical property of the carbone-epoxy
composite plate

Property El E2=E3 | G12=G13 G213

Unit Gpa Gpz Gpz Gpz - - kg/m:

Value | 1277 17 5712 1814 0.318 0.38 1548

Table 2 Result of the damage detection in the chse
the use of actuator PZT 10

Damage plate | 3.37 0.4042
Safe plate 0.2602 0.4042

Figure 5: Envelope signal of the healthy and dardage Table 3 Result of the damage detection in the chse

structures: path: Actuator PZT 10-Sensor PZT7

the use of actuator PZT 7

Normalised singular values

a
Component number

Figure 6: Order reduction of the healthy smartcitme

Damaged smart composite structure

T T T
Il Normalised singular values
===percentage of 98

1

Normalised singular values

1 2 3

4 L] g 7 8
Component number

Figure 7: Order reduction of the damaged smart
structure

Healthy smart composite structure D IPOD B
- I_i - | | Damage plate | 3.3056 0.5374
—poreentage g Safe plate | 0.2190 0.5374
REFERENCES

Bendat, J. S., and Piersol, A. G. (2000). "Randeta:d
analysis and measurement procedures." New York,
NY: Wiley-Interscience.

De Boe, P., and Golinval, J. C. (2003). "Principal
component analysis of a piezosensor array for
damage localization." Structural Health Monitoring,
2(2), 137-144.

Giurgiutiu, V., Zagrai, A., and Bao, J. J. (2002).
"Piezoelectric wafer embedded active sensors for
aging aircraft structural health monitoring."
Structural Health Monitoring, 1(1), 41-61.

Golub, G. H. V. L. C. F. (1983). "Matrix computatit
Johns Hopkins University Press, Baltimore.

Hajrya, R., Mechbal, N., and Vergé, M. (2010). "iet
Damage Detection and Localization Applied to a
Composite Structure Using Piezoceramic Patches."
Conference on Control and Fault-Tolerant Systems.
Nice, France.

Hajrya, R., Mechbal, N., and Vergé, M. (2011). '{&D
Orthogonal Decomposition Applied to Structural
Health Monitoring." IEEE International Conference
on Communications, Computing and Control
Applications. Hammamet, Tunisia.

Huang, N. E., Shen, Z., Long, S. R., Wu, M. C.,nSni
H. H., Zheng, Q., Yen, N. C., Tung, C. C., and Liu,
H. H. (1998). "The empirical mode decomposition
and the Hubert spectrum for nonlinear and non-
stationary time series analysis." Proceedings ef th



Royal Society A: Mathematical, Physical and Nazih Mechbal was born in Morocco, on 18 March
Engineering Sciences, 454(1971), 903-995. 1971, he is an associate professor at the labgrator
Kerschen, G., Golinval, J. C., Vakakis, A. F., andProcesses and Engineering in Mechanics and
Bergman, L. A. (2005). "The method of proper Materials (PIMM-UMR CNRS) at the engineering
orthogonal decomposition for dynamical school Arts et Métiers ParisTech (ENSAM) of Paris,

characterization and order reduction of mechanicalvhere he is member of the control and supervising

systems: An overview." Nonlinear Dynamics, 41(1- téam. He received his PhD degree in robotics frioen t

3), 147-169. ENSAM Paris in 1999. His research interests include
' structural health monitoring, robust fault detectend

Staszewski, W. J. (2002). "Intelligent signal prssing diagnosis, active control and robotics

for damage detection in composite materials.

gé)(r)nposnes Science and Technology, 62(7-8), 9413 -y, Vergé was born in France, on 09 July 1950; he

is a professor on control and supervising at the
SU’Z%'66W?296 Xlt Chetf" Z, Ye, L"t ani Xvaﬂdgﬂ’af' laboratory of Processes and Engineering in Meckanic
( : )', ulft-in active sensor networ "or and Materials (PIMM- UMR CNRS) of Arts et Métiers
monitoring  of =~ composite  structures.”  Smart pyisTech (Paris, France). He obtained HDR at Nancy

Materials and S:[Iructures, 15(6), 1939-1949.  University (France) in 1991. His research interests
Wedin, P. (1972). "Perturbation Bounds in Connectio focys on the fault detection methods and structural

with Singular value Decomposition.” Numerical health monitoring.
Mathematics, 12(1), 99-111.

Yang, J. N., Lei, Y., Lin, S., and Huang, N. (2004)
"Hilbert-Huang based approach for structural
damage detection." Journal of Engineering
Mechanics, 130(1), 85-95.

Yang, J. N., Lei, Y., Pan, S., and Huang, N. (2003a
"System identification of linear structures based o
Hilbert-Huang spectral analysis. Part 1: Normal
modes." Earthquake Engineering and Structural
Dynamics, 32(9), 1443-1467.

Yang, J. N., Lei, Y., Pan, S., and Huang, N. (2003b
"System identification of linear structures based o
Hilbert-Huang spectral analysis. Part 2: Complex
modes." Earthquake Engineering and Structural
Dynamics, 32(10), 1533-1554.

Zang, C., Friswell, M. I, and Imregun, M. (2004).
"Structural damage detection using independent
component analysis." Structural Health Monitoring,
3(1), 69-83.

AUTHORS BIOGRAPHIES

Rafik Hajrya was born in Algeria, on 07 November
1984; actually, he is a PhD student at the laboyaib
Processes and Engineering in Mechanics and
Materials (PIMM-UMR CNRS) of Arts et Métiers
ParisTech (Paris, France). He obtained: a Diploma i
electronic-control engineering at the University of
USTHB (Algiers, Algeria), a Master degree in Roboti
and intelligent system at the University of Parit V
(Paris-France). His research interests focus on
structural health monitoring of composite smart
structure in particular damage detection using aded
signal processing.



