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Abstract. Early parametric identification is critical for théecision making of repair or
replacement in order to guarantee structural safyadays, aircraft thin-walled structures are
widely applied in aero-/astronautics areas andr thealth conditions receive considerable
attention. Parameter identification in aircraftntiwalled structures is more challenging because
of the structural complexity. In this researcheavrtime-domain analysis method, the sequential
nonlinear least square estimation (SNLSE) methtmhgawith model reduction technique is
proposed to identify the parameters of aircraft-thvalled structures using vibration data, which
is referred to as the reduced order model basedS&ENapproach. Herein, model reduction
technique is used to reduce the number of degifeiesemlom for conducive to the placement of
sensors and high-efficiency calculation by SNLSEhod. Simulation and experimental studies
have been conducted for the parameter identificatfothe aluminum thin-walled structure. As
demonstrated by simulation and experimental resthits proposed approach using incomplete
measurements is very effective in parameter ideatibn of aircraft thin-walled structures.

Keywords. structural health monitoring, parameter identifizat sequential nonlinear least
square estimation, aircraft thin-walled structumedel reduction.

1. Introduction

The structural health monitoring (SHM) methodologffers the possibility to assess the
integrity of a structure without using visual inspens. This is of great advantage especially in
areas where the accessibility of structures is paivided, e.g. aero- and astronautics
applications [1, 2]. One important problem in SHM@darameter identification leading to the
detection of damages [3, 4]. This problem is mohnallenging for the aircraft thin-walled
structures, which have been widely used in aeral astronautics areas as key components,
because of their complex non-linear mechanical gntigs [5]. Herein, aircraft thin-walled
structures have been identified based on an inatmpheasurement approach.

For the on-line or nearly on-line identification structural parameters based on vibration
data, various time-domain analysis approaches bhaea proposed in the literature [6, 7]. In
particular, the methods of least square estimafi®E) [8, 9] and the extended Kalman filter
(EKF) [10, 11] can be used to identify constantiesysparameters, without the requirement for
accurate modal parameters. However, for practipplieations of LSE, acceleration responses
are measured on-line, and velocity responses apladement responses are usually obtained
through a single numerical integration and a dowblemerical integration from the acceleration
data respectively, which can cause a significamherical drift that is also magnified seriously
when a damage occurs, and it is difficult to remdwe drift on-line. Furthermore, due to the
linearization of the state equation, resulting hie fact that some identified parameters may
easily lie on the imaginary axis, the EKF solutiormy become unstable. Besides, the EKF
solution may not converge if the initial guesseshef parametric values are outside the region of
convergence. In order to eliminate these drawbaeksiew approach, referred to as the
sequential nonlinear least square estimation (SNlspproach, has been proposed recently [12].
In SNLSE approach, the unknown parameter vectortiaadinknown state vector are estimated
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sequentially in two steps. Herein, SNLSE approaalsid to identify the stiffness parameters of
aircraft thin-walled structures.

Recently, aircraft thin-walled structural conditsohave received considerable attention [13].
The need to identify the physical properties ofcraift thin-walled structures given its
force-response relationship is driven primarily tine approximate solution models, such as
finite element models. Further, the selected finleanent models should be able to represent the
real structures as accurately as possible [14, G8herally, a finite element model involves a
large number of degrees of freedom (DOFs) and reguia large number of sensor
measurements, especially in some complex structtt@sever, due to practical limitations, it
may not be possible to install enough sensors ik Skistem to measure all the responses at all
the DOFs. Furthermore, some locations are hardstali sensors, and some vibration responses
are difficult to measure, such as the rotationakkaration at a nodal point. Consequently, it is
highly desirable to develop an incomplete measunénechnique to reduce the number of
sensors required in SHM system and to avoid sorffcudi measures. Herein, the static
condensation technique is used to reduce the dioren$ finite element models leading to the
parameter identification based on incomplete measents [16, 17].

In this research, a new time-domain analysis metktoel sequential nonlinear least square
estimation method, along with model reduction tégha is proposed to identify the stiffness
parameters of aircraft thin-walled structures usiuifyyation data, which is referred to as the
reduced order model based SNLSE approach. Fimstbdel reduction technique is used to
reduce the number of DOFs for conducive to theefant of sensors. Then, parameters are
identified based on SNLSE method in the reduced ahdor high-efficiency calculation.
Simulation and experimental studies have been aadufor parameter identification of an
aluminum thin-walled structure. Simulation and expental results demonstrate that the
identified stiffness parameters are consistent wlith finite element method (FEM) values,
which confirms that the proposed approach usingrimdete measurements is very effective in
parameter identification of aircraft thin-walledwsttures.

2. SNL SE approach based on model reduction

In this section, a theoretical derivation of SNL&Rproach based on model reduction is
presented. The equation of motion (FBOF non-linear structure can be expresses as

MX(t) + F[X(O] + F (9] = () 1)

in which  x(t) =[x,(t), X,(t),..., X, (t)]"= s-displacement vector;M =(sxs) mass matrix;
E[_)’((t)]= s-damping force vector;E[g(t)]= s-stiffness force vector;f (t) = excitation vector;
= excitation influence matrix. In what follows, thelt face letter represents either a vector or
a matrix.

The acceleration vectoi(t) =[%,(t), X,(1),..., . (t)]" in Eqg. (1) is divided into two vectors,
T, in which  X(t)

sm]
S-m ’

denoted by X(t)=[X,%,,---,X,]" and X (t)=[X,X,,---,X
(i=12,..m) and X (t) (i=1,2,...ms) are known (measured) and unknown (unmeasured)
acceleration responses, respectively. Heréift) considered as main DOFs could be measured

by fixed sensors, andX (t) regarded as secondary DOFs is reduced using thiic st
condensation technique [16, 17]. Then, the redocddr equation of motion can be expresses as

M (1) + F.[X(0] + FL (9] = »f() ()
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in which M =(mxm) mass matrix; F[X(f)]= mdamping force vector; F[x(t)]=
m-stiffness force vector. The acceleration respong@3 and the excitation forced (t) are
measured, and the unknowns to be identified aresthte vector X =[x",x"]", including

displacement and velocity vectors, and the paramegctor 0 =[6,,0,,---,0,1", involving n

unknown parameters of the structure, such as stiindamping, and non-linear parameters.
The observation associated with the equation ofanpEg. (2), can be written as

o[ X;t0+&t) = YD 3)

in which y(t) =»f (t)- MX(t) is known ande(t) is the model noise. Eq. (3) can be
discretized att =t, =kAt as

2 (X )0, +& =Y, (4)

Instead of solving X, and 6, simultaneously by forming an extended state veatin
the EKF approach, the SNLSE approach will sol¢ and 6, in two steps. The first step is
to determined, by assuming thatX, is given using the LSE solution. The second stefo i
determine X, through a non-linear LSE approach, referred tthasSNLSE, as follows.

Step I: Suppose the state vect¥l, is known and the parametric vectdy, is constant,
ie., 0=0,=0,=---=6, . Minimizing the objective sum-square errors

k+1

30)=Y.Iy, -0.(X)01Ty, -0(X)0] ()

i=1

The classical LSE recursive squtiQﬁ+1 that is the estimate of,,, can be obtained as

ék+1 = ék + Kk+1(xk+1)[yk+1_¢k+1(xk+1)ék] (6)
Kk+l(>(k+1) = Pk¢|j+l(xk+1)[| +(pk+1(xk+])Pk¢I-<r+ 1(XI<+ )]71 (7)
P. =R~ K (X))o (X )P, (8)

in which K, ,(X,,,) isthe LSE gain matrix.

Step II: The recursive solution fobzkﬂlm, that is, the estimation o, , can be obtained
as

Xeeaer = Koo + K Ve 1= e A Xe )] 9)
Xieae = Preoae Xieg + Bu%y + B KX 4 (10)
Kir = Peaéondl + e Py 5 17 (11)
Pk = Pt PP, 1 (12)
Pk = P 1= K Pep s (13)
where
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9k+1[>2k+1|k] =0 >2k+ 1|<) ék+ ( )2k+ 1{) (14)
Dy = [I (a0l } v T kitkel — M (15)
’ 0 ! Y axkﬂ Xis1=Xiesr Kisag)
B, - {(0.5-&)(&)% } B, ={,/3>(At)2| } (16)
@-7)(At)l 7(An)l

in which 3,7 are parameters used in Newm@rkmethod (usually f#=0.25, 7 =0.5are
used). | is the unit matrix. Thus, the estimat)ék+1|k+1 obtained from Eq. (9) to (13) will be

used to replaceX,., in Eq. (6) to (8) for computing the unknown paranicevector éM. The
technique proposed above is referred to as the ENigfproach based on model reduction.

3. Simulation studies

To demonstrate the accuracy and effectiveness ef gtoposed approach based on
incomplete measurements in aircraft thin-walleddtiral parameter identification, a simulation
research is conducted. Firstly, a thin-walled stmad model will be built for simulation studies
and acquire the finite element results as referafabges. Then, structural parameters will be
identified in the numerical model.

3. 1 Aircraft thin-walled structural mode

A thin-walled structural model in Fig. 1 is builhis finite element model has 12 nodes with
21 members, including 16 beam elements and 5 plateents. In this model, 2 nodes and 1
beam element are under clamped boundary condifionsequently, there are 10 nodes needing
to be considered in the finite element system wieah node has 6 DOFs (3 translations and 3
rotations) leading to a total of 60 DOFs. Furthbere are 15 equivalent stiffness parameters of
beam elements needing to be identified. For aaitive identified parametric FEM reference
values of the real aircraft thin-walled structunadel in laboratory, herein, a modal experiment
is conducted and finite element updating using rhedaameters is achieved to obtain the
equivalent stiffness reference values of beam ai¢$1{@8-20].

As shown in Fig. 1, 60-DOF original finite elemenbdel has lots of rotational DOFs and
some locations are not suitable for sensor instaflain practical applications. Therefore, a
reduced order finite element model is generate@dasn model reduction to avoid the above
measurements. If Z axis excitation is input, as known through the haetdcal properties of
aircraft thin-walled structures and a traditionaité element analysis, force and acceleration
responses iX, Y and RZ axis are small enough to be neglected and a 30-fM@E element
model is equivalent. To avoid the need for meaguifie rotational accelerations at nodal points,
the RX andRY axis DOFs could be reduced leading to a 10-DORefislement model. Finally,
the equivalent stiffness of beam elements in dirdfan-walled structures will be estimated
based on the reduced order system.

3. 2 Simulation results

In this simulation example, consider that the timled structural model in Fig. 1 is subject
to a Z axis sinusoidal excitation applied horizontally retde O at frequency of 30 Hz. The
measured responses include dynamic excitationtentidrizontal accelerations at nodes 1, 2, ...,
5&7,8, ..., 11. All the measured quantities amawated by superimposing the theoretically
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computed quantities with the responding stationelnite noise with a 2 % noise-to-signal ratio.

In this case, the root mean square (RMS) of aqdati response signal is computed from the
temporal average over 4 s. Then, a stationary wiutse process is generated using 2 % RMS.
This noise process is superimposed to the correlsppmacceleration response that is computed
theoretically. The sampling frequency is 1000 Hz &l measured data. Then, parameter
identification is conducted in the reduced orderdeloproposed above using incomplete

measurements.

I 0.15 | 0.6 | 0.3 | 0.3 | 0.24 |
[ | I I I
1@ 2 @ 3 ©) 4 ©) 5 ® s
¥
2 N
Z ® N
! N
—_10% ~ |~ |® ~ ® V724 @ .~ GR
o N
2 ® R
s IN
=y i @ 9 @ 10 (E] 11 i3 12K
X - Unit: m
R > The number from 1 to 12 represents node
/RZ RY ) The symbol /7 * represents plane element
d -rJ The symbol * (7) " represents beam element
Fig. 1. Aircraft thin-walled structural model
g 20, g 20, g 15 ——-EEtM o
g 15 g 15 2 10 stmate
<10 <10 - |
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
E 15 E 15 E 20
< 10 < 10 < 15
<5 25 10
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
E? E? E?
1 21 <1
2 0 0 0 2 0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
£ 2 £ 20 £ 2
21 < 15 £ 15
£ 10 <10
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
’\é\ 15 ’\é\ 15 ’\é‘ 15
< 10 < 10 < 10
7 5 N 5 2 5
~ x X
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Time (sec) Time (sec) Time (sec)

Fig. 2. Identified stiffness parameters in simulation

For the SNLSE approach based on model reductionrides previously, the following
initial values were assumed: (i) the identified gmaetric initial values
k, =k, =---=k,, =15kN/m; (ii) the initial values for the displacements aredocities are zero,

i.e., x=0, x=0; (iii) the initial gain matrix P, for the estimation of the parametric vector
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and the initial gain matrixl5OIO for the estimation of the state vector, are sdigoP, =10°|

and Ry, =1, respectively. The simulation results are preskimtd=ig. 2 and Table 1.

Table 1. Identified stiffness parameters in simulation

Stiffness k1 ko ks Ka ks Ke ks ks
Ref. values 1582 16.8/ 8.44 843 10/54 1534 1.16.15
Predicted 15.44 16.5p 8.28 8.27 1030 1496 11413 1.
Difference (%)| 2.15| 2.07] 1.9( 190 228 248 1[]2.741
Stiﬁness kg klO kll k12 k13 k14 k15
Ref. values 1.22 1.1 15.82 16.87 8.43 844  10.%it:
Predicted 1.24 1.14 1544 16.42 8.26 8.6 10.8N/m
Difference (%)| 1.64 1.72 2.4( 2.6V 2.02 2.13 2.18

Based on the parameter identification approach qseg in this paper and the incomplete
measured data, the identified unknown parameterthéequivalent stiffness of beam elements
in the aircraft thin-walled structural model ab@re presented in Fig. 2 as solid curves. Also, as
shown in Fig. 2, the dashed curves for compariserttze results based on FEM. As shown in
the Fig. 2 and Table 1 clearly, the difference leetwthe estimated and FEM values is very
small (less than 2.5 % under white noise), leadintpé fact that the proposed approach is quite
effective for identifying thin-walled structural ameters in theory.

4. Experiment studies

Experimental studies are conducted in order to erthe effectiveness of the approach
proposed for parameter identification in aircrafntwalled structures. A dynamic experimental
system is established, and some tests are cartedNext, structural parameters will be
identified on-line using the real-time test data.

4. 1 Experimental set-up

An aircraft thin-walled structural model, consigtirof thin plates with strengthening
stiffeners, as shown in Fig. 3, is used for theeeixpent. The total height of this model is 1.15 m,
and the total width of this model is 0.33 m. Thedelois made of aluminum with the material

properties as follow: Young's modulug = 70x 10 Pe, Poisson's ratiox = 0.3 and density

p=2700 kg/n. A white noise excitation force is applied to tiop of thin-walled structural

midpoint (corresponds to the location of origin frOm Z axis in Fig. 3) horizontally using an
exciter equipped with a force sensor (PCB2008CBarh boundary node is installed with one
acceleration sensor (PCB ICP 333B32) to measureviiation data (corresponds to the
location of nodes 1, 2, ..., 5 & 7, 8, ..., 11 fréhaxis in Fig. 1). NI data acquisition system was
used to achieve excitation and acquisition of thgnad. The sampling frequencies of
acceleration responses and the white noise exgitatie 1000 Hz. Experimental setup is shown
in Fig. 3.

4. 2 Experimental results

For the identification technique based on inconmgleheasurements in the aircraft
thin-walled structure described previously, theldwing initial values were assumed:

k,=k,=-=k,=15kN/m, x=0, x=0, P,=10'l and R,,=1. The equivalent
stiffness of the beam elements is identified fofclthis presented in Fig. 4 as solid curves. Also,
607
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the dashed curves are the FEM values for comparidon difference between the estimated and
FEM values has been expected due to the testingenoicluding height condensation. It is
observed from Fig. 4 and Table 2 that the idemtifimlues match the FEM ones well, the
difference being less than 7 % to meet the needgrattical application. Besides, the
convergence speed is very fast for a real-time SHMs, the parameter identification approach
based on incomplete measurements is able to desthmid physical properties of aircraft
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thin-walled structures, leading to the detectiostofictural damages in practice.
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Fig. 4. Identified stiffness parameters in experiment
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Table 2. Identified stiffness parameters in experiment

Stiffness ky ko ks Ky ks Ke ky ke
Ref. values 1582 16.8f 844 84 1054 15.34 1.16.15

3

Predicted 1539 16.33 8.19 8.15 10/18 1489 11009 1.

Difference (%)| 2.72| 3.20] 2.96 332 342 293 507.225
Ref. values 1.22 1.1 1582 16.87 8.43 844  10.%4nit:
Predicted 1.14 1.09 1539 16.44 8.13 8.L1 10.G0/m

Difference (%)| 6.56| 6.03  2.72 255 386 273 5[2

5. Conclusions

In this paper, a new time-domain analysis technidiie sequential nonlinear least-square
estimation method, along with model reduction téghe is proposed to identify the parameters
of aircraft thin-walled structures using vibratidata, which is referred to as the reduced order
model based SNLSE approach. This technique couldingih the number of sensors and
achieve efficient on-lone parameter identificati@imulation and experimental studies have
been conducted for the equivalent stiffness idieation of the aluminum thin-walled structure.
As indicated by simulation and experimental restlte identified stiffness parameters based on
the proposed approach correlate reasonably well thitse obtained by FEM. Consequently, it
is demonstrated that the proposed approach ustogniplete measurements is very effective in
parameter identification of aircraft thin-walledwsttures.
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