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SUMMARY 

This repon is presentt:d as an CJ<perimemai study of the control of a Iiellible cantilever 
beam by means of piezocemmic actuatorS and a Linear Co-ordinatt: Coupling controller 
using analog circuiuy. 'The theory for the controller is explained via an intuitive double 
pendulum analogy demonstrating how energy may be extracted from a plant and 
eliminated in a coupled linear systt:m 'The development ContinllCS with an overview of the 
control block diagram and its electrical equivalents in the analog circuit. A description of 
migrating the controller to an analog/digital hybrid is also included.. 

'The experimental apparatus is described and schematics of its components an: given. the 
beam employed is an 18 inch long, I inch wide, .03 inch thick aluminum cantik:ver beam.. 
'The experiment was run from twO different initial tip deflections II mm and 29 tnn under 
different control conditions, that is, uncontrolled. varying controller frequency, varying 
cnntroller damping, varying controller initial cnnditions, and varying controller disabk: 
time. TllTlC responscis of the aca:leratiOIl of the plant are shnwll for each control 
condition. 

'The n:sults of the laboratory e~perimcnt demonstratt: the efficacy of the LC controller on 
small and large oscillations. Tirnc responses for the controlled cases showed that vibration 
due to initial condition could be quelled on the order of I 10 1.5 seconds, compared 10 
greatt:r than 45 seconds uncontrolled. The results are compared with previous 
experirncnts with a velocity state feedback contrOller, and it is observed that the LC 
controller outperforms in tt:nns of immcdiatt: n:sponse . However. the stale feedback 
controller is mon: robust to random inputs, where as the LC controller works only under 
preSet initial conditions. Methods fOf overcoming the LC controller's limitations are 
discussed by means of adaptation of a digital computt:r in combination with the analog 
circuit 
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CONCLUSIONS 

1be ~uh of the: laboratory experimenl5 show a signifJCallt improvement in the decay time 
for the: controlled beam over the: uncontrolled ~sponse. From the 29 IBn initial deflection 
the controller is able to damp the ~sponse in less than l.j seconds. wilhoul control the 
re~ponse takes over 4j seconds 10 settle. The II fIIJl initial (;oodition i5 controlled in 
npproximaldy one second. 

The experiments also demonstrale the various relationships between controller frequeocy 
and damping settings. By incn:uing the cootr(lller frequelll:Y il is possible 10 f!:duce the 
response time or tI'!e planl. Mv."Cver smbitity is affcclCd. Controller initial conditions were 
Illso demonstrated 10 improve planl response by further minimizing the enerJY in the planl 
al disable o.n.:. 
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1.0 Introduction 

Recently, due to greater requirements in sp:M;e applications, t1eJtibie stroctures have 
undergone an increased amounl of resean:h. Due: 10 these structure's low mass, srmlI 
stiffness, and the environmental Charactl!:riStiCi of a vacuum they tend 10 have little 
structural damping. Therefore, they are signiflClllluy affected by diSturbances from orbital 
maneuvers and impacu tit. 

These characteristics require sophisticaiCd cOlllrol strntegies in order to reduce and 
elimilUlle vibration. Several con[]'(ll methods have been attempiCd. Golnaraghi has 
inU'Odoced and activcJpusive system [0 replale vibration in • cantiJc>'eT beam by 1TlClI15 
of nonlinear coopting 121. The esscnc:c: of the method relios on the .ddition of spring
mass-dashpcx rnx:hanism to the cantilever beam. see Figure: I. basically adding a dcgra: of 
freedom 10 Ihe system Due to the coupling bet"''ttn the beam and the second mass there 
is an energy exchange between the modes. This may be exploited IU a means to e)l.tracl 
energy from the system by dampening it when it is in the secondary mode. thus 
suppressing vibration in the beam The key lies in the fact that the energy in the beam 
itself cannot be damped. however. ooa; in the secondary nnJc il may be lerminated. 

Figu re I : Canlile" er Beam With Slider MK ha nism 

y 

M 
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This secondary rnx:hanism M! been successfully implemented eAperimenta1ly IU a mUiting 
momr:nl arm rigidly rued to a servo motor Ill. see Figure 2. The OCt effcci nf the: 
rnx:hanism is that of a sinl!u11lr momenl of varying amplirude applied al the: end of the 
beam. A similar means of applying a n..mEnl 10 the beam u with piczoclecaic crystal 
couples acting as ftClU8torl. The piezoelectric pbcnomenoo u ahibi~ by materials thai 
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become electrica lly charged when slrCsscd. or conversely. undergo Il'lIXhanical 
defonnation when an electrical field is applied [41. Thus the current research in control of 
OeJI..ible structures involves lhc v.se of piewckctric materials 115 acwaton. For lhc 
canti1eVCT beam lhcy need not only be applied to the end. but potentiaUy anywba"e along 
the beam. see Figure 3. 

Figure 2: Beam with Rotor Arm Mechanism 
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Figure 3: Beam with Piezoekdric Actuators 
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Beam 

The purpose of thi5 experimental investigation is to determine the feasibiliry and 
effectiveness of • rM.Ivel control Itrategy for vibr:uion suppression in a cantilever beam 
The control stra telY to be implemented is an en::rgy exchange method where energy is 
extracted and dissipated from lhc beam via linear coupling to a secondary system. In this 
case the secondary system. or controtkr, is a single degree of freedom Linear oscill:llOr that 
has been eroolated with Iincar elec:l1"Onil.: cin:uitry. The effect of the CO!Itro11cr is actuated 
upon the beam via piez.oceramic elements bonded 10 the beam. 
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1.1 Lineal" Coupling Background 

The essence of this control ICChnique relies upon an exchange of energy from the primary 
mode, thai is the beam. an;!. • stCoMary mode, !he l.C controller. This method hu been 
employed IJ'ldirionally as melhod of vibration absorption in meclwUcal s)'Slems willi 
forced oscillations Inman [5] . In this case • second lTlIISS·spring system is lidded 10 !he 
primary system, mus changing from a $ingle degree of freedom 10 I IWO degree of 
freedom. The system now has IWO natural frequencies, and the secordary one may be 
luned such thai me amplilude of the primary mode is minimized. This notion of 
augmenting the order of lhe system may be observed mo!!: intuitively in the double 
pendulum model. He!!: two identical pendulums are joined by a linear spring as shown in 
Figure: 4. 

Figure 4: Double Pendulum with Unear Spring 
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The linearized equations of molion are derived by Thomson [6} and shown to be: 

mL'. , +'"S£.., + Kc' (. , ~.,)= O 

mi.'., +ms4, - Ke'(. , - ~, ) = 0 

, 



It is observed from tbese equations that there is a linear coopling term in each. in otber 
words the 412 in the fIrst equation and the ¢o I in tbe second. Assuming that link I is given 
an initial displacement and link to is initial at reSt tbe solution to these governing equations 
will be: 

.roo -00 ) joo +W ) ,,(t)=41. e°i.· 2 ·(evi.·2 "t 

• ()_ •. (.,-00, ). (00,+00.) 
1 t _.SUI 2 (5111 2 ( 

These equations are illustralcd in Figure 5. it is obsel"lled tbat when one co-ordinate 
reachts an tnergy maximum that the otber is at an tnergy minirooDl. It is this energy 
Inlnsftr which is to txploital in tbe LC contrOller. such that !he link is seVtm::l when the 
primary co-ordinate reactw:s a minimum. thus suppressing the vibration. 

Figure 5: Double Pendulum Responst 
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Thus. in tbe case of contrOlling a flexible struCture sucll as a cantilever beam it is possible 
to modelllle controller as a second order linear oscillator. and tbe beam as tbe primary co
ordinate. 
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1.2 Linear Controller Development 

The ~viously described double pendulum anwogy may be extended to the coupling of 
co-ordinates between any two linear harmonic oscillators. In each case a primary co
ordinate: may be defined as the plant which is 10 be n:gulaled and the secondary co
ordinate may be defined as the controller which will transfer energy from the planL 

1.2.1 Linear Controller Theory 

The controller bas been deftnc:d as a virtual version of a simple linear harmonic oscillator 
with a tunable natural freq\lency and variable damping. The mosl general expn:ssion for 
soch a system is: 

Mi+Ci+Kx::O 

" 
i+ 2~ro.j +ro;x:: 0 

This may be n:-cxpn:ssed in terms of a swnmation of stale variables which may be 
subsequently illustrated by means of a state diagrum or block diagrnm in Figun: 6. 

Figure 6: Stale Diagram of Damped Harmonic Oscillator 
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The frequency of the oscillator may be varied by adding a variable gain in the feedback 
term from x to the comparator. allowing the lIalllrai fi«jl.lCncy to be IIlLlI.tiplied by 11 
constant proportional to CD n. The damping may be varied by also ITIlIking the damping 
feedback 11 variable gain. 1ltis results in a fully tunabk 5COlnd order system with all states 
dormoi 

Both the plan! and controller equations may now be expressed in a form including 
cOllpling terms which foru: cacti co-ordinate independently. The coupling terms are 
defined as single liroear SlateS of the other co-ordinate. 

111e general equation for the plant is: 

Tbe generaJ equation fnr the comroller is: 

Thus the COlIpling term u may be defined as eitho:r:i, .i, . or x. and the coupling term y 

may be defined lIS either i , .i, . ou,. 1be SlateS thaI an: finally implemr:ntcd were 

chosen via trial and error in the laboratory. The criteria by which this was decided is IWO 

fold. fIrStly the combination had tn prodlJl;e a beating phenomenon between the primary 
and secondary co-ordinalcs. Secondly. the bealS had to have a shon period with a clearly 
deflllCd minirn.un. The cxpcTimentally determined stDteS to produce this 

were:,. " i . and Y'" i , . Thus the StDte equations an: finally defined as: 

i , + 2~CD,i, +oo~, '" G,i. 

i , + 2Coo.i , + oo;x, '" G,.f, 

" 



This system of equations may be shown in block diagram as in Figure 7. 

Figure 7: Coopled Plant and Controller 

r M~p+CXp+KXp 
l(p 

G2 G1 
1 Xc 

MRc + CXc + KXc 
I 

This block diagram may be augmented to include the previous block diagram for the 
controller shown in Figure 6. II is necessary to ioclude the coupling gains of Gl and G2 
such that their contribution 10 the energy exchange may be varied. "!be result is the 
configuration shown in Figure 8. 

The controller has a damping gain C which is equivalent to 2~ in Figure 6, and a frequcocy 
pin F which is a variable gain which manipulates the controllers natural frequcocy. Here. 
the output of the controller is the same as has been defined previously WId shown in Figure 

7 as Gli,. However, either of the other two stateS of the controller may be used. but this 
yielded the beSt result. Furtbennore. since the planl consislS of a beam with a tip 
accelerometer and it is des~ to llave all the SUIteS of the plWlt defined, integration was 
performed twice on the accelerometer signal. nus allowed the possibility of rrying all 
planl and controller state combinations. 
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Figure 8; Plant and Controller Slate Diagram 
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lbe system has been defmed mathematically and may be implemented by a number of 
means including analog circuiD')'. or digital computer. 

" 



1.2.2 Linear Coupled Controller Circuit 

11le outlined LC controller can be implemented L'II othcr compensator$ cither analog or 
digiml. however analog cin:uiuy is selected fur ilS versatility and processing lim:. The 
bloclr. diagnun cOllllisls only of integnltions and variable or COnStant pins. thex are 
TCalizW via opcratiooal amplifJCrl configured for each function. The integration opcr1l1ion 
is rcpTCsented by the equivalcnt circuitlhown in Figure 9. 

F1gu~ 9: integration Op-Amp CIrcuit 

Vs R 

Thc uansfer function for this cin:uit is: 

Hence. the gain of the integrator is -lIRe and tlJcrefoTC TCsulls in an inversion IlIld 
integration. 1lIc RC chosen for the c~perimcm is 0.1 yielding a net op-amp gain of -10 
per integrator. thus two integrall)("5 in series yiekl a gain of 100. By recalling the StalC 
diagmm shown in Figure 4. this m:1IIllI that the base nalllI1ll fiequency of the conO"Ollcr is 
10 radiI. Adding a gain F lo the loop feedback rcsulls in a nalllI1ll frequency for the 
controLlcr of 

CIl, = 10./F 

The gains may be either invcoing or non-invcoi~. IlIld constant or variable. The 
following circuits in Figure 10 TCprcsent vwbk: invening amplifier on the lefl and • 
variable non-inverting amptiflel" on the righl 
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Figure 10: Variable Gain Op-Amp Circuits 

Rr v, 

" 

The transfer furoction for lhese circuits are as follows: 

R, v = __ v 
• R' 

• 

R,+R, , = '. • R, 

'r 

The gain of the damping constant C uses an inverting variable gain amplifier such that the 
damping ratio is expressed by ~~" 
The companllOr that is necessary 10 sum all the feedback signals as shown in Figure 4 is 
done with a summing and in'"eTting op-amp sh.own in Figure I J: 

Figure II : Summing and Inverting Op_Amp 

Rr 

The transfer furoctioo of the circuit is: 
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The basic componenls of a Ihe controller cin;uili1ave been defined and may be substituted 
according 10 the block diagram in Figun: 6. The circuit diagram in Figun: 12 is the analog 
equivalent of the linear coupled controller, and operates entirely in low voltages wilh H5 
V supply. The gains for frequency F and damping C are set with potentiometers and the 
summation is accomplislled wilh the summing and inverting amplirter wilh a gain of unity. 

Figure U ; LC Controllet' Analog Circuit 

'. 
L 

'. 
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The cOlltroller also requires SOIlE signal conditioning. thus !he input signal from !be: 
JCCeLeromctcr is first amplified by. 11100 in'~g op-amp. and then high pus r.JlICrcd in 
OrdeT to remove DC offset. This signal is then u.ied :as the input to !he controller cin;uit 

via lIII inverting op-amp with Ir1InSfer function of G,i, . The: output of the controller is 

taken from the: -i, node. recall th.t the: integr.w:n invert the: signal. 'The controller 

velocity is invencd.gain with a gain of unity and then amplified to give an output signal of 

G1i , . 

The: initial tondition for vdodty ard position of the: tontroller .....-ere imposed by having S I 
and S3 initially open and tonnetted to I voltage proportional to the initial ooodition. 
Switches S2 and S4 are initially closed such that they limit the charge to the capatitors. 
When the beam is released a switch is triggered to a relay such that all the switches change 
stateS and the loop is closed. 

Finally. the outPUt of the controller to the HVPS is lead through a timing disable Cin::UI L 
This circui t will CUt ~ signal to the controller after a set time of operation. This serves 
the purpose of disabling OutpUl to the beam at the irutant of an energy rrinimlm in the 
plant "The time must be preset by the operator using the ob$ervatioo of when the plant 
reaches. minimwn with OIIt the disable. 

Thus the contrOller has been fully developed and defined in analog cin::uiuy. Now this 
circuit JnO$I be connected with !he acceleration source signal and !he High Voltage Power 
Amplifier (HVPS) thou drives tbc pie:ux:eramic ele!TlenlS. 
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2.0 Experimental Apparatus 

The planl !he conlroller is implemented on, as mentioned in the Introduction, is a 
cantilever beam rigidly clamped with a C clamp al ilS base. The base is rigidly affixed 10 
WI aluminum Ic:sllxxI which is 18x!8 inches. Hence, the beam is sufficiently isolated from 
any extraneous vibrations. The beam shown in Figure 13 has the following char.u.:lc:ristics: 

Material 
Density 
.... ",h 
Width 
ThickneSl'i 

fi gun" IJ: Cantile\"l!f" Beam 

\1/ 
Plema:ramic 
E:lemen lS 

, """ 

Aluminum 6061.T6 
2770 kg/m3 
18 inches (457.2 mm) 
I inch (25.4 mm) 
.030 inch (.76 mm) 

• 
l1Ie piezoceramics ~ bonded 10 tl>c aluminum beam with a proprietary epoxy made by 
BM·HiTech. The actuators arc made of material BM532. for which pertinent properties 
~ listed below, and arc arranged in banks of 4 elements per side, starting at the clamped 
base. They are bonded such thaI dielectric pole are all pointed in the same direction. WId 
when soldered the positive lead is joined to all the sides facing outward from the beam. 
The negative lead is bonded to the substructure. as the epoxy is sufficiently corxluctive to 

permit current to flow \0 the sides fllCing the substructure. Hence, the same alternating 

signal can drive both banks of piezos at 180" OUI of phase. 

Young's Modulus (Ell ) 

Dens ity (Pa l 
Charge Constant (d)l ) 

7LE9 N/m2 

7350 kgIM3 

2.00E.IO mIV 
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The sensor employed is a 8M HiTech accelerometer placed at the rip of the cantilever 
beam. 'The wires from the acceleromel£r an: taped for most of tile length of the beam and 
then suspend in order to eliminate any comribunon to damping. The accclerntion is 
ftltered and fed to an analog circui t which pre-amplifies., and integrates the signal twice 
such that acceleration. velocity, and position arc: all known. As shown in Section 1.2.1 a 
plant signal. aca:leration. is used 10 force the contrOller. and an output from the contrOller. 
velocity. is used in tum to force the planl Each of these signals are ftltered before being 
applied 10 the nellt Stage. The feedback signal is once again amplified by a high voltage 
amplifie r and used \0 excite the piezocenunic acruatOrl. see Figure 14. 

Figure 14: Cantilever Beam and Conlrol System 
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2.1 Experimental Procedure 

'The test bed platform is installed with a release mechanism for the beam tip such that a 
reproducible: initial condition may be used. A switch is located adjacent to the release 
mechanism which triggers the relays that are pan of the circuit when the beam is released 
The gain of the 9162 HVPS is sct to maximwn, and the "sensor" input is shorted. and the 
DC offset is set so thaI no clipping results in the HVPS output.. HelICe. the only way 10 

vary the gain is by changing the feedback potentiometer in the OUtpUI of the controller G2. 

The inpUi arxl OUlput parameters GI and ~ were determined by examining the open loop. 
By sening 01 first soch thai a suffICient gain would cause the controller output to beat 
and then setting G2 such that the OUIPUI of Ihe HVPS did nOI clip when the beam was al 
maximum amplitude and requimt maximum feedback voltage 10 the piezos. 

Once those paranlCters were sel. the remaining parameters are the frequellCy gain F, the 
damping gain C. the initial conditions for "elocity and position (ICI and IC2 respectively). 
and the disable time T: 'These parameters are varied by the following method: 

I) 1lIe frequency and damping are varied until the most well defmed beal phenomenon is 
observed. 
2) Then the initial position is varied with initial velocity sel 10 zero (mitia! velocity was 
nOI varied as there is a high pass fJIlCr eliminating offsel in the HVPS. hcnC!: any initial 

condition for G)i, will immediately be negated), this results in an improvement in the fll'St 

minimum such that it is closer 10 uro. 
3) Fmally. the disable time is varied so thai the OUtpUI is cut when the beam is al a 
nurumum energy. 

The initial conditions w;ed are 29 mm and II mm initial tip deflection. 
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3.0 Experimental Results 

lbc n:sults of the procedure p!1:viously outlined an: presented in the form of the response 
of the plant acceleration. hence. they all begin at the origin. First. the results of the 29 rrm 
initial tip deflection arc presented. the results for the I I om initial condition arc shown. 
For the 29 om IC the complete development of the ideal control parameters is shown. 
however for the II rrun IC only the fmal step of runing the disable time is shown. 

3.1 Hearn Initial Position 29 mm 

Without any control action the n:sponsc from this initial condition will dampen out dtte to 
inherent structural damping in the material in greater than 45 seconds. The uncontrolled 
response is shown in Figure 15. 

Figure IS: 29 mm Uncontrolled Response 
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3.1.1 Vary Controller Frequency and Damping 

lbe LC ronrroller is initially se t to nominal fmlueocy and damping values and then fine 
tuned. lnitiaUy the controller is set to 00=16.3 radls and {,:().OS. The response of the 

plant. shown as G,i, . and the response of the controller u shown as G,i, in Figure 16. II 

is clear from the figure thaI these show a definite oUI-of-phase coupling where the energy 
in !he controller is maximizai when the elll:rgy in me planl is minimized. 

Figure 16: Plant and Controller Rl'Sponse 00= 16.3 rad/s and {,=O.05 
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By varying the damping co-efficient of the controller, in this case incn:asing the damping 
10 l;..o.09 and keeping the frequency constant at (1)_16.3 nlll/s the response of the plant 
shows that less energy is returned, sec Figure 11. 
Figure 11: Plant Response 00>=16.3 radJs and l;::O.09 , 
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However. by decreasing the frequency of the controller, ie changing the beat frequency 

between the cG--ordinatcs. it is possible to change the lime: to the fll"st minimurn With 00 

",]5.5 rndls and damping held constant all;"().05. the respoll5C shown in Figure 18 shows 
an increase in the time to first minimum 
Figure 18: Plant Response Ctl= IS.S radJs and l;=O.OS , 
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An increase in the comroUer frequeocy to w-17.6 radJs and damping kl::pt the same results 
in an increase in the beat frequeocy between co-ordinates, and thus s.igniflCaJltly reduces 
the time for first minimum, see Figure 19. 

Figure 19: Ptant Response 00= 17.6 radls and {,=O.05 
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It is clear from these responses thai varying frequency and damping in the contrOller 
significantly alters the response of the plant. However. obtaining a flfSl minimum with the 
lowesl possible energy is nO! completely possible by setting only these paramele!1i. The 
lowesl possible energy in the minimum is desirable in thai the disabling of the contrOller 
ou tput will result in a zero energy remaining in the plant. For example, if the disable were 
initiated at the first minimum in the above fig~. the result would be remnam oscillations 
in the plant. 



3.1.2 Vary Controller Initial Condition 

By changing the initial condition in the contrOller it is possible to effect a different output 
in the plant. 1bis sifr4lly translBtes inlO staning the contrOller in a higher energy State, 
thus beginning the contrOl with a greater compensation signal. For this experimem oo.ly 
initial position is varied in the contrOller and is measured in volts. Initial velocity was not 
possible to implement because the output of the controller is its \'tlocity signal, and this is 
filtered with a high pass filter after the HYPS to remove steady stale offset Hence, any 
initial velocity is immedialely filtered. 

'The fIrst am:mpt is with no initial condition and the frequency sel for CI) .. 16.3 rad/s and 

damping set for ~=O.07, see Figure 20. This results in a firsl minimum around 1.4 
seconds, however, il is still somewhat large in amplitude and it is desirable 10 reduce. 

Figure 20: Plant Response w= 16.J radfs and ~ =O.07 
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We increase the initial condition of the contrOller to I V and the response shown in Figure 
21 becomes a little i1atter at the 1.3 second poin!. 



Figure 21: Plant Response tIl: 16.3 nulls and l,=O.07 and IC::l V 
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A more improved response result!; from an Ie of 2.5 V. Hc:re the: c:nergy minimum kvc:l is 
nearly u:ro and IT\3.y be disabled with Yc:ry link lI:lTUlant oscillations. Stt Figure 22. 

Figure 22: Plant Response (0)=16.3 radls and l, =O.07 and IC:2.5V ... ,--;,-------------------, 
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3.1.3 Vary Controller Disable Time 

A differem set of conditions Il!'e used in this section in order to demonstrate the optimal 
control JllUllIl1Cters and their effect. The oontrl)lJer frequency is set at w .. 16.3 radls and 

the damping is ~=O.OS with the initial condition at 6 V. Here the disable time is varied by 

changing the time constant t J of a timing delay circuit. which cuts the Output from the 

controller after the time constant expires. Figure 23 shows the response with t J =.878. 
This is to late and misses the energy minimum which results in left over oso:;illatioos slightly 
larger that at the minimUfIL 

Figure 23: PLant Response 00= 16.3 radls and ~=O.OS and IC=6V and t . =.878 
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The response is signifICantly improve in Figure 24 with t."'.756. The remnant oscillations 

are vinually elimina.ted and the beam is n:: lumcd w complete rest in juSt over 1.' seconds. 

Figure 24; Plant Response (0):16.3 radls and {, =O.05 and 1C=6V and t.",.756 
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3.2 Beam Initial Position II mm 

This initial condition wilen n:leasc withoul Ille controller enable n:quire~ approximalCly 30 
seconds 10 come 10 n:~t, sec Figun: 25. 

Fij:ure 25: It mm UnCQlltroiled Response 
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However. a dramatic improvement in the response is observed with the controller set for 
CIl=19 radls and (,=0.3 and ICoo6V. however without the disable time operating. see Figure 
26: 
Figure 26: Plant Response 00= 19 radls and (,:0.3 and IC=6V 
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1hese k::rlOver u.cillations are eluni~ wilh the disable lime sel II l~ • . 706. and !he 

resulting response lasts juS! over I second, sec Figun: '1:1. 

F1cu~ 27: Plant RtsponSt Cil= 16.3 radfs Ind ' cO.OJ and ID:.6"V and t~ ... 706 
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3.3 Velocity Feedback Controller 

Fmally. a state feedback controller is also implemented [7], where negativc velocity of the 
plant is used as the compensation signal 10 tile pinoceramic elements. The result for tile 
29 mm initial condition is sho ..... n in Figure 28. 

Figure 28: 2\1 mm with State Feedback Control le r , 
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II is cJ~ar Ihal an acceptable It'sponse with decay time 1~S5 thaI 3 seconds is obtained with 
this controller. Howev~r it must be noted that tile Stall: feedback controller cannOI be 
tuned to eliminate: oscillations completely a.. shown in Figure 27. Here the o~rvation 
may be stall:d thaI the LC controller results in a cooine envelope for the response. which 
cannOt be reproduced with the exponential decay envelope of a stall: feedback controller. 

One advantage thaI lhe classical controller lias over the LC controller is robustness. The 
classical controller is able to It'spond to any random input. ic any initial condition given 
anytime. The LC controller achieves rcsullS only when all initial parumc:te:rs are known, 
and the fITSI minimum has been established. Thus, tllere is a requirement for further 
enhancements 10 the LC controller which will allow it 10 It'spond to such r.mdom inpUts. 
This will no doubt require !lOme SOrl of computational algorithm which will assess initial 
parameters il!Id automatically tunc the controller accordingly. 

30 



4.0 Adaptation to Digital Control 

As alluded to in the previous section, this type of controller may be cnhanced by 
automating the par.lnEter senings. In other words, the contrOller currently highly 
dependent on initial parJnEter values. Particularly the initial controller conditions do not 
necessarily perform the same for different initial pl:mt positions. Furthennore. optimal 
controller frequency and d.:unping arc different for various initial plant conditions. Hence, 
it is necessary to include SOnE ron of logical distinction betlO'cen which contml settings 
.... ill be used at which tinES- A compuu:r algorithm would knd il$elf well 10 such D 
sccnano. 

"The fll'St ~uiremcnt would be an analog to digital conve~r capable of handling the 
frequency associated with the beam The beam aM conool natural frequencies arc on the 
order of 3 10 4 Hz. thus the AID convcner should be chosen to provide: Dtleast 100 points 
per cycle. The data stream collected from the plnnt would be discretiud value., of 
accelel1ltion. The!IC data may be integrated digitally via some forward or backward 
difference optl1ltion resulting in velocity and posilion information. 

"The goal of the algorithm would be to deteCt I varialioo from a sundani set of bounds for 
the beam position, such that when the beam is disturbed beyond a certain tolerance limiL 
the contml is enabled. Such limiu may be sct as small as dcsimi. "The magnitude of the 
deviation from the lOiel1lnte would then dictate lhe SCt of parameters .... hich would return 
the plant to SCt point moSI efficiently. For large disturbances, low frequency and low 
damping would result in a similar n:sponse to !hnl of the 29 mm initial condition, for small 
disturballCCs higlw:r frequency and higher damping would Ix: necessary. These values 
could be changed on !he analog circuit by means of D digital to analog conve~r w!Uch 
would SCt the analog gains on the cin:uit cOITCspGllding 10 !he digital values determined by 
lhe computer. ~ieoce. it is not IlCCC5S3I"}' 10 COlWell the enun: COflooilcr to digital., c.:nIy 
the portions where gains arc set need be convcned. 

The continuos datD stream would also prove useful for implementing the controller 
disable. Having full position data, it would Ix: a matter of choosing a disable time 
coincident with the minimum of !he position data. This could be predictcd by me:t.rls of an 
elltnlpolation algorithm that would predict miniITIJm position and estim:tte 8t what tinE 
the disable should take place. 

Thus. !.here is the poccntial for converting the LC contrOller to a more robust sys&em 
ca.pabk: of suppressing vibn.tioo in a plant wi!h r.mdom inpuu. 

" 



REFERENCES 

[II Golnaraghi, M .F., "Dynamics & Control", Kluencr Academic Publishers, 1991 

(2] Golnaraghi, M. F., "Vibration Suppression of Rexible StruCtures Using Internal 
Resonance". Pergamon Press, 1991 

[3) Duquene, A. p .. "An Experimc:ntal Study of Vibration Control of a Rexible Beam via 
Modal and Co-ordinate Coupling". University of Waterloo, M.A.Sc. lbesis, 1991 

(41 Sensor Technology Ltd & BM Hi Tech, Product Brochure 

[5) Inman, D. J. "Engineering Vibrations", Prentice Hall, 1994 

[6J Thompson, W. T. Iheory of Vibration with Applications", Prentice Hall. 1988 

[7) Salemi. P "An Experimemal lnvestilalion and Fmite Element Simulation of 
Piezoceramic Control of a Aexible Cantilever Beam", University of Waterloo, M.A.Sc. 
~",n. 


