ACTIVE VIBRATION CONTROL OF A SMART SANDWICH PLATE VIA
PIEZOELECTRIC SENSORS AND ACTUATORS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

YUNUS TANSU AKSOY

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE ORVMASTER OF SCIENCE
IN
AEROSPACE ENGINEERING

SEPTEMBER2015






Approval of the thesis:

ACTIVE VIBRATION CONTROL OF SANDWICH PLATES VIA
PIEZOELECTRIC SENSORS AND ACTUATORS

submitted byyUNUS TANSU AKSOQY in partialfulfilment of the requirements for
the degree oMaster of Sciencein Aerospace Engineering Department, Middle

East Technical Universityby,

Prof. Dr.G¢ | bi n Dur al l'nver

Director, Graduate School Matural and Applied Sciences

Prof. Dr. Ozan Tekinalp

Head of Deparhent,Aerospace Engineering

Assoc.Prof. Dr.Melink a hi n

SupervisorAerospace Engineering Dept., METU

Examining Committee Members:

Prof. Dr.Yavuz Yaman

Aerospacdengineering Dept., METU

AssocPr o f . Dr. Melin kahin

Aerospace Engineering Dept., METU

Assist. ProfDr.Er can G¢r ses

Aerospace Engineering DepVJETU

Assist. ProfDr . A. T¢r ker Kut ay

Aerospace EngineegnDept., METU

Prof. Dr. MetinUS al a mc é

MechanicaEngineering DeptGazi University

Date: 02.092015



| hereby declare that all the information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referencedl
material and resuts that are not original to this work.

Name, Last Name:

Signature:



ABSTRACT

ACTIVE VIBRATION CONTROL OF A SMART SANDWICH PLATE VIA
PIEZOELECTRIC SENSORS AND ACTUATORS

Aksoy, Yunus Tansu
M.S., Department of Aerospace Engineering
Supervisor  : Assoc.Prof. Dr.Me | iahmin k

SeptembeR015 85 pages

In this study, the first three vibration modes of a smart sandwich plate, which
are F'outof-plane bending,3torsion and > out-of-plane bending modes, are aimed
to be suppressed by using active vibration control techniques comprising a pole
placement controller. Smart sandwich plate is composed of a passive sandwich
composite plate and piezoelectric patcheZT(R.eadZirconateTitanate) attached
with epoxy adhesive at specific locations determined by using finite element modelling
and analysis. Those PZT patches on the smart sandwich plate are then used both as
actuators and sensors.

Before manufacturing the st sandwich plate, the locations of PZT path
are determined by considering the vibrational characteristics of the sandwich plate.
Following this, an experimental modal analysis is performed to verify the finite
element analysis results. Additionallyhet model is updated according to the
experimental results. Then, an algorithm is adapted in order to determine the spatial
locations of the PZT patches and parallel to the obtained results they are attached to
the passive sandwich plate. After the manuwfiany process of the smart sandwich
plate, a system identification is performed experimentally by sending an input signal

covering the frequencies of interest and recording the response through a designated



sensor. Having obtained the frequency responsetifin of the smart sandwich plate
experimentally, a transfer function is fitted in the frequency domain.

Finally, variousactive vibration controllerare designed. Those controllers are
thenvalidatedthroughsimulatiors and applied in an experimental ¥nonment via
pole placemenmethodcombined with various observers and filters to suppress the
free and forced vibrations of the smart sandwich plate at the aforementioned resonance
frequencies. The three different designed controllers are observedpesaiphe
vibrations in each of the aimed mode successfully by working individually and also
operating together without compromising the individual performance of the controllers

in the vibration suppression of the smart sandwich plate.

Keywords:Active Vibration Contro) Frequency Response FunctipRéite Element

Method Piezoelectric Materia]SmartSandwichPlate

Vi
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AKI L LI BKR SANDVK¢ PLAKANI N PKEZOELEKTR
ALGI LAYI CI LAR YARDI MI YLA AKTKF TKTREK!I

Aksoy, Yunus Tansu
Y¢kdeahws Havacél ek ve Uzay M¢ghendi sl
Tez YO°neDd.OriMeil iamn k
E y 12@1b, 85sayfa

Bu -alékmada, akéll é& sandvi- plakaneén
d¢zl eme di k i kindiitepkli meutodp nyaenrllke Kg-m
kul |l anél &rrexk ma kktoinft rtoil ¢ tekniakhlméxkit g¢lre B&:

sandvi sonplluakeal,emanl|l ar y°ntemiyle yerleri
bajl anmék pi ez o edpaskbirrkompozily dakdar oa rudkama k't ad er
Akeéell & sandvi- plaka ¢zerindeki piezoel e
ol arak Kawdé.d anél meéecx

Akeéell é& sandvi- plakanén ¢retiminden ©°i
dejerlendirilerek piezoelektrik yamal ar é
modal analieryap él ar ak sonl soel daddan & airl aam&lkkit 2r .
ilave olarak deneysonu-1 ar éna go°re mo d el gencel |
piezoelektrik yamal arén yer | emaksuretiylbel i r |
el de edilen sonu-1|lara paralel ol arak bu
Akéell épsakdmnien ¢reti migliol ami dirmkandéndan
gi rdi sinyaliyle ve belirl enen alsgel aye
tamaml anméxkter . Akell é sandvi - pl akanén

y°ntemle el ieekdhnb mk grangfdsf eopndkes ibyiornu uyar |l a
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Son olarak akell e sandvi - pl akanén yukared
frekansl|l ar énda, serbest ve zorlanméxkx titrecxk
filtrelerle kombi ne eldu | mk ki fkutupr ereirmhekom
t asar,l anemézket i ml evrel ed ednoejyrsuell a nonmét ka-mdfaa rukylgéu | a nn
kontrolc¢gnegn, akellée sandvi - pl akanén ama-| ¢
bastérmakta bakaré g°stersmiakr émlddum] v+ oke dlau °t

vermeden bir arada da -al ékteéeklareé g°zl enmi«k
Anahtar KelimelerAk t i f Titrekim Kontrol ¢, Frekans Ce
Eleman ModelleriPiezoelektrik MalzemeleAk é1 | € Sandvi - Pl aka
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CHAPTER 1

INTRODUCTION

Lightweight structures become a must in aerospace engineering applications.
In order toreducethe weight of the composite materials more, composite lamina are
combined with lightweight core to introduce sandwich structures. Sandwich structures
arebenefigal due to having high strength and stiffness properties, long fatigue life
resistance and smoother surf@te Although they are very advaggous over other
engineering structures, various vibration problems may come into picture during their
service life. In airframe design, vibaoustic coupling is considered as an important
design restriction which may cause damage in the airf@hfton the other hand,
structures made of lightweight materials have low natural frequencies which may
cause high amplitude oscillation problems. Newly designed lightweight robot
manipulatos are also in the field of interest of aerospace engineering. Nevertheless,
due to the flexibility of the manipulator, vibration problems mcayseperformance
lossof precision in positioning3]. Another problematic issuelated to vibraon is
the buildings since they avelnerableto natural disasters such as earthquakes or high
velocity winds as well as humanade calamitieg4]. Furthermore, in space
applications suchsaantennas or solar panels, instability and fatigue problems may
occur due to vibrations as wét].

In order to overcome those ptelns, some techniques are proposed. First,
inserting passive materials such as masses, dampers or springs for passive vibration
control may be considered. When passive vibration control techniques are not enough
for vibration suppression, active vibratiotontrol techniques may come into
consideration. Active vibration control is a very wide topic that a lot of people are
working on it. Dubay et al. designed a predictive control for-lorle flexible

manipulator based on finite element mol@! Li et al. proposed a PID controller for



noise control of vibreacoustic systerf2]. Halim et al designed a controller for muti

link flexible robotic manipulator and performed a case studyafvo-link robotic
manipulator{3]. Dafang et al. experimentally showed that independent modal space
control method can control each of thestfithree mode individually. In their specimen
they attached separate piezoelectric patch groups to control each of the[fjodes
Additionally, Kerboua et al. controlled their beam via smart matej@ls In their

work, Zippo et alare controlled a composite sandwich plate withdyaomb core
through active vibration contr@®].

Actuation force plays a significant role in active vibration contholtheir
work, Chevva et alkried to use minimum actuation power in active vibration control
[10]. On the other hand, Luo et altudiedactive vibration control of sandwich panel
with multi-layered piezoelectric actuator. They also took into consideration the
physical parameters of the actuator on the actuation cap@bilit\j12]. Furthermore,
Song et al. found optimum ples of piezoelectric patchés supersonidlutter control
of compositelaminated panel$13]. Apart from these, active vibration control of
sandwich beams and plates are stufllddi [17]. Additionally, Ferrari et al. worked
on sandwich plate active vibration control by rmwillocated positive pason
feedbacK18]. Subsequently, Active Vibration Control is implemented to a full scale

space vehicle structuf&9].

1.1 Background of the Study

In this section, a brief introduction for definitions is presented. First, sandwich
materials are defined and some background information is given. After that,
piezoelectric materials and their usage in active vibration control are mentioned.
Furthemore, some basic information about active vibration control is given to

illustrate the topic more understandable.



1.1.1Sandwich Structures

Sandwich structures are simply constructed by placing a core between two
skins which are thinner than the carewever, dormal definition says that special
form of different composite materials that are bonded to utilise the properties of each
component for structural advantaf@0], [21]. Sandwichstructuresare used in
aerospae industries not only due to their low weight but also their high stiffness and
strength properties. The skins of a sandvétthictureare made of composites fibers
or sometimes metals such as aluminium which have high stiffness and the core
materials arselected as balsa, foam or honeycomb for their lightweight. According to
their work, Hexcel Composites states that, with a honeycomb core as thick as the skins
the relative stiffness of whole structugees upseventimes although thetructure

gainsweight only 3. A comparison is given ifiablel.1 [22].

Table 1.1 Honeycomb Sandwich Panel Structural Efficief3)]

Sandwich Sandwich

Only Skin Structure with Structure with
Property ) _ _

Material Core as thick as Core 3 times

skin thicker than skin

Relative Stiffness 100 700 3700
Relative Strength 100 350 925
Relative Weight 100 103 106

The advantage of the sandwgthucturecan easily be observed througable
1.1. An additional advantage of sandwich construction can be said as a sandwich
structuredoes not have unique elastic properties but is designed to have desired
propertieq1]. Having all these advantages, sandvwaticturesarefrequentlyused in

aerospace industries as used in o&émgineeringareas.



1.1.2Piezoelectric Materials

Piezoelectricity is first discovered by Curie brother in 1880 while
experimenting on crystallography whighdefined as a generation of electricity due
to mechanical displacemeng3]. Piezoelectric Materials are also ableteate strain
due to voltage difference which is called as inverse piezoelectricity. An illustration for
piezoelectricity is given inFigure 1.1 [24]. Piezoelectricity usually appears in
insulative materials. They can be splatted up into two major groups which are ceramics
and crystalg§25]. Some piezoelectric materials are nataradl found in the nature in
crystal forms such as quartz which has many commercial usages. However lots of
piezoelectric materials are manmade ceramic materialdeagzirconatetitanate
(PZT), leadtitanate (PbTiQ), leadzirconatéPbZr(), and bariurntitanate (BaTiQ)
[26].

— GONCAtOr action motor action

. & e [&

. 2 ) 3 *) . 3

1 t e T M 1 $

— A L *) v - ) - ) L )
(@) () © @ (e)

poling voltage

Figure 1.1 Generator and Motor Actions of a Piezoelectric Elementdi&k) after
polarization, (bdisk compressed: generated voltage has some polarity as poling
voltage, (c)isk stretched: generated voltage has polarity opposite that of poling
voltage, (d)applied voltage has same polarity as poling voltage: disk lengthens

(e) applied voltage has polarity opposite that of po[i24j

Piezoelectric materials are produced by polarization methods. While arranging
piezoelectric polymers, high poling electfield to the essentially insulating material
is wanted[27]. Those piezoelectric materials have a great application area. For
instance, electromechanical frequency filters, ultrasonic imaging, piezoelectric motors

and transformers, piezieetric positioning, injection systems, gyroscopes, pressure



and temperature sensors are some application areas for piezoelectric nfai@rials
[28].

1.1.3Active Vibration Control

Main concept of the vibration cancellation is giving the balancing signal with
a phase diff er en c-phasel eatBapphcations,hacticehnoises a n t
control is studied, experimentallffoday, some headphones and microphones are
suppressing the noise for a better listenifgrthermore, active vibration control is
applied to ship$29] as well asare carried out ivariousmarine application$30].
Moreover, for more comfortable vehicles, controller techniques araruaatbmobile
technologieg31]. Following those active vibration contralechnques arestarted to
be appliedon beams and platdsaving infinitely many degrees of freedom and
different wave types propagating on them. These researches have a great influence in
aircraft and spacecraft indusfi32] including applications in helicopterk fact, for
gust reduction and windlutter control, active vibration controllerhave been
specificallyimproved[33]. There are also other areas for active vibration suppression
applications such as in civil engineering, optics, sound transmission and also in flow
control[32].

Although there are other hardware for active vibration control, piezoelectric
materials are very important and have a wide coveradeeiimtiustry. Because the
piezoelectric materials are small and effective actuators as well as sensors, they are
very common in controlling of lightweight structures. In addition, piezoelectric
patches are available and cheap ceramics. Summing all thgsertf@® of active
vibration control, sandwich structures and piezoelectric materials, in this thesis, active

vibration control of sandwich structures via piezoelectric patches is studied.



1.2 Motivation of the Thesis

In the former researches conducted time Department of Aerospace
Engineering at Middle East Technical Universigtive vibration control of a smart
beam and fidike structuresmade of isotropic material are stud{@d]i [40]. In these
studies, piezoelectric patches are attached to root section of thg4idam?2]. For
fin applicatons, piezoelectric patches are attached as actuators and the strain gages as
sensor$43]. In this thesis, active vibration control of smart composite sandwich plate
is examined, having the piezoelectric patches as sensors and actuators in their optimum
locations. In fact, for each vibration mode of the sandwich plate, piezoelectric patches
are located, and for each piezoelectric patch group separate controller is applied. After
all of the controllers are operated, they are used together to suppress vibrations in first

three modes of the plate.

1.3 Outline of the Thesis

The brief informationabou the coming sectionsf this thesis is given as
follows:

In Chapter2, Modal Analysis of the sandwich platepgsrformed First a finite
element model ixonstructed. Then, the plate is tested via impact hammer and
accelerometeto obtain its passive modal characteristi@smparing the results of the
finite elementnalysis resultand the experimeally obtained oneghefinite element
model isthenupdated.

In Chapter 3, locations for piezoelectric patches are found. Hiestfinite
element model constructed in Chapter 2 is used to find the curvature of each mode
shapes. Then, the sensor is located at the place where the combination of the curvatures
of all mode shapes of interest is the maximum. After that, using peonelure the
disturbance actuator is located to be able to disturb the plate in its first three modes.
Finally, the location algorithm is run to find the optimum locations of the actuator

groups.



Chapter 4 presentbe system identificatioand n this chapte experimental
setup isintroduced Usingthis experimental setupata in time domain representing
the characteristics of the system is obtained. After slygatem matrices for each of the
piezoelectric patch groups located according to the resultsyetdtan Chapter 3 are
obtained Through the identification procedure, Fast Fourier Transf&ifT)(is used
for experimental datand the system matrices whose bode plots are close Ed-The
results are determined.

In Chapter 5, active vibratiorontrol of the sandwich platis performed. First,
a pole placement controller is designed for the syster.der to workwith the pole
placement type controller, states of the system is needed to be known. To estimate the
states of the system, a state observdesgnedHaving completedthe design of an
observer case studies are performed via experimental setu@nallyss resultsare
alsoverified in this chapter.

In Chapter 6theresultsof the research study are discusard the future work

is recommended






CHAPTER 2

MODAL ANALYSIS OF THE SANDWICH PLATE

2.1 Introduction

In this chapter, modal analysis of the sandwich plate is perforamstl.finite
elementmodel (FEM) is generated and modal analysiperformed to obtairthe
natural frequencies and thmrrespondingmode shapes. After that, in order to
compensate the differences between the model and the real structure, experimental
modal analysis is performed. The differences are tried to be miniroieed)ing the
material properties. At the end of this chapter, final model of the sandwich plate is

constructed.

2.2 Finite Element Modelling and Analysis ofthe Sandwich Plate

A composite sandwich plate with the dimensions of 195 mm and 300 mm is
modelledby using MSC Patraf#4] finite element modelling tool and MSC Nastran
[45] finite element solverfThe plate has three layers such that the skin material is SGL
GEB8903280-37ePrepred=-glass and the core material is Rohacell 3FFldam.The
skins of the platareproduced having one layer of 0.25 mm thickneashusing glass
fibers in twill weaveform, and the core i& mm of foam. According to the material
properties supplied from the manufactytée skins are assumed to be 2D orthotropic
whereas the core of the plate is méelélas isotropicThe material properties are given
in Table2.1 andTable2.2 respectivelyFor the skin, a range is giveand therefore

themeanvalues are used.



Table 2.1 Material Properties of SGL GE89@B0-37e Prepeg EGlass

E1 E2 G2 }
[GPa] [GPa] [GPa] [kg/m?]
Range 2207 28.0 2207 280 3.07 4.0 1900- 2100
Used Value 25.0 25.0 3.5 2000

Table 2.2 Material Properties of Rohacell 3146Foam

E G |
[MPa] [MPa] [kg/m?3]
36.0 130 32

In Table 21, E1 and R ar e f or t he Youngbtw modul us
perpendiculafiber directiors of the skin material, respectively. Since the material has
fibers in both dir ecdgare@qualinbothdivectigné s modul us v

for shear modul us of t he HEakle2g simatheecara al , and
material is assumed to be isotrofc, G, } is for Youngdbés modul U

and density, respectively.

The plate ismodelledas composite with thrdayerscomprising an isotropic
core in between two-P orthotropicskins in each side The whole structure is
modelledwith CQUADA4 2-D shell elements using MSC Patran Softwddferent
mesh densities are performed to show that the results are independent of the mesh
assignedAs it can beseen fromFigure 2.1, 8 elements for the short edge and 12
elements for the long edge is enough for the mesh independency of the first three
natural frequencieshich are corresponding thefirst out-of-plane bendinghefirst

torsional and the secomait-of-plane bending modes

1C
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Another decisiomechanism for the mesh density will come into picture while
locating the piezoelectric patchds.order b find theprecise locations for the patches
it is required to have 60 elememisngthe short edges and 90 elemaitngthe long
edgesSince 60 g 90 elements do not cause mesh dependency, that density for mesh
is decided tdeuseal. Therefore the finite element model inclsd00 elements and
5551 grid points. Té natural frequencies and th@respondingnode shapesbtained
from the finite elerant analysigFEA) are givenn Figure2.2.
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Figure 2.2 Natural Frequencies and tBe®rrespondingMode Shapes of the
Sandwich Platéy FEA: (a) First Qut-of-Plane Bending ModgL3.54Hz], (b) First
Torsioral Mode [31.22Hz], (c) Second @t-of-Plane Bending ModE1.90HZ]

2.3 Experimental Modal Analysis (EMA) of the Sandwich Plate

So as to verify th€EM, amodaltestfor the sandwich plate is performed with
aB&K 4517-002 Single Axis Acceleromet§6] of 1 gram(Figure2.3 - ¢) andB&K
8206 Impact Hammef46] with an aluminium tip (Figure 2.3 - b) through B&K

12



software and hardwai@7] which is a6-ChannelPULSE Data Acquisition System
(Figure2.3 - a). The accelerometer is attached to the specimen with a thin lalgee of

wax. Note that, the aluminium tip for the impact hammer can excite the structure up

to 1 kHz[47].

(b) (€)

Figure 2.3 Modal AnalysisTest Equipmeni47]: (a)B&K 6-ChannelPULSE
Data Acquisition Systen{b) B&K 8206 Impact Hammer, (&K 4517-002 Single
Axis Accelerometef46]

First of all, one ofthe short edgeof the specimen with the dimensions of
195 mm and 300mm is clamped t@reate dixed boundary condition as shown in
Figure2.4. The coordinate system shownrfigure2.4is useds the global coordinate

system througbut this thesis.
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Figure 2.4 Modal Analysis Test Setu®blique View)

To performa modal test30 points are determined on the specimentaed
measurements are taken from 25 poasts singlenput singleoutput (SISO) system
The first five pointsalong the short edgere assumed teave zero displacemesince
they are at the fixed boundargnd no measurement is take@m them. The
accelerometgishown with a red arrow$ attached to point 9 and from point 6 to point
30 the impact hamméshown wih a hammerjs rovedasit can be seen frorigure

2.5.
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Figure 2.5 Test Points on the Specimen

In the experiment, 25 points are hit and the response from the accelerometer is
measured. After the Fast Fourier Transform (FFT) analysis is completed the
Accelerance Frequency Response Functions (FRFs) are obtained. For FFT analysis,
200 Hz frequency span idivided into 1600 lines and therefore the frequency
resolution becomes 0.125 Hz. 10 hit for each point is averaged linearly by rejecting
the overloads for the accelerometer. Having completed all the measurements, the first
three resonance frequencies fmend by using the Reflex Modal Analysis Software
[47]. Through this software, stability diagram is plotted using Polyreference
Frequency Method for parameter estimation between the range from 5 to 100 Hz and
the resonance frequencies are selected accorditigetleast complexity. Stability
Diagram for Point FRF is shown figure 2.6. According to the stability diagram,

resonance frequencies and the corresponding mode shapes are obtained and presented
in Figure2.7.
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Figure 2.6 Stability Diagram of Point FRF

Tabulated results for thEMA and their comparison with the FEA can be
shown inTable2.3. As thee is adifference between the resutibtainedoy FEA and
that of by theexperiment, the model usedHiEA is updated. Mte that the percentage
difference for each mode shape is chlted by Fjuation(2.1) andy i s used

resonance and/oratural frequency.

00 Ok 1 1 pTUT (2.1)

Table 2.3 Natural and Resonance Frequencies of the Sandwich Plate

Y1 Y2 ¥3

[Hz] [Hz] [Hz]
FEA 13.54 31.22 81.90
EMA 11.53 33.94 71.11
Difference % 17.43 8.01 15.17
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Figure 2.7 Resonancé&requencies and tlearrespondinglode Shapes of the
Sandwich Plateéy EMA: (a) First outof-Plane Bending ModfL1.53Hz], (b) First
Torsioral Mode [33.94Hz], (c) Second oubf-Plane Bending Modg'1.11Hz]
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2.4FEM Updating based on EMA Results

After thecomparison of the FEANdEMA results thedifference betweethe
resonance andatural frequencies can be seen cleidyn Table2.3. In addition, a
MA C (Modal Assurance CriteriorNlatrix is constructed between the FEA and EMA
results to show the relation betwebefirst three mode shapdsormulation of MAC

matrix is gwven in Equatior{2.2) [48].

06 6im —— —— (2.2)
Where;
« . modal vector from experiment for mode shape q
e . transpose ofe
e . compatible analytical modal vector, mode shape r
* . transpose ofe

According to the MACMatrix, diagonal terms are very close to 100% which
means the correlation between each of the msdesceptablas shown inrable2.4.
Additionally, the offdiagonal elements axeery closeto zero except (13) and (3,1)
elements of the matrix. In order to have closer natural frequendies ones obtained
from EMA andto havea better MAC Matrix, model updating is performed the
FEM of the sandwich platé&s the MAC matrix obtained before the update has already
indicated a good correlation between the experimental and finite element analysis
results, it is not expeateto have a greater improvement regarding the system natural

frequencies.
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Table 2.4 MAC Matrix between FEAandEMA beforeModel Updating

Experiment

%

FEM

Remember that, the material properties are given as a range and the central

values of thenwere usedn the analysislt can be said that the elastic coefficients of

the skin may be different than the central values. Havingrid & are equal, an
updating procests performed using the software-calledFEMtools[49]. Attention

is paid to have the-P orthotropic elastic properties of the fiber glass skiniratbe
specifiedranges given for each of them. The material propertiesetore material is

not updated andhe resultant material properties for the skiprissentedn Table2.5.

The final natural frequencies found by the nepdated FEMcompaed with the
previousand the experimentglobtainedones are given iffable2.6. In addition to

these, new MAC Matrix ialsogiven inTable2.7.

Table 2.5 Updated Material Properties of SGL GE890-37e Prepreg Hlass

E1 E2 G2 |
[GPa] [GPa] [GPa] [kg/m?]
Used Value 22.0 22.0 4.0 2100
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Table 2.6 Natural Frequencies found EBMA and FEA before and aftethe

Updating

Y1 Y2 Y3

[HZ] [HZ] [Hz]
EMA 11.53 33.94 71.11
FEA (before) 13.54 31.22 81.90
Difference % 17.43 8.01 15.17
FEA (updated) 12.41 31.42 75.39
Difference % 7.63 7.42 6.02

Table 2.7 MAC Matrix between FEA and EMAfterModel Updating

Experiment

%

FEM

After the model updating, it can easily be seen ttia difference between the
natural frequencies by FEand the experimeally obtained oneksasbeen dropped
drastically as expected. On the other hanis, observed thathe differencebetween
the MAC Matrices befa and after the updating has not ctethgmuchFinite Element
Model is constructed with the material properties taken from the manufacturing
company and according to these properties; the skin of the plate is modell€d as 2
orthotropic and the core as an isotropic one. The accuracy of thel oegakends on
those modelling assumptions as well as the material properties. Throughout the update
process, only material parameters are changed and for this reason, there is still a small

difference between FEA and EMA results.
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2.5 Conclusion

In this chapterFEM of thesandwich fate isgeneratedAfter the modelling of
the plate, an impact hammer test is applied and the experimental results are obtained.
The FEA results are updated and more accur&® for the sandwich plate is
obtained. In the next chaptéhe obtainednode shapewill be used in thdocation
selection for thectuator and senspairs (i.e. surface bonded Ppatches)
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CHAPTER 3

DETERMINATION OF THE ACTUATOR AND SENSOR LOCATIONS FOR
THE SANDWICH PLATE

3.1 Introduction

It is very common that piezoelectric materiats patchesre used in active
vibration control applications to suppress excessive vibrations on the host structure
with some elettical energy. Although the more electrical energy suppresses the
vibrations quicker, it has some physical limita. 2-D platelike structures,the
locations of the piezoelectric patches affect the time of suppressions and attenuation
levels at the sameleztricity level. In fact, some locations make theucture
unobservable andncontrollablg50].

There are several ways to determine the locations for piezoelectricpdtche
a particulatechnical reviewGuptaet al. stateéhat, the location for the piezoelectric
patches can be found by sowfethe optimization criteria, suchs maximization of
deflection of the host structure, maximization of modal forces or momeplis@ by
the actuator, minimal change in host structural dynamics, desired host structural
dynamics,maximization of degree of controllability and observability of modes of
interestandminimization of control effort or hostibrations[51].

Controllability and observability concepts depend on the system dynahécs
locations andhe numbers of actuators and sensors, respectiVeky.locations ofthe
least electrical energy consumed ahé highest modal forces generated can be
considered aanoptimal locations for the actuatdgsl]. Additionally, for the sensors,
locations of large changes in the mode shapesooesponding tdiigh vibration

amplitudes are considered as the best locafkit]s

23



In order to locate piezoelectric patches maxing the modal forces and
moments applied on the structurene shouldfind the locations ofmaximum
curvatureNotethat, the slope is the firspatialderivative of the displacement and the
secondspecialderivativeof the displacemens the curvaturef the structurevhich is
also proportional with the measursitain.In order o find the maximum value of the
curvature, it is convenient that the derivative of it should be equated to zero which is
thethird spatialderivative of thedisplacemenmodeshapeas shown in equatiai3.1)

[53]. Note thatw represents thdisplacemeninodeshapex andt arefor the location

and time respectively

T—;’ (bm (3.1)

Note that the sensor location is found by maximizing the applied sensor voltage
[53]. Equation(3.1) can also be used for location optimization for both sensors and
actuators andhinimizing [51]. Since the criteria given in equati¢dl) is available
for locating both semss and actuators; in this work, it is used for determination of the
locations of the both sensors and actuators.

Also note that, in this work, thstructureto be controllechastwo dimensiors.
Thereforejn the sandwich plate casghange iny-dimension should beonsidered in
a similar fashiorasin equation(3.1). Thus, equation§3.2) and(3.3) are used in this
studyto find the curvature of each mode shaped the piezoelectric patches are

locatedover the surface on the struotwhere the maximum curvature occurs.

- 0 ofd

Woi LOOOI T— (3.2
Tw

. 0 oo

WoOoi L&AOOI T— (3.3)
Tw
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3.2 Determination of the Location of the Piezoelectric Senser

In this work, locations of the piezoelectric patches are determinagiby
equatiors (3.2) and (3.3). The designedliocating algorithm is based on the finite
difference formula for the second derivative of each mode shapé&®th x and y
directions For the loating algorithm, finite difference forms of equatid32) and
(3.3) are given inbelowequationg3.4) and(3.5).

rTodd 0w Qo Gw VO Q®

34
Tw Qo (34

T(),dfb UooQoouoo 0w Qw (35
Tw (0 W)
In the equation dx represents the difference between locations of each grid
points. This formula is used to find the curvatures of the mode shapesupidited
FEM foundin Section2.4. The mode shapes are imported from the output of the finite
element softwareMSC Patranand MSC Nastran After that, the curvatures are
calculatedby using equationé3.4) and(3.5). The mode shapes and the corresponding
curvatures in both x and y directions are shawFigure3.1, Figure3.2 andFigure
3.3. Note that, the curvature calculated irdixection is too small compared to the
curvature in ydirection. Therefore, the maximum values of the curvatures for each
mode are normalized tmefor betterpresentationin fact, the maximum vales of the

mode shapes assonormalized to one
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Figure 3.1 Sandwich Plate: (a)* Mode Shapg(b) Curvature in x direction,
(c) Curvature in y direction
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(b)

(c)

Figure 3.2 Sandwich Plate: (8" Mode Shape, (bFurvature in x direction,
(c) Curvature in y direction
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