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ABSTRACT

In this study, H controllers were designed and implemented on atdmam. The smart beam consisted of an
aluminum beam modeled in cantilevered configuratigtih eight surface bonded piezoelectric lead-ziate-
titanate (PZT) patches. The study used ANSY$5.6) for the structural modeling of the smartitve The
system models were obtained through the systentifidation made on the experimental beam data. Hhe
active vibration controllers, which effectively qurpssed the sinusoidally excited, in-vacuo forcetrations of
the smart beam due to its first two flexural m®dwere then designed by using MATLABol-boxes and
implemented. During the experiments both the stgamge and laser displacement sensor were usédrason
sensors. The theoretical and experimental charatitsriwere compared to verify the developed moddie
effects of the higher beam vibrational modes amel damping were included in the system model as
uncertainties. It was shown that,Hactive vibration controllers were very effective suppressing the
sinusoidally excited, in-vacuo forced vibrationstioé smart beam. Some preliminary studies on theelting
and verification of a smart fin were also presented
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1. INTRODUCTION

A smart structure can be defined as a structurtectra sense an external disturbance and respottdttovith
active control in real time to maintain the missi@gyuirements. Smart structures with discreteqakztric
actuators were shown to be applicable for theratibn suppression of one dimensional structure€iawley

and de Luis [1]. The vibrations of thin, flat platbg using piezoelectric patches were also analjzed
Dimitridis and Fuller [2]. The recent improvemeritsfinite element codes, like ANSYS made the fully
coupled thermo-mechanical-electrical analysis ¢ #mart structurepossible. The coupling allowed the
prediction of the reciprocal relations between piezoelectric sensors and actuators. By usingaifdsvance,
Prasacet al. [3] developed the closed loop controller for agtiibration control. In one of the recent studies,
Sulemanet al. [4] showed the effectiveness of the piezoceraraitsers and actuators on the suppression of
vibrations on an experimental wing due to the ¢pestling.

Yamanet. al. worked on various smart structures. The strustwere aluminum passive structures with surface
bonded piezoceramic patches (PZTs). By using ANS¥/S.6) the fully coupled structural models of assm
beam, a smart rectangular plate and fin shaped piked smart fin were obtained. The system moafeisose
smart structures were identified from the relevexperimental data. Based on those modelsdhtrollers,
which effectively suppress the free, in-vacuo Miiores of those smart structures due to their fingi flexural
modes, were designed [5,6,7,8]. In those stutlessuitability of the H design technique in the modeling of
uncertainties and the evaluation of the robustguavénce of the system were also demonstrated.



This study extends those previously developed moidelshe suppression of sinusoidally excited, it
forced vibrations of the smart beam. Two differerperimental set-ups are used. The first one usam s
gauges as sensor and the Sensortech SS-10 Cantwdilieh is specifically designed for the smarustures
applications, for the active vibration control. Téecond one uses a Laser Displacement Sensor aiiB\&b
based programs for the active vibration contral.béth set-ups the PZTs are used as actuators poesspthe
vibrations.

2. THE SMART BEAM

Figure 1 gives the smart beam used in this stigly20x25x0.61 mm) Sensortech BM500 type PZT actuators
are glued in bimorph configuration on a 3871x2 mm aluminum beam. The structural model of the siveam

is modeled with hybrid solid-solid approach. SOLIBIBments of ANSY$(v5.6) are used for the modeling of
the active portion (piezoelectric patches) and catibfe solid elementsSOLID45, are used for the modeling of
the passive portion (aluminum beam).

Figure 1. The Smart Beam Used in the Study

Table 1 gives the theoretically determined (FEM) exylerimentally obtained resonance frequencieseof th
smart beam. Table 1 also gives the experimentaligioéd damping values of the smart beam [8]

FEM Experimental
fn(HZz) fn (Hz) damping
7.30 7.29 7.71x10?
44.11 40.07 | 1.78x10?
117.28 110.62 | 7.06x10°

Table 1. The Comparison of the Theoretical (FEM) and Experimental Resonance Frequencies of the
Smart Beam

3.H, CONTROLLER DESIGNED FOR THE SMART BEAM

This section gives the Hcontroller design on the system model of the sieam. The goal of the controller
design is to increase the modal damping ratio withie frequency range of interest, therefore reduche
settling time. In the H controller design, the aim is to minimize thg kbrm of the transfer function describing
the relation between the inputs and the outputs sfstem [9-10]. The applications of,, Ebntrol on the free
vibrations of various smart structures with surfaceded PZTs are given in the previous studies oéthleors
[5-8,11]. Figure 2 gives the block diagram of, ¢bntrol of the smart beam.
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Figure2. Block Diagram of H, Control of the Smart Beam

whereSY Seamdefines the nominal smart beam models a complex number such tha&t|g1 and W;yq defines
the amplitude of the additive uncertainty weightlirded into the system model. The additive uncestaireight
W.qqis included to account for the unmodeled or trieddigh frequency modes. The interaction of thminal
transfer function SYQa,with A which is the multiplication of \W4 by & defines the system model of the smart
beam including the uncertainties. In the modelivg,e, gives the performance weight applied to the
displacement measurements made on the smart bedhe $tudy W, the weight added to disturbance, is taken
to be 1 indicating that the order of the disturleaacting on the system and the input signal pratilgethe
controller is the same. Furthermore,jd representing the noise to signal ratio is setetdehe 0.01.

The goal in the controller design is to minimize theplacement signal in the low frequency rangeijemmot
exciting the unmodeled high frequency moflE]. Figure 3 gives the comparison of the frequeresponse of
the smart beam together with the determineghs\Veind W, values for strain gauge application, whereas Eigur
4 represents those for laser displacement senpticaon. It can be seen from the figures thathasfrequency
increases the Y\ uncertainties increase indicating better systerdehat low frequencies. The comparison of
W,er and the frequency responses of the smart beam #haiwthe application of this weight results in the
minimization of the displacement at low frequencigsle making minimal changes at high frequencidlg
represents the weight applied to the actuator Edgnabrder to limit the actuator authority. The glaiis chosen
as 0.1 for the strain gauge application and a$dd.the laser displacement sensor application.
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Having designed the controller,paanalysis is necessary for the robustngsss the structured singular value
and the definition is given for a defined uncentaistructureA and closed loop systeM which is obtained
from lower linear fractional transformation of syt model augmented with selected weights and dtetro
model[9-17,

1
Hy(M) =

min{Z(A) : AOA, det(l-MA) = 0}

ifno ADOA makes(l - MA) singularthen z,(M) =0

Figure 5 and Figure 6 give th@ analysis results for the tontrollers designed for smart beam with strain
gauge and laser respectively.

= pfor Robust Performance
W for Robust Stability
— | for Nominal Stability

Magnitude
b

Magnitude

—— M Robust Performance
M Robust Stability
— - p Nominal Performance

.
10 :
10 100 1 10 100

10
1

Frequency (Hz) Frequency (Hz)
Figure 5. p Analysis Results for the H,, Controller  Figure 6. p Analysis Results for the H,, Controller
Designed for Smart Beam with Strain Gauge Designed for Smart Beam with Laser

4. EXPERIMENTAL STUDIESON THE SMART BEAM
4.1. STRAIN GAUGE SENSOR APPLICATIONS

Figure 7 gives the experimental set-up used airstfauge sensor and SS10 Controller applicatifims.system
is excited by a chirp signal (0.1 to 60 Hz sine epverith 10V peak to peak) through the shaker aaddblponse
of the smart beam is acquired via the strain gaegsor. The obtained response is fed to the cartrotiere a
C code is written for the Hcontrol. The required control signal for the nasegg vibration suppression is then
fed to the PZTs.
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Figure 7. Experimental Setup for Strain Gauge Applications of the Smart Beam
First the effectiveness of the developed ¢bntrol strategy is analyzed and verified. Thisaéhieved for free

vibrations. The smart beam is given a 5 cm tipldisgment and zero tip velocity as the initial cdiodis and the
ensuing free vibrations are recorded. The beamisnighnot subjected to any control signal. Thisa#led the
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open loop time response. The same initial conditae repeated but now the controller is alsoseThe time
response is now called the closed loop. Figureo8vstboth of the time responses and verifies thectffeness
of the developed kcontroller.

T
Open Loop
—— Closed Loop

Magnitude

. . .
5 10 15 20
Time (s)

Figure 8. Open Loop and Closed Loop Time Responses of the Smart Beam with Strain Gauge

The time domain data are then processed to yieltt¢li@ency responses of the smart beam. Figuteo®vssthe
open loop and the closed loop frequency resporfsge@smart beam for sinusoidally excited, in-vatoi@ed
vibrations. It can be seen from Figure 9 that, fgiothe greater efficiency is observed in the firgide, a
reduction in the response levels of the both mélashieved.
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Figure 9. Open Loop and Closed L oop Frequency Responses of the Smart Beam with Strain Gauge

4.2. LASER DISPLACEMENT SENSOR APPLICATIONS

Figure 10 gives the experimental set-up used irlLBssplacement Sensor and LabVIEW (v5.0) appleceti
The system is again excited by a chirp signal (6.8 Hz, 10V peak to peak) through the shaker &ed t
response of the smart beam is acquired by the KeyeB301 laser displacement sensor. The resporied t®

a PC where programs for,Htontrol involving C code are written for LabVIEW. &mequired signal for the
necessary vibration suppression is again fedeitzoceramic patches.
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Figure 10. Experimental Setup for Laser Measurement Application of the Smart Beam

The open loop and the closed loop time responsteafmart beam for laser application are giveniguie 11.
The curves are again drawn for the same initial timmg of 5 cm tip displacement and zero tip eéio for
the smart beam.
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Figure11. Open Loop and Closed Loop Time Responses of the Smart Beam with Laser

Figure 12 illustrates the open loop and the doemp frequency response of the smart beam faar las
application of sinusoidally excited, in-vacuo fadceibrations. Figure 12 also shows that a reductioboth
peaks is achieved.

Magnitude

I
1 10 60
Frequency (Hz)

— - Open Loop
— Closed Loop
1 10 60

Frequency (Hz)

-500

Figure 12: Open Loop and Closed L oop Frequency Responses of the Smart Beam with Laser



5. THE SMART FIN

This section gives some results of the prelimina&ngies conducted on a smart fin. Figure 13 givessthart fin
used in the study. 12 (285x0.61 mm) Sensortech BM532 type PZT actuators aredgbn both sides of the
passive aluminum fin-like plate. The structural nmodethe smart fin is modeled with hybrid solid-sbl
approach. SOLID5 elements of ANSY®/5.6) are used for the modeling of the activetipar(piezoelectric
patches) and compatible solid elements, SOLID45useel for the modeling of the passive portion (éhum
fin). Table 2 gives the theoretically determined (BEd experimentally obtained resonance frequerndidse
smart fin. Table 2 also gives the experimentallyaot#d damping values of the smart fin [6,8]. Figldegives
the open lop time response and Figure 15 showoplea loop frequency responses of the smart fine Th
response is obtained by applying chirp signal to$Ahd measuring data from the strain gauge.

Figure 13. Thesmart fin used in the study

FEM Experimental

fn(HZ) fn (Hz) damping
14.96 14.51 4.8x10°
45.74 48.94 2.010*
68.25 69.43 1.79%10?

Table 2. The Comparison of the Theoretical (FEM) and Experimental Resonance Frequencies of the
Smart Fin
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Figure 14. Open Loop Time Response of the Smart Fin
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Figure 15. Open Loop Frequency Responses of the Smart Fin
6. CONCLUSIONSAND RECOMMENDATIONS

This study presented the design and implementatiomno H, controller which was developed for the
suppression of sinusoidally excited, in-vacuo éoreibrations of a smart beam. Two different experita were
conducted where the first one used strain gaugesosend the second one utilized a laser displacesezsor.

In both set-ups the PZTs were used as actuatorppress the vibration levels. It was shown thatdineeloped
H.. controller provided satisfactory results for bafiplications. It was also determined that, duta¢oavailable
hardware, the strain measurements did not matchytiadity of the laser measurements. However thé hig
sampling rate capability (4096) of the SS10 cofergirovided better suppression characteristi¢higistudy.

This work only presented the preliminary open loputes for the smart fin. The studies for the desagl
implementation of an klcontroller, which will suppress the sinusoidaicited, in-vacuo forced vibrations of a
smart fin, are under way.
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