bOBEN OABEGM

25" ABCM International Congress of Mechanical Engineering
October 20-25, 2019, Uberlandia, MG, Brazil

COB-2019-0637
A DAMAGE-TOLERANT MODAL OBSERVER APPLIED TO THE
STRUCTURAL HEALTH MONITORING OF A CLOSED-LOOP
STRUCTURE SUBJECTED TO SEISMIC EVENTS

Heldi F. G. Genari
Engineering, Modeling and Applied Social Sciences Cer@&(S), Federal University of ABC (UFABC), Santo André, Braz
e-mail: heloi.genari@ufabc.edu.br

Fabiola M. C. de Oliveira
Institute of Computing (IC), University of Campinas (UNI®#), Campinas, Brazil
e-mail: fabiola.oliveira@ic.unicamp.br

Abstract. This paper investigates a technique for structural healtnitoring (SHM) applied to a closed-loop structure
subjected to damage. SHM-vibration-based techniquesyapieally designed for open-loop systems to avoid damage
effect attenuation in structural vibrations due to the coliér action. However, aiming to make the structure moreuse
against ambient agents and the consequences of their acdiach as damage, a new damage-tolerant active controller
generation has been developed and applied to smart strestdm this context, an adequate structural monitoring niedu

is necessary to signal to the control system the damage mwe. For this reason, this paper investigates a new SHM
technique based on a damage-tolerant modal observer andefie@nce model. The residue obtained by the state-vector
difference between the reference model and the modal afrsisrused to determine the damage occurrence. A vertical
flexible building model is used as a case study structurdudheg health and damage conditions, to examine the SHM
strategy. Results show that the proposed methodology f&f Si#pose is effective for damage detection in closed-loop
structures.

Keywords: Damage-tolerant modal observer, structural health mainitg, active vibration control, damage-tolerant
active control

1. INTRODUCTION

The development of new materials has led to the constructidarger, lightweight, and more flexible structures.
Consequently, the structures are subjected to environdistotrbances such as wind, earthquake, ocean forces, among
others. Theses agents may conduct to structural perfolenaarsening due to damage caused by impact or excessive
vibrations that may lead to damage or damage severity inereehereby, an appropriate control system is often recom-
mended to mitigate structural vibrations (Pereira and &2015; Khan and Kim, 2019; Bendieéal,, 2019). However,
regular active vibration control (AVC) techniques do ndtganto account the possibility of damage occurrence and its
consequence such as vibration increase and control sysgtaility.

Damage-tolerant active control (DTAC) is an area that afos® the need to make the structure operation more
secure with an appropriate performance. This researchviakiproposed by Mechbal and Nébrega (2012), merging
the concepts of vibration control and fault-tolerant cohtiThe DTAC system needs to be able to solve the traditional
problems of regular active vibration control as well as tevant or retard damage occurrence. Moreover, in the case of
structural damage, the DTAC system must work to mitigatedmmage effects and to reduce damage propagation. For
these purposes, structural health monitoring (SHM) teqnes are used to signal to the DTAC controllers the damage
occurrence, aiming for the control system to adapt itseth#intain an adequate performance (Geegal, 2017a).

Recently, Genarét al. (2017b) proposed a framework for DTAC that uses two corgrslivorking in collaboration.
The first controller is used to solve the regular challengélse active vibration control. The second controller iSgiesd
to actuate in the case of damage, in which the controllerrpaters are adapted online using a SHM module. The
framework was tested using finite element models of a casly stinucture, considering health and increasing damage
conditions. In this paper, the objective is to investigatie$HM module effectiveness proposed by Geatall. (2017Db),
considering a closed-loop structure model subjected toad@mwith different damage effects such as natural frequency
shift and vibration increase. The SHM module is tested inse caudy simulation of a smart tall building equipped with
an active mass driver. The aluminum structure, represgiti@ building, is assembled over a mobile basis to simulate
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seismic events and a piezoelectric element on a column ¢stosgenerate the vibration signal. A pole-placement-based
controller is designed to solve the regular AVC problem addmage-tolerant modal observer is designed to estimate the
real modal state vector, which is used in the control law. $h& module is constructed by comparing the state vector
of a reference model with the estimated vector, in which iifferénce between these two vectors indicates damage. A
damage scenario is induced in the structure, showing tea&itiM module is an effective technique for damage detection
in closed-loop structures.

2. STATE-SPACE MODEL OF FLEXIBLE STRUCTURES

The flexible structures are usually modeled by the matritedghtial equations, which may be easily converted into
a state-space model, a representation often used in cegpt@im design. The movement equations of a generic flexible
structure are given by

Mq(t) + Dq(t) + Kq(t) = Bww(t) + Byu(?) (1)
Y(t) = CdQ(t> + qu(t) + wa(t)v (2)

in which q(t) denotes the displacemengs(t) represents the output vectd] is the mass matrixD is the damping

matrix, andK is the stiffness matrix. The input matrices 8¢, andB,,, w(¢) represents the disturbance forces acting

in the structuren(t) denotes the control forces, and the output matrice€Carand C,,. Furthermore, the vectors and

matrices have appropriate dimensions in relation to theehadler and the numbers of outputs and inputs.
Considering the matrid is nonsingular, Eq. (1) and Eq. (2) can be written as

q(t) + M 'Dq(t) + M~'Kq(t) = M~ 'By,w(t) + M~ 'B,u(t) (3)
y(t) = Caq(t) + Cvq(t) + Dww(?). 4

Defining the state vectot(t) as a composition between the displacement vegtorand the velocity vecta(t), i.e.,

0= 50 ] -5 ]

Eq. (3) and Eq. (4) can be rewritten as

x1(t) = x2(t) (5)
Xo(t) = —M 'Kx;(t) - M 'Dxz(t) + M 'By,w(t) + M~ 'Byu(t) (6)
y(t) = Caxi(t) + Cyxa(t) + Dyww(t). 7)

The state-space model is obtained from Eq (5), Eq. (6), and/&qs
x(t) = Ax(t)+Biw(t) + Bau(t) (8)
y(t) = Cax(t) + Da1w(t), 9)
in whichCz = [Cq4 C,] andD2; = Dy, and the matriced, By, andB., are given by

. 0 I . 0 _ 0
A=l MK M'D } » Ba= [ M~1B,, } B, = [ M-!B, ] '

The state-space model described by Eq. (8) and by Eqg. (9)eaadily transformed into the modal canonical form,
using a specific transformation matrix (Gawronski, 2004y. the approach of this paper, the following state-spaceanod
structure is adopted:

Ay O -~ O Bi1 B2
0 A2 0 B12 B22

A= . . : , B1 = : , Ba = : ,andCz = [ C21 Ca2 ... Com |,
0 0o - A, Bim Bom

in which m is the vibration mode number and the system matrix has a ll@gonal structure, isolating each vibration
mode.

3. CONTROLLER AND SHM FRAMEWORK

Figure 1 describes the controller block diagram, the dantalgeant modal observer, and the SHM module. The
controller generates the control signalt), created from the estimated state vect¢). The SHM module contains
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a state observer and a reference model block, whose outpiarwe (¢) is compared to the observed state vest(r
to create the residug(t), i.e.,r(t) = Ca(x(t) — x-(t)) = Caex(t). This residue is used to determine the damage
occurrence, represented by the vecigr). These modules are detailed in the next subsections.
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Figure 1: Detailed block diagram of the controller and thévBlsamework.

3.1 Controller design

A flexible structure is described by the following modal stapace representation obtained in the previous section:
x(t) = Ax(t) + Biw(t) + Bau(t)
y(t) = C2x(t) + D21w(t), (10)
in which the pain A, B2) is considered controllable.
Considering the control law defined a§) = —Kx(t), it is possible to rewrite Eq. (10) as
x(t) = (A — B2K)x(t) + Biw(t),

in which the gainK leads the closed-loop poles to the desired locations. Trigral law requires that the state vector is
available. However, sometimes, it is not possible to mesallthe states, therefore, an observer is required.

3.2 Damage-tolerant modal observer

The damage-tolerant modal observer has two objectivesisnptiper. The first one is to provide the state-vector
estimation to compose the control law. The second objeiit@provide the state vector to be used in the SHM module,
aiming to create the residue vector. To achieve these twaxtibgs simultaneously, the observer has to be damaganoler
Thus, a vector that describes the damage effects in thewstalldynamics is added into the model represented by EJj. (10
to design the observer. The following representation ipsstbto include damage effects in the state-space modebfizen
et al, 2017b):

%(t) = Ax(t) + Biw(t) + Bau(t) + B2yp(t)

y(t) = ng(ﬁ) + D21W(t),
where the paifA, C3) is considered observable apd= £ represents the unknown damage signal.

The traditional Luenberger observer configuration is useskstimate the modal state vector (Ogata, 2009):

x(t) = AX(t) + Bau(t) + L(y(t) — y(t))

y(t) = Cax(t),
in whichx(t) andy (¢) are the estimations of the state and the output vectors. dind.gs chosen so that(t) converges
to x(¢) asymptotically.

The estimation error dynamiést) is given by

é(t) = x(t) — x(t)
= AX(ﬁ) + Blw(ﬁ) + Bzu(ﬁ) — A)A((t) — BQU.(ﬁ) — L(y(f) — sz((ﬁ)) + BQ(p(t)
= Ne(t) + Ew(t) + Bap(t), (11)
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in whichN = A — LC, andE = B; — LD»;.
The observer gaill. is computed in order to minimize the estimation error andtteraate the influence of damage
and disturbance in the state estimation. The following teeshows the modal observer design process.

Theorem 1. The estimation error dynamics given in Eq. (11) is globatBbte in relation to thel{.. performance if
there exist matrice® = PT > 0, ©, and scalarsy, v, a > 0 that satisfy|e(t)||2 < v[[¢(t)|2, |w(t)]|]2 < v, and the
following linear matrix inequality (LMI) (Genaret al, 2017b):

AT:F) - C%“@T + ?A - @Cg + I + ol pBg pBl - ®D21
_BIP —ul 0 <0, (12)
BTP — D7,07 0 —31

in whichy = 42, 8 = o~ 'v/2, and the observer gain is computedlas= P~'©.
3.3 Reference model and SHM module

The reference model is built with the closed loop of the Hgadtructure with the controller and modal observer. The
reference model module continuously generates the refersgate vectox, (¢) without damage influence. To generate
the residue, the estimated state vector is compared witrefeeence vector, i.er(t) = Caex(t), where it is possible to
analyze the damage effects in the structural dynamics.

4. RESULTS

This section presents a case study application of the dataégyant modal observer to monitor the structural health
of a flexible vertical structure. Initially, the verticakgtture that simulates a tall building is introduced. Thée,control
law and modal observer are designed for lateral vibratiariroh After that, a damage case and the respective viliratio
effects are presented. Finally, damage is provoked and kv ®chnique is investigated for damage detection in the
controlled structure.

5. Flexible structure description

The vertical flexible structure is presented in Fig. 2a amdoeadivided into three main parts: basis, flexible systern tha
simulates a tall building and active mass driver. The basisprises a lead screw mechanism coupled to the mechanical
structure. Thus, the rotational movements of a DC motor iveded into linear movements of the basis. The structure
comprises the mass; supported by four aluminum columns attached to the basigtare is a piezoelectric element
glued onto one column to measure lateral vibration. Ther@actiassn, is moved linearly by another DC motor using
a similar lead screw mechanism and the control system igegito minimize the lateral vibration due to disturbance
caused by the basis movement. For this purpose, a contr@lsgyused to create a specific movement of the active mass
driver to compensate the perturbation. Figure 2b showsltwk lliagram that describes the experiment.

Control signal

P M2

[ m

A 4

Flexible columns

A4

PZT
Disturbance

vy

Motorized basis |

Q) ___ Q)

(a) Structure. (b) Block diagram.
Figure 2: Structure setup.

7

The vertical structure model was experimentally identifiedGenariet al, 2015) for the frequency band between
0 Hz and6 Hz, a bandwidth that concentrates the most energy of retliqgaakes (Spencet al, 1994; Abreuet al,
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2009; Abreu and Lopes Jr., 2010). The structure model isxdiye

~0.4282  15.6400 0 0.0942 ~0.0157

i(t) = | —15.640 —0.4282 0 a(t)+ | 02234 [ w(t)+ | —0.0214 | u(t) (13)
0 0 —20.5940 0.1334 —0.0175

y(t) = [ —2.1785 2.0789 6.8361 | x(t). (14)

6. Controller and observer design

The control law is designed to attenuate the lateral vibnatiof the flexible structure, taking into account that the
control signal needs to remain inside 65 V due to the bench-scale structure characteristic. Forphipose, the
poles are allocated ir-0.85 4+ 15.64015 and—24.5 and the observer is designed from the solution of LMI in 1zhwit
1 = 3 = 0.5. The gains generated to the controller and the observegmeare

—6587.5171
K =[ —238490 —26.6409 —217.4318 | andL = | 1688.7572
—769.2018

To analyze the control performance for the healthy stregtine disturbance shown in Fig. 3a is built as a chirp signal
with amplitude of4 V, 16 seconds of period, sampled B0 Hz, and frequency band betweérHz and6 Hz. The
structure responses in open loop and closed loop are cothaFég. 3b, where the state vector is estimated using the
damage-tolerant modal observer and, then, it is used téecit@acontrol law. The controller reduces the lateral \tibres
y(t) by almost28%, generating the control signal presented in Fig. 3c withiealbetween5 V and —15 V. This result
is similar to the performance obtained with tHe, controller in (Genaréet al,, 2015).
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Figure 3: Healthy structure vibration control.
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6.1 Damage detection in the closed-loop structure

Structural damage may significantly alter the dynamic raspaue to changes in stiffness, mass, or energy dissipa-
tion (Sohnet al,, 2004). In this context, damage is here simulated in thetra to provoke vibration increase and natural
frequency shift. For this purpose, the following model rizas that represent the damaged structure are used to groduc
the mentioned dynamics effects:

—0.4282 x 0.85  15.6400 x 0.85 0
Ag= | —15.640 x 0.85 —0.4282 x 0.85 0 andCy = [ —2.1785 2.0789 6.8361 } x 1.1.
0 0 —20.5940

Figure 4 compares the frequency responses of the damagetieahdalthy structures, in which,,, represents the
transfer function of the output(t) in relation to the disturbance(t) and P,,, is the transfer function that relates the
outputy(t) with the control signal:(¢). it is possible to note that there is a frequency shift betwthe damaged and the
healthy structure models, where the peak response alseaises due to the damage effect. The natural frequency shift
and vibration increased may also be visualized in the tinmealo presented in Fig. 5, when the input is the disturbance
signalw(t) shown in Fig. 3a.
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Figure 4: Frequency response comparison between damadéxbalthy structures.
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Figure 5: Time response comparison between damaged artthyhstalictures.

The control system and the SHM module are also tested forahmgded structure, where the same chirp disturbance
presented in Fig. 3a is now used with four periods. In the fiestod, the structure is healthy and, in the remaining three
periods, the structure is damaged. It is possible to veriflyjg. 6, that damage causes a small structural vibratiorease
with the structure in closed loop and with the damage-tolereodal observer providing the real state vector. In reacti
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to the vibration increase, the control signal also presargmall increase, with which the controller acts to minimize
damage effects in the structural vibration, decreasingitireage signature in the structure vibration. Figure 6¢ show
the residue signal generated by the proposed SHM module régigue is null for the healthy structure and increases
with damage occurrence, showing that the proposed tecaisaifective in damage detection for closed-loop strusstur
Despite the reasonable results for the control performaheecontrol law design does not take into account the damage
occurrence, i.e, the control system is not designed to gtegatability in the case of damage. Thus, the damageataler
characteristic is provided by the correct structure ststien@ation using the damage-tolerant modal observer.
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Figure 6: Structure vibration control.

7. CONCLUSION

A SHM methodology was presented in this paper for damagectietein controlled flexible structures, based on
a modal observer that presents damage tolerance. The ebsawthe traditional Luenberger configuration, however,
the respective observer gain is obtained by the solutionld¥ih formulated to minimize the damage and disturbance
effects in the state estimation. The difference betweer stctors of the reference model and the damaged strusture i
used to indicate the damage occurrence. A vertical flexibieling model is used as a case study structure, including
health and damage conditions, to examine the performantealamage detection approach. Simulated results show
that the vibration amplitude in the closed-loop configunatilid not change significantly with damage, however, there
was a shift in the structure natural frequency. In this centihe proposed SHM methodology was able to identify the
damage occurrence in the structure in a closed-loop apiplicaven with a small vibration amplitude change. As fatur
objectives, the methodology will be experimentally valethin the vertical structure and an adaptive control law wil
be investigated to provide an adequate performance andtradss for the closed-loop system, using in the controller
reconfiguration the damage information contained in thieloesgenerated by the SHM module.
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