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Abstract. Noise effect on damage detection methodologies is an important matter.
The probability of false diagnosis can be minimized when the noise influence is taken
into account. In this paper, the noise effect in the damage detection approach is
evaluated using state observers based on modal data. The paper concludes with
a numerical application in a plane truss structure considering noise effect in the
input signals.
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1. Introduction

The detection of deterioration and damage in many different kinds of engineering
systems has already begun to move from the laboratory to the field. Structural
health monitoring (SHM) is an emerging research area with multiple applications.
Many aerospace and civil infrastructure systems are at or beyond of their design
life; however, it is envisioned that they will remain in service for an extended period.
Another potential SHM application is in new systems. Not surprisingly, the SHM
of aerospace structures have one of the highest investments for SHM applications,
since damage can lead to catastrophic and expensive failures, and the vehicles in-
volved undergo regular costly inspections. Currently 27% of an average aircraft’s
life cycle cost, both for commercial and military vehicles, is spent on inspections
and repairs. This cost excludes the opportunity cost associated with the time the
aircraft is grounded for scheduled maintenance [5, 7, 14].

One general way of damage detection, based on SHM, consists in compare states
of the structure in different periods. The dynamic properties change if damages oc-
cur in the structure. This paper is addressed to SHM technology integrating the
features of state observers. State observers can reconstruct the states that were
not measured directly in the structure or can estimate the motion of the system

aacjunior@aluno.feis.unesp.br
vrfranco@aluno.feis.unesp.br
cggonsalez@aluno.feis.unesp.br
vicente@Qdem.feis.unesp.br

1
2
3
4
5gilberto@dem.feis.unesp.br



196 Cavalini Jr. et al.

that cannot be measured directly [3, 6, 9]. The observer concept for a dynamic
systems was introduced by Luenberger in 1964 with the demonstration of how the
known inputs and outputs of a system can be used to construct an estimative of the
system state vector. This dispositive of state reconstruction was called Luenberger
Observer. The complete demonstration of the state vector reconstruction, for a
linear system, was presented by Luenberger (1966).

Methodologies of damage detection in mechanical system involving state ob-
servers have been developed in the last years [12, 13]. Different techniques can be
applied for damage detection, as for instance, that one using methodologies in the
modal domain, based on modal forms of the structure (Maia, 2003). Novel ap-
proaches associate state observers in modal domain for identifying vibration modes
that are more affected with damage presence [1, 2]. The contribution of this paper
lies in the analysis of the noise influence for damage detection in order to propose
a novel robust technique.

2. Structural Modeling

The proposed approach is demonstrated theoretically through an analytical model.
It is possible to describe the dynamical behavior of a structure in terms of mass,
stiffness and damping matrices, and displacement and velocity vectors, shown in
equations (2.1) and (2.2).

G(t) + M~'Daq(t) + M—1Kq(t) = M~ Bou(t) (2.1)

y(t) = CoqQ(t) + Couq(t) (2'2)

where ¢(t) is the n-length displacement vector, u(t) is the s-length input vector,
y(t) is r-length output vector, M is the n x n mass matrix, D, is the n x n damping
matrix, and K is the n x n stiffness matrix. B, is the n x s input matrix, Coq
is the r x n output displacement matrix, and C,, is the r x n output velocity
matrix. The mass matrix is positive definite, and the stiffness and damping matrices
are positive semi-definite, n is the number of degrees of freedom of the system
(linearly independent coordinates describing the finite-dimensional structure), r is
the number of outputs and s is the number of inputs. Using the classic procedure
of modal analysis [11], it is possible to write the equations of motion in modal
coordinates, ¢, (t). Thus, the modal model of second order is given by:

q(t) = g (1) (2.3)
G(t) + 229G (t) + Qgm(t) = Brul(t) (2.4)
Y(t) = Crng@m(t) + Crnoin () (2.5)

where  is the modal matrix and Z is the matrix of damping coefficients ((;), given
by equation (2.6).

Z=0,5M; D, Q1 = 0,5Mp K /? Dy, (2.6)
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where Q? = M1 K,, is the matrix of natural frequencies.
The matrices M,,, K, and D, (equations (2.7), (2.8) and (2.9)) are diagonal
matrices of modal mass, stiffness and damping, respectively, which are given by:

M,, = T M® (2.7)
K = OTK® (2.8)
Dy, = ®TD,® (2.9)

The matrix D, (equation (2.10)) is assumed to be proportional to mass and stiffness

matrices, so that:
D, =aM + K (2.10)

with a and 8 constants. Matrix B,, in equation (2.4) is the input modal matrix,
or participation modal matrix and is given by equation (2.11).

By = M;197B, (2.11)

Cing and Cp,, (equations (2.12) and (2.13), respectively) are the output displace-
ment and velocity modal matrices.

Cig = Cog® (2.12)

Crp = Cop® (2.13)

The motion equations, (2.4) and (2.5), can be written in state space form by vector-
matrix format through the triple (A, B, C). It allows the equations to be manipu-
lated more easily.

z(t) = Az(t) + Bu(t) (2.14)

y(t) = Cx(t) (2.15)

where z(t) is the state vector, A is the dynamic matrix, B is the input matrix, u(t)
is the input force, y(t) is the output vector and C' is the output matrix. The related
matrices A, B and C are given by:

NERN
B— [ Bom } (2.17)
C=[Cung Cus ] (2.18)

The equations (2.14) and (2.15) are not in modal state representation (although it
was obtained using modal displacements, ¢,,). The modal state-space representa-
tion has a triple (A, B, Cp,) characterized by the block-diagonal dynamic matrix,
A, in equation (2.19), and the related input and output matrices, equations (2.20)
and (2.21), respectively [4].

Ay, = diag(Ami) (2.19)
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Bml
Bm2
B, = i (2.20)
an
Coo=[Cmi Cma -+ Cun | (2.21)
where ¢ = 1,2,--+,n; A, Bmi and Cpy; are 2 x 2, 2 x s and r x 2 blocks, re-

spectively. These blocks can take several different forms and also it is possible to
convert from one form to another by a linear transformation.

3. State Observers

Some methods of damage detection are based on changes of the physical properties
of the mechanical system, as for instance, variation of the stiffness. These factors
result in variation in the dynamic response. Therefore, damage can be detected
on-line by monitoring some features of the structure.

A state observer, for the original dynamic system S(z; y; u) with state z, output
y and input wu, is an auxiliary dynamic system S’(z’;z;y;u) with the following
property: the output 2’ converges to state x of the S system, independently of the
input u and of the state x, as shown in figure (1). It’s possible to construct the state

Original System
u S (x, y, 1) —»

S’z u) P

State Observer

Figure 1: State observer definition.

observer if the original system is observable or detectable. S is a physical system;
S’ is abstract and implemented by computer program.

3.1. Modal State Observers

There are some damage detection methodologies based on modal domain. Recently,
a new methodology was proposed using modal state observers [1, 2]. This approach
associates the already known state observers with features obtained in modal do-
main. The states of the mechanical system are estimated in modal coordinates. An
important observation is that the Modal State Observer can estimate the modal
state vector that refers to the point where the output signals were measured in the
structure.

The modal state observer is defined from the open loop observer construction
shown in equation (3.1). Consider a linear original system, invariable in the time
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and observable [6, 12].
T () = ([Am] = [L][Conl) T (t) + [Bm]u(t) + [L]y(t) (3.1)

where q,,(t) is the reconstructed output modal vector and [L] is the gain of the
observer. Many methods can be used for obtaining the gain matrix depending of
the applied situation. The most used methods include the Kalman Filter (KF) and
Linear Quadratic Regulator (LQR). In this paper, the gain was obtained by LQR
due to its easier implementation and utilization comparing to other methods.

4. Numerical Application

The proposed methodology was numerically applied in a steel plane truss structure
discretized by FEM (Finite Element Method) with 17 beam elements and 10 nodes,
considering two degrees of freedom per node, as shown in figure (2). The values of
physical and geometric parameters are given in Tab. (1). It was considered 2%, 5%
and 8% of the input signal energy like white noise. The input excitation was applied
by a sinusoidal force with 30 Hz located on node 10 (negative direction of axe y).
Two sensors were used, separately, for the data acquisition: sensor A - between the
nodes 7 and 9; sensor B - between the nodes 5 and 6. The damage was simulated
by 20% of stiffness reduction located in the element between the nodes 3 and 4.
Figure (3) shows the difference between the frequency response functions (FRF)

F

|<—>| Sensor A

Figure 2: Plane truss structure discretized by FEM.

Table 1: Physical and geometric properties of the plane truss structure.

| Properties | Values |
Young’s Modulus (GPa) 210
Density (kg/m?) 7850
L - length (m) 1
Transversal area (m?) 0,004

of the plane truss structure with (FRF-a) and without damage (FRF-b). This dif-
ference occurs due to the change in the structural parameters with the presence
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of the damage. The five first modes of vibration are shown and the noise was not
included.
Using sensor A, figure (4) shows the difference between the RMS (Root Mean

-100 -

-120 - E

40 H E

-160 - &
S/

=180 frmmmmaree” \ \.

Magnitude (dB)

Frequency (Hz)
Figure 3: Frequency response function - FRF-b and FRF-a.

Square) values of the modal displacement signal of the plane truss structure with
and without damage for the five first vibration modes. It is possible to observe that
the first and fifth modes are more affected by damage, respectively. Noise was not
included in the input signal.

Figure (5a) presents the influence of the noise in the RMS values of the modal dis-

x10°

1 2 3 4 5
Modes of Vibration

Figure 4: Vibration modes more affected by damage presence - considering the output
displacement signals of the plane truss structure.

placement signals of the structure for the five vibration modes. Noise was included
in the input signals, in order to verify the robustness of the proposal. It is possible
to observe a variation in the RMS values with the noise influence in the first, fourth
and fifth vibration modes. The RMS values for the second and third modes were
not changed with the noise inclusion. The noise effect was applied only with the
damage presence. Figure (5b) shows details of third, fourth and fifth modes. The
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fiftth mode was the most affected by noise influence.
Figure (6) shows the difference between the RMS values of the modal velocity
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8% of noises ||
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Modes of Vibration Modes of Vibration

(a) (b)

Figure 5: (a)Noise effect in the vibration modes - considering the output displacement
signals. (b)Error found in the damage detection.

signal of the plane truss structure with and without damage. The five first vibration
modes are shown and noise was not included in the input signal. It is possible to
observe that the first and fifth modes are more affected by damage, respectively.
Similar result was found when used displacement signals (figure (4)). Figure (7a)

Modes of Vibration

Figure 6: Vibration modes most affected by damage presence - considering the output
velocity signals.

presents the influence of the noise in the RMS values of the modal velocity signals of
the structure for the five vibration modes. Noise was included in the input signals.
It is possible to observe a variation in the RMS values with the noise influence in the
first and fifth vibration modes. The RMS values for the second, third and fourth
modes were not changed with the noise inclusion. The noise effect was applied only
with the damage presence too. Figure (7b) shows details of second, third, fourth
and fifth modes. The fifth mode was the most affected by noise influence.



202 Cavalini Jr. et al.

The high difference found between the RMS values (displacement and velocity)
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Figure 7: (a)Noise effect in the vibration modes - considering the output velocity signals.
(b)Error found in the damage detection.

using the sensor A and sensor B considering the five modes of vibration was 1%.

5. Final Remarks

Structural systems are susceptible of structural damage over their operating lives
from impact, operating loads, and fatigue. Detecting the structural damage, leads
to improved safety and offers the possibility of extending the service life of the
structure by repairing components only when necessary. In this paper, the noises
influence in the input signals of a plane truss structure was analyzed. The damage
detection methodology using modal state observer was applied in order to verify the
influence of the noise in the input signals. The increasing of noise causes a variation
in the RMS values and it can lead to wrong diagnostic.
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Resumo. Analisar os efeitos causados por ruidos nas metodologias de detecgdo de
falhas trata-se de um importante assunto, por minimizar a probabilidade de ocorrer
falsos diagnésticos. Neste trabalho, os efeitos causados por ruidos na deteccao de
falhas é estudado na metodologia de deteccdo de falhas através dos observadores
de estado, baseados no dominio modal. Uma trelica plana e ruidos adicionados aos
sinais de entrada foram utilizados.
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