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ABSTRACT

Smart structures have increasingly become present inrelifféndustry applications and
particularly in the fields of aeronautics and civil enginegr These structures have features
that allow interactions with the environment, adaptingirtteharacteristics according to the
needs (stiffness, damping, viscosity, etc.), monitorimgirt health or controlling their vibra-
tions. Today, smart structure active control methods doresppond appropriately to damage,
despite the capability of good rejection of external dis&unces. Damage-tolerant active control
(DTAC) is arecent research area that aims to develop irntegjegoproaches to reduce vibrations
while monitoring the structure integrity, identifying dage occurrence, and reconfiguring the
control law of the adopted active vibration control method.

This thesis contributes to the DTAC area by proposing a naealal control framework
and some application strategies. The developed methods ttnoncollocated flexible struc-
tures, where multiple piezoelectric sensors and actuarersised to attenuate damaged struc-
ture vibration. The chapters present four main topics aaatimclusions. Chapter 2 reviews the
regular suboptimal,, problem and its respective solution based on the linearixiagqual-
ity approach, which is a fundamental tool for the developnoeésubsequent topics. Chapter 3
introduces the moddal/.-norm-based method for vibration control, which reveatghhinodal
selectivity, allowing control energy concentration on @@ effects and presenting robustness
to spillover and parameter variation. A new control strategdeveloped in Chapter 4, tak-
ing into account existing knowledge about the structuressd regions with high probability
of damage occurrence, leading to specific requirementsimtbhdal /,.-controller design. A
structural health monitoring (SHM) technique assessels damaged mode behaviour, which
Is used to design a preventive controller. Chapter 5 presemiovel modal double-loop con-
trol methodology to deal with the unpredictability of dareagevertheless ensuring a good
compromise between robustness and performance to botthyeald damaged structures. For
this purpose, the first-loop modal controller is designeddmply with regular requirements
for the healthy structure behaviour and the second-loopralter is reconfigured aiming to
ensure satisfactory performance and robustness when aagn&ge occurs, based on a state
observer and an SHM technique to adapt the controller anlimall these chapters, simulated
(analytical- and finite-element-based) and/or experialesmhart structures are used to examine

the proposed methodology under the respective contraegies. The last chapter summarises



the achieved results for each different approach desciibt previous chapters.

Keywords: Vibration control; robust control; adaptive control ssis; damage tolerance; struc-

tural health monitoring.



RESUMO

Estruturas inteligentes estdo cada vez mais presentesferanties aplicagdes na in-
dastria, em particular nas areas de aeronautica e engardinti Essas estruturas possuem
caracteristicas que permitem interacbes com o ambieraptato suas propriedades de acordo
com as necessidades (rigidez, amortecimento, viscosidad® monitorando a prépria integ-
ridade estrutural (SHM, dstructural Health Monitoringjou controlando suas vibrac¢des. Atual-
mente, 0s métodos ativos para controle de vibracdes ndmmésm adequadamente a mudancas
na dindmica estrutural causada por dano, apesar da boadzajeade rejeicdo a perturbacdes
externas. O controle ativo tolerante a danos (DTAM)dmage-Tolerant Active Contioé uma
area recente de pesquisa que objetiva desenvolver métddgeados para reduzir vibragdes e,
ao mesmo tempo, monitorar a integridade estrutural, seoskiyel identificar a ocorréncia de
danos e, com isso, reconfigurar o controlador ativo de vil@si¢

Esta tese contribui com a area de DTAC propondo uma novaadpemde controle modal
e algumas estratégias de aplicacdes. Os métodos propostra fio controle de vibragbes
de estruturas flexiveis sujeitas a danos com multiplos sesgoatuadores nao colocados. Os
capitulos apresentam quatro temas principais e as coeslu@3Capitulo 2 revisa o problema
sub6timoH,, e sua respectiva solugdo por meio da abordagem por desaglealanatriciais
lineares, que é uma ferramenta fundamental para o deseneolto dos topicos subsequentes.
O Capitulo 3 introduz o método de controle modal de vibrabdssado na nornfd,, modal, a
qual revela elevada seletividade modal, permitindo a aunagéo de energia de controle sobre
os efeitos do dano e apresentando robustez em relac§pillwver e a variagdo paramétrica.
Uma nova estratégia de controle é desenvolvida no Capittémdo em conta o conhecimento
existente sobre as regides da estrutura com alta prokedwlide sofrer danos, o que leva a re-
quisitos especificos no projeto do controladhy modal. Uma técnica de SHM é usada para
avaliar o efeito do dano em cada modo, dado que é usado paetapnam controlador pre-
ventivo. O Capitulo 5 apresenta uma metodologia modal di&aduplha que lida com a im-
previsibilidade do dano, garantindo um bom compromissceanbustez e desempenho para
a estrutura saudavel ou danificada. Para atingir essevahjetcontrolador modal da primeira
malha é projetado para atender os requisitos de desempard@ @strutura integra. O con-
trolador da segunda malha é reconfigurado objetivando assegbustez e um desempenho

satisfatério quando, ou se, um dano ocorre. Essa lei deaterrbaseada em um observador



de estados e em um algoritmo de SHM para reconfigurar o cadoobdnline Todas as téc-
nicas propostas sao testadas utilizando estruturasgemeés criadas a partir de simulagdes
(analiticas e de elementos finitos) e/ou experimentos. iDalitapitulo discute os principais

resultados obtidos para cada abordagem descrita nosloapgtueriores.

Palavras-chave Vibragéo - controle; controle robusto; controle H [Infajitdanos; estruturas

flexiveis.



RESUME

Les structures intelligentes sont de plus en plus préseiates différentes industries et
notamment dans les domaines de I'aéronautique et du géslieGes structures sont dotées
de fonctions qui leur permettent d’interagir avec leur emwement, d’adapter leurs cara-
ctéristiques structurelles (raideur, amortissementogié, etc.) selon les besoins ou de sur-
veiller leur état de santé ou SHM (Structural Health Moriiitg). Aujourd’hui, les performances
des méthodes de contrdle actif peuvent étre considérahtetiégradées lors de I'apparition
d’endommagement. Le contréle actif tolérant aux dommagd3TAC (Damage-Tolerant Act-
ive Control) est un champ de recherche récent qui s'intérad€laboration d’approches inté-
grées pour réduire les vibrations tout en surveillant&grité de la structure, en identifiant les
éventuels dommages, et en reconfigurant la loi de commande.

Cette thése apporte une contribution au DTAC en proposanapproche originale basée
sur la normeH,, modale. Les méthodes proposées se focalisent principatesuele cas ou
plusieurs actionneurs et capteurs piézoélectriques abboealisés sont utilisés pour atténuer
les vibrations des structures endommagées. Le manusorjgremd quatre parties principales.
Le chapitre 2 présente des rappels sur la commahdet sur sa solution sous optimale obtenue
par une approche par inégalité matricielle linéaire, sguddle s’appuient les développements
proposés dans ce travail. Le chapitre 3 décrit la noffgemodale introduite pour le contrble
actif des vibrations. Cette commande présente une sétéatmdale élevée, permettant ainsi
de se concentrer sur les effets du dommage tout en bénéfianpropriétés de robustesse
gu’offre la commandée,, vis-a-vis du spillover et des variations de paramétres. ingrelle
stratégie de rejet des vibrations est proposée au chapi@&dgt une approche dite préventive
ou une prise en compte lors de I'élaboration de la commahdenodale, des zones fortement
contraintes de la structure, ou le risque d’'endommagenséBtevé est réalisée. Un algorithme
SHM est proposé afin d’évaluer la sévérité du dommage pouguehanode. Le chapitre 5
propose une nouvelle approche modale a double boucle de aodepour faire face a des
endommagements imprévisibles. Un premier correcteurastucdans ce but pour satisfaire
les contraintes de performance et de robustesse sur laus&saine, tandis que le second a
pour objectif de conserver un contréle satisfaisant quandaimmage survient. La loi de com-
mande s’appuie sur un observateur d'état et d’'un algoritBmMB pour reconfigurer en ligne

le correcteur. Toutes les approches DTAC proposées sdeetesn utilisant des simulations



(analytiques et éléments finis) et/ou des expérimentationdes structures intelligentes.

Mots clés Controdle actif toléerant au dommage; contrdle actif desatibns; contréle santé des

structures; commande modAdl, ; robustesse.
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1 INTRODUCTION

1.1 Motivations

Advances in materials and associated technologies havedoeelucting to larger, light-
weight, and more flexible structures. Considering thisdremgineering systems like aerospace
applications, robotic systems, and communication ane(id; NG, 2005 are more suscept-
ible to disturbances caused by vibrations. This can leasetinew structures to performance
worsening, premature aging of materials, and eventualyatdge. In consequence, the interest
in active vibration control has been increasing substhytzand several different techniques
have been developed along the last ye@®BIHOLLAH et al., 2007 KHOT et al, 201Z%;
BRAGHIN et al, 2012 SHARMA et al, 2015.

Active Vibration Control (AVC) can be situated in the intecsion between structural
mechanics and automation research ar82d AS, 1978. Recently, the evolution of micro-
electronic and microcomputers, including also transdintegration, has conducted the devel-
opment of active control methods applied to structu@aWRONSKI, 200§ PREUMONT,
2011). Two preliminary steps are commonly necessary to desigjaeacibration controllers.
The first step is to model the structure using the Finite-Elein{FE) method and/or experi-
mentally identify the plant model, noticing that the redpectransducers shall be in general
included in the final modeKATAYAMA , 2005. Sometimes, an analytical model is available
and is possible to adopMEIROVITCH, 1986. Considering the very high number of adopted
modes, and the consequent number of equations, even fdesstnpctures, the second step con-
sists of reducing the model order aiming for a manageablesirtodiesign the controllers. The
model order reduction may significantly affect the systemiguenance and lead to instability.
This phenomenon is known as spillover and must always bedenesl when designing active
vibration controllersBALAS, 1979.

A considerable variety of approaches to control flexibleigtires using robust act-
ive control may be found in the literaturSPENCER; NAGARAJAIAH 2003 GAWRON-
SKI, 2008 CASCIATI et al, 2012. Considering the scope of this work, the following recent
strategies deserve to be cited: adaptive conkttl;(MA, 2006, fractional control POMMIER-
-BUDINGER et al, 2008, fuzzy control MARINAKI et al., 2010, decentralized control(-
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ANG,; LI, 2010, resonant controlREREIRA et al. 2011), sliding mode controlHU; ZHU,
2012, modal control CINQUEMANI et al,, 2019, and finally H, and H, control in the clas-
sical approachGAWRONSKI, 2004 and in the spatial approackiALIM , 2002. However,
considering these references and even most other pubhesait may be affirmed that regular
control methods do not take into account the possibility afndge, representing a new chal-
lenge to the active controller design.

The repeated exposition to loads and consequent vibratiesssare responsible for ac-
celerating the structure aging, which may change the nadtproperties, usually leading to
the occurrence of cracks. The reduction of vibration amgétand its duration can provide
an extension of the structure life, which represents a agmt advantage for structures with
vibration control mechanisms. The regular AVC consequesite retard damage occurrence
through the rejection of external disturbances. Howehermiodel accuracy directly influences
controlled robustness and performance, given that straictlynamics is sensitive to opera-
tional conditions, temperature, and structural dam&¢QMETTE et al, 2008 MECHBAL;
NOBREGA 20153. In most cases, operational condition changes includetdrcontroller
design can mitigate these effects. On the other hand, mbaelges due to structural damage
are not easily incorporated into the control design becadaseage influence in the structure
dynamics is difficult to predict. It is important to includeet possibility of damage in the struc-
tural active control design, guaranteeing an acceptabferpeance GENARI et al, 20153.
The structure active vibration control research area demsig these requirements is referred
to as Damage-Tolerant Active Control (DTAGYECHBAL; NOBREGA, 2012. To include
damage compensation as an effective controller designrezgent, guaranteeing closed-loop
performance before and after the damage occurrence, #ésstpresents novel methods to

design damage-tolerant active controllers.

1.2 State of the art of the DTAC domains

DTAC is a multidisciplinary engineering research areagiming concepts of smart struc-
tures, Structural Health Monitoring (SHM), AVC, and Fallititerant Control (FTC). In order
to discuss DTAC concepts, this section presents a shoodnttion to each of these domains,

trying to focus on the main topics used to develop this workmesenting the adopted assump-
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tions. After this, DTAC is introduced and some strategieddsign the respective controllers
are presented. In addition, the relation between FTC andDi$Aliscussed, showing important

particular differences between the control methods of eaeh.

1.2.1 Smart structures

Smart structures have becoming increasingly present usinidl products, especially in
applications that require strict performance and safeth sas aerospace and civil engineer-
ing areas. They can be defined as a structural system thatnaspo external stimuli using
distributed transducers, often used to monitor the systamditon, but that may also be used
by control algorithms to change or adapt the structurefitgats dynamic behaviour. The de-
velopment of the smart structure field is linked to the matescience and the control fields.
The material science is responsible for providing new nmefor sensing and actuation, in
an efficient and controlled manner, encompassing the eféesttegration of transducers in
structures. The control techniques are responsible fdysing the structure response in order
to produce actuating signals by adjusting structural attarstics such as shape, stiffness, or
damping FISCHER 2013.

This thesis deals with the vibration attenuation of smattcstires. These vibrations are
caused by external disturbances such as wind, seismicsgveatls, etc. The smart struc-
tures should be able to sense the vibrations and react thraugpntrol algorithm to atten-
uate them. There is a wide range of materials to be used asdtreers, comprising piezo-
electric, electrostrictive, magnetostrictive, carbomatabes, shape memory alloys, and oth-
ers SRINIVASAN; MCFARLAND, 2001). In this research, piezoelectric patches are adopted
to work as sensors and/or actuators.

Piezoelectricity is an electromechanical interactionnameenon, representing the coup-
ling between mechanical deformations and electric fieldsnraterial. In 1880, Pierre and Paul-
Jacques Curie discovered the direct piezoelectric effectanious crystals such as tourmaline,
Rochelle salt, and quartz. The researchers noted that tingsials generate electrical charges
when they were mechanically strained in certain directiomghe following year, they also dis-
covered that the crystals react to electric voltage wittpshahange. For this reason, the same

piezoelectric patch can be used as actuator or seRgdrivl , 2002).
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In this research, PZT (lead zirconate titanate) ceramichestare adopted. These are the
most used in the industry due to strong electromechaniagblowy, ability to produce large
forces, short reaction time, high precision, durabilibyvlcosts, and the patches can be found
in diverse forms. PZT ceramics are indeed capable of simedtasly measuring deformation
and transmiting force to the structure. In addition, piéecigic elements are light and may be

easily glued on the structure body or incorporated insigepmusite materials.

1.2.2 Structural health monitoring

Structures are subject to aging from repetitive strairctitvn, loads, and differences in
temperatures and pressures. The combination of thesesagmritibutes to structure deterior-
ation. An efficient damage detection can prevent catasitdpiiures and save maintenance
costs GENARI; NOBREGA 2012. Thereby, in the last decades, damage detection and SHM
techniques have been investigated and several damageatmditiave been proposed in the lit-
erature MEVEL et al, 2003 FAN; QIAO, 2010 BAPTISTA et al, 2014 SARTORATO et al,
2017).

Damage may be defined as changes in the structure that aghadfset current or future
performance. The damage concept makes sense by compaoiniffevent substructure states:
the initial state assumed as intact (or healthy) and theentistate. There are several damage
possibilities in smart structures, including damage inrdspective transducers. For instance,
the piezoelectric ceramic glued onto a structure may ptélserfiollowing damages: detachment
of the ceramic, cracking of an electrode and/or a ceramsordering of a measuring cable, and
breakdown of the piezoelectric material due to a high ale@eld. On the other hand, damage
types in the structure body are several as well, dependinigeostructure material (metal alloys,
composite materials, etc.). The most common damage typesracks, debonding, deforma-
tions and material loss caused by impacts, and “nonmediladi@mage. The damage is called
“nonmechanical” due to its origin, such as thermal, eleatrior pressure phenomena. In this
thesis, DTAC-proposed methods are examined using mesadlictures.

Some techniques for damage diagnosis using nondestrastareation methods are be-
ing developed, based on acoustic theory, magnetism, ttheoieace, x-ray, etc. These methods

are usually applied to characterise the damage and to antidgsdegree of severity but re-
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quire previous knowledge of damage regions in struct#ele(NG; MITA, 2007). In addition,
nondestructive methods commonly require system downtimietlaerefore an operating loss.
Hence, the techniques for SHM in real time have been widelgstigated. These new ap-
proaches have benefited from recent advances in smart edsteonducting to the deployment
of new functions in smart structures.

There is a large number of approaches for designing SHM mgsta which it is pos-
sible to cite the following promising categories: classifion problem MECHBAL et al.,
2019, electromechanical impedanc8ELVA et al, 2013, acoustic emissionHOLFORD
et al, 2009, Lamb waves $OUZA; NOBREGA 2012, among others. However, structure
vibration-based methods permit to detect, locate, andyseahe severity of damage from
changes in vibration characteristics such as modal frejegnmode shapes, and flexibility
matrix (CARDEN; FANNING, 2004 HUMAR et al., 2006 SAEED et al, 20093 MEDEIROS
et al, 2016. This SHM approach usually provides valuable informatabout damage impacts
on structural vibrations, which may be used to design artd/oeconfigure controllers to face
the vibration changes. In this thesis, this SHM strategylapéed to generate damage informa-

tion used in the DTAC controller design.

1.2.3 Active vibration control

Active control methods of structure vibrations adopt a celiorder model, as already
mentioned, in which the active term is due to the use of amreatenergy source. Continuous
mechanical structures have an infinite number of vibrati@des, implying that there are al-
ways some neglected dynamics in the control system deslgnofder reduction is based on
an effective frequency-of-interest band, which is deteedibased on control requirements and
practical aspects. This causes the occurrence of thesgilllnenomenon, corresponding to the
excitation of out-of-interest-bandwidth natural freqaoies, which may be considered the main
active control limitation for real applications. Failune properly considering spillover in the
controller design usually leads to instabiliBALAS, 1978 BALAS, 1979 MEIROVITCH,;
BARUH, 1985. Some proposed techniques render the problem managealolgting smart
structures with a great number of collocated sensors andt@cs (NMAN , 2001). The colloc-

ated approach corresponds to placing sensors and actoattiie same location on the struc-



34

ture. Considering the small range of realistic applicatiosing collocated methods, the control
technique development for noncollocated mechanical isires has been receiving the atten-
tion of the scientific communityM\ ECHBAL et al, 2006 SCHROCK et al.2011). However,
noncollocated systems have more complex dynamics withmioimum-phase zero50OS-
IEWSKI; KULESZA, 2013, making it difficult to achieve closed-loop robustness godd
performanceRREUMONT, 2011J). Despite the progress achieved so far, the noncollocated v
bration control of structures remains challengiMASTORY; CHALHOUB, 2014).

Several control methods have been proposed to mitigatetstewibrations with different
success levels. Avoiding the spillover occurrence andhbibty caused by parameter variation
may be considered the main issues to be solved in any corgsigjid method IOHAMED
et al, 2005 BOSSI et al. 2011). However, current techniques are generally inadequalte to
applied to plants with dynamic uncertainties because theyery sensitive to model inaccur-
acy (TANG; CHEN, 2009. H..-based control methods are able to handle both uncertaintie
and parameter variations, and have been successfullyedlapsuppress low-order vibration
modes BOULET et al, 2001 HALIM, 2004 ROBU et al, 2010. Due to these characterist-
ics, H,, methods have been used in active vibration contk®NAMI; SIVRIOGLU, 1996
ZHANG et al, 2009 GENARI et al, 2015. The H, controller goal is to minimise the worst
mode performance in the interest bandwidth, without ekomeof the neglected dynamics. To
achieve this effect, conveniently designed weighing flege necessary to shape the desired fre-
quency distribution$ERPA; NOBREGA2005. The respective approach deals in general with
low frequency bands as a whole, which prevents mode selgativterms of both amplitude
and frequency in the interest bandwidth. This behaviourpgromises the interest-bandwidth
excitation relative to the control signal, as a result of sbecalled water bed effecEHOU,;
DOYLE, 1997.

Early papers byalas(1978 andMeirovitch et al.(1983 introduced the modal control
aiming for specific structure modes. Meirovitch develogsslindependent Modal Space Con-
trol (IMSC), where each mode is controlled separately. HandMSC was very sensitive with
respect to spillover and improvements were proposed to itiekenethod more tolerant to this
phenomenonRESTA et al, 2010. For instanceBaz and Pol{1990 suggested the modified
independent modal space control to overcome the spillokaslem in the IMSC, adopting
an optimal actuator placement technigiang et al(2003 modified the IMSC algorithm for
uncontrolled modes, considering the effects of residuallesaand their connection with the

controller to solve the spillover problerSerra et al(2013 proposed a new method called de-
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pendent modal space controller, based on mode shape mudifchy creating virtual nodes in
desired locations. In parallel, other modal methods haea blevelopedl NMAN , 2001 KIM

et al, 2011 PEREIRA et al. 2011). Despite the evolution, the design of an efficient modal
controller to face the spillover effects continues as amgp®blem CINQUEMANI et al,
2015.

In all those analysed works on vibration control of flexikieistures, the general strategy
is to measure and to reduce the structure vibration at spéodations, adopting point-wise
models. However, this strategy ignores the vibration ¢ffen the rest of the structure, which
may lead to performance loss if vibration attenuation ower éntire structure is necessary.
To overcome this limitation, the spatial, norm was proposed ilMOHEIMANI; FU, 1998
and the spatialH,, norm was proposed irMOHEIMANI et al., 1997 MOHEIMANI et al.,
1998, which are performance measures over the spatial domaim &atial norms can be
seen as natural extensions of the regutar and H,, norms for spatially distributed sys-
tems HALIM; MOHEIMANI , 2002b, leading to control problems that can be solved using
regular approachedHALIM; MOHEIMANI , 20023. Successful experimental studies have
been conducted bilalim (2002 and byLee (2005 to test the spatiali, approach.

1.2.4 Fault-tolerant control

FTC is a control design methodology that can tolerate sorseesy component faults,
maintaining stability and an acceptable level of perforagai hese components are here under-
stood as sensors, actuators, controllers, and plant pageneral, the FTC system is designed
with the ability to accommodate system faults automatycd@uring the last three decades,
FTC has been applied to improve system reliability, manahility, and survivability ZHAO,
1999. Nowadays, FTC approaches have been increasingly useceaedrched in industrial
and academic areas. Several survey papers have been pdblising different approaches for
different types of system$&EKIH, 2009 KHELASSI et al, 2011, WANG et al, 2015.

Generally, there exist two approaches to FTC: passive angealt is worth mentioning
that this definition is completely different from the vibiat control area, where the active and
the passive terms are relative to the use or not of an extenaagy source.

In the FTC area, the passive techniques consist in desidixied) controllers, which are
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not possible to change, based on a priori knowledge aboupopent faults KISIEH, 2002).
These controlled systems must be robust with respect toxjhected faults JJANG; ZHAO,
2000. In this approach, fault tolerance is usually achieveddnsadering faults as uncertainties
or external perturbations that the control systems shoadpensate. In general, the designer
works with an adopted set of system-fault scenard4A0, 1999. However, the FTC system
performance may not respond satisfactorily to an unexpdatdt, eventually leading the plant
to instability.

In the active approach, the FTC controller reacts to theesystomponent fault, reconfig-
uring the controller parameters to maintain the systemigtatith desired performance. For
this purpose, a real-time Fault Detection and IsolationljFBodule is necessary to provide
usable data about the plant stat& (NKHIEO , 2009. In this FTC strategy, the controlled sys-
tem performance is related to the accuracy of the fault méiron and the robustness of the
FDI to disturbances. The active FTC methods must be abledvdth several types of faults,
including unexpected faults. There are several approatthdssign FTC systems, of which
some examples are given MANG et al,, 2010. To conclude,ZHANG; JIANG, 2008 shows

a good review of active FTC methods.

1.2.5 Damage-tolerant active control

The DTAC method development constitutes a recent reseagehtlaat has intersections
with both FTC and AVC areas. Specific FDI techniques are ugefddit-tolerant controllers
to provide online parameter adaptation aiming to maintaim@equate performance for con-
trolled systems4HANG; JIANG, 2008 RODRIGUES et al.2014 WANG et al, 2015. In
the same way, DTAC methods use SHM techniques to designatiensr presenting damage-
tolerance MECHBAL; NOBREGA, 2012. DTAC methods may be considered an extension of
FTC, focusing fundamentally on structural vibration cohtaiming to expand the applicability
of modern smart structures. However, adapting FTC methomdace damage-induced vibra-
tion in flexible structures leads to new challenges. The itefinumber of structural vibration
modes demands a controller robustness that is complicgtiéetlolynamic changes due to dam-
age perturbationECHBAL; NOBREGA, 2015. The literature regarding vibration control of
structures subject to damage is limited. For insta@igttopadhyay et a(2000 used a pole
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placement technique together with a root mean square mathochte and to mitigate the dam-
age caused by delamination in a composite pldteesh and Gangu({R00§ investigated the
negative velocity feedback control algorithm to compeasia¢ damage effectRipamonti et al.
(2015 proposed an adaptive active vibration control to increhsestructure life, emphasising
the vibration reduction from the most damaging modes.

DTAC arises from intense investigation to bring more see@uré efficient operations to
flexible structures, aiming for extension of their life oyas well MECHBAL; NOBREGA,
20158H. The first goal of DTAC methods is to achieve an adequateopmdnce for healthy
real-life structures. For this purpose, DTAC systems nedtktable to solve the regular active
control problem, which involves avoiding the spillover pbenenon BALAS, 1978 and ad-
opting noncollocated transducers on the mechanical stesIM; OH, 2013. In addition,
as a second goal, the controlled system should preventramdénd damage occurrence. This
basic DTAC idea corresponds to reducing the vibration. Hirel tgoal is that, in the event of
structural damage, the controller should act to mitigateaige effects on structural vibrations,
avoiding or delaying damage propagatidCHBAL; NOBREGA, 20153.

DTAC strategies are based on the structure state conddepending if the structure is
healthy or damagedECHBAL; NOBREGA, 2012. For the healthy structure condition, two
strategies can be adoptddECHBAL; NOBREGA, 2015b:

. Strictly Tolerant Active Control (STAC);

. Preventive Active Control (PAC).

STAC represents a robust approach based on a nonreconfeyearatiroller, aiming to
guarantee an acceptable performance for some types andyskxels of future damage. How-
ever, the compromise between robustness and performarydeaaicto unsatisfactory behaviour
in damage absence, due to the natural opposition betwesa tive features. To overcome this
limitation, Genatri et al(2015h proposed a robust modal approach that leads to a reasonable
compromise between robustness and performance, in whithtlwe healthy structure and the
damaged structure have an adequate performance levehgigame controller.

PAC is a preventive strategy aiming to avoid or to retard dggm@currence, consequently
extending structure life. For instandghomette et al(2010 designed a controller that atten-
uates the most damaging modésnbrosio et al. (2014 included material fatigue into a cost
function, which is then minimised to obtain the PAC coneall

If damage occurs and is identified, two other possible grasecan be appliedMECH-
BAL; NOBREGA, 2015h:
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. Evolving Damage Active Control (EDAC);

. Adaptive Tolerant Active Control (ATAC).

The EDAC strategy admits that damage is detected, localess®ti quantified. The con-
troller is then designed to limit damage propagation, agrimreduce vibration energy at the
damage region. This strategy designs controllers thatwastspecific regions of the structure.
For instance, it corresponds to the spatfial methodology applied to structural damage con-
trol that was investigated ilMECHBAL; NOBREGA, 2015h. Ashokkumar(2015 proposed
an actuator load to reduce vibration response magnitudefoage growth control.

The ATAC strategy goal is to detect and then accommodateaheade, providing a sat-
isfactory performance level for the controlled system incaicumstances. For this purpose,
an SHM module and a reconfigurable controller are used to osenthe control system. The
SHM module must detect and analyse the damage and signabnitv®lter to be reconfigured
according to the SHM data. The ATAC strategy was used to desadamage-tolerant controller
in (MECHBAL; NOBREGA, 20153 using a Lamb wave-based SHM module to localise dam-
age. Then, the spatidl., controller was reconfigured to reduce vibration energy flowhie

detected damaged region.

1.3 Objective of the thesis

The thesis objective is the development of DTAC methodsiagpb vibration control
of flexible structures subject to damage. First, in the r@gAVC research area, a moddl,,
technique is proposed and applied to vibration control efitbalthy structure, based on a new
modal H,, norm. Furthermore, considering the reasonable comprdmetséeen robustness and
performance achieved with the proposed methodology, thgahtechnique is adopted as an
STAC strategy for damage active tolerance.

Based on the results of the moddl, approach to face damage, and considering that
structural damage impact may be represented by a modal sitopoa methodology to design
the modalH ., controller including damage in the design requirementsappsed. For this pur-
pose, a new damage indicator based on model subspace digtaiso developed, in order to
quantify modal damage effects. The modal norm is computed based on the modal distances

for simulated FE models, conducting to the damage-tolezantroller through the minimisa-
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tion of the respective norm. This methodology configures & R&ategy, but it may also be
used as an EDAC one if the damage is already known.

As a final contribution, a double-loop control framework tbe vibration attenuation of
structures is proposed, performing the ATAC strategy. isi¢hse, the controller in the first loop
is designed to comply with the healthy structure requiresydrased on the developed modal
H, control, and the second-loop controller is designed to ecamsate eventual damage effects.
To achieve this goal, an online-reconfigurable techniquesed in order to design the second
controller, based on a modal state-tracking method to gdeothe updating of the controller

parameters.

1.4 Organisation of the thesis

The thesis is organised into the following chapters:

Chapter 2: Active H,, controller for vibration rejection

The chapter introduces thié,, control technique to attenuate the vibrations in flexible
structures, based on the LMI approach. This method is use@égmn regular vibration con-
trollers but represents a fundamental step to design afirttygosed damage compensators. The
regular H,, controllers are used as the reference to assess the penfenoé the proposed
controllers. Initially, the chapter presents a brief owenwof the state-space representation to
describe generic flexible structures, adopting a modaessgmtation according to the proposed
controller design methods. Moreover, the chapter presentserview of the LMI approach to
solve theH ., problem, including the weighting filters to impose the dedifrequency response
in the controller design. After that, this control techreqgs used to attenuate vibrations of a
bench-scale structure that simulates a tall building satlige seismic loads. The controller is

designed to reduce the vibration level considering therobmtput limit.

Chapter 3: A modal H,.-norm approach applied to DTAC

A new approach for vibration reduction of flexible structiseibject to damage is presen-
ted in this chapter, based on the proposed maétiainorm. Considering that structural damage
provokes different effects on each vibration mode, the psed method focus on the control
action on specific modes that are indeed suffering the wastagie consequences. For this

purpose, a new moddl., norm is introduced, weighing each mode according to strattu
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convenience. Based on this norm, a reguty controller design is applied, using the LMI
approach. Simulated and experimental results are presémtghow the modal methodology

applicability.

Chapter 4: A modal H..-norm performance requirement for DTAC

The modalH, design is extended in this chapter to implement a PAC styategnsid-
ering the different damage effects, the proposed methggiaddopts the modal/., norm to
include damage as a design requirement. The basic idealisdte@an appropriate energy dis-
tribution over the frequency range of interest, aiming feeafic vibration modes, guaranteeing
robustness, damage tolerance, and an adequate overalipanice. For this purpose, an SHM
technique is applied to evaluate modal modifications caliyedamage. This information is
used to create modal weighing matrices, conducting to théami,, controller design. FE
models are adopted for a case study structure, includingk gianulation, in order to evaluate

the proposed control strategy.

Chapter 5: A modal double-loop control framework for DTAC

This chapter presents an implementation of the ATAC styaidgsigning two controllers
to be used in a double loop, aiming for vibration reductiorflexible structures subject to
damage. The two controller design methods are presentddemiphasis in the reconfigurable
controller that faces the damage. To assess the proposedsn&E models including healthy
and damaged conditions are simulated with different cdietio Results are compared to assess

the efficiency of the proposed controller design method.

Chapter 6: Conclusions
The thesis is concluded by stating the main contributiorthisfresearch. Moreover, this

chapter presents recommendations for further researtisiarea.

1.5 Publications arising from this thesis

This work has been the subject of the following publications

Journal papers:

. “Damage-Tolerant Active Control Using a Moddl,.-Norm-Based Methodology”,
H. F. G. Genari and N. Mechbal and G. Coffignal and E. G. O. Ngdor€ontrol
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Engineering Practice, 2016, accepted with minor revision.

. “A Reconfigurable Damage-Tolerant Controller Based on alddouble-Loop
Framework”, H. F. G. Genari and N. Mechbal and G. Coffignal &dG. O.

Nobrega, Mechanical Systems and Signal Processing, 2aiiér veview.

. “A Modal H,,-Norm-Based Performance Requirement for Damage-Toléetite
Controller Design”, H. F. G. Genari and N. Mechbal and G. @uoiéil and E. G. O.

Noébrega, Journal of Sound and Vibration, 2016, under review
Conference papers:

. “A Modal H,, Control Methodology for Damage-Tolerant Active ContrdH, F.
G. Genari and N. Mechbal and G. Coffignal and E. G. O. NobreiFAC Sym-
posium on Fault Detection, Supervision and Safety for Teaif®rocesses, Paris -
France, 48(21), 664-669, 2015.

. “A Double-Loop Control Approach Applied to Damage-Tolet#ctive Control”,
H. F. G. Genari and N. Mechbal and G. Coffignal and E. G. O. Ngdr3rd
International Congress of Mechanical Engineering, Rio aleelfo - Brazil, 1-8,
2015.

. “Robust Vibration Control of a Vertical Flexible StructurSubject to Seismic
Events”, H. F. G. Genariand O. Oliveira Neto and E. G. O. Ngar@nd N. Mechbal
and G. Coffignal, XVII International Symposium on DynamioBlems of Mech-
anics, Natal - Brazil, 1-10, 2015.

. “Structural Damage Diagnosis Method Based on Subspacgifidation Metric”,
H. F. G. Genariand E. G. O. Nobrega and N. Mechbal, 22nd latemmal Congress
of Mechanical Engineering, Ribeirdo Preto - Brazil, 42GDg, 2013.
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2 ACTIVE H,, CONTROLLER FOR VIBRATION REJECTION

The chapter goal is to present a brief overview of the LMI apph to solve thed
problem, representing a fundamental step to design the giamantrollers presented in the
next chapters. A modal state-space model of a generic steuid introduced in the sequence.
After that, the formulation and solution of the respecti¥g problem are conducted. Finally,

the robust control method is experimentally examined imaufated tall building.

2.1 Introduction

The active controller design based on thg approach has been attracting attention due
to its robustness to modelling errors and disturbancetiejecapability. Usually, theé{.., con-
trollers are computed using two different approaches: &i@quations and LMIs. The LMI
approach has the advantage of easily including additioregjuations while keeping its convex-
ity, permitting to be solved by efficient algorithmSESTEROV; NEMIROVSK]| 1994).

Considering that thé/ ., controller goal is to minimise the energy gain between thte ou
put and the disturbance in the interest bandwidth, withguoitation of the neglected dynam-
ics, conveniently designed weighing filters are adoptechBuee the desired frequency distri-
bution SERPA; NOBREGA 2005. The weighing filters shape the output responses and the
control signals, obtaining a reasonable trade-off betws#formance and robustness and con-
sidering the frequency distribution based on the plantcedunodel. The chapter presents a
brief overview of the LMI approach to solve thé,, problem, including the weighing filters in

the design procedure.

2.2 State-space modal representation of flexible structuse

This section presents a brief overview of the modal staéeespepresentation to describe

a generic flexible structure, for the sake of completendsis. Gverview begins with a second-
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order matrix differential equation, commonly used to repré structural dynamics by means
of FE models. Then, the state-space model is defined fromdifiexential equation, using
a specific state-vector definition. To conclude, the trams&tion matrices to obtain different
modal canonical representations are discussed.

A generic flexible structure can be modelled by the followssgond-order differential

pair of equations:

Mp(t) + Dp(t) + Kp(t) = Byw(t) + Bau(t) (2.1)
y(t) = Cap(t) + Cyp(t) + Cyw(t) + Cyuu(t), (2.2)

in which p(¢) denotes the displacements] is the mass matrixD is the damping matrix,
K is the stiffness matrixB,, and B,, are the respective input matrices, whevét) are the
disturbance forces acting on the structure arid) are the control forces, angl(¢) are the
measured output signals modelled through the output neattlg, C,, C,,, andC,,. In general,
FE models generate high order models, which need to be rédaaepresent the bandwidth
of interest for the controller operation. Therefore, a madéh m modes is considered, which

leads to the following modal matrix:

Q=1 ¢ ¢z ... ¢m]v

where ¢; is thei’* mode shape. A transformation into modal coordinates isidgausing

p(t) = ®q(t). Pre-multiplying Eq. 2.1) by ®7 and writingy(¢) in terms ofq(t) gives:

S 'M®G(t) + 'DR(t) + ' KPq(t) = & B, w(t) + ' Byu(t)

y(t) = Cq@q(t) + C,@q(t) + Cyw(t) + Cuu(t),
which may be written as:

MpnG(t) + Dmq(t) + Kmd(t) = By, W(t) + By u(?) (2.3)
y(t) = Cq,q(t) + Cy_q(t) + Couw(t) + Cuu(t), (2.4)

whereM,, = ®"M®, D,, = ®'D®, K,, = o’K®, B,,, = ®'B,,, B, = "B,
Cq,, = Cq®, andC, = C,®. MatricesM,,, andK,,, are diagonal whild,,, is not neces-

sarily diagonal. For analytical convenience, the dampimgrixiis commonly considered as a
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linear combination of the stiffness and mass matrites; oM + K for o, 5 > 0 (GAWRON-
SKI, 2009). This is a reasonable and usual assumption, considerdéexible structures have
small damping factors.

Assuming that the matri¥1,, is nonsingular, Eq.Z.3) can be written as:
A(t) + My, Dind(t) + M Kma(t) = My By, w(t) + M, By,u(t),  (2.5)
and equivalently:
A(t) +22Q4(1) + Q*q(t) = My, By, w(t) + My, By, u(t),

in whichQ? = M 'K,,, Z = 0.5M_'D,,Q!, B, = M. '®"B,, andq(t) represents the
modal displacement vector. Moreovg|s the matrix of natural frequencies a#dds the modal

damping matrix, both defined as:

w 0 - 0 G0 - 0
0 w, --- 0 0 e 0
0 0 - w, 0 0 - Cn

wherew; and(; are respectively the natural frequency and damping relasimode.
Adopting the state-vector definition agt) = [xI'(t) x2()]T = [q(t) 4T (®)]7,
Eq. 2.4 and Eq. 2.5 can be transformed into:

x1(t) = x2(t)
%Xo(t) = M Kpuxq(t) — M ' DyXo(t) + M 'By,, w(t) + M_ By u(t)

y(t) = Cqx1(t) + Cy x2(t) + Cyw(t) + Cuu(t),
leading to the following state-space representation:

x(t) = Ax(t) + Byw(t) + Bou(t)

y(t) = Cax(t) + Darw(t) + Dasul(t),

in whichC, = [Cq,, C,,.], D2; = Cy, andD,, = C,,. MatricesA, B;, andB, are obtained
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using:

- 0 I _ 0 _ 0
A == Bl = 5 andB2 -

~M: 'K, -M:D,, | M !B, M !B,
Finally, this model can be written into modal canonical esggntations using transform-
ation matrices GAWRONSKI, 2004). For the purpose of the thesis approach, the following

state-space model structure is adopted:

- . - . - . - QT
A, 0 --- O b11 by Cgl
0O A, --- O b b cl
A=l 0 [ Bu=| T Be=| 7 |LandCe= | |
0 O s Am blm b2m cgm
) ) ) ) ) ) ) "~ (2.6)

where it is possible to see that the system matrix has a blagjodal structure where eachy

isa2 x 2 matrix for: = 1, ...,m, therefore isolating each mode.

2.3 H,, control problem

According to the optimal controller design framework, afpanance indicator is intro-

duced as an output vectsft), leading to the following state-space equations:

x(t) = Ax(t) + Byw(t) + Bau(t)
z(t) = C1x(t) + Dyyw(t) + Dyau(t)
y(t) = CgX(t) + D21W(t) -+ D22L1(t), (27)

in which matricesC,, D,;, andD;, are chosen to define the desired performance vector. All
vectors and matrices have appropriate dimensions relatdgetnumber of inputs and outputs
and to the model order.

The H., control problem can be summarised in the block diagram of Eifj In this
figure,y(t) is the output vector measured from the structural respatiseis the performance

vector,u(t) are the control signals, arvd(t) represents the external disturbances. The structure
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and the controller are respectively represented by transféricesP (s) andK.(s), where the

dynamic controlleiK, is adopted with the following state-space representation:

Xc(t) = Aexc(t) + Bey(t)

u(t) = Cexe(t) + Dey (). (2.8)
w(t) ——p UG

P y(t)
u(t) >

K. |«

Figure 2.1 - Block diagram of th&, control problem.

From Fig.2.1, it is possible to write the following expression:

Z<S>}P<S> W(s)
Y () u(s)
[P pa] [ ] 29
Pyw Pyu U(s)

in which Z(s), Y(s), W(s), andU(s) are respectively the Laplace transformzgt), y(t),
w(t), andu(t).
Considering Eq.Z.9) and the control effort given byJ(s) = K.(s)Y (s), it leads to:

Y(s) = (I = Pyu(s)Kc(5)) " Pyw(s)W(s),
where the control effort can be written as:
U(S) = Kc(s)(l - Pyu(S)Kc(S))_lpyW(S)W(S)7 (210)

in which [Kc(s)(I — Pyu(s)Kc(s)) 'Pyw(s)] is the transfer matrix betwean(t) and w (¢),
defined adl ,w (s).

In relation toZ(s), it is possible to write the following equation from EQ.9):

Z(s) = Pow(s)W(s) + Pu(s)U(s),
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in which the following expression is obtained by considgriy. €.10):
Z(s) = [Pow(s) + Pou(5)Ke(s)(I = Pyu(s)Ke(s)) " Pyw(s)[W(s),

where [P,y (s) + Pau(s)Ke(s)(I — Pyu(s)Ke(s)) 'Pyw(s)] represents the transfer matrix

betweenz(t) andw(t), defined adl',, (s). Therefore:
Z(s) = Tow(s)W(s).

The optimalH ., problem consists in finding a controll&.(s) that minimises| T, || -
However, optimalH,, controllers are generally not unique for MIMO systems. Ulsu#o
find an optimalH ., controller is often both numerically and theoretically quivated ZHOU,;
DOYLE, 1997. One way to address this problem is to consider a feasili¢ 4 > 0, where
a suboptimal approach is adopted to minim|g&,, ||... The approach is based on successive

iterations to find the controlldK.(s) such that| T, || 0 < 7-

2.4 H_, control solution using the LMI approach

Considering the controller given in EQ.8) and the plant model described by ER.7),

initially with D45 = 0 to facilitate the formulation, the closed-loop system ifirdel as:

x(t) =Ax(t) + Bw(t)

z(t) =Cx(t) + Dw(t),
in which

A +B,;D.C, B,C,
B.C, A,

~ B;: +B2;D:Dy;
,B =
BCD21

C=| Cy+DyDC; DysC |, and

D = Dy; + Dy2D.Do;.

The standardH,, problem can be transformed into an optimisation probleni vhie
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constraint in the LMI form asROYD et al, 1994 SCHERER et a).1997):

minimise |'T 2w || oo UNLH| Tow |0 < 7y
AP +PA PB CT
subject to : BTP -1 DT | <0,P>0. (2.11)
C D —~I
Considering the decision variables of the problem, i.ee, dtate-space matrices of the
controller realisation, there are nonlinear termsariL{). It is necessary to use an appropriate
transformation of variables to eliminate them. These Wéeiananipulations are fundamental
for the problem in an LMI-based solution. For this purposgymmetric matrixP is defined as:
X U7T Y V7T

P = | andP ! = o,
U X V' Y

in which X andY are symmetricVU” =1 — XY, andPP ' =P P =1.

Let T be a transformation matrix defined as:

Y 1
T = ,
vV 0

then the result of the congruence transformation appli¢de@onstrainP > 0 is given by:

. Y I
T’PT = > 0.
I X

The application of the following congruence matrix tramgiation into constraint.11)

leads to:

T 0 0 ATP +PA PB C7 T 0 0
0 I 0 BTP -1 DT 0 I 0o|<0

0 01 C D -1 0
TT(A"P + PA)T T7PB TTCT
BTPT —I DT | <0,

CT D 1
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where it is easy to obtain the following identities:

CT=| C,Y + DoF Gy + D12D.Cs |
.
B'PT = | B! + D},D!B} BIX | D§L" |
AY + BzF A + BZDCCZ
M XA + LC,

TTPAT =

inwhichF = D.C,Y+C_.V,L = XB;D.+U’B., andM = XAY +XB,F+U'B.C,Y +
UTA.V.

Thus, the standarH . problem can be formulated as the following optimisatioriybem:

minimise | T 2w || oo UNLHH| Tpw || 0o < v
R:; R: Rj
subject to : R -1 Ry | <O (2.12)
Rg RZ —~I |
Y 1
> 0,
I X

in which the optimisation variables ate¢ X, Y, F, L, M, andD.. Moreover:

R YAT + FTBY M7 N AY + B,F A+ B3;D.C,
1= )
AT+ CIDIBY ATX + CILT M XA +LC,
| B; + B;D.D YCT + FIDT
R, = ! 2 2 ,Rg = ! 12 ,and
| XBi + LD Ci +C3;D: D1,

Ry = D:1F1 + D;DZDF{?

The controller foD,, = 0 is given by:

u(t) = Cox(t) + Dy (t), (2.13)

whereA, = (UT) (M - XAY — XB,F - U"B.C,Y)V~!, B, = (UT)"(L—X"B;,D,),
andC, = (F — D.C,Y)V~L.
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From the controller givenin Eq2(13), it is possible to extend the controller fbr,; # 0.

The relation betweefi(t) andy(¢) is given by:
Substituting Eq.Z.14) into Eqg. .13, it results in:

%o (t) = Acxe(t) + Bey(t) — BeDau(t)

u(t) = I+ f)cD22)_1CcXc(t) + I+ f)cD22)_1f)cy(t).

Finally, substituting Eq.Z.16) into Eq. €.19), it gives:

Xc(t) - [Ac - BCD22(I + ]ch22)_1éc]Xc (t) + [Bc - EA;cD22(I + ]ch22)_1]jc]Y(t)-

Therefore, the controller matrices considering the fudinplare given by:

2.5 Weighing filters

(2.14)

(2.15)
(2.16)

The weighing filters may be applied to the input and/or th@ouof the plant in the con-

troller design step. These filters have the objective ofifgag a frequency band in which the

controller is going to act, aiming to explore some charasties such as bounding the control

signals, obtaining a reasonable trade-off between pegooe and robustness, and designing

controllers based on the reduced-order model.

Figure2.2presents the block diagram of th&_ control problem. In this figure, the filters

F, andF, are applied to the control signal vecteft) and the performance vecteft), gen-

erating respectively, (¢) andz(t). The nominal plant is denoted Iy, (s) and the generalised

plantisGg(s).
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Figure 2.2 - Block diagram of the regulaf.., control problem.

Considering a state space realisatiol&hf( s) given by:

Xp(t) = Apxp(t) + B1pw(t) + Bopu(t)
z(t) = C1px(t) + D11pw(t) + Dizpu(t)

y(t) = C2pX<t> + D21pW(t) + D22PU(t),

and the state-space modellof as:

X, (t) = Ax,(t) + B,z(t)
z(t) = Cux,(t) + D,z(t),

it is possible to write the following pair of equations:

5(2 (t) = AZXZ<t) -+ Bzclep (t) + BZD11PW<t> + BZD]_QPU(t)
Z(t) = CzXz<t) —+ chlpxp(t) -+ Dle]_pW(t) -+ DZD12PH<t).

Let the state-space model Bf, be defined as:

(1) = AuXu(t) + Bau(?)

zu(t) = Cuxyu(t) + Dyu(t),

and let the controller signal input be given by:

y(t) = CQPXp(t) + D21PW<t> + D22pu(t),

51
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then it is possible to write the extended plant as:

Xp (1) Ap 0 0 Xp () Bip Bap
xu(t) | = 0 A, 0 Xu(t) | + 0 w(t) + B, u(t)
X, (t) B,Ci, 0 A, X, (1) B.D11p B,D12p
I 0] 1o, 1 T
Z _ DzC1p 0 C, Xu(t) " Dlelp W(t) " Dlezp u(t)
Zy 0 C, O 0 D,
i L N 0 L i L
Xp (1)
y(t) = [ Cyy 0 0 ] xu(t) | + DarpW(t) + Dagpu(t). (2.17)
Xq (1)

Comparing the model given in EQR.L7) with the extended model given in EQR.D),

commonly used to desigH,, controllers, it is possible to write the standard model Viiter

as.
A, 0 0 Bip Bap
A - O Au 0 9 Bl - O 9 B2 - Bu 9
Bzclp 0 Az Blelp BZDIZp
DZC1 0 Cz Dlel DzD12
Cl = i 7D11 - P ) 12 — P )
0 Cu O 0 Dy

2.6 Application: vibration control of a vertical structure subject to seismic events

This section presents experimental and analytical resahiserning the structure identi-
fication and the active robust control. Initially, a spectést bench simulating a tall building
equipped with an Active Mass Driver (AMD) is presented. Aftieat, the state-space model
of the flexible structure is identified using experimentalddo conclude, théf., controller
is designed, tested through simulations, and examinediexgetally, following the procedure

presented in this chapter.
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2.6.1 Structure description and identification

The vertical structure with a total mass of 16 kg and heigh824 mm is presented
in Fig. 2.3(a)and can be divided into three main parts: basis, flexibleesyshat simulates
a tall building, and the AMD. The basis comprises a leadvgareechanism coupled to the
mechanical structure. Thus, the rotational movements o€anidtor of 35 W and 5500 rpm
are converted into linear movements of the basis. The streicomprises mass; supported
by four aluminium columns attached to the basis and therepgzoelectric element, with
dimensions of 0.5 mmx 20 mmx 20 mm, glued onto one column to measure lateral vibration.
The active massn; is linearly moved by another DC motor by using a similar leatbw
mechanism. Furthermore, movements of the basis and of teermaare measured using two
similar encoders of 2500 pulses per revolution and the D@rea@re activated by power drives
based on PWM signals.

The control system is designed to minimise vibrations caudsethe basis movement.
For this purpose, a control signal is used to create a spesdicement of the AMD to com-
pensate perturbations. Thus, the dynamic force producedsbgiisplacement over the struc-
ture is responsible for vibration attenuation. Figar8(b) shows the block diagram that de-
scribes the structure with the main input/output signalstifermore, a dSPACEboard model
DS 1104 and ControlDesK software are used for data acquisition, signal generatiod data

processing.

Control signal

P 12

[ m

\ 4

Flexible columns

PZT g
Disturbance :} Motorised basi#
! 7
(a) Vertical Structure. (b) Block diagram.

Figure 2.3 - Experiment setup.
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One of the main steps of the control design is to develop anrate mathematical model
of the system. There are several methods to elaborate trerdgal model. The identification
strategy is adopted, based on relations between inputswpdts. To collect high-quality in-
put/output data, it is necessary to know the structure djperaonditions DYKE et al,, 1996).

In this work, the goal is to control a vertical flexible struiet subject to seismic events. Thus, it
is needed to know the frequency bands of these events thdugedhe highest vibrational ef-
fects in the structures. For this purpose, the earthqualeergers obtained fronSPENCER et
al., 1994 about the San JosesBE and the Kern County 80E earthquakes and fro/ABREU;
LOPES JR.2010 about the Scaled EIl Centro earthquake are used to deteth@rieequency
region for identification. The earthquake frequency speatcan be simulated using the follow-
ing equation, which is the well-known Kanai-Tajimi specir(ABREU; LOPES JR.2010:

N,

sp

(S) — \/§ (QCSPWSPS + wzp)
(8% + 2Cspwsps + wgp)’

whereN,,(s) has been simulated for three different earthquakes. Thepes@meters and the
acquired spectra are present respectively in Tadland Fig.2.4

Table 2.1 - Parameters to simulate the Kanai-Tajimi spectra
Parameters San JoséMNE County NMOE Scaled El Centro

ws, (rad/s) 31.12 10.516 15
Cop 0.064 0.317 0.5
S 4.5 x 1074 4.5 x 1074 0.005

-10

T T T T

San Jose BOE 0 San Jose BVE |4

—151 — - — County NJOE i N S — - — County NJOE

— — — Scaled El Centro| —20} \\ \ — — — Scaled El Centro|{
\

(dB)
(Degree)

-55 L L L L L L o= L L L L L L L
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Frequency (rad/s) Frequency (rad/s)

(a) Magnitude. (b) Phase.
Figure 2.4 - Kanai-Tajimi spectra for three different eqrthkes.

Considering the three spectra shown in Figl, great part of the energy of real earth-

quakes is concentrated between 0 and 38 rad/s. Thus, thadlskiucture should be identified
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in this frequency region. For this purpose, a determiniSthroeder signal with band between
0 and 38 rad/s, duration of 20 seconds, and sampled at 100u$zdsas the input signal (see
Fig.2.5(a). To determine the relation between the control signal bedctructure response, the
Schroeder signal is applied as a control signal and therbistee is set to zero (the basis is
stopped). To determine the relation between the distudband the PZT signal, the Schroeder
signal is applied as a disturbance and the control signatisoszero (the AMD is stopped).

These experimental signals are shown in Bi§.

10 T T T 0.8
0.6
‘I 0.41

|

\oltage (V)
\oltage (V)
o

—0.2}

—04}

—06F

. . ~0.8 . .
5 10 15 20 0 5 10 15 20
Time (s) Time (s)

(a) Schroeder signal. (b) Response relative to the control signal.

| i

. . .
0 5 10 15 20
Time (s)

Voltage (V)
= o

(c) Response relative to the disturbance.
Figure 2.5 - Experimental signals used for system identifina

The transfer function between the PZT signal and the cosigokl is defined by’,,,, and
P, is the transfer function between the PZT response and tierlsce signal. Thus;,,
and P,,, are determined from the signals of FRJ5 using thetfestimateMATLAB ® function.
Furthermore, thesestunction is used to identify the state-space model of theldlexstructure.
The identified model has order three, with two states reptesggone mode of the structure and
one state describing the dynamics of the two similar DC nsofbine experimentab,,, and P,

and the respective model are presented and compared iB.6ig.
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Figure 2.6 - Identified model.

2.6.2 Controller design

The robust controller is designed using the functinimex of MATLAB ® to solve the
optimisation problem given ir2(12. Figure2.7 compares the frequency response of the open-

loop and closed-loop systems.

T T 400 T T T T T T T
Open loop Open loop
Closed loop 350 Closed loop|H

300

250 -

200+

(degree)

150

100+

50

-50

o L 100 A N
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Frequency (rad/s) Frequency (rad/s)
(a) Magnitude. (b) Phase.

Figure 2.7 - Frequency response comparison between thelopemand the closed-loop systems.

To analyse the control performance, a chirp signal predenteig. 2.8(a)with frequency
band between 0 and 38 rad/s, an amplitude of 4 V, duration e2@nds, and sampled at
100 Hz is used as the disturbance signal. The structure mespa open loop and in closed

loop is compared in FigR2.8(b) The controller reduced vibrations by almost 78%, genegati
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a control signal that has values between 34 V and -34 V, asrshofig. 2.8(c) However, the
control signal must be between -15 V and 15 V due to the beoalestructure characteristic.

Thus, the controller design is refined considering the cbiriput limit.

——— Open loop

Closed loop |
. AR A e
A (LN
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m WW Ll
\I\
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[
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N L L L L

Voltage (V)
\oltage (V)
o

0

(a) Chirp signal. (b) Output signals.

40

\oltage (V)

—40 . . .
0 5 10 15 20
Time (s)

(c) Control signal.
Figure 2.8 - Signals used to analyse the controller perfooma

A weighting function is used to reduce the control signaisTnction should reduce the
control signal in the interest band and does not produce igmyfisant control signal outside
it, in order to avoid the spillover phenomenon. The weigiptinnction is given by ZHOU;
DOYLE, 1997%:

s+

We k
Fuls) = (222 )

in whichw,, k, €, and M determine the transition frequency between rejection lzemtpass-
band, the filter order, the gain at passband, and the gainjeation band, respectively. For
this application, the weighting function parameters atected asw,. = 125 rad/s,e = 0.09,
M =17, andk = 2. The frequency response Bf(s) is presented in Fig.9. It is worth noting

that the weighing is small in the interest frequency banduee the desired control signal and
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the weighing is large outside the interest band to avoid pilkoger effect.
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Figure 2.9 - Frequency response of filfés(s).

The new controller is designed using the generalised phdrgre the frequency response
comparison between the open-loop and the closed-looprsgssgpresented in Fig.10 These
results are clearer when the time response is analysedieRidlLil (a)compares the vibration
response of the uncontrolled and the controlled structtwevhe disturbance is the chirp signal
of Fig. 2.8(a) For this case, the vibration attenuation is 27% and therabsignal is within the
limits of -15 V and 15V, as can be seen in Figl1(b) Additionally, to test the control system
efficiency when the structure is excited in the natural fesgpy of 15.6 rad/s, a sinusoid with
3V of amplitude and frequency of 15.6 rad/s is used. Figui@shows the vibration reduction

when the sinusoid is applied as the disturbance. The vdsragiduction in this case is 48% and

the control signal is within the stipulated limit.
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Figure 2.10 - Frequency response comparison between opprahd closed-loop systems.
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Figure 2.11 - Simulated response when the disturbance is@signal.
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Figure 2.12 - Simulated response when the structure iseekiitits natural frequency.

2.6.3 Experimental results

The controller is experimentally tested using the striechnesented in Fig2.3. Initially,
the chirp signal of Fig2.8(a)is created and applied as a disturbance in the verticaltateiclThe
experimental vibration reduction #%, as depicted in Fig2.13 an increase 0§% compared
to simulation. This increase is expected due to the smd#reiice between the experimental
frequency response and the model, as shown inZ&fa) Furthermore, the control signals are
similar in the experiment and in the simulation. To comphksie experimentation, a sinusoid
used in the simulated case is created and applied in thewteugs a disturbance. The exper-

imental vibration reduction for this case is almost 48% andimilar to the simulated case,
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as can be seen in Fig.14(a) Moreover, the control signals generated to counterbaldine
vibration effects caused by perturbations are similar @dimulated and experimental cases, as
can be noted in Fig2.14(b)
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Figure 2.13 - Experimental response when the disturbaraehép signal.
6 T T T 20
Closed-loop 15l
41 |
10
|
sl
S s
g o & o
8 g
-5
-2
-10
al
5|
-6 X y : -20 . ' .
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
(a) Output signals. (b) Control signal.

Figure 2.14 - Experimental response when the structurecigeekin its natural frequency.

2.7 Conclusion

The regularH,, approach to attenuate vibrations in flexible structuresrésgnted in
this chapter, including weighing filters to impose the dssifrequency response. Initially, a
brief overview of the flexible structure modelling is preta) adopting a specific modal rep-

resentation. After that, the contrél,, problem is introduced and solved through a suboptimal
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approach, based on the LMI method. Finally, fiig control methodology is used to attenuate
the vibrations of a bench-scale structure that simulated audilding subject to seismic loads.
Simulated and experimental results show that the proposettiatier reduces significantly the

vibration level of the vertical structure.
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3 A MODAL H.,,-NORM APPROACH APPLIED TO DTAC

The objective of this chapter is to further explore the molal methodology for the
vibration control of flexible structures subject to damagegrder to develop a basic controller
to implement the STAC strategy. The modal, norm is initially presented, followed by the
description of the modal control problem, based on the thtced norm. The solution of the
proposed problem is then developed, adapted from a re@iulacontrol LMI solution. Experi-

mental and analytical examples are presented, followetidyesult analysis.

3.1 Introduction

A modal method has already been proposed to prevent damagedcdy fatigue
in (CHOMETTE et al, 2010. However, the goal in this thesis is more general because th
modal H,, methodology is investigated to ensure an adequate perfmenaven after damage
occurrence. The proposed technique is based of thenethodology to support parameter vari-
ations. To ensure robustness is not enough to face damagadeethe increase of robustness
usually leads to performance loss. Thereby, the adoptedDsiFategy aims at increasing the
vibration reduction of each mode while minimising the damaftfects on the global vibration
result.

The proposed method merges the features of both modaHandontrols, based on a
novel modalH ., norm. Thus, the modal selection ability of modal techniques be incorpor-
ated with robustness to spillover and to parametric vaniatif the H,, method. In addition, it
presents the capability to be applied to multiple-transdwnoncollocated systems. The modal
H,, norm conveniently weights each mode, considering the degdmodes to be reduced and
conducting to modal control selectivity. The problem isrtts®lved as a regulatf,, design,
using the LMI approach.

The proposed methodology is analysed and compared witHaregiy, control cases,
based on experiments and simulations with different legélsomplexity. A simulated struc-
ture is built using four masses connected by springs and despwhere damage is induced by

changes in these parameters. This example is mainly fatifition purposes, allowing easy
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analysis of the Modal{., Controller (MC) performance for DTAC applications and easy
producibility. Then, the methodology is experimentallyagxned on two similar aluminium
cantilever beams with noncollocated piezoelectric transds. One beam is considered healthy
and the other is defined as damaged. A reghlarcontroller is designed, whose performance
is used as a reference. Afterward, the MCs are designed vfiignaht weights in their modes
in order to show the reduction of the global vibration. Resiridicate the effectiveness of the
methodology along with performance improvement compaoea tegularH., controller for

damage and health conditions.
3.2 Modal norm definition

This section introduces the new modal, norm. Initially, the relation between thé,
norm of a linear time-invariant system and the respectivdahbehaviour is presented. Then
the involved concepts are used to propose the madahorm.

Consider a stable linear time-invariant system with dettratural frequencies represen-
ted by the transfer matriéa(s), wheres is the Laplace variable. Assuming a disturbaNéés),
the respective system output is given ¥ys) = G(s)W(s). Dividing the system frequency

response inten. bands, with only one mode of the reduced model in each baads l®:

Y(s)=) Yils) =) G(s)Wils) = Y G(s)Fi[W(s)], (3.1)
i=1 i=1 i=1
whereF; is an ideal bandpass filter aMl;(s) is the disturbance at barid

The induced ., norm of G(s) may be written as:

o Y (B)y(t)dt

2 _
GO = swp et

(3.2)

w#0, weL2[0,00]

wherey(t) andw(t) are respectively the output and the input®fs) in the time domain.

Equation 8.2 may be written as:

Jo (2 7)) (2L 35(1)) dt
S o W) (S wy(t))dt

G(s)|% = su
1G(s)]5 J

w#£0, weL2]0,00]
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Or, introducingd; anddy, to represent the cross terms fof j, it leads to:

Jo Gy (O)i(t) + dy)dt
o (Ci Wi ()wilt) + dw)dt

G(s)||2 = su
IGHIE = sup

w#£0, weL2]0,00]

The following theorem has the objective of proving that tbatdbution of these cross terms
can be disregarded, aiming for a norm representation thabre suitable to achieve af,,
controller design.

Theorem 3.1. Given a scalary > 0 and a stable linear time-invariant system with distinct
natural frequencies represented by the transfer mafi)s), where the output signal vector
y(t) is decomposed inta frequency bands according to E®.J), if

ap o ¥ O¥OE

—~ o wl(t)w(t)dt
w#0, weL2]0,00[

then

" t)y;(t)dt
sup leoyz() () <
v z 1f0 7 t dt
w#0, weL3[0,00]

Proof. = The H.,-norm definition in Eq.3.2) bounded by the scalagrmay be written as:

s oy )y (t)dt 5
1G= SU i wma <7

w#0, weL2[0,00( 0

Considering the Parseval’s theorem, it is possible to wiiésfollowing expression:

> [sromna =53 [ Vit
— 5 Z / Wi ()G ()G W ()

< ||G(s) / W (jw)W,;(jw)dw

m

> [Cstoman < ||G<s>||ioz / -

=1

This leads to: . )
ZZ 1 Jo yz L(t)yi(t)dt
z 1f0 z t )dt

G(s)||% > su
IGE)IE = sup

w#£0, weL2]0,00]
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Considering thall G(s)]||2, < ~?, it is possible to conclude:

z’:z ;3! <t>~<>dt o

sup
~ z 1f0 i t dt
w#0, weL2[0,00]

This proves the theorem. O

Theorem3.1relates thed,, norm to a truncated decomposition of the linear system as a
summation of bandpass components. Applying the modal expatheoremINMAN , 1989,

the system output may be decomposed into a summation of megjainses such as:

- Z Yi(s) = Z Gi(s)W(s),

whereG;(s) is the mode submatrix that composé&s(s).

The outputﬁ?i(s) is the system response due to all modes in the region of made
Y, (s) corresponds to the response of only modethe same region. For each frequency band,
the main contribution to the amplitude &f;(s) is due to the amplitude of the resonant fre-
guency response in the band, with the addition of all therothede responses in the same
band GAWRONSKI, 2008. Taking into account that th# ., norm is an intrinsic characteristic
of the system, it does not depend on the excitation. In pdaticthe response to the summation
of the modal excitations is bounded by tHe, norm (GAWRONSKI, 2004). So, it is possible
to write:

sup
~—
w#£0, weL2[0,00]

D it OOYZT(t) i(t)dt 2
1fo0 wi (H)wi(t)dt = 83

1=

Based on statemer.Q), it is possible to define a weighted norm to balance the tmntr
tion of each mode.
Proposition 3.1. The weighted modal/.,, norm of a stable linear time-invariant syste#is)

with distinct natural frequencies is proposed as:

Z;nl 0 z ( )QZS’Z( )

IG()%q= sup
—~— t)dt
w#0, weL2[0,00] Z 1f0 ’
~ sup y'(£)Qy (t)dt
~~ fo WT() (t)dt
w#0, weL2[0,00[
A~ t 2
o 70

—~ [w@®I3
w#0, weL2[0,00[
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inwhichy™(t) = [y1 () y2(t) -+ Ym(®)], WH(t) = [Wi () w3 (t) -+ w()], Q: > 0isa
diagonal matrix, andl = diag(Q1,Qz, -+ ,Qm)-

3.3 Modal control problem

The H,, control problem is to find a controlld. to the plant given in Eq.2.7), if there

is one, stated as:

x.(t) = Acx.(t) + B.y(t)
u(t) = Cex.(t) + Doy (1), (3.4)

such that, for the closed-loop system and given-ao,

, o 2 (t)z(t)dt
= 2B T owa
Ke€V w20, weLa[0,00[ *°

2
<7

in which V' represents the set of all controllers that stabilises thstpl

By defining a new modal performance output, the followingtieen provides conditions
to transform the modal/, problem into a regulafi., problem.
Theorem 3.2(Modal H,, theorem) Consider theH, problem of designing a controlldK,
given in Eq. 8.4) for a structure according to Eq2(7) with the modal state matrix according

to Eq. €.6) and the following performance output:

zp(t) = I'x(t) + Ow(t) + Au(t), (3.5)

with

| QiCi, QiCi, - QiCu, |-
(QiD11, + -+ -+ Q&D11,.),

1 1
(QiDi2, + -+ QaD12,),

r
C)
A

where the diagonal matri€); > 0 weights mode and C,,, D44, andD;», correspond to the
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respective modesubmatrices irCq, Dy;, andDq5.

Then, given a scalay > 0, a controller that solves the respectitk,, problem

1T ()]l <7,

also guarantees that

ITow($) oo <7
whereT, . (s) and T (s) are the closed-loop transfer matrices.

Proof.  Solving the respectivél,, problem implies that:

oz (t)zp(t)dt

JoS wr(t)yw(t)dt

<92

sup

~~
w#0, weL2]0,00[
Considering the decomposition af,(t) into modal components such ag(t) =
o zp,(t) fori = 1...m, thenz,,(t) can be defined as:

2o, (1) = TiX(t) + ©;w(t) + Au(t),

in which X, (¢) represents the state vector of madendT’;, ®;, and A; are respectively the
submatrix ofl", ®, andA relative to mode.
Writing T';, ©;, andA; as:

Fi - chlia
1

Qi - QZ‘QDIIN

AZ' = QED12Z'7

whereC,,, D14, andD; ., are the modal submatrices relative to modéthe performance vec-
tor based onm(t) according to Eq.Z.7). Then, the modal submatrices can be used to reconstruct

the full modal performance vector as:

2p(t) = Y (CX,(t) + ©ow(t) + Au(t))

1

= [ 2Cy, Q3Cy, -+ Qi4Cy, ] x(t) + (QiDy1, + -+ Q&4D11,, )W(t)+

+ (Q3 D12, + -+ + QD12 )u(t).
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Consequently, the produgf (t)zy, () is given by:

Ct, X;(t)
7, (075, (t) = | XT(t) w7(t) u'(r) | | DI, | Qi € Duy, Du, || wit) |
D:1F2i u(t)
which leads to:
zp, (1)2p, (t) = 2] (t)Qizi(t). (3.6)
Based on Theorer®.1and statemenB(6), it follows that:
SUp Z%l 02: Zg;(t)zpl(t)dt _ SUp Z%l OO:oZ?;t)QZZZ(t)dt < 72’
~ oy Jo wli(t)wi(t)dt ~ doic Jo Wi (H)wi(t)dt
w#£0, weL2]0,00[ w#0, weL3[0,00]
which comes to:
ITzw ()l < -
This proves the theorem. O

The proposed moddl,, technique allows that the control system designer prezdia
specific mode vibration reduction by changing only its resipe weighing matrix. For instance,
when a structure is submitted to severe stress conditioagalthe external excitation of a
mode. The excitation persistency may affect the life cydlstaictures, potentially causing
damage that may result in vibration increase. This cycle pwytribute to damage severity
increase, leading to undesirable consequences such ag@pltec failure. Thus, an adequate

modal control is needed to mitigate this undesired cycle.

3.4 Modal control solution

The modalH, problem is formulated in this section as a regular problem, which can
be summarised in the block diagram of F&gL In this figure, the filterd,, and F}, are applied
to the control signal vectai(t) and the performance vectgg(¢), generating respectively, (¢)

andzy (t).
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Figure 3.1 - Block diagram of the modal,,, control problem.

The weighing filters are key elements in the controller degigocess and often involve
many iterations and fine tuning. To obtain a good trade-dfflben performance and robustness,
F,(s) is designed as a low-pass weighing filter. To avoid the smllgohenomenonky,(s) is
designed as a high-pass weighing filter. In general, thehimigfilters are designed a8lIOU;
DOYLE, 1997):

,§_+wc k s+5L k
Al = (S ) anai) = (L ) S

in whichw,, k, £, andM are the transition frequency between rejection band ansbpasl, the
filter order, the gain at passband, and the gain at rejectod lrespectively.
The H,, norm of the transfer function between the disturbawce) and the performance
T
outputz(t) = | zI(t) zl(t) | is designated by|T;w||. Thus, the modaH,, controller
design consists in finding a central controllef that minimiseg|Tsw||«- It is usual to solve a

suboptimal problem that minimiséd.,

| through iterations, as presented in Chagter

3.5 Simulated and experimental results

This section presents experimental and analytical resatiserning DTAC. Initially, the
modal H,, control methodology is examined in a simple structure watlr fmasses connected
by springs and dampers, and damage is simulated througlyetam these parameters. This
structure is used to examine the proposed technique fardift locations and damage sever-
ities. After that, the methodology is experimentally telsising two similar aluminium beams,
one integer and the second with a simulated damage, bottcaiiiiiever boundary conditions

and noncollocated piezoelectric transducers.
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3.5.1 Simulated structure results

The structure for analysis is presented in B This example is used for illustration
purposes, allowing easy reproducibility and easy DTAC i@apgibn analysis. Mass, stiffness,
and damping coefficients are represented respectively by:., andd, fore = 1,...,4. The
signalw(t) represents the disturbance signal acting on massandu(t) is the control signal
acting on massn,. The outputgy; (¢) andy,(t) are the displacements of masses andms,

respectively.

w(t)

y1(t)

y2(t)

Figure 3.2 - Simulated structure.

This simple structure can be modelled by E2j1):

u(t)

r r r
7 k1 ke kg ka
/—\/\/\/\— N —VVV\— N —VVV\— N — MV »
7 . . E X & N

. . w(t)
Mp(t) + Dp(t) + Kp(t) = | By B, | ,
u(t)
where
(om0 0 0] [ dy+dy  —dy 0 0 (1]
0 0 0 —d do +d —d 0 0
M — mao ,D _ 2 2 3 3 7Bw _ 7
0 0 ms O O —d3 d3 + d4 —d4 0
| 0 0 0 my L 0 0 —d4 d4 ] | 0 i
[k bk —ky 0 0 | [0 ]
—k ko + k —k 0 0
K= ? S ’ ,andB, =
0 —ks kst ks —ky 0
0 0 —ky ks | | 1]

The control objective is to reduce the vibration of massesandms caused by disturb-

ancew(t) on massn,. Thus, to design the regul&f., controller, it is necessary to transform
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the model into the state-space form:

_ 0 1 _ 0 _ 0
A = 5 Bl = - ,BQ — -
M 'K —-M"'D M 'B; M-'B,
_ 01 00O0O0O0OO 0 _ _ _ _ _ _ 0
C, = ,C1 =Cy,andDy; = Dy3 = Dy = Dap =
001 0O0O0O0OFO 0 0

To simulate this simple structure, mass and stiffness gadwe selected as; = 3 kg,
my = 2 kg, ms = 2 kg, ms = 3 kg, k1 = 4800 N/m,ky = 2200 N/m,k3 = 1200 N/m, and
k4 = 500 N/m. The damping matrix is defined proportionally to ttireess and mass matrices:
D = 0.0005K + 0.001M. The modal model Eq.2(7) is obtained using the functiocanon
and theH,, controllers are designed usimgincx both functions of MATLAB®. The open-
loop and closed-loop results are shown in H@. The Regular,, Controller (RC) reduces
peak vibration in the four modes, but it is still possible norease performance by using the
Modal H., Controller (MC). Analysindl,,, presented in Fig3.3(a) the greatest reductions
correspond to the first modes. Thus, to increase the congrbbonance, modes 2, 3, and 4
should be weighted, focusing on modes 3 and 4 due to the sibadtion reduction using the
RC. The weights for modes 1, 2, 3, and 4 are chosen as 0.6,.6,&d 1.6, respectively. The
RC performance is analogousty,,,. However, the vibration reduction should be increased in
modes 2 and 3 because mode 4 has a small magnitude, as cam loe Biee3.3(b) For7.,.,
the weights are respectively 1, 1.6, 1.4, and 0.6 for mod2s3,,and 4. Thereby, the weighing

matrices are depicted as:

. 106 0 . . . 116 o0 16 0
Ql 2= ) Q2 2= ) Q3 2 = ) andQ4
0 1 0 1.6 0 14 0 0.6

NI

Figure 3.3 presents the comparison between the open-loop and clospdslystems,
demonstrating the performance increase in the weightedemolb test the effectiveness of
the MC for DTAC applications, damage is simulated in the ctrce through changes in its
mass and stiffness values, causing natural frequencyastdfthanges in damping for the struc-
ture modes. For this purpose, four configurations are indigseguentially to simulate damage
severity increase:

1. Healthy: no changes in mass or stiffness (reference rjodel

2. Damage 1: reduction in masses andms of 10 % relative to the reference model;
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3. Damage 2: reduction in stiffness coefficiehtaandk, of 10 % relative to configur-
ation 2;

4. Damage 3: reduction in stiffness coefficiehtsandks of 20 % relative to configur-
ation 3.

-30 T -20

Open loo Open loop

Magnitude (dB)
Magnitude (dB)

-140 :
10 10?
Frequency (rad/s) Frequency (rad/s)

YN (0) Tp00-
Figure 3.3 - Simulated results of the healthy structure.

The MC and the RC designed for the healthy structure are exexhior DTAC using the
models of configurations 2 to 4. The performance comparisgtwden the RC and the MC is
presented in Fig3.4. For all configurations, the MC is more effective in vibraticeduction
than the RC, as can be noted by analysing the frequency respgresented in Fig.4(a)
and Fig.3.4(b) These results demonstrate that an appropriate vibraggturction in each mode
decreases damage effects in the controlled system pemicen&lowever, this performance

increase generally implies an increase in the control gff@rcan be seen in Fig.5.

Magnitude (dB)
Magnitude (dB)

@) I%yw- (0) Ty
Figure 3.4 - Performance comparison between open loopk(tilae with points), RC (red solid line),
and MC (blue dotted line) for the simulated structure.
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Figure 3.5 - Control signal comparison between RC (red doie) and MC (blue dotted line) for the
simulated structure.

3.5.2 Experimental results

The experimental setup consists of two similar aluminiurarbge of 700 mm with can-
tilever boundary conditions and rectangular cross sesta8.2 mmx 32 mm. In each side
of the beams, a PZT element with dimensions of 0.3 m20 mmx 30 mm is glued 50 mm
away from the origin and is used as an actuator. To apply theiidhance signal, PZTs with
dimensions of 0.2 mm 20 mmx 30 mm are glued to both sides of the beams 120 mm far from
the origin. As a sensor, a PZT with dimensions of 0.5 m20 mmx 20 mm is glued 110 mm

away from the end on one side of each beam. The beams areteckseRig.3.6(a)

Dspace

f y(t)
Signal Conditioning

Sensok }me

jS.me

Damaged beam

e -
(A

[T

570mm

700mm

(a) Aluminium beams. (b) Block diagram.
Figure 3.6 - Experiment setup.
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The block diagram used to illustrate the experimental condiion for DTAC purpose
is shown in Fig.3.6(b) In this illustration, the dotted triangular prism repnetsecompletely
removed material to act as the induced damage. The signalajemn, data acquisition, and
the controller are implemented using a dSPACEoard model D$104 and ControlDesK
software. The control signal(t) and the disturbance signal(t) are generated, amplified by
20 times, and applied to their respective transducers. ration signaly(¢) is captured by a

PZT sensor, then it is conditioned and transmitted to theiatn.

3.5.2.1 Healthy structure identification

The Experimental Frequency Responses (EFRs) are estirnaieg the deterministic
Schroeder signal as excitation, sampled at 4 kHz and witfuerecy band between 0 Hz and
500 Hz. An EFR can be written aBRINTELON; SCHOUKENS$2001):

Sba

Pba: Saa’

in which a(t) represents the input signal(¢) or w(t)), andb(t) is the output signak((t)). S..
is the power spectral density aft), and Sy, is the cross power spectral density betwégén
anda(t).

To determineP,,, the Schroeder signal is applied to the piezoelectric &otusnd the
disturbance signal is set to zero. Similarly,, is determined when the Schroeder signal is
considered as disturbance and the sigria) is set to zero. Furthermore, forty periods of the
Schroeder signal are used to estimate each EFR. The expé¢ainastimation of,, and P,
is presented in Fig8.7, showing that?,,, and P,,, have five different modes. However, the first
peak of P,,, is much smaller than the other four peaks. Thus, as the olgdstto reduce the
structure vibrations when there is some disturbance, thienfiode can be ignored in the identi-
fication. Therefore, using thesestfunction of MATLAB®, the structure model is identified in
the state-space form as a multiple-input-single-outpstesy considering four main modes of
vibration. The identification results can be compared WithEFRs in Fig3.7. It is possible to
notice that the identified model is a reasonable estimafitimecstructure in the frequency band

of interest.
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3.5.2.2 Modal robust controller design
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Figure 3.8 - Transfer function comparison between full sedliced models.

The control design criterion of this work is to suppress &ilan in the first three re-

cognised modes of the flexible beam subject to damage. Tieispodel is directly truncated,

including only the first three modes, as can be seen inFR).The lost information by the

model truncation may affect the dynamics and bring undekreffects such as spillover. Thus,

to avoid this effect, both weighing functions of EQ.7) are designed with the following para-
meters:M = 255,k = 1, ¢ = 0.1, andw. = 1800 rad/s. The plant model is built in the

state-space form with matricéd, B, By, C2, D21, D2y) obtained directly from the trunca-

tion of the identified model. Moreover, the performance ma# are defined &, = C, and
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D;; = D12 = 0. In the tests, the chirp signal with band between 78 Hz andrs)@luration
of 5.4 seconds, and amplitude of 0.5 V is considered as ardetae, focusing on identified
modes.

The RC is initially designed and its performance is used asdference. The RC reduces
the vibration level over the four modes, three modes in ther@st band and one out, as can be
seen in Fig3.9. To analyse the weighing effects in the modes, three cordiguns are created:

1. MC1L:[QY*QY? Qy* =[051.01.2];

2. MC2:]Q)? QY* QY =[051.21.4];
3. MC3:[Q?* QY QY =1[051.41.6]

Figure3.9(a)shows the modal peak vibration of the healthy structure rfbeal vibration
reduction is optimised by increasing the mode weighingoAthe MCs are more effective
in reducing vibration than the RC. These results are dematest more clearly by analysing
the percentage reduction in Fig.9(b) computed in relation to the open-loop response of the
healthy structure. Moreover, the control signal amplituteases with the mode weights, as
can be seen in Fig.9(c)

o
3
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I Open loop I RC

I RC I vCl

0.6 I vCl1 1 sol- I me2 ||
I mc2 [ mc3
[ mc3

o I o
w = o
Reduction (%)

Maximum Amplitude (V)
o
N

o
[

o

1 2 3 4 2 3
Modes Modes

(a) Peak vibration of each mode. (b) Percentage reduction.

Amplitude (V)

MC3

(c) Control signals.
Figure 3.9 - Healthy beam simulated signals.
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3.5.2.3 Control system experimental results

To examine the modakl{,, control methodology for regular vibration control and for
DTAC purpose, the controllers designed for the healthy beaenexperimentally examined
in the healthy beam and in the damaged beam. Fi§uté shows the open-loop frequency
response comparison of the healthy and the damaged sesactuis possible to notice that
damage produces natural frequency shifts in all modes. dderedamage provokes amplitude
increase in almost all modes, decreasing only in the lastenodd’,,,, which is outside the

interest band.
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15
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(@) Pyu. (b) Pyuw.
Figure 3.10 - Frequency response comparison between heaithdamaged structures.

The experimental data analysis starts with the healthy b®gmarimental vibration sig-
nals, whose peak vibration of each mode is shown in Bifjl(a) Moreover, the relative vi-
bration reduction is presented in Fig11(b) adopting the open-loop response of the healthy
structure as the reference. Similarly to the simulated,¢hedRC reduces the global vibration in
the interest band. For MCs, the vibration reduction in eaockeris enhanced by the increasing
mode weight. For instance, the third mode weight is contislyoincreased and its vibration
is continuously reduced. For modethe RC is causing the greatest vibration reduction. This
result is expected because the MCs have a low weight in thikenfeor mode, the MC1 does
not change its weight, so it has a response similar to the RCmiede4, which is outside the
interest band, the amplitude is attenuated in relationemiten-loop response, considering all
tested controllers. Analogously to the simulated restiisyveighing increases the experimental
control signal, as can be seen in F3gl2(a)

The peak vibration and the relative vibration reductiorhefdamaged structure are shown
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respectively in Fig3.11(a)and Fig.3.11(b) adopting the open-loop response of the damaged
structure as the reference to compute the percentage @ftimbreduction. However, all con-
trollers showed to be effective in reducing vibrations. Tin@dal controllers also continue with
superior performance in relation to the RC, but this perfomoe difference between the MCs
and the RC is increased when compared with the results ofdhkhly beam. Moreover, the
MC3 reduces substantially mode 3 peak vibration in the daehdgam, reaching similar val-
ues of the best results of the closed-loop healthy beam. Nodas a slighter performance
because this mode is less weighted. For mgdehich is outside the interest band, the attenu-
ation is more effective for the damaged beam, consideriaigdamage itself provokes vibration
attenuation in this mode. FiguBe12(b)shows that the increase in weights also implies arise in
the control signal. As a final analysis, these experimepsllts show that an adequate control

of the selected modes produces better results than the RCthvastructure undergoes damage.

15

Healthy Beam Damaged Beam 90r Healthy Beam Damaged Beanm
I Open loop I Open loop gol | RC I RC | |
. RC . RC = vet [ vt
S I McL I mc 7o | I mc2 I vez |
o | |EE wmc2 = mMc2 = Mc3 1 mMc3
T 1f| 0 mc3 [ mc3 1 g eof . J
_g 5 5o
< S 40}
E 3 _
g & sof i
3 20t i
=
10t i
0 I
~10 ‘ ‘ ‘ ‘
1 2 3 4 1 2 3 )
Modes Modes
(a) Peak vibration of each mode. (b) Percentage reduction.

Figure 3.11 - Experimental output signals.
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Figure 3.12 - Experimental control signals.
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3.6 Conclusion

This chapter presented a novel modal, control methodology applied to DTAC. The
technique provides appropriate control energy distrdsutiver selected modes to reduce dam-
age effects. For this purpose, a weighted mddal norm is proposed, where modal weighing
leads to the design dfl,, controllers presenting a high modal selectivity propeFtyerefore,
the adopted strategy links the modal control with robustrmdnThe methodology effective-
ness is examined through applications with different leeéldifficulty. Initially, the technique
is analysed in a simulated system created with four massegected by springs and dampers,
and damage is included by changes in these parameters.thbeenethodology is experiment-
ally tested using two similar cantilever aluminium beamd damage is created by material
removal. Results show that the moddl, approach is more effective than the regular,
technique in suppressing structural vibration in the asedycases, unfolding the possibility of

selectivity and effective modal control.
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4 A MODAL H,-NORM PERFORMANCE REQUIREMENT FOR DTAC

This chapter presents a novel methodology to include darmagedesign requirement
in the modalH, control technique. For this purpose, the proposed modal $&t¥nique to
assess the damage effects on each mode is initially detaitesh, a new method is presented
to convert the modal damage information into modal weighragrices, conducting to design
the respective DTAC controllers. Simulated results withrR&dels are analysed, considering

different damage severities.

4.1 Introduction

Chapter3 presented a new control method associating modal contlFap control
concepts, aiming to achieve good performance through nesdettivity. The control strategy
Is to design a modal robust controller that achieves an adequerformance through vibra-
tion reduction of high energy modes, controlling each modkependently. However, modes
with lower energy may also be affected by damage, eventiedlying to significant vibration
increase of the controlled structure. To overcome thistétion, the strategy proposed in this
chapter is based on the measure of the distance betweenalibyn@nd damaged structure
models, in order to create an appropriate energy distahusver the vibration modes, taking
into account the damage effect on each mode.

The adopted strategy considers that flexible structuresfme submitted to repetitive dis-
turbances, with some critical regions more affected thaerst The repeating cycle eventually
leads to damage in these regions due to a fatigue procesd) déamands an SHM technique to
be adopted to prevent failure. The proposed DTAC methoguietards damage occurrence and
limits its propagation in these critical regions, combmPAC and EDAC strategies to design a
nonreconfigurable controller. Figudel illustrates the adopted strategy framework. Piezoelec-
tric transducers constitute the sensor and actuator nletwdhe critical regions. Simulations
of damage situations provide damage impact on modes, basgetliminary knowledge from
structure analysis, fatigue tests, and maintenance igtarSHM module assesses the damage

severity on each mode. Considering the expected damageiation, modal weighing matrices
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are built and used to design the modal controller, basede@mttdal 4, control approach of
Chapter3. The proposed strategy is evaluated in terms of robustrmesyiaration rejection
and is compared to the regulal,, control technique. The studied structure is a flexible beam
with noncollocated piezoelectric transducers, modeledugh the FE method. An increasing

severity damage is simulated to test and compare the clantparformances.

Critical region
DTAC system

[ ]
° L4 S
o o > ~
. ° o o
. o > >

Piezoelectric transducers

| Damage simulations

Cracks
Modal damage evaluation

Modal weighing matrices

Modal controller design

Figure 4.1 - Adopted DTAC strategy.

4.2 Assessing damage effects

A subspace metric to quantify damage effects on structudesis proposed to enable the
inclusion of damage as a controller design requirement.régpelar approach for this metric is
the assessment of the distance between subspaces repigeadrmgalthy model and a damaged
model, based on dynamic response changes as damage irgliEatanstanceZheng and Mita
(2008 applied a subspace metric to monitor the structural hedlghsimulated structure with

five storeys subject to ambient and seismic excitati@enari et al.(2013 investigated the
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metric for detection, severity analysis, and location aihdge experimentally, considering a
medium frequency range. However, these metric applicatiimmnot provide information about
damage effects on each mode. To overcome this limitati@nstibspace metric is modified to
provide modal damage effects, based on the adopted state-spodal model. Using this data,

the modal weighing matrices are then estimated in orderrngemsate each affected mode.
4.2.1 Modal damage metric

The infinite observability matrix for the flexible structuM described by Eq.2.7) is

defined as:
On(M) = | (Cy)T (CaA)T (CpA2)T ] .

Assuming thatM() and M are two stable models with ordem, the respective ob-
servability matrices ar@,,(M;) andO.,(Ms). The distance betwees) andM®? can be
calculated in terms of the principal angles between themadesrange®..(M; ) andO,,(Ms)
(see Appendi for details). Thus, the distance betwédi) andM®) is given by DE COCK;
DE MOOR 2002):

cos? 6,
=1

AMY M®)H2 = 1og (ﬁ ! ) (4.1)

in which ¢, is thel™ principal angle between the subspace rar@egM ™)) andO,,(M?),

The distance computed by E4.{) is a scalar indicator, which does not take into account
modal effects. To get a modal indicator, the metric is moditie calculate damage impact
on each vibration mode. DecomposiNjinto m modal subsystems, the infinite observability

matrix of a modal subsystei; is defined as:
OOO(Mi) = (C21)T (C21Ai)T (C21Ai2)T e ’ (42)

whereC,, and A; represent respectively the elements(&f and A relative to mode. The

distance betweeMEl) andMZ@) for mode: is then proposed as:

2
Ay (MY M2 = 1og (H ! ) (4.3)

20.
cos? 0;

Jj=1
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4.2.2 Modal weighing matrices

Considering the above definition of modal distances, thisection presents an original
approach that allows inserting damage information intontieglal /7., controller design, using
the modal weighing matrices. Structural damage may leadttafrvibration increase or reduc-
tion, depending on several factors. The modal distancentgah permits to evaluate damage
effects in the modes, but it is not able to distinguish if iigration amplitude is increasing or
reducing.

To overcome this limitation, the proposed method asse$sesftect of a regulari,,
controller on the healthy structure. The idea is to use, &whaenode of the healthy structure,
its closed-loop attenuation and the respective peak vaRyeassociating these two values to
the modal damage effects on the structure, i.e., the mogtdraies between the open-loop
response of the healthy and of the damaged structure, i gimandication of the amplitude
variation and also of the respective importance of each maith these data, it is possible to
obtain a relation to provide the modal damage amplitude wegythat can be used to design
the damage-tolerant controller.

Considering different performance signals, Fig.2 shows the open-loop amplitude fre-
guency response of the healthy structure and also the elospdesponse using the reguldg,
controller, between the performance sigadt) for [ = 1, ..., p and the disturbance(t). The
following indicator balances the vibration reduction a&ed by the controller and the relative

effect of the damage for each mode:

w-[ () () - ()] ws

in which A; is the calculated modal distance; is the modal peak amplitude of the controlled

structure and@y; is the modal peak reduction, foe= 1, ... m.

— Open loop
--- Regular H,

Frequency (rad/s)
Figure 4.2 -T,, ., attenuation and peak values.
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One can notice that each factor in E4.4) shall correspond to an element of the modal
weighing matrices. However, considering the relative @alaf these parameters, it is possible
to have very small or very large numbers. To limit these nus\deis convenient to establish
an amplitude transformation, taking into account the mummand the maximum values of the
vector given by Eq.4.4). Attributing two new values for these numbers, the adopimusform-
ation is the line equation formed by these two points in ag@ldme new values must conduct
the parameters to a reasonable range, chosen based ongraspects, e.g., maximum output

voltage. The new consistent vector is now:

Qa=1|81 Bz - Bm ] ) (4.5)

which leads to the following modal weighing matrices thatdbute the control energy among

the modes, conducting to modal selectivity:

61 0 0 O Bim 0 0 0
0 B O 0 0 Bom 0 0O

L.
|

o
Em\»—

(4.6)

0 0 0 Bn 0 0 0 Bpm

4.2.3 Algorithm for the modal damage-tolerant controller design

The following algorithm summarises the steps to design #mate-tolerant controller.

Algorithm 4.1 Damage-tolerant controller design.

1. Determine the modal state-space model of the healthy ptampt(®.7)) and the respective
observability matrices (Eq4(2));

2: Estimate the observability matrices for the damaged plaghtalculate the subspace angles
for each mode;

3: Design the regulafi,, controller by solving the respective optimisation problghi2);

4. Compute the subspace distances for each mode between ttig/ laeml damaged models
(Eq. @.3);

5. Compute the raw indicator of each mode considering the anadivariation due to damage
(Eg. @.4)) and transform them into consistent values (Eob)(;

6: Build the modal weighing matrices (Edt.0));

7: Design the modal{,, controller by solving the respective optimisation probléhme-
orem @.2).
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4.3 Simulated results with FE models

This section presents details of the healthy and the damgtgaecture, using FE models.
In the sequence, a Reguldr, Controller (RC) and a Modall, Controller (MC) are designed
to reduce the structural vibration caused by disturbaneealRthat only the MC design uses the
damage information through the weighing matrices, as dyrel@scribed. Then, the simulated

controller performances are analysed and compared.

4.3.1 Simulated flexible structure

Considering the classical approach of linear constitutdlations for the materials with
small mechanical and electrical perturbatioB&TOZ et al, 1980 PREUMONT, 2002, the
proposed method is general and does not rely on a partidudgresor boundary conditions of
the controlled structure. The only requirement is that thecsure can be modelled by means of
a theory that leads to EQR.() and Eq. 2.2). Using a dedicated software, the FE method gives
a general frame to get such equations, linking the ideaisaif any physical structure, which
may provide accurate models with a high number of degreegetibm.

The example of an active aluminium structure chosen to dsirate the application of
the proposed moddl,, technique is shown in Figl.3(a) according to the guidelines presen-
ted in Fig.4.3(b)and to the material properties of the structure in Table This structure is a
600 mm x 30 mm uniform aluminium plate, equipped with four pairs of melectric ceramic
elements bonded on its upper and lower faces, as shown id Biglhe respective thicknesses
are 3.2 mm for the plate and.5 mm for each piezoelectric ceramic element, whose proper-
ties are given in Tabld.2 The control signal:(¢) and the disturbance(t) are applied to the
actuators, where the sensors generate respectively thalsig(t) andy.(¢). The structure is
simulated using a dedicated FE software, named PLQP antbgedeat the PIMM Laboratory
to test control strategies on plates. The FE model meshiosrg8839 discrete Kirchhoff triangu-
lar plate elementBATOZ et al, 1980, considering 472 ones to model the four areas where the
piezoelectric transducers are placed. Moreover, 2186saaeused, considering three mechan-

ical DOFs per node, which represent three generalisedatispients, i.e., one translation and
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two rotations. Thus, it leads to 6558 mechanical DOFs anddiagtrical DOFs, which describe
the potential electric differengg () applied to each external electrode of ceramics couples, for
j =1,...,4.The electric potential is constant and orthogonal to the@lx,y) in each piezo-
electric layer. These ceramics have an isotropic behawotire plane(x,y), the direction of
polarisation isz, and they are covered with electrodes. The aluminium coposges the same
potential of reference (0) to the electrodes at +1.6 mm and the electric connections imply
equal potentialg, (1) = p; (t) = p;(t) on the external electrodes < +1.85 mm). More
details about the PLQP software can be seen in AnAexe

When the perfect boundary conditionsin= 0 andx = 600 mm are considered, the
aspect ratio allows to model this active structure as a ckalrgbamped beam if the model aims
to represent only the first modes of vibration. However, duéé consideration of a “damaged”
clamping atr = 600 mm, this assumption cannot be done and the structuredslted as a
Kirchhoff plate. The choice of a symmetric structure witspect to the planéz,y) induces
an uncoupling of the membrane and bending modes. The chésgneconnections lead to

control signals that do not induce membrane deformations.

Sensor v (t
Sensor ,(t
Actuator -w(t)
Actuator -u(t)

Structure

0.3 05 06
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(a) Flexible structure.

detail A

A
[3p]
- K N
actuator actuator
(control)  SP<er e 2 (perturbation) detail B
u(t) 1 2 w(t)
&
%

o D ET NS

25
210 30

330

N

<
30

540

600

(b) Schematic diagram in mm.
Figure 4.3 - Adopted aluminium structure with active eletsen
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upper electrode, potential p*(t) upper piezoceramic

thickness = 0.5 mm

aluminium plate (electrode) 3.2 mm$

lower piezoceramic,
. thickness = 0.5 mm
lower electrode, potential p ()

potential 0

Figure 4.4 - Detail A of Fig4.3(b) configuration of each couple of piezoceramic elements.

Table 4.1 - Structure mechanical properties.
Dimension (mm) p(kg/m*) E (GPa) v
30x600x3.2 2700 70 0.33

Table 4.2 - Mechanical and electrical properties of thegiéertric elements (NOLIA®).
Dimension (mm) p(kg/m®) Ey; (GPa) FEs3 (GPa) vy dsy (PCIN)  dss (PC/N)
20x30x0.5 7600 62.50 52.63 0.38 -195 460

Damage is simulated by a partial clampingrat 600 mm as shown in Figl.5; it is a
common damage in clamped structures. The lehgihthe free boundary governs the severity
of this damage. It can be interpreted as the model of a cratdngth’ in the linking of the

beam to the rigid frame.

clamped part of the boundary

healthy damaged
clamping 30 mm clamping

|

length of the simulated crack: h

Figure 4.5 - Detail B of Fig4.3(b} modification of the boundary conditions to simulate a dagntgt
models a crack of length.

The nominal plant model used to design the controllers isaged to four modes. Another
model with ten modes, referred here as the complete modwlpisted to analyse the controller
performance in order to verify that the controller is effeely avoiding spillover. A comparison
of the open-loop transfer functions for both models is pnés@ in Fig.4.7. The respective
vibration modes and natural frequencies are presentecbie #&88 and the mode shapes of the

nominal model are shown in Fig.6.

Mode 1 Mode 2 Mode 3 Mode 4

e gt i g
M,:;YH’M . M g P M"M ot ™

Figure 4.6 - Mode shapes of the nominal model.
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Table 4.3 - First natural frequencies of the healthy stmactu
Mode Frequency (rad/s) Deformation Mode Frequency (radBgformation

1 295.69 Bending 6 3861.10 Bending
2 816.72 Bending 7 5360.21 Bending
3 1590.10 Bending 8 7173.37 Bending
4 2574.19 Bending 9 7630.50 Torsion
5 3683.19 Torsion 10 9267.03 Bending

T T T T T T
4 r Complete | 40 Complete 7
———-Nominal ———-Nominal

20
ot

-20

«» (dB)
(dB)

-40 b

T,
Tyw

-60 [

-80 [

-100

120 . . 1 . 120 . . .
10* 102 10° 10* 10t 102 10° 10*
Frequency (rad/s) Frequency (rad/s)

Figure 4.7 - Transfer function comparison between comgatenominal models.

4.3.2 Damage simulation

Damage is simulated as a crack with different severitieedeimg on its length. For
this purpose, three different severities are simulated:

. No damageh = 0;

. Damage 14 = 10 mm,;

. Damage 27 = 15 mm,;

. Damage 3% = 20 mm.

Damage may induce different effects on each mode of vibratiecause the crack
changes the boundary conditions, thus changing mode sh@bisscan be seen in Figl.8,
which shows the frequency responses from the healthy steiahd the damaged structure, for
damage 3. It is possible to notice natural frequency shifedlimodes and amplitude changes,
larger in modes 3 and 4, which belong to the frequency rangeerest. In mode 3, damage re-
duces the amplitude of vibrations while in mode 4 damagesléad larger amplitude. Damage

effects on the natural frequencies and modal amplitudebe@aammarised in a single value for
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each vibration mode, using a modal damage metric. Figi@presents the modal distances for
the three damage cases, in which their increase with danexgéty can be easily seen. These

results also verify the proposed modal metric as a tool tesssdamage severity.

Healthy | 7 40 Healthy | 7
- - - -Damaged - - - -Damaged

40

T, (dB)
T, (dB)

-120 L L I -120 L L 1
102 10° 10* 102 10° 10*
Frequency (rad/s) Frequency (rad/s)

Figure 4.8 - Frequency response comparison between thibyaald the damaged structure (Damage 3).
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4.3.3 Regular robust controller design

Regular robust controllers are commonly used to reduceatrdns effects caused by
disturbance. The regular controller is designed based emtminal model of the healthy
structure, according to Eq2(/). The performance matrices are defined@s = C, and
D;; = Dy = [0 0]7. A chirp signal with band between 0 Hz and 500 Hz, duration of
20 seconds, and amplitude of 4 V is considered as the distoeb® examine the controller

performance. The complete model is employed to close the [Boe spillover-avoiding capab-
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ility is achieved by using the weighing filters of E®.T), designed with the parameters present

in Table4.4

Table 4.4 - Parameters of the weighing filters.
weighing filters w. k& M ¢
F, 2320 2 65 0.07
L, 2320 1 65 0.07

Frequency and time responses for the open-loop and closgdHealthy structure are
shown in Fig4.10and Fig.4.11, which also show results for the modal controller presented
the next subsection. Figu#elOpresents frequency responses for the two performance tsutpu
in the interest band. It can be seen the vibration reductioalf modes, with mode 4 presenting

the lowest reduction. Tabke5details the vibration attenuation for each mode.

Table 4.5 - Healthy beam modal responses with the reguladratiam.
Modal vibration reduction (dBj¢|)

Transfer function Mode 1 Mode 2 Mode 3 Mode 4
T, w 44.6;169.82 34.0;050.12 34.8;55.95 4.2;1.62
T, 47.0; 223.87 43.4;147.91 27.5;23.71 4.2;1.62
Controlled structure peaks (dB&...|)
1w -31.5; 0.0266 -28.1;0.0394 -31.6;0.0266 -19.2;0.1096
T, -35.5; 0.0168 -33.5;0.0211 -35.9;0.0160 -18.1;0.1245

4.3.4 Modal robust controller design

The same controller structure with the same filters is adbjotethe modal robust control-
ler design, adding the modal weighing matrices and the o#ispeperformance outputs. These
matrices are determined based on modal distances caltbkitgeen the open-loop healthy and
damaged structures (damage 3), and using data containedbli@4Ts, according to Eq.4.4).
The minimum weighing value is 0.6 and the maximum value isBadsed on these parameters,

the following modal weighing matrices are calculated:

0.6 0 1 0.7 0 1 0.7 0 1 45 0
= , Q3 Q3 = ,andQj =

0 0.6 0 0.6 0 0.7 0 4.5

Ll I

Q

These values imply that vibration mode 4 has the highestatesieighing factor. Notice that

similar modal weighing matrices are obtained using the rhdidéances considering damage 1
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or damage 2.

4.3.5 Healthy structure responses

The performance of both controllers are initially compdi@dhe healthy structure. Fre-
guency and time responses are presented idEl@and Fig.4.11, respectively. It can be seen
in both figures that, for mode 1, the controllers have sinpkformance. For modes 2 and 3,
the RC performance is slightly better than the MC perforneaiitiese results are expected be-
cause the MC has a low weight in these modes. For mode 4, thedvf@mance is better than
the RC one, due to the modal weighing increase in this mogdgiré4.11also shows that there

is no spillover excitation.

50 T T 50

Open loop| Open loop)
— RC ——— RC
MC MC

T, (dB)
Ty (dB)

102 10° 10% 10°
Frequency (rad/s) Frequency (rad/s)

Figure 4.10 - Frequency response comparison between tatwoled and the controlled healthy struc-
ture.

Open loop| Open loop|
— RC — RC
MC 1 2r MC

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time (s) Time (s)

Figure 4.11 - Performance comparison between the unctedrahd the controlled healthy structure.
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Figure4.12permits to compare the RC and MC control signals, where tleicsuper-
position changes in order to clarify the relative amplitsidécan be seen that the MC presents
a better energy distribution, due to the relative specifiediahweighing. Comparing with the
RC, the MC control signal has its amplitude reduced in mods @quivalent in mode 3 and is
amplified in mode 4, but its amplitude is low compared to modi @an be affirmed that both

controllers achieves satisfactory performance in thethgakructure vibration reduction.

— RC
6 ' MC | 4

0 2 4 6 8 10 12 14 16 18 20
Time (s)

Figure 4.12 - Control signal comparison between the MC aadR@ in the healthy structure.

4.3.6 Controller responses under damage

The adopted DTAC strategy aims to focus the control actiomoxes that are indeed
suffering the worst damage consequences. For this purposeViC is designed to provide
an appropriate energy distribution to mitigate damagectffebesides controlling the healthy
structure, too. The MC is now examined under the three diffedamage conditions and it is
compared to the RC behaviour. Time domain performance lsigma presented in Fig.13 in
which the RC performance of the healthy structure is usetieassference.

It can be seen in Figl.13that the modes 1, 2, and 3 are slightly affected by damage even
for the higher severity case, with both controllers presgnsimilar performance, also close
to the reference. Recall that for the uncontrolled strugthrs also occurs, but it is possible to
notice that there are performance differences for the modehith increase significantly the
vibration peak under the RC, getting even higher than the-dpep vibration peaks. However,
the MC maintains the mode 4 close to the reference and significsmaller than the open-loop

behaviour.
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(a) Structure submitted to damage 1.
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(c) Structure submitted to damage 3.
Figure 4.13 - Performance comparison of the controllectiire subjected to damage.

Figure4.14shows the control signal behaviour for the two tested cdletrsg where the
colour superposition changes in order to clarify the reaeimplitudes. Comparing the control
signal evolution among the three severity cases, theiritundels decrease for both controllers

for the first three modes, which are less affected by the damegd increase for the fourth
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mode, as the severity progresses. However, it can be sagheéldC amplitude for the mode 4
increases substantially, leading to the high attenuaten &1 Fig4.13 The general resultis an
energy migration from the first three modes to the fourthjtagtmore efficient with the MC.
Itis also interesting to note that both controllers conrtthe energy for the attenuation
in the first and second modes, which present the highest loppgramplitude. The damage ef-
fect in the analysed cases increases significantly the mmgnvibrations of the fourth mode,
which presents a low amplitude when compared to the first siddealthy mechanical struc-
tures usually behave as low-pass systems, but the damadgrseahe fourth-mode amplitude
higher than the other modes, as seen in&ifj3(c) The proposed method permits to foresee this
effect and to design a controller that, being effective fa healthy structure, can present the
damage-tolerant capability, which, as seen in the residiss not occur for a regular-designed

controller.

8 T T T T T T T T T 8

——RC — RC
of ' MC| | 6f MC | |

Dy U W |
k. 24 o

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time (s) Time (s)

(a) Structure submitted to damage 1. (b) Structure submitted to damage 2.

— RC
6 MC | |

0 2‘ A‘l é E; 1‘0 1‘2 1‘4 1‘6 1‘8 20
Time (s)
(c) Structure submitted to damage 3.

Figure 4.14 - Control signal comparison of the controlledctture subjected to damage.
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4.4 Conclusion

An investigation of the damage-tolerant controller desigaed on a moddf ., norm was
conducted. The proposed methodology allows to design antafé control system for a healthy
structure, which can also face damage effects. The adopf@dach considers foreseen study
results that can point the most stressed regions and, tinereéfie most probable ones where a
damage could occur. The same controller can achieve an atdegerformance to the healthy
and damaged structures, avoiding the necessity of a recoalfigg controller design process.
As a consequence of these characteristics, the proposéddnein also extend the operational
life of the structures.

The damage controller achieves these goals by specifyimdahweighing matrices in
order to provide an adequate control signal energy didgtabio mitigate damage effects. The
adopted approach considers that structural damage inpagpliesented by a composition of
damage effects on each mode, which may be quantified usingagteindicator based on a pro-
posed modal distance. The modal damage indicator is usedltbrbodal weighing matrices,
used as a design requirement to provide an appropriate aatokgant controller. A trans-
formation of the performance output vector of the RC desmgtuides these modal constraints,
leading to an optimisation problem that may be efficientliysd by known LMI methods.

The proposed methodology is tested using the FE modelliagctmped-clamped beam,
where the controller response to three different damagerises is simulated. The performance
results of the MC are shown to be more effective against darmagacts, compared to the RC,
due to the achieved modal selectivity. This feature is resjixde for concentrating the control
energy on the modes that are mostly affected by damage. Menebe performance of the
damage-tolerant controller is also adequate to the hesiitbgture, which yields the conclusion

that the proposed modal approach can protect the structaeding damage occurrence.
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5 AMODAL DOUBLE-LOOP CONTROL FRAMEWORK FOR DTAC

This chapter shows a novel modal double-loop control fraorkwo face damage ef-
fects on structure vibrations. Initially, the adopted feamork describing the double loop and its
modules is presented, where the first loop is based on a modabder and the second aims
to compensate damage dynamic changes of the plant. A detdelscription of the damage
compensator follows, which is based on a new SHM module aed@figuration mechanism
to adapt the controller parameters. The simulated restdt$he subject of the next section,
and then the final conclusions are presented balancing thenada behaviour of the proposed

method.

5.1 Introduction

Smart structures may present a sophisticated computhliseed allowing real-time func-
tions like SHM and AVC. Many techniques have been develomedSHM (ISERMANN,
2006 SAEED et al, 2009 GENARI; NOBREGA 2012 FENDZI et al, 2015 and for
AVC (HALIM , 2004 GAWRONSKI, 2008 PREUMONT, 2011, PEREIRA; SERPA2015,
focusing on damage detection and diagnosis, or adequdterpance and robustness for con-
trolled systems. However, SHM and AVC methods are indepatihddesigned in general, des-
pite the fact that damage may significantly affect the AVCiuenance. Aiming to overcome
the controller performance decline due to damage, thistehgpesents a framework to design
damage-tolerant active controllers, based on a novel édobp modal controller, which may
be adaptively reconfigured in real time.

The double-loop robust control concept was proposedhiyu and Rer{200]) to solve
the conflict between performance and robustness for thdaietgedback controller. The key
idea is to use two controllers, where the first controllerasigned to provide performance and
the other is designed to guarantee stability and robustiéss control idea has been success-
fully used as an FTC strateg[ESLAK et al, 2008 ALVES JR. et al, 2009 QIU et al,
2017). A new double-loop methodology is presented in this chapiesed on the application

of the modalH,, norm proposed in Chapt@rto control flexible structures subject to damage.
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In this case, the first controller is designed to comply wighfprmance and robustness require-
ments for the healthy structure. The second controller aomensure satisfactory closed-loop
performance and robustness including damage effects. Aneoreconfigurable technique is
adopted to design the second controller, based on a motiatstaking method to provide the
update of the controller parameters. FE models of a casg studacture are adopted, consid-
ering the health condition and some levels of damage camditin order to test the proposed

double-loop control methodology.

5.2 Adopted DTAC framework

Regular controllers are designed in order to ensure a spadédvel of performance and
robustness for the closed-loop system. However, both ptiepare directly influenced by struc-
tural model accuracyQHOMETTE et al, 2008. Mechanical structure dynamics is highly
sensitive to damage, which may increase the vibration df bw open-loop and the closed-
loop structures. On the other hand, damage effects overraydgnamics is difficult to predict,
hindering to incorporate structural damage informatida the controller design. Simply trying
to increase the robustness, expecting to accommodatertjeertandel variation due to damage
effects, may lead to significant performance loss in theaddsop system for the healthy struc-
ture. Notwithstanding, it does not guarantee acceptabferpeance if a damage occurs.

To include damage as a control design requirement, thedtlosg system should be able
to comply with previously defined performance and robustrreguirements for the healthy
plant, and also to ensure that, despite the damage dynai®atsfthe system maintains an ad-
equate performance level. A methodology for AVC based omibdal double-loop controller
for DTAC applications is proposed in this chapter, whichs$ggs these requirements. Several
strategies and approaches are possible for DTAC, similaxigting solutions for FTC. The
simple approach is to design just a robust controller in glsitoop, as mentioned in the previ-
ous paragraph. This strategy is depicted in Bid, where a robust controll&r; is designed to
reduce the structural vibratign(¢) caused by the disturbance foree$t), satisfying a perform-
ance index vectaz(t). However, the unpredictability of the damage effects imgpthat a good
performance is not guaranteed. A better approach is uselapt€r4, where the key idea is to

use previous knowledge acquired from similar structurgzréalict future damage most likely
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effects, and design a nonreconfigurable controller to faiseprobable damage, if and when it

happens.

Structure y(t)

C, [«

Figure 5.1 - Single loop.

Zhou and Rer200)) proposed the double-loop scheme in @ to be used for robust-
ness increase and also for FTC applications. Comparingthétischeme in Figh.1, a residue
generator and a second controllés are included. The controlle€, acts over the residue
signal, which is due to the plant dynamic changes. An apjpticaof this configuration is for
nonlinear systems, which may be linearised at an operatant,pand the second controller
compensates any significant variation of this operatingnipdihese two strategies are based
on fixed parameter controllers, which is called in the FTGiapassivestrategy. However, a
more general solution is to design an automatically recardigie controller, with the ability to
characterise the damage-caused dynamic changes on thepthadapt the controller online,
without the intervention of a human operator. The doubtglscheme is adopted in this chapter
as a reconfigurable DTAC, considering its simple way to camsp&e big model changes. In the
present case, a linear time-invariant controller is chdeethe first controller, called the nom-

inal controller, and a reconfigurable controller is ado@edhe damage compensator.

w(t) ——» y(t)
Structure

Residue Generator |«

Y

L
ux(t)
+ Cs <
u;(t
1( ) Cl <

Figure 5.2 - Double loop.

Figure 5.3 presents the well known FTC reconfigurable framew@KANG; JIANG,

2008 for a regulator controller, which is in general based omglg-loop controller with vari-
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able parameters. A residue generator block receives inlglardth the plant both the control
input signal and the real-time measurement output. Thiskdonbeds an implicit plant model
used to generate the respective residue signal resulting thhe processing of these two input
signals. Several FDI techniques may be used to estimatethieeffects, represented by the
signalf(t). In the mechanical structure area, the SHM has similaritieglation to the FDI,
with the corresponding differences due to the particu&wiof the structural behaviour. Con-
sidering that smart structures embed transducers, damagealso impact on the transducer
behaviour, rendering the DTAC a more complex problem. Hamew both areas, the residue
signals need to present the capability to conduct the regumafiion of the controller. In order
to do this, the reconfiguration mechanism, another funatiblock that can be seen in Fig.3,

uses the residue to compute online the new controller paesime

Reconfiguration |
Mechanism Residue Generator [«
w(t)  f(t)
u(t)
> C, »  Structure y(t)

Figure 5.3 - FTC framework.

The proposed DTAC framework is presented in gl It shows two different control-
lers, the nominal controller and the damage compensatachvdooperate in order to control
the vibrations of flexible structures subject to damage.ridrainal controller parameters are set
in the design phase to provide the disturbance rejectiorttemdare not updated. The damage
compensator parameters are reconfigured online to facethagk consequences on the plant
behaviour. The modall., approach is adopted to design the nominal controller. Thdaino
approach provides high authority over the control energyriution among the modes, reflect-
ing a designer-chosen compromise to guarantee a good iperice for the healthy structure
(see ChapteB for more details). As such, this healthy closed-loop mosla@lso adopted as the
reference to generate the desired performance outputnidass that the damage compensator
goal is to maintain the same performance that was preseheiplant before the damage oc-
currence. The damage effects are assumed as a bounded unikiporvsignalky(t). To design
the reconfigurable damage compensator, a state-trackatggy is modified, based on a model
reference adaptive control approatiRAYRETSKY; WISE, 2013, which includes the modal
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behaviour as a design requirement. The estimated stat@rvecompared to the reference state
vector, generating a residue vector which the reconfigumatiechanism uses to adapt the dam-
age compensator parameters. In the next sections, thegadRIAC methodology is detailed,

in order to explain how the double-loop approach may be uséthplement a reconfigurable

controller.
P(t) ———> y(t)
w(t)———> Structure
u(t) >
» Residue Generator <

—»  Reconfiguration Mechanism

/

Uz (t) Damage Compensator

Y

Nominal Controller <

[y

+

ux (t)

Figure 5.4 - Proposed DTAC framework.

5.3 Reconfigurable DTAC controller

Figure5.5shows the detailed block diagram of the DTAC framework,udahg the plant
and five constitutive modules, respectively the nominatdler, the modal observer, the refer-
ence model, the reconfiguration mechanism, and the damagaersator. The nominal control-
ler generates the control signaf(¢) and is already proposed in the previous section. The dam-
age compensator generates the control sigpél), based on the updated parameters provided
by the reconfiguration mechanism. An SHM module encompassegdal-state observer and
a reference model block, whose outpift) is compared to the observed state) to generate
the residuee,(t) = x(t) — x.(t). The residue is essential for the parameter reconfiguration

These modules are detailed in the next subsections.
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Figure 5.5 - Detailed block diagram of the proposed DTAC farork.

5.3.1 Modal observer design

The modal state vectot(t) is estimated online based on the measured output syghgl
and the control signah(¢), which contain the respective damage information. Theovalhg

representation is adopted to include damage in the staimsespodel:

() = Ax(t) + Byw(t) + Bau(t) + Bso(t)
y(t) = Cox(t) + Da21w (1),

wherep € L, represents the unknown damage signal Bgds responsible for balancing the
damage in each mode. Considering that the controller abgeistto compensate the modal vi-
bration in terms of the moddf,, norm and respective assumed weights, the control transduce
position implies that it guarantees the authority to do dwer&fore, for the sake of simplicity,

it is possible to admit thaBs = Ba, without generality loss. Moreover, the paih,C,) is

assumed observable ahg, = 0.
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The following traditional Luenberger observer is adoptedgtimate the modal states:

(t) = Ax(t) + Bau(t) + L(y(t) — y(t))

Mo

in which x(¢) andy(¢) are the estimations of the state and the output vectors. &imelgis
chosen so that(t) converges ta(t). The estimation error dynamics(t) = x(t) — x(t), is

given by:

é(t) = Ax(t) + Byw(t) + Bau(t) — Ax(t) — Bau(t) — L(y(t) — C2x(t)) + Bap(t)

= Ne(t) + Ew(t) + Bap(t), (5.1)

inwhichN = A — LC, andE = B; — LD»;.

The observer gaiil. is computed in order to ensure the stability of the estinmagioor
dynamics and to attenuate the influence of damage and dasicebn the state estimation. The
following theorem is proposed to give an observer solutiaseo on an LMI approach.
Theorem 5.1. The estimation error dynamics given in E.J) is globally stable if there exist
matricesP = PT > 0, ©, and scalars, v, a > 0 that satisfy||e(t)[]> < pllo()|l2, [[W(t)|2 <
v, and the following LMI:

ATP - C%@T + PA - @Cg + I + ol PBQ PBI - ®D21

BIP —ul 0 <0, (5.2
BIP - DI, ©T 0 —31

in whichy = p?, 8 = a~'v?, and the observer gain is computedlas- P~'©.

Proof. = TheL,-induced norm fromp(t) to e(t) considering > 0 is given by:

/0 Tl (te(t) dt < p? /0 T AT (0 e(t) dt. (5.3)

The performance indeX,, is defined from the inequalityp(3) as:

I, = / LT (Welt) — " (Hp(t)}

Considering the Lyapunov candidate functige(t)) and that the boundary conditions
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are null,i.e.,V(e(t))|,_, = 0andV(e(t)) — 0, then:

|t%oo

Jpo = /Ooo{eT(t)e(t) — 2T () p(t) + V(e(t)) — V(e(t))} dt
— /OOO{eT(t)e(t) — 02" () p(t) + V(e(t))} dt. (5.4)

The Lyapunov quadratic function is chosed&g(t)) = e’ (t)Pe(t). Thus, the derivative

of V(e(t)) along Eqg. §.1) is given by:
V(e(t)) = e’ (t)(NTP + PN)e(t) + 2e7 (1) PEw(t) + ¢ (t)BLPe(t) + T (t)PByp(t).
For ||w(t)||> < v, it follows that:
V(e(t)) < ' (t)(NTP + PN)e(t) + 2v|[e’ () PE||» + ¢T (t)BLPe(t) + ! (t)PBap(t),
where, for a scalat > 0, then(2v||e” (t)PE|» < a~'v?||e(t)TPE||2 + «)?!, which leads to:

V(e(t)) < e’ (t)(NTP + PN)e(t) + 8le’ (t)PE|2 + a + ¢ (t)BLPe(t) + T (t)PBap(t),
(5.5)

in which 8 = a~ 122, Substituting inequalityq.5) into Eq. 6.4), the performance index is then

given by HAMDI et al., 2012:

o9 TP D D TP D
L ) o N'P+PN+fPEE'P +1+al PB, | | eft) |
Pe 90 T 2
0 BIP 1

The condition to satisfy the inequalit$.Q) is J,, < 0, leading to:

N”P + PN + SPEE’P +1+al PB
[ b <o (5.6)

BIP —p*1
Considering the Schur complemeBQYD et al, 1994, inequality 6.6) becomes:

NP +PN+1I+al PB, PE

BIP -’ 0 < 0. (5.7)
s 1
E'P 0 —BI

1Based on the tautology that for two real scalaemdb, (a — b)? > 0.
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A new matrix® = PL together withN = A — LC,, E = B; — LDy, andy = p? is

used in order to eliminate the quadratic termsary);

ATP - C%@T + pA - @Cz + I -+ ol PB2 PBl - @D21

BTP — DI, @7 0 ~11

wherep, P, and® are the variables to be computed via the numerical solutidivi. This

completes the proof. O

The proposed modal observer is based on the reduced moae! Bi@vever, the sensor
outputs may be affected by residual modes through the ocdsemspillover CASCIATI et al,
2006, which may introduce an additive noise in the state-veestimation. To avoid this effect,

the state pair of each mode is filtered using a bandpass biteséd on the resonant frequency.

5.3.2 Reference model

As already mentioned, the reference model uses the clospdlicthe healthy structure
model given in Eq.Z.7) under the nominal controller represented in Ej8). The reference
model module continuously generates the desired vectt® st& ), i.e., without the damage
influence. For this purpose, the disturbance input shoulchbe/n in order to be used to excite
the reference model. Usually, it is difficult to estimateinalthe disturbance forces acting on
practical structures. To overcome this limitation, anraation of the worst-case disturbance is

used instead, according to the following equation:
w*(t) = (v’ 1= D"D)"{(BTP + DT C)x(¢),

where this equation is based on the solution of the nominatotber problem, represented here
by the set of LMIs 2.12) (see ZHOU et al, 1995 for more details). Notice that, using the
worst-case disturbance, the residue vector is the largssilge. Finally, it is worth to mention
that a plant model with additional high-order modes may ba&psetl in order to build a more

precise reference model, without impact on the controksigh.
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5.3.3 Damage compensator

The damage compensator is designed to minimise the reséetere, (t), based on the
modal adaptive strategy. Considering the model given inZEd é@nd the control signah(t)

formed by the output signals of both controllers, it is pbksto write the following equation:
X(t) = AX(t) + B1W(t) + B2u1 (t) + Bgllz(t),

where the paifA,B,) is assumed controllable.

Assuming an ideal fixed-gain control law for the damage camptor as:

X1(t)

= KIx(t) + KL ui(t), (5.8)

in which K; is the gain vector an&;(t) is the state vector, both relative to moddor : =

1,...,m. Then, the closed-loop system with this controller is gilsgn
x(t) = (A + B2KD)x(t) + Biw(t) + (B + BoKL Jug (t). (5.9)

The damage compensator goal is to track asymptotically éferance model state to

mitigate damage effects. The state-space model of thehyesdtucture is defined as:
xp(t) = Arxp(t) + B1rw(t) + Bopug (1), (5.10)
in which the matching conditions can be obtained by compeq. 6.9) to Eq. 6.10:
A, = A + B;K] By, = B;,andB,, = B, + BK|, .

Based on EQ.5.8) and the state-estimation results, the following real c@éaw is pro-

posed for the damage compensator:

up(t) = KL(O)%(t) + KL (tuy (t), (5.11)
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whereK, (1), Ky, (t), andx(t) are respectively the online estimationskf, K,,, andx(t).

Then, the closed loop with these new gains is given by:
x(t) = (A + BoKI(1))x(t) + Byw(t) + (B + BoKE (1))uy (1), (5.12)

The next subsection presents the adopted reconfigurationansm to estimate the para-
metersK, () and K, (¢) online, which are responsible for reconfiguring the compesto

face damage effects, considering the stability of the cbsirstem.

5.3.4 Reconfiguration mechanism

The reconfiguration mechanism goal is to provide the esiimaf K, (t) andK., (). For
this purpose, the state-tracking error dynamics is defis@g @) = x(t) — x,.(¢). Substituting
from Eq. 6.10 and Eqg. §.12), and using the matching conditions, it leads to:

ex(t) = (A + BoKL (1)%(t) + Biw(t) + (B + BoK{, (£))ua (t) — Arxe(t)
— Bp,w(t) — Bayuy (1)
= A.x(t) + BoAKL ()%(t) + BoAKL, (H)un (t) — Arx,(t)
= Arex(t) + BoAKL(1)%(t) + BoAKY (H)ua(t), (5.13)

in which AKL(t) = (KZ(¢) — KZ) andAK? (t) = (KT (t) — K% ) are the gain estimation
errors.

The adaptive gainK,(¢) andK,, (t) must be adequately estimated in order to ensure the
stability of the tracking error dynamics, aiming for thedkang errore,(¢) to tend asymptotic-
ally to zero. To achieve these goals, the following theoreaviples an online estimation of the
controller gains.

Theorem 5.2. The state-tracking error dynamics given in E§.13 is stable for the following

adaptive gain laws:

K, (t) = —Tyx(t)el ()PBa, (5.14)
Ky, (t) = —Tu,us (t)eX (1)PBs, (5.15)
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inwhich forR = R” > 0, P = P > ( satisfies the following algebraic Lyapunov equation:
PA,+ATP = —R. (5.16)

Moreover, T, > 0 andT,, > 0 are diagonal matrices that determine adaptation rates.iMat

T, is a function of the modal adaptation-rate submatrices:
Tx = diag(Tl,Tz, Ce 7Tm)7 (517)

where the x 2 matrix T; determines the adaptation rate of made

Proof.  The following quadratic Lyapunov candidate function is 8o to analyse the sta-

bility of the state-tracking error dynamics:

V(ex(t),AK(),AKy, (1) = el (t)Pey(t) + tr([AKL () T AK ()] +
+tr([AKY, (1) Ty AKy, (1)]),

in whichtr represents the trace of a matrix.
The derivative ofl (ex (1), AK«(t),AK,, (t)), evaluated using Eq5(13), is given by:

Viex(t),AKy(1),AKy, (1) = eL(t)Pex(t) + el ()Péy(t) + 2tr([AK§(t)T;1f<x(t)])
+ 20 ([AKE, (6T K, (1))
= el (t)(ATP + PA,)e,(t) + 2eL (1) PB, AKY (1)%(t)
+ 2tr ([AKI ()T Ky (1)) + 267 (1)PB,AKY (£)uy (1)
+ 20 ([AKE, (6T Ko, (1))
— —eT()Rex(t) + 2r(AKL () [%(1)eL (1)PBg + TS Ky (1))
+2tr(AKT ()[ug ()el () PBy + T3 Ky, (1),

If the adaptive laws are selected as:
K. (t) = —Tux(1)el (1)PBy andKy, () = —Tu,us(1)el (t)PBs,

then V (e, (t),AK(1),AKy, (1)) = —eL(t)Rex(t) < 0. Therefore, the state-tracking error

tends asymptotically to zero, i.gim |%x(t) — x(¢)|| = 0. This proves the theorem. O
—00
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5.3.5 Modal double-loop controller design procedure

The procedure to design the modal double-loop controllerosadivided into two parts:
the nominal controller design given in AlgorithBnl and the damage compensator design given
in Algorithm 5.2

Algorithm 5.1 Nominal controller design.

1. Determine the modal state-space model of the healthy ptangiEq. 2.6) and Eq. 2.7);

2: Design a standarff,, controller using the traditional approach. Then, adjustighing
filters, based on Eq3(7);

3: Choose the modes to act upon, based on the modal performatiee siandard{ ., con-
troller; build the modal weighing matrices; and build thepective modal performance
indicator vector (Eq.3.9);

4: Solve the modal,, problem.

Algorithm 5.2 Damage compensator design.
1. Design the modal observer by solving the respective LBR)(
2: Design the bandpass filters;
3: Build the reference model, using the closed loop of the hgadtructure model given in
EqQ. 2.7) under the nominal controller represented in EQ8)
4: Determine matribR > 0. After that, compute matri¥ by solving the algebraic Lyapunov
equation given in EQ5.16);
5. Define the matrixI',, and the modal matricée; to build T, following Eq. 6.17);
Build the adaptive gain laws (Ecb.(14 and Eq. 5.19);
7: Build the control law (Eg5.11).

@

5.4 Simulated results

This section shows results that test the proposed methgglatonsidering the flexible
structure given in Figd.3of Chapted. An MC and a modal adaptive controller are designed to
compose the Modal Double-Loop Framework (MDLF). An RC i®alesigned to be included
in the evaluation of the proposed methodology. The perfares of the regular controller and
the nominal controller, both in single loop, are compared amalysed with the modal double-
loop controller.

Moreover, the nominal plant model used to design the cdetsolnd the observer is
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reduced to four modes. Another model with ten modes, redfdrege as the complete model, is
also adopted to analyse the controller performance, inrdodeerify that the methodology is

effective in avoiding the spillover.

5.4.1 Damage simulation

The same crack of Chaptérof lengthh localised at the beam extremity is here adopted,
considering two different lengths:
. Damage 27 = 15 mm,;

. Damage 37 = 20 mm.

5.4.2 Nominal controller design

The nominal controller is designed based on the nominal hudfdbe healthy structure,
where the performance matrices are define@€as= C, andD;; = D;2 = [0 0]. A chirp
signal, with bandwidth from 0 Hz to 500 Hz, duration of 20 set®, and amplitude of 4 V,
is considered as a disturbance in order to examine the dientperformance. To balance the
control signals and the relation between disturbance anidmp@ance signals, the weighing
filters are designed with the parameters presented in Tadle

The RC is initially designed to reduce the vibration of thealtiey structure and uses
the same filters of the nominal controller in order to have @eptable comparison base. This
controller is used to provide reference performances tobgared with the other control tech-
niques. Frequency and time responses for the open-loophentddsed-loop healthy structure
are shown in Fig5.6 and Fig.5.7, which also show results for the MC presented next. It is
possible to see that the regular controller reduces the yibektion for all modes, with modes
1 and 2 presenting the largest reduction.

The nominal controller is designed based on the modal appraad with the same con-
troller structure of the RC, adding the respective perferoesoutputs. These matrices are built

considering the low peak vibration attenuation of mode 4aimled by the RC. Thus, the fol-
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lowing weighing matrices are adopted:

0.7 0 09 O 1 1.6 0
= 7Q = ) Q = 7andQ4 =
0 0.7 0 0.7 0 0.9 0 1.6

N o~
[JINIE

o
= o=

The performance of both single-loop controllers for theltgastructure is compared in
Fig.5.6and Fig.5.7. Considering modes 1 and 2, the RC performance is slighttgiéhan the
MC performance, due to the low weight of the MC. For mode 3hlmaintrollers have similar
performances due to the small change of the respective maghing matrix. However, the
MC performance is better than the RC one for mode 4, due toegective modal weighing
increase. Figuré.8permits to analyse the modal control energy distributionaih controllers,
where the colour superposition changes in order to clahéyrelative amplitudes. Comparing
with the RC, the MC control signal has its amplitude redugechbde 2, does not change in
modes 1 and 3, and is amplified in mode 4. It is possible to aftivam both controllers have a

satisfactory performance considering the healthy strectibration attenuation.

40 T 40

Open loo

Open loo

20 ——=RC
mMC

T.,w (dB)
T.,w (dB)

-100 1

Frequency (;Oad/s) Frequency (;Oad/s)
Figure 5.6 - Frequency response comparison between thewolbed and the controlled healthy struc-

ture.

Open loop
—RC
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—RC
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Time (s) Time (s)

Figure 5.7 - Performance comparison between the uncoedralhd the controlled healthy structure.
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Figure 5.8 - Control signal comparison between the MC andrRi@en the healthy structure.

5.4.3 Damage compensator design

Following the Algorithm5.2to design the damage compensator, the first step is to design
the modal observer, solving the LMb.Q), where it is adopted = 5 anda = 5. A Butter-
worth approach is considered for the bandpass filters, dicgpto the parameters presented in
Table5.1

Table 5.1 - Parameters of the bandpass filters.
Cutoff frequency (rad/s) Mode 1l Mode2 Mode3 Mode4
Wey 0 400 1200 1900
Wey 400 1200 1900 2700

Matrix R and the modal adaptation-rate matrices are chosen withighest gains over
the modes 3 and 4, due to the low vibration attenuations eetti@ith the RC. Thus, the fol-

lowing matrices are adopted:

R = diag(0.01;0.01;0.01;0.01; 0.1;0.1; 1; 1),

50 0 50 0 500 O
Tl — 7T2 — 7T3 - 9
0 50 0 50 0 500
2000 O
T, = ,andT,, = 0.001.
0 2000

The adaptive controller struggles to track the referencdehstate vector by estimating
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the gaingK, andK,, . The control effort may generate high amplitude signaklileg even to
actuator saturation, however producing a small reductidimeostate-tracking error. A threshold
Is adopted to interrupt the iteration process, setting #iesfo the previous value. This proced-

ure is described by the following rule:

K (f) Eq. (5.14), if |lex,|| > &;, measured duringA (t)
Z last value, otherwise

where A(t) is a specific time period anl;, X;, andey, represent respectively the gain, the

state vector, and the state-vector difference relativeddan

5.4.4 Controller responses under damage

The same chirp signal adopted before is used to simulatashelohnce for three cycles
of twelve repetitions of the signal. Each cycle correspaiedsne condition of the structure:
healthy plant, plant with damage 2, and plant with damages 8lescribed before. Three con-
troller methodologies are examined in these differentasitis: single-loop RC, single-loop
MC, and the MDLF formed by the composition of the MC and thepaigla controller.

Figure 5.9 shows the behaviour of each mode in twelve separate paneldalvbeak
amplitudes from the open-loop response and also the closgd-esponse for the output signals
y1(t) andy,(t), for each one of the three adopted controllers, and the tiesgeective control
signalsu(t) may be seen in the panels.

It is possible to see that the damage occurrence reducesnipidade of modes 1 to 3
of the uncontrolled structure, as previously discussedvé¥er, damage does not change the
controller performances in modes 1 to 3, for both levels ohdge severity. Regarding the con-
trol signals, the peak amplitudes are similar to all coterslfor modes 1 and 3. For mode 2,
it may be seen that the control signal amplitude for the RGrodlar is higher than those for
both modal controllers. This shows modal controllers edficy over the RC. Regarding mode
4, the open-loop vibration amplitude increases with danssayerity and the controllers have
distinct performances. The respective modal vibratiorgases significantly under the RC, get-
ting even higher than the open-loop respective peak. The M&gpts a better performance than

the RC, however the modal vibrations also increase with d@nsaverity. For damage 2, the
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MDLF initially responds similar to the MC but the adaptivgustment of its parameters gradu-
ally reduces the peak amplitude. For damage 3, the respsnsach better since the beginning
of the damage occurrence. The control signal amplitudesase for all the controllers to face
damage, however the MDLF amplitude is the highest, whictidda the efficient attenuation

of the mode.
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Figure 5.9 - Modal peak performance comparison of the chettrstructure submitted to damage.

Figure5.10presents the modal peak amplitudes of the two control ssgnél) andus(t),
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aiming to analyse the contribution of the nominal contradlied the damage compensator to the

general performance of the MDLF. It may be seen thét), generated by the nominal control-

ler, is the main responsible for attenuating the vibratiohthe first three modes, presenting a

similar performance for the three plant conditions whilemteiningu,(t) very small. Regard-

ing mode 4, this behaviour is inverted and the main contigipufor the control signal is now

from us(¢). It may be seen that the control signal of the nominal colgrahcreases a little

with damage but the high level af,(¢) dominates over these signals. Considering the overall

performance for all modes, it is possible to affirm that bathtoollers cooperate to achieve a

satisfactory performance.
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Figure 5.10 - Control signal components of the MDLF.

Considering that the damage compensator has two parametevkich the first is the

modal gain vector that multiplies the state vector and tloerse is a scalar that weighs the

nominal control signal, the adaptive evolution of theseapeeters is analysed based on the

signals represented in Fig.11 It may be seen that, despite the fact that the gains of mode 3 a
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larger than mode 2 gains, which are also larger than modent gaiacting to damage severity,

all these values are very small compared to mode 4 gains. @madtice the difference in the

vertical scales of these figures. To conclude, bigl(e)shows that the contribution of the gain

~

K,, to the composition ofiy(t) is very small.
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Figure 5.11 - Adaptive gains of the damage compensator.

A new control methodology for damage-tolerant active aansrpresented in this chapter,

based on a modal double-loop control framework. In the dotgp, a modalH ., controller is

designed to comply with performance and robustness regeines for the healthy structure.
The second modal controller, reconfigured online, has tlectbe of mitigating damage ef-
fects through parameter adaptation laws, based on thetaftpumodal observer. The damage
compensator objective is to reduce the state-tracking batween the healthy and the damage

structure, aiming to mitigate the vibration increase cdusedamage.
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The proposed methodology was examined using the FE moglellia clamped-clamped
structure, where the controller responses for two diffedamage severities were simulated.
The structure was sequentially submitted to two damagesjlating two damage severity
levels. A regularH,, controller, a single-loop modal/., controller, and the modal double-
loop framework are examined and compared in facing damagérhance results show that
the double-loop methodology is more effective in mitiggtihe harmful damage effects on
structural vibrations. Moreover, the proposed framewa@# an adequate performance for the
healthy structure, with the result coming from the moéal controller, designed to comply
with the design requirements of the healthy plant. Furtloeenthe proposed methodology acts
to retard damage caused by vibration persistency. In thedamase, the methodology acts to
mitigate the respective effects on structural vibratidksa consequence of these characterist-

ics, the proposed modal double-loop framework can extemdtiiuctural operational life.
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6 GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES

Damage-tolerant active control methods are a responsestdeimand of extending the
new flexible structures integrity and the quality of opeyatiDTAC controllers aim to attenuate
structure vibrations due to disturbances even if damagerscacting, in this case, to contain
or to delay damage evolution providing additional struetlifie. This thesis contributes to the
DTAC area proposing new methods to design damage-toleocanitadlers, which are viable to
implement the strategies presented in the introduction.

Three different controller design methods are developégreithe proposed modal.,
norm represents an important base. The first method is atromdal controller that exhibits
better performance for the healthy and the damaged staescthan the reguldt ., controllers.
The second method is a preventive modal controller, usiagipus knowledge about the most
stressed regions of the structure, and so the most prohathie fdamaged regions, in order to
estimate damage consequences and so design the conimeligdjng the desired performance
in the requirements. Results show that the modal selectwitthe energy distribution permits
to concentrate the controller efforts on the most affectbtation peaks. The third method is an
online reconfigurable controller, associated to a modatrotiar in a double loop, that detects,
estimates, and responds to damage occurrence in order freogate damage effects. Its results
show the effectiveness of this methodology comparing tglsioop controllers to face damage
effects, enabling the method to be used to face unexpectedgioccurrence.

Considering the several modules necessary to configurertdpoged controllers, tech-
niques in SHM, state-tracking reference modelling, angtda control were also developed.

The main contributions of this work may be listed as follows:

0] A method for the modal control of flexible structures i®posed, based on a new
modal H., norm. Considering the compromise between robustness afatpe
ance achieved with modal robust controllers, the methapaio design STAC con-
trollers adopting this method is investigated, obtainingnpising experimental and
simulated results. Moreover, these results show that aguadie control of the dam-
aging modes produces better performance than the regliaapproach to face

damage.

(i) The modal H, approach is extended to include damage as a design requireme
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assuming knowledge of the stressed structure regions. Sthreaged damage con-
sequences of each mode are used to build the modal weighitrgc@saand the
modal H,, norm, used to design the moddl, controllers. A selective energy dis-
tribution over the frequency range of interest is achieweghlementing the PAC

strategy. The method may also be used to implement the EDiategy.

(iii) A modal damage indicator based on a model subspaceardist measurement,
between a healthy and a damaged model, is proposed and usstimiate dam-
age impact on each structure mode. This information is usexleate the modal
weighing matrices, as a step to design the proposed PAC daatobgant control-

ler.

(iv) A modal double-loop framework for the vibration coritod flexible structures sub-
ject to damage is proposed, adopting online reconfigutatufithe damage com-
pensator, which aims to attenuate the damage-causedustidugibrations. This
ATAC controller has the reconfigurability based on a modatiestracking approach,
which achieved the same selectivity efficiency of the PACmler and has the ad-

vantage of responding to damage without previous knowledtfee system.

(V) The reference model state-tracking, used in the ATAGtsgy, is an adaptation of a
reference model output-tracking technique. The modifieduteuses the perform-
ance reference output to track its respective states,ugiran observer, commen-
ted in the next item), where the reference is the healthgstre closed-loop model,

adopting the developed STAC modal controller.

(vi) A new modal observer technique is developed using top@sed modal ., norm,
and is adopted to estimate the reference model state véeteed on its outputs.
This observer reflects the structure dynamics changes assaqaence of damage,

permitting the online adaptation of the damage compengat@ameters.

There exist many challenges to be faced to design DTAC agipits, considering that
research in this area is just beginning. However, as a coeseg of this work some challenges
should be investigated. Future research lines are givembel

0] Optimal placement investigation of actuators/sensoféexible structures consid-

ering the possibility of damage occurrence. The regulahous deal with healthy



(ii)

(iii)

(iv)

(V)

(vi)
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structures in general. However, as presented in this thésisage may change the
dynamic characteristics of the structures, where an optol@a@ement for trans-
ducers in healthy structures may not be an optimal solutftar damage occur-

rence.

A different approach to avoid the spillover phenomemomsidering the change in
dynamics due to damage. In this case, the neglected dynaamcke included in
the structure model as a modelling error, which may be iaderito the control

system design using the moddl, approach.

Testing the modal damage indicator for real structapplications. This indicator
showed to be effective in the detection and severity amatfsilamage in simulated
structures. However, it is interesting to test the propat@dage indicator experi-
mentally, analysing its capability for detection, seweahalysis, and localisation of

damage, under the SHM scope.

Also under the SHM scope, test the estimated subspatane between the refer-
ence model state vectay.(¢) and the estimation state vecto(ft) of the operational

structure for detection, severity analysis, and locabsadf the damage.

The implementation of the proposed DTAC methods for noam@aplicated real-life
structures. Experiments can be performed to examine tbetetness of the modal

controllers in controlling the vibration in industrial gatures subject to damage.

To study the active control that takes into account atpef the material fatigue,
introducing the criteria to reduce stress and the respefatigue, using von Mises,
for instance, as part of the performance cost function usatesign the damage

compensators.
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APPENDIX A - THE PRINCIPAL ANGLES BETWEEN SUBSPACES

In this appendix, the principal angles between subspaeediscussed, considering that
these angles may be defined by the generalisation of anglesde two vectors. Initially, the
angles between two vectors are introduced. After that, dineept of principal angles and prin-
cipal directions between two subspaces is presented. Taum®) some procedure to compute
these angles are introduced. Moreover, this appendix isdban the results ofE COCK
2002.

A.1 The angles between two vectors

Consider two vectora,b € R". Based on Cauchy-Schwarz inequality, the cosine of the

angle between andb is defined as:

|a”b|

b p—
costa<th] = bl

in which ||a]| is the Euclidean norm of and[a<b] represents the angle between the vectors,
which belongs to the interval, 7 ]. FigureA.1 shows the geometric representation of the angle

between two vectors.

S1

Y
:

Figure A.1 - The angle between one-dimensional subspscés € R3.
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A.2 Principal angles and directions

The concept of an angle between two one-dimensional subspan be extended to
higher dimensional subspaces. Consider that there extstitwar subspaces;,S, € R" of
dimensiond; andd,. Now, one chooses a unitary vecioy from S; and another unitary vector
v, from S5 such that the angle betwean andv, is minimised. Then, the vectar; andv, are
the principal directions and the angle between them is thigdimcipal anglé, . This procedure
continues fomin(d;,ds) angles and their respective principal directions. FigAdu2illustrates

this procedure for the first two steps.

91:() /LI]_V]_

Figure A.2 - Principal angles between two-dimensional pabsssS;,S; € R3.

Definition A.1 (Principal angles and directionsThe principal angles) < 6; < 6, <
oo Omin(ar dr) < /2 between the subspacss and S, of dimensionsgl, andd,, respectively,

and the corresponding principal directions € S; andv; € S; are recursively defined as:

cost; = maxulv = u{vl,
ues;
vESy
cos b, = max u’v =ul vy, fork=2,... min(d,dy),
VES;
subject to:
Juf| = [jv]| =1,
and fork > 1:
T

uwy=0 1=1,....,k—1

viv,=0 1=1,...,k—1.
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Let A € RP*™ have rank, andB € R?*" have rank, then the principal angles between

the row space oA andB are defined as:

(017027 e 79min(ra,rb)) = [A<B]7

where three kinds of principal angles are:

1. ng zero principal angle¢); = ... =46, = 0, where
ny = dim(row(A) N row(B)),

or

no = rank(A) + rank(B) — rank

2. (ra — mp) acute principal angles) < 0,41 < ... < 0., < 7, forry, =
rank ABT).
3. (min(ry,my) — 74p) right principal anglest, , +1 = ... = Onin(rar) = 5-

A.3 The principal angles and respective directions as eiggalues and eigenvectors

For the matriced\ € RP*™ andB € R?*"™ with rankr, andr;, respectively, the principal
angles between roA ) and rowB) and the respective directions follow from the symmetric

generalised eigenvalue problem:

0 ABT” X AAT 0 X
= A, (A.1)
BAT 0 y 0 BBT y

subject tox’ AATx = 1 andy’BBy = 1.

Considering thap + ¢ eigenvalues\; are sorted as:

A2 A
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then the vectoraA”x; andB”y, for i = 1,...,min(r,,7;,) Wherex; andy; satisfy Eq. A.1)
with A = ); are the principal directions relative to the principal @&l Thus, if A andB have
full row rank andp < ¢, the cosines of the principal angles between(rAwand rowB) are

given by:

cos|A<B] = \/A((AAT)-LABT(BBT)-1BAT).

A.4 The cosines of the principal angles based on LQ decomptisn

The computation of the angles between larger subspaces avayhigh computational
cost. To overcome this limitation, an efficient algorithnséd on LQ decomposition is used.
Initially, the LQ decomposition is introduced and then thkgoathm is presented.

Definition A.2. The LQ decomposition of a real matux € R"*" is given by:
A =LQ7, (A.2)

in whichQ € R™*" is orthogonal and. € R"*™ is lower triangular.

Definition A.3 (The LR decomposition as a QR decompositiofifie LQ decomposition of a
matrix A is the QR decomposition &”. If AT = QR, whereQ is orthogonal andR is upper
triangular, thenA = RTQT is the factorisation ofA into a lower triangular matrix and the
transpose of an orthogonal matrix, as in the LQ decompasitio

Theorem A.1 (The computation of the angles between two subspaces bask@ a@ecom-
position) Consider the matricea € RP*" and B € R?*" with full row rank,p < ¢, and

(p + q) < n. The principal angles between réw) and row B) can be computed as:

1. Compute the triangular part of the LQ decomposition ofrtierix
B

The triangular part is denoted by:

Ly O
L2; La2

e RP+a)x(p+a) :

WhereL11 € RP*P Lo, € R7*P, andL22 e R9%9,
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2. Compute the triangular part of the LQ decompositiorﬁ afy; Loo ]:

[L21 L22]=[S 0:|T7

where matrixS € R?*? is nonsingular.
3. The cosines of the principal angles between(téyvand row B) are the singular

values ofS—'L,;.

Proof. See DE COCK 2002. O
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ANNEXE A - THE PRINCIPAL EQUATIONS OF THE PLQP SOFTWARE

This annexe presents a document with a brief theory thaidatres the principal equa-
tions of the PLQP software developed by Prof. Dr. Gérard Go#i at PIMM laboratory of Arts
et Métiers ParisTech for testing control strategies applestructures that can be modelled in
plate bending using Kirchhoff’s theory. This document hasrbcreated to present the theoret-
ical aspects used in the respective software, aiming fostali@ory explanation for new users.
As this document was created separated from the thesigeeedif notation is considered, based
on the traditional FE theory. This file has its own list of @ijpal symbols, abbreviations, and
acronyms, where the vectors are denoted-Byand the matrices bly] in order to allow the use
of lower cases or capital letters for both vectors and medridhis also allows to use the same
notation for quantities that are different in this annexd amthe main part of this thesis, and

therefore could be confusing.

Finite Element Modelling
of Active Piezoelectric Structures

Not e GC-2016-09
Authors : Gérard Coffignal and Heloi Genari

PIMM , Arts et Métiers ParisTech
151 Bd de I'Hopital, 75013 Paris, FRANCE

gerard.coffignal@gmail.com

— 6june 2016 —

List of Abreviations and Acronyms
BC Boundary Conditions
DKT  Discrete Kirchhoff Triangle
DOF  Degree of Freedom (mechanical and/or electrical)
DTAC Damage-Tolerant Active Control
FE Finite Element
PIMM Laboratory of Process and Engineering in MechanicsMaterials
PLQP dedicated FE software developed at PIMM by G. Coffignal
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List of Principal Symbols

Only the principal symbols are listed next. Other symboésdescribed as they are intro-

duced.

Continuum (3D)

{u}
¢
{1}
{5}
{E}
{D}

V,ov
Vi, V)
0.V, 0pV

A A

displacement vector

electric potential

components of the stress tensor

= V,{u}, components of the strain tens®& (= 1/2(V + V"))

= —Vo, electric field

electric displacement

elastic stiffness matrix at constap'}

piezoelectric matrix

dielectric permittivity matrix at constagts'}

active structure domain and its boundary

piezoelectric domain and its boundary, wh&jeC

parts of the boundar§V’, where displacements are prescrib&gl{) and forces
are prescribedi-V), satisfyingdV = 9,V U 9V andd,V N opV =0
parts of the boundar§V,,, where the potentials are prescribégl(,) and
charges are prescribed,({/},) with 0V = 9,V U 9V ando,V NopV =0

Finite Elements

{U.}
A
{Us}
[N
{U.}, {Us}
{U.} {Us}
{v}

[Qul, [Q]

=

=

vector of generalised displacements (mechanical DOFs)

matrix of interpolation functions fofU,, }

vector of potentials (electrical DOFs)

matrix of interpolation functions fofU, }

vectors of known DOFs (interpolation matricé®’, |, [N,] )

vectors of unknown DOFs (interpolation matricgs;, |, [Ns] )

vector of forcing functions, either known functions (thetdrbance vectow of
control theory) or calculated by a controller (the contrettoru of control theory)
matrices that links respectively FE generalised forces/joand

FE electric charges tfv}

generic name of a matrix that links (generalised) strairss\ector of DOF
generic name of a mass matrix

generic name of a stiffness matrix
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Plates
Uy . . N
{u} = generalised displacement vector (Mindlin theory for
transverse deformation)
U, transverse displacement
{B} = & rotations, wheré,,, 6, of the normal direction are given
By
by O, = _By’ Hy = e
{So} reference surface membrane strain
{r} curvature change
{N} membrane forces
{M} moments
V. piezoelectric regiof¥, C V, where a couple of piezoelectric layers are

bonded, one on the upper face and the other on the lower one
{¢}, {E},{D} vectors of respective potentials, electric fields, andtetedisplacements
in layers 1 and 3 of a piezoelectric area
X, 0% trace ofl” on the mid-planéz,y) of the plate, boundary of in (x,y)
0, X, 0pX) parts of the boundar§}’, where the respective generalised displacements

are prescribedi,2’) and generalised forces are prescribed
(0rX), satisfyingdX = 0,X UdpX andd, X NopX =0

2zt 2t = hy/2 + hs in a piezoelectric area, otherwisé = hy/2

2~ 2z~ = —hy/2 — hy in a piezoelectric area, otherwise = —hy /2

Introduction

In DTAC area, it is recommended that the simulations of acsivuctures are performed
during the design of the controllers, aiming to test ideastardemonstrate the applications of
new proposed methods by means of numerical simulationsiderdo achieve this goal, the
numerical models of the structures, including damage stiaris and modelling of its active
elements, must be built. In the following, this is done forekar structures in an inertial frame.
Damage modelling, as needed to assess DTAC methods, isscosded here, considering that
it may be simulated by several means in finite element salbgréhe modification of boundary
conditions, by local stiffness reductions, or by introdscpartial links between parts (crack
simulation). To simplify, this document is written in theafne of the Rayleigh-Ritz approach

(“displacement” approach) without entering in the dedwipof operations at the element level
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that can be found in (BATHE, 1982) or (BATOZ; DHATT, 1990).
Finite element model of a continuum body including piezoeletric materials

This section is mainly based on the work of (ALLIK; HUGHES, 719 and uses partially
its notations to recall the main lines of the method, leadmthe matrix equation EQA(15),
which is the starting point for the control side of DTAC arsdg. The modelling of active
structures based on piezoelectric sensors and actuatogsgi@ates considering the following

piezoelectric constitutive relations:

{T} = [ {5} - [e{E} (A.la)
{D} = [e'{S} + [{E}, (A.1b)

in which {T'} is the components of the stress tenddf} represents the components of the
strain tensor{ £'} is the electric field{ D} is the electric displacemerit] represents the elastic
stiffness matrix a{ E'}, [¢] is the piezoelectric matrix, arje is the dielectric permittivity matrix
at{S}.

In a piezoelectric material, these relations couple thehaeical and electrical fields in
the piezoelectric domaif, C V. In the following, {u,} and ¢, are known functions and
{u} = {uq} on boundany,V and¢ = ¢, on boundaryo,V,,. The principle of virtual work
applied to a piezoelectric continuum gives a variationai@ple (ALLIK; HUGHES, 1970).

This allows to incorporate the piezoelectric effect in atéirdlement (FE) formulation:

/V ({0S1{T} = (OBY (D} — {ou}™{ fa} + plou}{ii} ) av
opV 95V

wheredV = 0,V UdrV andoV, = 9,V, U0d,V, are respectively the boundary BfandV/, for
{6u} = {0} on9,V anddi¢ = 0 on 9, V,. Taking into account the constitutive relations given
in Eq. (A.1a) and Eq. A.1Db), it leads to:

/V ({55}T[C]{5} — {08} [el{E} — {0E} [e]'{S} — {0 B} [{E}
— {ou}{fa} + p{éu}T{ﬁ}> dv — /8 ey {EyAr+ /8 3¢ og Al =0. (A.3)

- Vp

This formulation is given here when there are no body chaages~vhen known surface
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tractions{ F;} and surface charge, are considered respectively on surfaces$” andd,V,
and known body force$f,} are considered i¥xV. The displacemenfu} and the electric
potentialy are the independent variables in this approach. As statidebto simplify the
notation,V,, C V denotes the piezoelectric part¥éf In order to describe simply changes in the
boundary conditions (BC), EGA(2) and Eqg. A.3) are also written before taking into account
these BC. This gives the equilibrium equations, Bg4f and Eq. A.5), including the unknown
surface traction$ '} ond,V and unknown surface charge®nd,V,. OncedrV, 0,V,, { F4},

ando, are given{F'} = {F,} on9drV and surface charges= o, onad,V,.

Eq. (A.3) is obtained by takingéu} = {0} ond,V anddé¢ = 0 on9,V,, suppressing the
presence of unknowns that are not independent variablesambe calculated onde:} and
¢ are known in the formulation. A more general expression iclems arbitrary values ofou}
andd¢ on the whole boundar§V’, including unknown quantitie§f'} on 9,V ande unknown

on o, V!

/V ({8SY{T} = {(OBY (D} — {ou}™{ fa} + plou}{ii} ) aV
- / {Su}™{F}dI + / Spo dI' =0 (A.4)
ov ov

| (Y0}~ 155Yel{B} ~ OEYII(S) ~ GEVIE)
— {5u}™{fa} + p{au}T{u}) dv — /8 V{au}T{F} ar + /8 S¢po A =0. (A.5)

Ve

It must be noticed that = —{D}"{n} on 9V, can be nonzero only if a conductor al-
lows exchanges of electric charges with other points, se@nalectrode. For this purpose, the
electrodes that cover the two faces of piezoelectric caxaplay that role. If independent elec-
trodes are denoted by, i € {1,2,3,...}, the only part of the bounda@l,, whereos is nonzero

is defined asJ; [;.

The FE formulation is obtained by approximating the contims fields{«} and ¢ via
interpolation functiong,] and[N,], which are built in a systematic way. First, the domgin
Is partitioned into a finite number of elements with simplegs. This meshing operation of
V' leads to a set of elements and to a set of nodes. Nodes usudllge vertices of elements

and nodes internal to element edges, faces, and volumepdta&on functions are then built
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at element level. Outside,, electric quantitiesd, { £}, and{ D}) are not considered and need
not to be approximated. For the sake of simplicity, it is ¢desed thatV,, = V, thenV/, is

distinguished froni” in the definition of matrix terms leading to the FE matrix gyst

In a piezoelectric region, the FE approximation at peint (x,y,z) and timet can be

written as:

{u} = [NJ{TL} L.e. {u(rt)} = [Nu(r){Tu(0)} (A.6a)
¢ = [N{Us} i.e. o(rt) = [No(r){Us(1)}, (A.6b)

in which {U, } and{(~]¢} are respectively the mechanical and electrical vectorsegfees of
freedom (DOFs). In the classical approach that is consitlesee, they contain respectively the
displacements and potentials of the nodes. In order to esmahte presentation of equations,
electric degrees of freedom are directly attached to artrelde when the corresponding node
belongs to that electrode. Each electrode is assumed to édezfpconductor, considering that
its points have the same potential. This potential is thesajrthe components ({i@}. Other
nodes in the piezoelectric domain have their own potemiém}. This avoids an additional
step in the solution process. From these expressions amdtfreir definitions, the expressions

of the strain and electric fields are given by:

{S} = [BJ{U.} with [B.] = 1/2(V[N,] + V'[N,] (A7a)
{E} = —[Bs{Us} with [By] = V[Ny). (A.7b)

If the known quantities that describe the BC are denotedlthy} and{U,}, this makes
partitions into “known” and “unknown” submatrices. Thus{U, } and{U,} denote the un-

known DOFs in these partitions, it leads to:

{u} = [NJ{U} + [NJ{U.} with [N,] = [0] ond,V

¢ = [NsJ{Us} + [NsJ{Us} with [Ny] = [0] ond,V, C 9V,
{St = [BJ{U.} + [BJ{U.} (A.8a)
{E} = ~[Bg{Us} — [BsJ{Us}- (A.8D)

FE equations

Considering{du} = [N,]{éU,} anddép = [Ny|{oU,} in Eq. (A.3) for all {6U,} and
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{6U,}, it leads to the following FE matrix equations:

(5U,}" ( /V PINJT{i} AV + /V B[S} AV — / BB} aV

- / NS dV — / [NJ{FMF) —0 (A%a)
1% orV

{m}T( [iBErsyav + [ BraE)av [ e, dr) 0, (ASh)

and thus:

/V PN} AV + /V B[S}V — / B [H{E} v

|4

- /V TS} AV + /a [NJR}Ar (A10)

/V (BT[] {S} AV + /V BT E} AV = / NJoedl  (ALD)

8V

Considering” andV,, and introducing Eq.A.8) into Eq. (A.10), it leads to the following terms:

/V (BJFI{S} AV = / BB AV{T.L} + / B.TI[B.] dV{T.}

J

' v~

[Kuu] _{Flu} = _[Qlu]{v}
- / BT l{E} AV = / (BJT[e][By] AV {U,} + /V [BJTIe][By] AV {U,}

N J/
-~ -~

[K ] —{Fo} = —[Q2]{v}
/V pINJT i} dV = / PINJTIN,] AV {0} + / pINJFIN,] V(D7)
[M] = [M,] —{Fy} = —[Quul{v}

/a V[Nu]T{Fd} Al = {Fs,} = [Qsu]{v}.
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Analogously, considerinyy’ andV/, and introducing Eq.A.8) into Eq. A.11):

[Bersyav = [ BSEPIBIaVO + [ (BIEB)VD)

TR R —Cwl
/V (BT [{E}aV = /V (BT [e|[Bo) AV} — /V (BT [e|[Bo) V()
[fizrbqb] {Fa} Zv[Qw]{U}

- / N[ oqdl = {Fy} = [Qul{0}.
8V

In this document, all the “known” quantities are linked toed sf functionsv; gathered
in the vector{v}. As a matter of fact, in the control theory conteit,} contains all functions
uy, (the components of the control vector) amd (the components of the disturbance vector).

Reordering Eq.A.10) and Eq. A.11), it is possible to write the following pair of equations:

[M]{Uu} + [Kuu {Uu} + [Ku¢]{U¢} = [Qu{v} (A.12)
[Kpu{Uu} + [Ks{Us} = [Qu]{v}, (A.13)

where if[ 4] is nonsingular, then EqA(13) allows to eliminate{ U, } in Eq. (A.12). [K 4] is
nonsingular if electrode potentials are all properly defingth respect to a unique and common

potential of reference, which must be the case. This petmigsiminate{U, }:
{Us} = Ko Qul{v} = Kool ™ Ksul{U}, (A.14)
leading to:
MO} + Kol (U} + K] ([Koo) ™ [QaH0} — Kool Kl {UL}) = [Qul{0},
and finally:
MU} + [K{U®} = [0}, (A.15)

where{U} = {U,}, [K] = [Kyu] — [Kug) o) T K, [Qu] = 301 1Qu]s [Qo] = 201 [Qig)s
and[Q] = [Qu] — [Kug][Kgp] Q).

To fit the notation in the context of control theory and igngrihe notation of this part,
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the right hand side of EQA(15) can be written as:
[QHv()} = Bw[{w(®)} + [Bu{u(t)}.

Measures

In this section, it is shown how measures such as displadsiartentials, and charges
are obtained by using an FE model. External connections eftbctrodes of piezoelectric
sensors govern the measure type that is obtained. For ggstarvoltage sensor (no current in
the external circuit due to its very high impedance) or a ghaensor (null voltage between
electrodes in the external circuit imposed by a charge dimplican be obtained. Once the
solution{U,(t)} = {U(t)} of Eq. (A.15) is known at timet, Eq. (A.14) gives the unknown
potentials{U,(¢)}. At this stage{U, (1)} and{@(t)} are thus known.

The measure of point displacement at time, {u(r,t)}, is then simply given by the

chosen FE approximation, i.e.,
{u(r,t)} = [Nu(r){U.()}. (A.16)

The electric potential measure of an electrode covefinig given by its corresponding
component in{@(t)}, as defined before. The electric charge measure of an electaver-
ing I; C 0,4V, is given by its corresponding component in the vec{tﬁg(t)} of nodal (and
electrode) charges, which is the conjugate{ﬁgb(t)}. Consideringd¢ = []%]{5@} in the

variational principle, it comes to:
(607, ( /V B[S} AV + /V BLeEY ) av + /a 1% adF) —0,  (A17)
where{ F;} is defined as:
{Fo}= | NjJ'odl

)%

which can be computed by using E4.17) and Eq. A.7) as:

(Fy=— /V BT B AV (D) + / BB, av (T}, (A18)
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For an electrode, it must be noticed that the support of theixnfnction [§¢] cor-
responds to the elements that are connected to this elecirod/hich the only nonzero line in
matrix [§¢]T is the one corresponding to the electrode potential. Megribat are factor qfﬁu}
and{@} have only one line and can be calculated only once. Therbbyeffort to compute

the electric charge of an electrode is very small.

The relations given in EqA(16) and in Eq. A.18) allow to build up the vectoy (output

signals) of the control theory as:
y(t) = [Cal {U®)} + [C{U M)} + [Cu] {w(t)} + [Cu] {u(1)}.

Flat shells with symmetric piezoelectric layers

Continuum 3D models allow to describe complex geometridddad to a very large
number of DOFs. In order to test new methods and algorithni3TAC, it is not necessary
to consider such refined continuum models because the malniwthe control area is done
using a reduced modal basis. However, it is necessary thalytmamic behaviour described by
the model is sufficiently complicated to check the methodhéworst conditions. With this aim
in mind, plate structures are interesting because theyaaete build and their FE models only
need 2D meshes of the mid-plane. This leads to fewer DOFs3Bamodels to get accurate
results in a wide range of frequencies as far as the shelbappation can be done. Thus,
the objective of this section is to prepare the very shortidgson of the FE approach that is

implemented in the PLQP software.

Flat thin shell theories can model structures whose dorsaiefined between two planes.
The kinematic description of displacements is associatede mid-plane, defined here as the
plane(z,y). The plate thickness is the distance between these twoglahe model can be used
successfully if the thickness is piecewise continuous sisdine case when sensors or actuators
are bonded on a uniform plate, provided that each constahkiiss area has dimensions large
enough with respect to the thickness. This is the first reguént to use the theory. An example
of this respective situation is given in Fié.1. In Fig. A.2, a cross section shows the two
external layers that are added to the core layer in orderitd bach piezoelectric transducer

(actuator or sensor).

For the sake of simplicity, only the main lines of the theorg given, considering also
only the thin flat shells. In this case, the transverse shaarbe neglected and Kirchhoff’s

theory can be applied for bending. A model of the electriepbal distribution in the thickness
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is chosen to complete the theory. This allows to build platshell FE including piezoelectric
materials when the structure contains piezoelectric Eaydoreover, the constant thicknesses
h1 = hs of piezoelectric laminae are assumed small compared to hiodevthickness. They are
bonded on the upper and lower faces of a homogeneous platmsfant thickness,. In an
area where piezoelectric laminae are present= —hs — % andzt = % + hs, elsewhere

z27 = —%2 andzt = % Materials are assumed orthotropic and their principaalions are

(2,y,2).

-2Z2

-0.‘08 -0.‘06 -0.‘04 -0.‘02 (; 0.1)2 0.!‘)4 0.;}6 0.;18
X
Figure A.1 - Example of an active structure modelled with PL@KT element, coarse mesH] area
without piezoelectric paitZ2 contains six areas with a piezoceramic pair (either an smtua
or a sensor).

upper electrode, potential p,(t) . .
upper piezoceramic,

thickness = h3= h,

0 aluminium plate (electrode) ¢ h, |

lower piezoceramic,
thickness = h,

lower electrode, potential p, (1)

potential 0
Figure A.2 - Configuration of each couple of piezoelectrigels (cross-section).

The main assumptions of Kirchhoff’s theory are that a segnmenmal to the unde-
formed configuration remains normal to the deformed condiiom. This permits to describe
the displacement of each point of the plate by means of thephaide ¢ = 0) displacements
(W = uz(2,y,0), woy = uy(z,y,0), anday, = u,(z,y,0)) and by rotations of the segment

described by the opposite of slopes (that implies zero transverse shear,$g.= S,. = 0):

ﬁx(xay) = _8ﬂz/8x and ﬁy(l‘vy) = _aaz/aya (Alg)
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thus leading to:

{ux} _ {UOx} + 2z {?} ie. {u} ={uo} + z{B}foru, = uy,. (A.20)

To get an accurate description of bending in conjunctioh ¥ie kinematic model repres-
ented in Eqg. A.20), the theory assumes plane stréss = 0 in the planes parallel tar,y). In
addition,{T} = [T}, T, T.,]" is considered for membrane and bending. Transverse strEsse
andT,, are obtained by equilibrium considerations in the thickng$ {e}, ande are deduced
from Eq. (A.18) and Eg. A.1b) as constant in each layer. According to piezoelectricroers
used in this work, the poling direction of a piezoelectrimiaa/ is z. In PLQP, the potential
is assumed to vary linearly between its two electrodes. Téeree field is thus constant and

parallel toz (E,, = E,, = 0), defined as:
E.o = pe/hy, (A.21)

wherepy is the electric voltage between its upper and lower eleesoth a piezoelectric area,

the two electric fields (in layer 1 and layer 3) are defined as:

(o7

E.s 0 1/hs| |ps Ps 0 0 -1 1| |¢5 [

+
\¢3 y,

in which ¢, and ¢, denote respectively the potentials of the lower and uppesteldes in a

piezoelectric layef of the model. Thus, itis possible to write:
( | —
o

“1/hy 1/ Tl B (Bl
{Eﬂ} _ { 1/hy 1/h 0 0 } ¢_ i.e. {E}=[Bgl{o},
E.q 0 0 —1/hs 1/hs| | ¢5

Jr
\(b?’ y,

and considering a piezoelectric artBa= Y. x [z7, 2] in which continuous electrodes and

layer are presenf{E(rt)} = {E.(t)}) becauséBg(r)] = [b.] is constant. The four potentials
are denoted bya,}: {6(1)} — {6.(1)}.
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The strain associated to the plane stress is denotedbby= V,{i}, whereV, is the
symmetric part of the gradient in the plagey) and{S} = [S, S, 2S,,]". This vector can be
expressed agS} = {Sy} + z{x}, in which{S,} = V. {iio} and{x} = V,{B} are “general-

ised” strains. For layef = 1,3 the constitutive relation is given by:

{T}e = [de{S} — {e}e Bt (A.22)
Do = {e}i{S} + & B (A.23)

For the elastic central layef & 2), the relation is simply 7'}, = [¢],{S}. When the evaluation
of the first two terms in Eq.A.4) is considered, the expressions{cf} and{ £} (and of their
variations) permit to take into account an integration in steps: first ire, then in(z,y):

2zt 2t 2zt

/ {0S){T}dz = {55} / {T}dz+ {om)" / 2 {T}dz = {55,)T{N} + {ok}T{M}

ha/2 2zt

P
/ {6E}Y{D}dz =0E, / D, dz+6F.3 D.3dz = {0E}'{D}.
2z~ P ha/2
The integration over of Eq. (A.22) and Eg. A.23) (see (BATOZ; DHATT, 1990) for
the mechanical part and (PREUMONT, 2002) for a simplifieccdption of the piezoelectric
part) leads to “generalised” stressg¥} = fjj{T} dz, {M} = f;f z{T}dz, and{D} =

[D.. ng]T, consideringD,;, = fzhf/Q D, dz andD,; = fh22+/2 D.;dz . This also leads to

“global” constitutive relations:

{N} _ _ [Cn]  [Cnu] - {So} B -{em} {ens} E.
{M} | (O™ [Cu] | | {s} | {ean} {ems} E.3

e o ][] | len)
[Cyvm]|™ [Cu] {x}

D, _ {ex1}" {ean}’ {So} N hié 0 E.
D3 {ens}? {ems}’ {x} 0  hzes E.3

D} = | leal" lenl" ]{{50}}+[e]{E},

{E}

€]

{x}
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with:
[Cn] [Cnu] o z[d
= dz,
(Cwu] O] A L[a} 2 [c]]
[ 7] . hl €1 0 . fzh_2/2 €1 dz 0
B 0 h3€3 B 0 thJr/zggdz ’
ha /2 ot

ENly = e ydz, EN3j = espdz, EN| = EN1 EN3J | >
(en}= [ @) fexs) = [ (@) e = [ fem} {ens} |

{em} = /Zh2/2 Hétdz,  {ems}t = Hespdz,  en] = [ {ean} {ems} } :

h2/2
It is important to notice that when the materials are isatrap the plane(x,y) and the
layers are symmetric with respect to the mid-pladéy,,] = [0]. In this case, membrane and
transverse free vibrations are uncoupled if electric BCfiage or if p; = p3 or p; = —p; for
each couple of ceramics. This can be verified by inspecti@agadntent ofey] and[e,,] and this

is assumed in remaining and adopted in the PLQP software.
FE for plate bending

This section considers finite elements in the frame of a dcgyhent approach and for
plate bending for the sake of simplicity (BATOZ; DHATT, 1990 his supposes that the con-
ditions for the uncoupling of membrane and transverse tidma are satisfied. In this case,
{1} andu, are uncoupled anfli,} = {0} corresponds to out-of-plane vibrations. Plate bend-
ing is implemented in PLQP software for triangular elemébBt&T). In plate bending, when

uncoupled with membrane, the constitutive relation is igias:

{M} = [Cul{r} — [em]{E} (A.24a)
{D} = lex]™{k} + [€|{E}. (A.24b)

At this stage, all integration in is done in the frame of the shell model, therefore, nodes
and elements are defined in the mid-plane of the plate. Then®l is described by a surface
areaX’ of the mid-plane and a thicknegér,y). Introducingz_ = —h/2, z, = h/2 simplifies

the expression of integral boundsy’ denotes the boundary &f. MeshingX’ in triangular or
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quadrangular elements leads to a set of elements and to frsxtes. In a piezoelectric region
V. C Vp (three continuous and homogeneous layers), the FE appativimofu, atr = (z,y)

and timet can be written as:

) -~ . u,(ryt) [Nuz(r)]| ~
{a} = [NJ{U,} i.e. = (U.()}  (A.25)
{B(Tat)} [Nﬁ(?“)]
{0} = [NoH{Us}, ie. {o(rt)} = [No(r){TUs(1)}
[Ny(r)] = [N.] constantori/,  and {6.(t)} = [NJ{Us(t)} on V.. (A.26)

It must be noticed that to simplify the notation for the ipliation functions and for the
vectors of DOFs, the same notation of E4.Ga) and Eq. A.6b) is adopted but matrice{ﬁ?fu],
[Z%], {U,}, and{U,} are completely different. IfiN,], functionu, must beC;, whereagN]
is Cy and [N,] is piecewise constan{U,} contains electrode potentials aff,} contains
rotationsf, = —f,, 6, = 3., and the displacement, of the nodes[ﬁﬁ] is linked to[N,..(r)]
by the definition of{ 3}. Then,{x} is obtained through its definition and the expresgiai} of
the constant electric field in each of the two layers of a péatiric ared/. are simply given
by Eq. A.21):

{k} = [BJ{U.} with [B,]=V,[Ny]

{E} = [BJ{Us} with  [By] = [B] = [b][N] in V..

As previously, the partition “known/unknown” leads to:

{r} = [BJ{U.} + [BJ{U.} (A.273)
{E} = —[BsJ{Us} — [Bs{Us}, (A.27b)
where:
{U.} = [INJ{U.} + [NJ{U.}  with [N,] = [0] on9, & (A.28a)
{Us} = [NJJ{Ts} + [NJ{Us}  with [Ny] = [0] on0,V; € 9V (A.28b)

Letn. be the number of areds, where couples of piezoelectric ceramics define either a
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sensor or an actuator, then:

Ne

[ o0rar=32( [ senoaars [ ssonars [ soqonars [ sonenar)
8Vp c=1 Fcl 3
= (&p;l / oo dl + 8¢+ / o dl + 867, / oo dl + 867, / agdr>
=1 Iy r I I
=S (080}
c=1
where:

T
@} = | frm0adl Jpohdl [oogdl [i.ohdl | .

Introducing the assumed electric potential approximasiod plate bending kinematics
in EQ. (A.4) and making the required integrations, the variationainfoised for plate bending

elements with two piezoelectric layers is obtained for B8€2

[ (07 r) — GEYDY — 50y} + {5 i) ar
- /az{(m}T{F bds+ ZC{%}T{&C} =0, (A.29)

1 0 0
where[m] = ["p 0 22 0]dz.
0 0 22

Now, introducing the constitutive relation EA.@4) in Eq. (A.29), it gives:

[ (GyICsn)s) = (5w lenH(BY — (5BY few "} — (SEVT[e)(E}
(G (i) — 60y fay) ar = [ oy Fpas + {mr(z o)) ds =

(A.30)

The FE approximations EgA(25) and Eq. A.26), considering Eq.A.28) with {fu} =
[N,J{0U, } and{op} = [Ny]{6Us} in Eq. (A.30) for all {6U, } and{oU,}, lead to the FE matrix
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equations:

(50} ( /E (N, {ii} AT + /E (BT [Corl{} AT /2 (Bu"[ea]{E} AT

- /E NJT () AT — /a E[NUJT{Fd}dF> ~0

{5U¢}T< /E [Bo) e {k} A" + /2 [B¢]T[e]{E}dF+zc:[NC]T{ac}> —0, (A3la)

and thus:

[ Simitayar + [ BClw ar - [ (Bl By ar
- /2 [N fay Al + / [N,"{E;} Al (A.32a)

opX

Ne

/2 Byl [ear]"{r} AT + /2 BT EYdr = — S [N} (A.32b)

c=1

Considering now” andV), and introducing Eq.A.27) into Eq. (A.323), it gives:

/2 (BT [Col{r} T = /2 (BuJT[Cul [Ba] AT (UL} + / (BT [Co[Bu) AT {T)

[[E;L] ) _{Flu} :t [Qlu]{v} i
- /2 (B, "fea]{ B} AT = /E (BuJTen][B,] AT {U,} + /E (B, Tea][Be) AT {7}
o) —{(Fa} = —[Qu) {0}

/2 (N,T[m){i} AT = /E N m[N AV (D) + /2 NN, AV {T,)

J/

-~ -~

[M] = [Muu] _{F3u} = _[Q?m]{v}
[ NIk ar = (P} = Qul(v)

/a E[Nu]T{Fd} Al = {Fs,} = [Qsu]{v}.

Analogously, consideringy’ andV,, and introducing Eq.A.27) into Eq. (A.32D), it leads
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to:

B ar = [ Bl BN + [ (Bl (B Ar(.)

(K] ;[Kw]T i —{Fig} Zv—[Qw]{U} ’
/2 (BT [e|{E}ydr = /2 (B,JT[€)(B,] T {U,} — /2 (BT [€][B,] T {0}
K] (Fas} = [Qag){v}

Ne

= INJYoe} = {Fso} = [Qag]{v}.

c=1

Again, all the “known” quantities are linked tw}. Due to the choice of same notation
for the continuum approach, EqA.(.2) and Eq. A.15) are obtained from Eq.A(328 and

Eq. (A.32b), considering different matrix contents, which do not ex@nt the same model.
Discrete Kirchhoff triangle element

When the Kirchhoff bending plate theory is considered ngidar plate elements have
good properties and are able to follow the continuity requirement. Usually, theses elements
are not numerous and are not complicated to implement andéornn PLQP software, a three-
node discrete Kirchhoff element (DKT), with three DOFs pede (., 0, = —3,, 0, = ,)
as described in (BATOZ; DHATT, 1990) is chosen. In this kife&tement, Kirchhoff’s theory
is not perfectly respected. The shear energy is zero andAt9)(states at the nodes but a
zero shear straify,, is only imposed on the edges (curvilinear abscigsaf the triangle. In
order to test DTAC or control methods, it allows to build a widariety of active structure
models, including several couples of piezoelectric materestricted to flat geometries but

with a complex dynamic behaviour.
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ANNEXE B - RESUME ETENDU EN FRANCAIS

B.1 Introduction

La réduction des vibrations (ou Active Vibration ControV®), le contrdle de forme et
la surveillance in situ de I'état structural (ou Structudaalth Monitoring, SHM) sont devenus
des enjeux d’'un intérét essentiel dans de nombreux secteliisdustrie innovante, notamment
dans les domaines des transports, du génie civil et du gésiecal. Il peut s’agir d’adapter la
forme d’un objet pour optimiser son fonctionnement dansnwirennement donné, de limiter
'endommagement des structures en réduisant 'amplitutiedurée des vibrations, ou encore
de détecter et d’identifier les défauts liés aux endommagtmur prédire et maitriser la
durée de vie des systemes. Les technologies basées suloielmpnatériaux intelligents con-
naissent un essor important du fait de leur aptitude a réposax objectifs précédents grace
a leurs propriétés multi-physiques, ceci, de fagon activedactive. Les matériaux piézoélec-
triques peuvent, par exemple, étre intégrés aux structti@mnnectés a des circuits électriques
dédiés pour dissiper I'énergie vibratoire ou pour véhicales informations sur I'état de la
structure. Ces matériaux peuvent étre aussi utilisés dacadre de contrdle actif, ou ils sont
connectés a un microprocesseur, avec une efficacité ngabtapport aux techniques passives,

en contrepartie d'un co(t énergétique parfois élevé etalaamplexité accrue.

Une structure intelligente est donc capable de rejeter &stufations extérieures,
mais l'est-elle toujours si un endommagement survient2-8eueconfigurer la loi de con-
tréle ou l'adapter a la présence du dommage? Peut-on centdl limiter I'évolution de
I'endommagement? Le contréle actif tolérant aux dommage®HTAC pour Damage-Tolerant
Active Control) est un nouveau champ de recherche qui iateégrconcepts de la surveillance in
situ de I'état structural, du contrdle actif des vibratiehsle la commande tolérante aux défauts
(ou Fault-Tolerant Control, FTC). La réduction des vilwat dans une structure en présence
d’endommagement est un sujet de recherche récent. Tresepgeavdux traitent des effets des
dommages sur les vibrations et sur leur contrdle, en ter@npte des besoins industriels en
termes de rejet de vibration et de maintenance des strscterevisant & ameéliorer la durée
de vie opérationnelle. Cette thése se situe dans ce conétxteus proposons des techniques

modales pour réaliser un systéme de contrble actif tolénatiommages.
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B.2 Objectifs

Dans un premier temps, nos travaux se sont focalisés sabtiéhtion d’'une commande
H,, modale permettant d’atténuer les vibrations associéestairte® modes et en présence
d’incertitudes et de dommages. Cette approche a été tegiédraentalement sur une poutre

en aluminium sur laquelle un dommage a été introduit.

Nous avons aussi étudié et proposé une technique modal&miiection de dommages,
ou I'effet des dommages sur chaque mode de vibration peaigétantifiée. Ainsi, nous utilis-
ons une technique SHM modale pour repérer les modes deivibti sont les plus toucheés.
Avec cette information, le correcteuf., modal est congu pour distribuer I'énergie de com-
mande de maniére efficace entre les modes, méme quand un densor@ient. Cependant,
cette méthode nécessite de la connaissance a priori deitmrégtique de la structure ou
les dommages peuvent survenir. L’historique de maintemanauine étude préliminaire sur les
modes de vibrations les plus endommageants peuvent, papéxendiquer les zones critiques.
Cette approche a été testée en réalisant une simulationgmaerés finis sur une structure de

type poutre-plaque (poutre large modélisée par la théesepthques).

La derniére technique proposée est basée sur une appragtatac avec double boucle
de commande pour faire face a des endommagements imptésjdis que ceux provoqués
par des impacts. Pour atteindre cet objectif, le premierecteur H,, modal est congu pour
satisfaire les contraintes de performance et de robussesda structure saine. Le second a
pour objectif de détecter un dommage et de réagir de facisfasante, méme en présence
d’endommagement. Cette loi de commande modale s’appuierngustratégie de reconfigur-

ation en ligne du correcteur. Cette approche a égalemeriegti€e avec une simulation par

éléments finis sur la méme structure de type poutre-plaque.

B.3 Modeéle modal d’'une structure intelligente

Cette section présente un bref apercu du modéle modal gétatdécrire le comporte-

ment des structures flexibles, ou une représentation camespécifique est adoptée. Une struc-
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ture flexible générique avec plusieurs transducteurs PZT §tee modélisée par les équations

linéaires du second ordre suivantes:

Mp(t) + Dp(t) + Kp(t) = Buw(t) + Buu(t) (B.1)

y(t) = Cap(t) + Cyp(t) + Cyw(t) + Cuu(t),

oup(t) estle vecteur des déplacements des nodudsst la matrice de masdB, est la matrice
d’amortissementK est la matrice de rigidité3,, et B,, sont les matrices d’entrée, ou(t)

décrit perturbations eti(¢) la commandey(¢) contient les signaux de sortie modelisés par
les matriceLC4, C,, C,, et C,. En général, les modeles éléments finis génerent des modeles
d’ordre trés élevé qui doivent étre réduits pour des raigoasques, tout en représentant cor-
rectement la bande d’intérét. Une procédure de troncainmgles en respectant les modes qui
présentent un niveau d’énergie important est assez sosu#isante pour obtenir de bons ré-
sultats. En supposant que le nombre de modes adopté é&stmatrice modale est définie dans

I’équation suivante:

Q=101 ¢ ... ¢m]'

Une transformation en coordonnées modales est obtenueilisanitp(t) = ®q(t).

Prémultipliant Eq.B.1) par®”, cela conduit a:

STMPG(t) + PTDPG(t) + PTKPq(t) = 2T Byw(t) + ®'Byu(t)

y(t) = Cq®q(t) + C,®q(t) + Cww(t) + Cyu(t),
qui peut s’écrire:

Mumd(t) + Diméi(t) + Kmq(t) = By, w(t) + B, u(t) (B.2)
y(t) = Ca,.q(t) + Cy,.a(t) + Cuw(t) + Cqu(t), (B.3)

ouM,, = ®"M®, D,, = ®"D®, K, = ®’K®, B,,, = "B, B, = ®"B,, Cq_ =
Ca® et C,,_ = C,®. Les matricesM,, et K,,, sont diagonales tandis qu®,,, n'est pas
nécessairement diagonale. Pour faciliter I'analyse, l&riogad’amortissement généralement
adoptée est une combinaison linéaire de la matrice de tégadila matrice de massB =
aM + K poura,5 > 0. Cette hypothése est raisonnable et habituelle du faitepistiuctures
flexibles ont de petits facteurs d’amortissem&@wR{VRONSKI, 2004).
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En supposant que la matridd,,, est inversible, Eq.R.2) peut étre écrite comme:

q(t) + M Dimq(t) + M Kimq(t) = M, By, w(t) + M By, u(t), (B.4)

ou le vecteur d’état restenu est:

Avec cette définition, EqR.3) et Eq. B8.4) peuvent étre transformés en:

x1(t) = xa(t)
%Xo(t) = —M'Kpxy () — M 'Dpxo(t) + M, ' By, w(t) + M !By, u(t)

y(t) = Cq,x1(t) + Cy,_x2(t) + Cyyw(t) + Cyu(t),
ce qui conduit a la représentation d’état:

x(t) = Ax(t) + Byw(t) + Bau(t)

y(t) = Cax(t) + Dayw(t) + Dasul(t),

C,.], D21 = C,, etDy; = C,. Les matricesA, B, et B, sont obtenues en

ou Cz = [Cdm
utilisant:
_ 0 1 _ 0 _ 0
A= B, = ,andB,; =
~-M_'K,, —-M_!'D,, M_ !B, M_'B,,

Enfin, ce modéle peut étre écrit écrit sous diverses formesptésentations canoniques

modales en utilisant des matrices de transformation. Dansagail de these, la configuration

suivante est adoptée:

- . - . - - - 4T
A, 0 --- O b11 by 31
0 A, --- O b b cl.
A= ,2 _ ,B1 = .12 ;Ba = _22 ,etCy = ?2 )
0 0 tee Am blm b2m cgm

oU A; est une matric@ x 2 pouri = 1,...,m.
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B.4 CommandeH,, modale

Le systéme a commander est donné Bj5), ou un indicateur de performance est in-
troduit sous la forme d’un vecteur de sor€). Généralement, cet indice de performance
dépend seulement du temps. Cependant, pour inclure lesrexdg modale, une transformation
de cette sortie de performance est nécessaire. En congidérdement le vecteur de perform-
ance en fonction du temps, les équations en I'espace d&itaents sont utilisés pour concevoir

des correcteursl , traditionnels:

() = Ax(t) + Byw(t) + Byu(?)
2(t) = Cax(t) + D1w(t) + Dyou(t)
y(t) = Cax(t) + Da1w(t) + D22u(?), (B.5)

ou les matrice€C, D1, et Dy, sont choisis pour définir le vecteur de performance désieé. C
vecteur peut étre décrit en termes de performance modaltantnz(t) = > " | z,(t), oUz,(t)
représente les signaux de performance relatifs au mdée outre, le vecteur de perturbation
w(t), avecw € L,]0,00[, peut étre filtré en retenant bandes de fréquences contigués de fagon
acequew(t) = > " w;(t), ou chaque bande est choisie pour contenir un seul modedlisti

Pour le contréleuK, suivant:

Xc(t) = ACXC(t) + ch(t)
U(t) = chc(t) + Dcy(t>7 (86)

le probleme de commandé,, standard consiste a rechercher les matrices de correela p
minimisation de la fonction objective suivante:
<77 (t)z(t)dt

Joo = fogo wl (Ow(t)dt’

Une normeH,, modale, qui est écrite en fonction des matrices de pondératbdales,
est introduite et minimisée pour trouver le controlély modal dans Eq.R.6), ou le systeme

en boucle fermée satisfait:

in sup  J,, <% (B.7)
- 2L
Kc.eV

weEL3]0,00]
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ouV représente I'ensemble de tous les contrdleurs qui stabille systéme et:

oy Jo 2l () Quzi(t)dt
oy oS wl(t)ywi(t)dt

i=1J0

T =

ou la matrice diagonal@; > 0 pondere le modg ce qui conduit a assurer la sélectivité modale.

Un nouvel indicateur de performance modale est défini par:
zp(t) =I'x(t) + Ow(t) + Au(?),
avec:

1 1 1 1 1
r=[Qic, QiCi, - QhCi, | ©=(Q{Du, + - +QiDu,).

1 1
(QiD12, + -+ QiD12,,),

A

ouCy,, Dyq, et Dy, correspondent aux sous-matrices relatives au meteC,, D1, etD1,.
Le probléme modal donné en E®.{) peut étre résolu de maniére équivalente comme précisé

dans: .
s zg(t)zp(t)dt

JoowT(t)w(t)dt’

Des outils classiques peuvent étre appliqués pour résaedpmobleme. Par exemple, pour
le correcteur dans EqB(6) et le systéme dans EgB.6), le systéme en boucle fermée avec

correcteur est donné par:

x(t) = Ax(t)+ Bw(t)

z(t) = Cx(t)+Dwi(t).

Basé sur le bounded real lemna est stable ef T, || < 7 Si et seulement si il existe

une matrice symétriquB qui satisfait les inégalités matricielles suivantes (LMls

AP +PA PB (7
BTP I DT | <0

C D —1

P > 0. (B.8)
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B.4.1 Résultats expérimentaux

Afin de valider et tester la commande modale, un disposifiermental spécifique a été
réalisé (FigB.1(a). Il est constitué de deux poutres encastrées identiquaisiBrinium munies
de trois paires de céramiques PZT permettant d’appliquesri@mande.(t) et la perturbation
w(t) ainsi que de mesurer les vibrationg). Dans les tests, la perturbation est un signal de
type “chirp” qui possede une bande de fréquence comprise @8tHz et 500 Hz, durée de
5.4 secondes et amplitude of 0.5 V est amplifiée par vingttet@ssidéré comme le perturba-
tion. Afin de générer un dommage, nous avons réalisé deuxkessur une des deux poutres.
Les dimensions des poutres, du dommage ainsi que la podé®iPZTs sont illustrées a la

Fig. B.1(b). Le dispositif est complété par une carte dSPACE

A

Dspace

v PN
N IRE

!‘h— .
A ~ — .
: Poutre endommageé Foom zwm 0 <3.2mm

= Ho0mm

P
120mm

570mm
I/ 700mm
(a) Poutres en aluminium. (b) Diagramme.

Figure B.1 - Dispositif expérimental.

Nous avons comparé le rejet de perturbation entre une codendrp standard (RC,
RegularH,, Controller) et la commande modale (MC, Moddl, Controller) proposée. Les
correcteurs ont été testés sur la poutre saine et endomnigdeles MCs plusieurs matrices

de pondération ont été choisies:

1.MC1:[Q)* QY* QY? = [0.51.0 1.2];
2.MC2:[Qy* QY% QY] =[0.5 1.2 1.4];
3.MC3:[Q)* Q3 Q¥Y*] =[0.51.4 1.6).

Les résultats sont donnés a la Agj2. Ils montrent que les 4 correcteurs fournissent un
tres bon taux de rejet dans le cas de la poutre saine. Cepeswtda poutre endommageée les
correcteurs MC que nous proposons sont bien plus efficacepet aussi noter comment la

fonction de pondération permet d’atténuer un mode parnmiedes sélectionnés au détriment
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des autres. La Fid@.3(b) montre que 'augmentation de la pondération implique égatd une

augmentation du signal de commande pour les poutres sagémeleimmagée.

15

Poutre saine ‘ Poutre end(‘)mmagee 90 POL‘J[TE saine ‘ ‘ Poutre end‘ommag‘ae
[ Open loop [ Open loop) gol | HEEM RC [ RC |
< I RC I RC [ mc1 [ mcC1
e [ mMC1 [ mMC1 7ot | EEEE MC2 = mc2 |
< I Mc2 I Mc2 —_ [ mMc3 [ Mc3
g 1| mcs 1 mMc3 & oo
% S sor
> ‘O 30r
Zost @
E 20
< ol
0
0 ~10 . .
2 3 1 2 3 4
Modes Modes
(&) Amplitude maximale de vibration. (b) Pourcentage de réduction de I'amplitude.
Figure B.2 - Amplitudes expérimentales maximales de vidmnatle chaque mode.
2 —
s, o
L 2
é 0 3 0
<, -4
0 0
MC3 MC3
(a) Poutre saine. (b) Poutre endommageée.

Figure B.3 - Signaux de commande expérimentaux pour leststes saine et endommageée.

B.5 Prise en compte des effets des dommages dans la conceptia correcteur modal

Une métrique pour quantifier les effets des dommages suréefesnde la structure est
propose ici. Elle permet de prendre en compte les effets al@sndges dans la conception du
correcteurH,, modal. La stratégie adoptée considére que les structusdisidie sont souvent
soumises a des perturbations répétitives, ou certainegmegont plus touchées que d’autres.
Ces régions critiques peuvent étre identifiées par I'aeadigs la structure, par des essais de

fatigue et par I'histoire de la maintenance par exemplesiith est possible de simuler des
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dommages et d’inclure cette étude dans la conception daateur. Pour atteindre cet objectif,
une technique de SHM est appliquée pour évaluer la sévériiéhmage sur chaque mode. En
utilisant cette information, nous avons congu un correajeiipermet d’atténuer les vibrations

en tenant compte de cette sévérité.
B.5.1 Meétriqgue modale pour détecter les dommages et identdi leur sévérité.

La matrice d’observabilité infinie pour la structure flex@®!I décrite par Eq.B.5) est:
T
Ox(M) = | (C2)T (C2A)T (C2AZ)T - | .

Le modéleM peut étre décomposé en sous-modeles modaux. Par conséquent, la

matrice d’observabilité infini d’'un sous-modeéle modld) est défini par:

T

O(Mi) = | (C2)" (Co,A)" (Co,AD)T - |

ou C,, et A; représentent respectivement les element€deet A relatif au mode:. Pour
deux modéIeM(1> etM®) stables, les matrices d’observabilité infini relatives aaxdey sont

O MM et O, (M), La distance entrdI'") etM® pour le mode est proposée comme:

2
1
A; (MY MP)? =)

ou ¢; est I'angle principaj entre les sous-espad@s,(M™)) et O, (M®).
B.5.2 Détermination des matrices de pondération modale

Cette sous-section présente une approche originale goigpate tenir compte des in-
formations sur le dommage (mode, sévérité...) lors deld@ation du correcteut,, modal.

L'algorithme SHM présenté plus haut permet d’évaluer lésteftles dommages sur les modes,
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mais il n’est pas capable de distinguer si 'amplitude deatibn augmente ou se réduit. Pour
surmonter cette limitation, la méthode proposée évaldfet'd’un correcteur ., standard sur
la structure saine. L'idée est d'utiliser pour chaque masladtructure saine son atténuation en
boucle fermée et ses valeurs de créte respectives. L'aseocde ces deux valeurs aux effets
des dommages sur chaque mode donne une indication surdéiead’amplitude et aussi sur
sa sevérité.

Considérantp signaux de performance différents, la Fi§.4 montre la réponse en
fréquence, entre le signal de performamgg) pour! = 1,...,p et la perturbatiorw(¢), en
boucle ouverte de la structure saine ainsi qu’en bouclederavec un correcteuf,, stand-
ard. Un indicateuiq; est introduit pour équilibrer la réduction des vibratiogslisée par le

correcteur,, standard et I'effet relatif des dommages pour chaque mode:

a=[ () () - (a2) ] 9

ou A; est la distance modale calculeg, est I'amplitude de créte pour la structure controlée et

¢y; est la réduction de I'amplitude de créte modale, posrl, . .. ,m.

— Boucle ouverte
--- H,, standard

[Tl

Fréquence (rad/s)
Figure B.4 - Atténuation dé, ., et les amplitudes de créte respectives.

On peut remarquer que chaque facteur dans B@) [doit correspondre a un élément
dans la matrices de pondération modale. Cependant, candgtaea peuvent étre trés petits ou
trés grands. Pour limiter ces valeurs, il convient d’étabiie transformation d’amplitude, en
tenant compte des valeurs maximales et minimales dan8B). En attribuant deux nouvelles
valeurs pour ces indicateurs, la transformation adoptékégsiation de la droite formée par
ces deux points dans un plan. Les nouvelles valeurs doivssecver les parameétres dans un
intervalle raisonnable, choisi en fonction des aspectsquas, comme par exemple la tension

de sortie maximale. Le nouveau vecteur est alors:

Q=1 Bn B - 5zm]v
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et conduit aux matrices suivantes de pondération modalldigjtibuent I'énergie de commande

entre les modes:

Bu 0 0 0 Bim 0 0 0

1 0 0 0 1 0 Bam 0 0
Qi=| 6_21 Qa=| ﬁ? (B.10)

0 0 0 Bu 0 0 0 Opm

B.5.3 Résultats simulés

La structure utilisée pour tester la technique est reptédeig. B.5(a) C’est une poutre
bi-encastrée (clamped-clamped) en aluminium avec un@asdcansversale rectangulaire de
30 mm x 3.2 mm. Quatre paires d’éléments en céramique piézoélecteque symétrique-
ment fixés de chaque c6té de la poutre, conformément aux sshgrésentés Fid.5(b) et
Fig. B.5(c). Le modéle nominal utilisé pour concevoir les correctestsé&duit a quatre modes.
Un modele avec dix modes, appelé ici modéle complet, eg@ipbur la boucle fermée afin de

vérifier que le correcteur est suffisamment efficace pouegélgtspillover.

Le dommage est simulé par un encastrement partiel-a 600 mm comme montré
Fig. B.5(d). La longueurh de la frontiére libre caractérise la sévérité de ce dommagei
peut étre interprété comme le modéle d’une fissure de lomguéans la liaison de la poutre au

cadre rigide. Dans ce contexte, trois longueurs diffésedéela fissure sont considérées:

*Structure saineh = 0; Dommage 2h = 15 mm,;

Dommage 1h = 10 mm,; Dommage 3% = 20 mm.

La figure B.6 présente les distances modales pour les trois cas de domnmagéon
observe clairement que ces distances augmentent aved@ldt&&les dommages. Les matrices
de pondération sont calculées pour ce probleme a partir d@Ed). La valeur de pondération

minimale est 0.6 et la valeur maximale est 4.5. Ainsi, lesrites de pondération sont:

1 06 O 1 0.7 0 1 0.7 1 45 0
Q1 = 7Q2 = 7Q3 = etQ4 =

0 0.6 0 0.6 0 0.7 0 45
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(a) Maillage éléments finis de la structure flexible.

ZT detail A

Y J 0y < \x
7 == >
(actu?tolg sensor 1 sensor 2 ( ar;;tugt(t).r )

control erturbation i
ot 0] V() p Wi detail B

Y, yT 8 % N\
% N\ »
i E—— E——— N>

25,
210

30

330

540

600

(b) Schéma du dispositif (dimensions en mm).

upper electrode, potential p*(t) ; ] clamped part of the boundary
upper piezoceramic,
thickness = 0.5 mm
— healthy damaged
aluminium plate (electrode) 3.2 mm\AL clamping 30 mm clamping
lower piezoceramic, h
= ! " al b thickness = 0.5 mm
potental 0 Lower e ectrode, potential p(t) length of the simulated crack: h
(c) Détail A. (d) Détail B.

Figure B.5 - Structure en aluminium possédant des élémanifs,anodélisée par éléments finis et
maillée avec des éléments plaque triangulaires (élémégity D

[ Dommage 1
[ pommage
0.1r [ Dommage 3 |

0.08 -

Distance
o
(=]
&

0.04

Modes

Figure B.6 - Distances modales en fonction du dommage.

La stratégie adoptée vise a concentrer I'action de contdtdes modes qui sont plus
touchés pour les dommages. La perturbation est simuléenpsigonal de type chirp avec une
bande de fréequence comprise entre 0 Hz et 500 Hz, d’'une dere@ secondes et d’amplitude
4 V. Les réponses de la boucle fermée avec le corredieumodal (MC) et avec le correc-

teur H,, standard (RC) sont comparées avec la structure endomndmg@en@ge 3) en boucle
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ouverte et avec celle de la structure saine avec RC (perfarende référence en boucle fermée)
en Fig.B.7. Les modes 1, 2 et 3 en boucle fermé sont Iégérement affeatdegpdommages,

mais les deux correcteurs présentent des performancegisamiet proches de la référence.
Pour le mode 4, les correcteurs ont les performances ditigsela vibration augmente con-
sidérablement avec le RC, qui conduit a des amplitudes na&splus élevées que pour la
boucle ouverte. Avec le MC, 'amplitude maximale du mode dcpe de la référence et signi-

ficativement plus petit que pour le comportement en boucleie.

(V)

Référence Référence

20 Boucle ouverte 20 Boucle ouverte

Figure B.7 - Structure soumise au dommage 3: comparaisoréfenses.

La figure B.8 montre le comportement des signaux de commande pour les atx
recteurs testés. La superposition des couleurs permet daentes amplitudes relatives des
deux signaux. Pour les modes 1 et 3, les signaux de commasdiedg correcteurs ont des
amplitudes similaires. Pour le mode 2, I'amplitude (tensém \Volt) du MC est inférieure a
'amplitude du RC. Lamplitude du signal de commande powvi(e relatif au mode 4 est beau-
coup plus grande que celle du RC, et conduit a la forte attémude la vibration modale causée

par le dommage.

o 2 4 & & 10 12 14 16 18 2
Temps (s)
Figure B.8 - Comparaison de signaux de commande.
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B.6 Double boucle de commande

Les stratégies discutées préecédemment offrent de treebg@enformances de robustesse
grace aux propriétés inhérentes a l'utilisation de la nofiage Ainsi les correcteurs seront
robuste vis-a-vis des incertitudes de modeles et des dossrdans les effets sont connues
a priori. Pour lorsqu’il est possible de les insérer commetreintes de conception lorsque
la zone endommagée est connue. Cependant, souvent les demsant imprévisibles, par
exemple, les dommages de type impact. Cette section peesapttechnique de commande
originale qui s’adapte automatiquement a un endommageimeorinu. La figureB.9 montre
le bloc-diagramme détaillé du systeme de DTAC proposé, ailsontrés la structure et les
cing sous-systemes constitutifs, respectivement le cimwe nominal, 'observateur modal, le
modéele de référence, le compensateur de dommage et le srdeaahe reconfiguration. Le cor-
recteur nominal génere le signal de commangg) et il est basé sur commandg,, modale.

Le compensateur de dommage génére le signal de comnmafideou les parametres du cor-
recteur sont actualisés par le mécanisme de reconfiguragomodule de SHM comprend un
observateur d’état modal et un modeéle de référence, dontriie &,.(¢) est comparée a I'état
observék(t) pour générer le résidey (t) = x(t) — x.(¢). Le résidu est essentiel pour la config-

uration des parameétres. Ces modules sont détaillés araess

B.6.1 Observateur modal

Le vecteur d’étak(¢) du modele est estimé en ligne a partir du signal de sortie réesu
y(t) et du signal de commande(t). La représentation suivante est adoptée pour inclure les

dommages dans le modele d’état:

x(t) = Ax(t) + Biw(t) + Ba(u(t) + »(t))
y(t) = Cox(t) + Da1w (1),

ou ¢(t) représente le vecteur de dommage inconnu. En outre, il pposé quep € L, la

paire(A,C-) est observable d,, = 0.
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Correcteur Reconfigurable SHM

1 ex(t)

Mécanisme de «——— Modéle de Référence

Reconfiguration

! |
! |
! |
! |
| | X
| | X
| | X
1 ! 1
| - ~ |

1 Kx; Kul) | :
| |

I I |
| | X
! i
! |
! |
! |
! |
! |
! |

—>

A

x(t)

—» Compensateur de Domma

J E Observateur Modal <
uz(t) w(t)  e(t)
: l y(t)
&’@ U(t) > Structure —

Correcteur Nominal <

Figure B.9 - Le bloc-diagramme détaillé du systéeme de DTAC.

L'observateur traditionnel de Luenberger suivant est é&ppur estimer le vecteur d’état:

Yo

(t) = Ax(t) + Bau(t) + L(y(t) — y(t))

oux(t) ety(t) sontles estimations du vecteur d’état et du vecteur deeshrigainL est choisi

de facon quex(t) converge asymptotiquement vexg) .

La dynamique d’erreur d’estimatia#{t) est donné par:

e(t) = x(t) — x(t)

= (A = LCs)e(t) + (By — LDa1)w(t) + Bap(t),

ol cette dynamique est globalement stable s'il existe desaasP = P” > 0, O et scalaires

p, v, > 0 qui satisfont|e(t)||2 < plle(t)]2, |W(t)||2 < v et l'inégalité matricielle suivante:

ATP - C%@T -+ PA - @Cz + I -+ ol PB2 PBl - ®D21
BIP il 0 <0, (B.11)

BIP - D}, 0" 0 L

olpu = p%, B = a~'v? etle gain d’'observateur est calculé en utilishnt P~'©.
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B.6.2 Modéle de référence

Le modele de référence est le modele de la structure saineusheltfermée, avec le cor-
recteur nominal. Ainsi, I'entrée de perturbation doit &omnue pour étre utilisée pour exciter
le modele de référence. Habituellement, il est difficilestimer en ligne les forces de perturb-
ation agissant sur les structures réelles. Ici pour powaépter en ligne la commande nous
avons choisi d’utiliser une approche basée sur I'estimad® la perturbation dans le pire des

cas. Cette derniére est définie par:

ou cette équation est basée sur la solution du probléme dmaade nominal, représentée ici
par I'ensemble des LMIH8).

B.6.3 Compensation de dommage

Le sous-systeme de compensation des dommages est conguipouiser le vecteur de
résiduey(t), basé sur la stratégie d’adaptation modale. En considéranbdele donné dans
Eq B.5) et le signal de commande(t) formé par les signaux de sortie des deux correcteurs,

nous pouvons écrire I'équation suivante:

ou la paire(A,B,) est considéré comme contrélable.

Pour une loi idéale de commande avec gain fixe pour les donswageme:
us(t) = KIx(1) + KL s (1), (8.12)

ouK; est le vecteur de gains Kt (¢) est le vecteur d’état, les deux relatives dans mogééors,
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le systéme en boucle fermée avec ce correcteur est donnée par

x(t) = (A + B2KD)x(t) + Biw(t) + (B2 + BoK] Juy (t). (B.13)

L'objectif du compensateur de dommages est de suivre asyiqpeément I'état du mod-
ele de référence pour atténuer les effets des dommages. télende la structure saine est
défini par:

Xp (1) = Apx(t) + B1,w(t) + Baruy (1), (B.14)

avec les conditions suivantes (matching conditions) al@snen comparant EqB(13) a

Eq. B.14):
A, = A +B:K],B;, = By, etB,, = B, + BoK[,,. (B.15)

Basé sur Eq.R.12) et sur les résultats de I'estimation, la loi de commandieréaivante
est proposeée:
ua () = K (Dx(t) + Ky, (D (#), (B.16)

oK, (1), Ky, (t) etx(t) sont respectivement les estimations en lign&geK,,, etx(t). Ainsi,

la boucle fermée avec ces nouveaux gains est donnée par:

X(t) = (A + BoKI(£))x(t) + Biw(t) + (Bg + BoKL (1)) (t). (B.17)

B.6.4 Mécanisme de reconfiguration

Le but du mécanisme de reconfiguration est fournir I'estiomatie K, (¢) et K, (t). La
dynamique de I'erreur d’estimation du vecteur d'état e$indgparé, () = x(t) — x.(t). En
considérantde EgB(14), Eq. B.17) et en utilisant les conditions données par Bj16), nous

pouvons écrire:
éx(t) = Asex(t) + BoAKL(DX() + BaAKE, (g (1), (B.18)

™ T % T > 1 H H
o AK, (1) = (KL(t) — KL) et AK,, () = (KL (t) — K[ ) sont les erreurs d’estimation des

gains.
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Les gains adaptatifi,(¢) et K, () doivent étre estimés de maniére adéquate afin
d’assurer la stabilité de la dynamique de I'erreur de susi, Eq. B.18) est stable pour

les lois d’adaptation suivantes:
K. (t) = —Tox(1)el (t)PBy etKy, () = —Tu,us (t)eX (1)PBsy,
ou pourR = RT > 0, P = PT > 0 satisfait 'équation algébrique de Lyapunov suivante:
PA,+A,"P = —R. (B.19)

Enoutre,T, > 0etT,, > 0sontles matrices diagonales qui déterminent les taux gtatian.

La matriceT, est une fonction des sous-matrices modales:
Tx = diag(Tl,Tz, ce 7Tm)7 (BZO)

ou la matriceT; 2 x 2 détermine le taux d’adaptation du mode

B.6.5 Résultats simulés

La structure utilisée pour tester la technique est la méraetsire représentée Fig.5(a)
ou seul les dommages 2 et 3 sont considérés. Pour concecoiréeteur nominal, nous utilis-

ons les matrices de pondération suivantes:

0.7 0 09 0 1 1.6 0
= 7Q = 7Q = EtQ4 =
0 0.7 0 0.7 0 09 0 1.6

N o~
[SNINIE

o
ol

Pour concevoir le compensateur de dommages, le problémgRN1) est résolu pour

v =5 eta = 5. Les matrices de taux d’adaptation sont choisis comme:

50 0 200 0 2000 0O
Tl == T2 = ,T3 - ,T4 = et’:[‘u1 = 0001
0 50 0 500 0 2000

Le méme signal chirp que précédemment est utilisé pour sinuperturbation pendant
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trois cycles del2 répétitions. Chaque cycle correspond a une condition déuatare: dis-
positif sain, dispositif avec le dommage 2 et dispositifaedommage 3. Trois méthodes de
commande sont examinées dans ces différentes situati@havec boucle simple, MC avec
boucle simple et double boucle de commande (ou modal ddabfeframework, MDLF) avec

I'association du MC avec le compensateur de dommage.

La FigureB.10 montre le comportement de chaque mode dangraphes séparés. Les
amplitudes modales maximales des réponses en boucle ewteégalement la réponse en
boucle fermée pour les signaux de soiti€t) et y,(t) et le signal de commande respectives
u(t) peuvent y étre observés. Le dommage ne change pas les panflesndu compensateurs
pour les modes 1 & 3. En ce qui concerne les signaux de complesdplitudes maximales
sont similaires a tous les compensateurs pour les modes PetiBle mode 2, on peut voir que
I'amplitude du signal de commande pour le RC est supérieaediés des deux compensateurs
modaux. En ce qui concerne le mode 4, les vibrations modagsi@ntent de maniére signi-
ficative dans le RC. Le MC présente une meilleure performgunede RC, mais les vibrations
modales augmentent également avec la sévérité du dommagreleRlommage 1, le MDLF
répond initialement de facon similaire au MC, mais I'ajusémt adaptatif de ses parameétres
réduit progressivement I'amplitude de créte. Pour le doge®s la réponse est bien meilleure
dés le début de I'apparition des dommages. Les amplitudegdal de commande augmentent
pour tous les correcteurs pour faire face aux dommages, lmaiplitude du MDLF est plus

élevée, ce qui conduit & une atténuation efficace du mode.

B.7 Conclusion

Le contréle actif tolérant aux dommages (DTAC) est un nouxaamp de recherche qui
vient répondre a I'exigence de maintien dans le temps dedétéiet la santé des structures.
En adaptant la loi de rejet de perturbation pour contenioliétion d’'un dommage, détecté par
un dispositif SHM, DTAC participe a la prolongation de la éarde vie de la structure. Il est
le vis-a-vis pour les structures, des dispositifs FTC daseéncontournables dans la commande

des systéemes.
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Figure B.10 - Comparaison des amplitudes maximales desswmla structure controlée.

Cette thése présente trois différentes techniques olégirte lois de rejets de perturba-
tion en présence d’endommagements. En premier lieu, narsgwoposé une technique de
commandef{,, modale qui présente un bon compromis entre la robustesagetformance.
Nous avons testé expérimentalement cette technique, eaetiontré de bien meilleurs ré-
sultats qu’'une command¥., standard principalement en raison de la sélection modale. E

suite, nous avons développé une méthode qui utilise desmatons sur les zones critiques de
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la structure pour concevoir un correctetir, modal tolérant aux dommages. Cette méthode a
été validée par des simulations EF d’une structure de typa@@laque munie d’actionneurs
et capteurs PZT. Les simulations ont permis d’étudier lefopmaances de I'approche vis-a-vis
de différentes sévérités de dommages. Les résultats ontréngume la méthodologie est trés
efficace pour atténuer les effets des dommages dans les @itigpses. Pour finir, nous avons
proposé une technique pour faire face aux dommages img@aspar exemple, des dom-
mages de type impact. Cette technique s’appuie sur une edabicle de commande, ou le
premier correcteurH,, modal) est congu pour satisfaire les contraintes de pedoncm et de
robustesse sur la structure saine. Le second a pour oljéatgurer de fagcon satisfaisante le
cahier des charges du systéme bouclé en considérant utdgstrde reconfiguration en ligne
du correcteur, quand un dommage survient. Cette stratégjie @stée en utilisant les mémes
modeles éléments finis, mais sans aucune considérationragui le dommage. Les résultats
ont montré que les deux correcteurs cooperent pour uneemeibtténuation des vibrations, et

ceci en présence de dommages inconnus.



Contréle Actif Modal de Structures Tolérant aux Dommages

RESUME: Les structures intelligentes sont de plus en plus présentes dans différentes industries et notamment
dans les domaines de l'aéronautique et du génie civil. Ces structures sont dotées de fonctions qui leur
permettent d'interagir avec leur environnement, d'adapter leurs caractéristiques structurelles (raideur,
amortissement, viscosité, etc.) selon les besoins ou de surveiller leur état de santé ou « SHM » (Structural
Health Monitoring). Aujourd’hui, les performances des méthodes de controle actif peuvent étre
considérablement dégradées lors de I'apparition d’endommagement. Le contrle actif tolérant aux dommages
ou « DTAC » (Damage Tolerant Active Control) est un champ de recherche récent qui s'intéresse a I'élaboration
d'approches intégrées pour réduire les vibrations tout en surveillant l'intégrité de la structure, en identifiant les
éventuels dommages, et en reconfigurant la loi de commande.

Cette these apporte une contribution au DTAC en proposant une approche originale basée sur la norme H-
modale. Les méthodes proposées se focalisent principalement sur le cas ou plusieurs actionneurs et capteurs
piézoélectriques non-collocalisés sont utilisés pour atténuer les vibrations des structures endommagées. Le
manuscrit comprend quatre parties principales. Le chapitre 2 présente des rappels sur la commande H- et sur
sa solution sous optimale obtenue par une approche par inégalité matricielle linéaire ou « LMI » (Linear Matrix
Inequality), sur laquelle s’appuient les développements proposés dans ce travail. Le chapitre 3 décrit la norme
H- modale introduite pour le contréle actif des vibrations. Cette commande présente une sélectivité modale
élevée, permettant ainsi de se concentrer sur les effets du dommage tout en bénéficiant des propriétés de
robustesse qu'offre la commande H- vis-a-vis du spillover et des variations de paramétres. Une nouvelle
stratégie de rejet des vibrations est proposée au chapitre 4. C'est une approche dite préventive ou une prise en
compte lors de I'élaboration de la commande H~ modale, des zones fortement contraintes de la structure, ou le
risque d’'endommagement est élevé est réalisée. Un algorithme SHM est proposé afin d'évaluer la sévérité du
dommage pour chaque mode. Le chapitre 5 propose une nouvelle approche modale a double boucle de
commande pour faire face a des endommagements imprévisibles. Un premier correcteur est congu dans ce but
pour satisfaire les contraintes de performance et de robustesse sur la structure saine, tandis que le second a
pour objectif de conserver un contréle satisfaisant quand un dommage survient. La loi de commande s'appuie
sur un observateur d’état et d'un algorithme SHM pour reconfigurer en ligne le correcteur. Toutes les approches
DTAC proposées sont testées en utilisant des simulations (analytiques et éléments finis) et/ou des
expérimentations sur des structures intelligentes.

Mots clés: Controle actif tolérant au dommage, structures intelligentes, contréle actif des vibrations, contréle
santé des structures, commande modal H-, commande adaptative, robustesse, céramiques piézoélectriques.

Damage-Tolerant Modal Control Methods for Flexible Structures

ABSTRACT: Smart structures have increasingly become present in different industry applications and
particularly in the fields of aeronautics and civil engineering. These structures have features that allow
interactions with the environment, adapting their characteristics according to the needs (stiffness, damping,
viscosity, etc.), monitoring their health or controlling their vibrations. Today, smart structure active control
methods do not respond appropriately to damage, despite the capability of good rejection of external
disturbances. Damage-tolerant active control (DTAC) is a recent research area that aims to develop integrated
approaches to reduce vibrations while monitoring the structure integrity, identifying damage occurrence, and
reconfiguring the control law of the adopted active vibration control method.

This thesis contributes to the DTAC area by proposing a novel modal control framework and some application
strategies. The developed methods focus on noncollocated flexible structures, where multiple piezoelectric
sensors and actuators are used to attenuate damaged structure vibration. The chapters present four main topics
and the conclusions. Chapter 2 reviews the regular suboptimal H- problem and its respective solution based on
the linear matrix inequality approach, which is a fundamental tool for the development of subsequent topics.
Chapter 3 introduces the modal H--norm-based method for vibration control, which reveals high modal
selectivity, allowing control energy concentration on damage effects and presenting robustness to spillover and
parameter variation. A new control strategy is developed in Chapter 4, taking into account existing knowledge
about the structure stressed regions with high probability of damage occurrence, leading to specific
requirements in the modal H«-controller design. A structural health monitoring (SHM) technique assesses each
damaged mode behaviour, which is used to design a preventive controller. Chapter 5 presents a novel modal
double-loop control methodology to deal with the unpredictability of damage, nevertheless ensuring a good
compromise between robustness and performance to both healthy and damaged structures. For this purpose,
the first-loop modal controller is designed to comply with regular requirements for the healthy structure
behaviour and the second-loop controller is reconfigured aiming to ensure satisfactory performance and
robustness when and if damage occurs, based on a state observer and an SHM technique to adapt the
controller online. In all these chapters, simulated (analytical- and finite-element-based) and/or experimental
smart structures are used to examine the proposed methodology under the respective control strategies. The
last chapter summarises the achieved results for each different approach described in the previous chapters.

Keywords: Damage-tolerant active control, smart structures, active vibration control, modal H-= control,
structural health monitoring, modal double-loop control, robustness, piezoelectric patches.
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