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a 

b wid th  of beam and piezo-actuator, m 

d e l e c t r i c  oharge constant of piezo-actuator, m/v 

D d is tance  t o  neutral axis of composite beam measured from its 

lower edge, m 

E1,2,3 I O U 1 1 g 1 8  modulus of e l a s t l c l t y  of piezo-aotuator and beam 

respectively, l /m*  

Young*s modulus of e las t ic i ty  of element i of the beam, N/m2 E l  

f vector of modal forces and moments, N or Nm 

F vector of external forces and moments, N or Nm 

11,2,3 area moment of iner t ia  of aotuator, bonding layer and beam about 

the neutral axis of the oomposite beam respectively, m4 

area moment of iner t ia  of the element I, m 

mass moment of iner t ia l  of the composite beam a t  node I,  kg-m 

s t i f fnes s  matrlx of the element i 

4 
11 

Ji 

X I  

K overall st iffness matrix of bean-actuator system 

2 

Ll 

mi 

l ength  of element i, P 

mass of the composite beam a t  node 1, kg 

H 

He1 

mass matrix of beam-actuator system 

external moment acting on ith node of beam, Nm 

% piezo-electric moment generated by piezo-film, Nm 

N number of elements of the beam 

t1,2,3 thickness of piezo-actuator, bonding layer and beam respectively, 

m 

U modal coordinates of the flexible system 

V voltage applied across t h e  plezo-electric film, vol t s  



external force actiag on the lth element of the beam, N 

the  l inear translation of node I, m e 
Jl 

W b , f , s  bond, f i l m  and beam mass per unit length respectively, k g / m  

Greek Letters 
e 

t a o t o r r l  or zero If actuator is bonded t o  element I or  not 

respect l v e l y  

71 e 

deflection of node i, m or  rad. 

deflection vector of a l l  nodes of the beam, m or rad. 

4 
d 

0 
acceleration vector of a l l  nodes of the beam, d s 2  or rad/s2 iii 

€f plezo-eleatric strain in piezo-actuator, d m  

angular defleotion of node 1, rad. 

diagonal matrir of the  eigenvalues of t he  system 

ei e .  
x 
01,2,3 bending s t r e s s e s  In piezo-actuator, bonding layer and beam 

respectively , N/m2 

piezo-electrlc stress In actuator, N/m2 

modal shape matrix of the eigenvectors of the flexible system 

e 
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This study deals w i t h  t he  u t i l i z a t i o n  of p i ezo -e l ec t r i c  a c t u a t o r s  i n  - 
c o n t r o l l i n g  the  s t r u c t u r a l  v i b r a t i o n s  of f l e x i b l e  beams. 

A Modified Independent Modal Space Control (HIMSC) method is devised 

t o  select the optimal l o c a t i o n ,  oont ro l  ga ins  and e x c i t a t i o n  vol tage  of 

t h e  p i ezo -e l ec t r i c  actuators In a way t h a t  would mlnimize t h e  amplitudes 

of v i b r a t i o n s  of beams t o  which t h e s e  actuators are bonded, as well as 

t h e  Input  c o n t r o l  energy necessary t o  suppress these v ib ra t ions .  

T h e  p r e s e n t e d  me thod  a c c o u n t s  f o r  t h e  e f f e c t s  t h a t  t h e  

p i e z o - e l e c t r i c  actuators and the bonding l a y e r s  have on changing the  

elastic and I n e r t i a l  p r o p e r t i e s  of t he  f lex ib le  beams. 

lDumerlcal examples are presented t o  i l l u s t r a t e  the  a p p l i c a t i o n  of 

t h e  UIHSC me-thod and t o  demonstrate the  e f f e o t  of t he  phy8iCal and 

geometr ica l  p r o p e r t i e s  of t h e  bonding layer on the dynamic performance of 

the  a c t i v e l y  con t ro l l ed  beams. 

The obtained r e s u l t s  emphasize t h e  Importance of t h e  devised method 

i n  designing more rea l i s t ic  active con t ro l  sys tems for  f l e x i b l e  beams, in 

p a r t i c u l a r ,  and l a r g e  f l e x i b l e  s t r u c t u r e s  i n  general .  
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Active vibration control systems are becoming essential and viable 

means for  minimizing the vibrations of lar8e Llexible structures which 

are  intended t o  provide stable bases for precision pointing i n  space. 

Distinct among the presently available active control systems are 

those that r e l y  I n  t h e i r  operation on piezo-electric actuators. Such 

systems have proven t o  b experimentally effeotive in oontrolling the 

vibrations of simple structural elements such a s  rectangular beams [l-21 

and hollow cylindrical masts [33. The effectiveness of these systems is 

coupled also w i t h  t he  l igh t  weight, high force and low power consumption 

c a p a b i l i t i e s  of t he  piezo-eleotr lc  actuators [4-81. These features 

rendered  t h i s  a l a s8  of actuators t o  be an attractive aandidate for 

oontrolling structural  vibrations. 

The present state-of-the-art of t h i s  type of actuators has been 

limited t o  the analysis and testing of their  characteristics [9-111 as  

influenced by t h e i r  geometrical or operational conditions. A recent 

attempt has been made by Baz [12], t o  select their  optimal geometrical 

parameters and location which are best suited for  a particular structure 

subjected t o  known s t a t i c  loading conditions. The developed synthesis 

procedure has proven t o  be essential t o  the successful integration of the 

actuators into the structure i n  order to  minimize its s t a t i c  deformation. 

However, no effort  has been done t o  optimize the  control of the 

v ib ra t ions  of a multi-mode flexible system us ing  a small number of 

optimally placed piezo-actuators through the development of efficient and 

r e a l i s t  i c  c o n t r o l  algorithm t h a t  ensures minimal amplitudes of 

oscil lation and input control energy. 



e 

It is, therefore, the  purpose of this study I s  to  devise  suoh an 

e optlmal o o n t r o l  method that is based on a modification of the  well known 

Independent Modal Space Control(1MC) method [ 13-15]. The devised method 

a c c o u n t s  for t h e  s p i l l o v e r  from t h e  c o n t r o l l e d  modes i n t o  t h e  

uncont ro l led  modes due t o  the  use of fewer ac tua to r s  than  the modeled 0 

modes . The developed method l n o o r p o r a t e s  a l s o  an optimal placement 

procedure t h a t  w i l l  enable the ae l ea t ion  of the  optimal l oca t ion  of the  

p l e z o - e l e a t r i c  ac tua to r s  in the struoture I n  order t o  guarantee a balance 0 

between the suppression of t h e  amplitudes of vibra t ion  and t h e  input 

c o n t r o l  energy [la]. 
e 

Furthermore, the developed procedure cons iders  the effect t h a t  the  

plezo-eleatric ao tua tors  and bonding l aye r s  have on ohanging t h e  elastic 

and iner t ia l  proper t ies  of t h e  s t ruc tu re  t o  which they are bonded to. 

Suoh ohanges result in plodlfying the  normal modes of the  s t r u c t u r e  one 
0 

way or ano the r  depending on the  physical and geometrical properties of 

the  a c t u a t o r s  and the bonding layers. e 
In t h i s  s tudy ,  t h e  emphasis w i l l  be placed on piezo-electr ic  

actuator-beam systems t o  i l l u s t r a t e  the devised oontrol strategy. But, 

without  any fur ther  modifications,  t h e  developed method can be r e a d i l y  

appl ied t o  large s t ruc tures .  
0 

0 

A. GEHERALLAYWT 

F i g u r e  (1 )  shows a genera l  layout of a f l e x i b l e  beam ( A )  whose 

deflect ion I s  t o  be oontrol led by piezo-electr ic  ac tua tor  (B) bonded t o  

t h e  beam by bonding l a y e r  ( C ) .  The beam, under cons idera t ion ,  oan 

e 



X 
Q) 
iz N .. 

z" rd 

+ .- 

3- 

0 z 
Y 

t 

3 
0 
0 

I 
& 
0 
3 

L, 
0 

3 
a 

SI 
0 

Q) a s 

n 
w 
Y 



e 

generally be made of several steps which are not necessarily of the 8ame 

e thickness  o r  t h e  same material .  The i n t e r f aa i a l  nodes between the 

different steps can be subJected to external forces, moments or both. 

Further ,  the degrees of freedom of any node can be l i m i t e d  t o  linear 

translations, angular rotations or restrained completely depending on the 

nature of support a t  the node under consideration. 

In t h i s  s tudy,  the beam is assumed t o  have rectangular oross section 

of oonstant width b and that  Its transverse deflection is due t o  the  
e 

flexural action of the external forces and moments. 

I n  F igure  (l), the piezo-electric actuator B is shown bonded t o  the 

element i of the flexible beam to  form a composite beam. When an electric 
e 

f i e l d  is applied across t h e  f i l m ,  then it w i l l  expand i f  the field is, 

fo r  exmple# along t he  polarization axis of the f i l m  and w i l l  contract if 

the two were out of phase. The expansion or contraction of the f i l a  
e 

relative t o  the  beam, by virtue of the  piezo-electric effect, creates 

longitudinal bending stresses i n  the composite beam which t e n d  t o  bend 

the beam i n  a manner very similar to a blmetallic thermostat. 
e 

With proper selection, placement and control of the actuator, it 

would be possible t o  generate enough piezo-electric bending stresses t o  

counter balance the effect of the  exciting forces and moments acting on 
0 

the beam in a way that minimizes its structural vibrations. 

e 
B. I IDDa UF AB A ~ A T O b B E A H  EL- 

Figure (2) shows a schematic drawing of a piezo-film A bonded to  an 

e element B of the flexible beam by bonding layer C. 

If a voltage v is applied acrosa the f i l m ,  a piezo-electric strain 

cf is introduced in the f i l m  and can be computed from : 
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where d is the  electric charge constant of t h e  f i l m ,  d v  

t l  is t he  th i ckness  of t h e  p iezo-e lec t r ic  a c t u a t o r ,  m 

This  s t r a i n  r e s u l t s  in a longi tudina l  stress of given by : e 

where El  is the  Young's modulus of e l a s t i c i t y  of the  film, N/m2 

This ,  in t u r n  gene ra t e s  a bending moment Mi., around the  n e u t r a l  a x i s  of 

t he  composite beam, given by : 
0 

e 
where t2 is the  th i ckness  of the bonding layer, m 

(3)  

a 
t 3  
b is t h e  w i d t h  of t h e  beam, t h e  bond ing  l a y e r  and t h e  

is the th i ckness  of the beam, m 

piezo-f i l m ,  m 

In equation (3), D is the  distance of t h e  n e u t r a l  axis from the  lower 

edge of t h e  beam which can be determined by considering the  f o r c e  balance 

in the  long i tud ina l  d i r e c t i o n  X of the beam, or : 
0 

0 

a 

pdA + p2dA + Jir3d.A = 0 f l l m  bond beam 

or  

where E2 is Young's modulus of e l a s t i c i t y  of t h e  bonding layer 

E3 is Young's modulus of e l a s t i c i t y  of the  beam 

( 4 )  



Equation (5) y i e l d s  the following expression for D : 
a 

Equation (2) ,  (3) and (6) can be combined t o  determine t h e  bending moment e 

gene ra t ed  by the  piezo-film on t h e  composite beam as fo l lows  : 

For t h i s  composite beam, it can be e a s i l y  shown [12] that it has a 
0 

flexural r i g i d i t y  (Elfl) given by : 

0 
where 11, I2 and I3 are tba area moments of i n e r t i a  of t h e  f i l m ,  the 

bonding l a y e r  and t h e  beam about t h e  neu t r a l  a x i s  respec t ive ly .  

Let u s  now assume t h a t  t h e  composite beam, shown in Figure (2) ,  

ex t ends  a length li between two nodes (i) and (i+l). Fur ther ,  it is 

assumed that t h e  ex te rna l  forces Vi and Vi+l as well as the  e x t e r n a l  

moments Mei and Hei+l a re  a c t i n g  on t h e  beam at nodes i and i + l  

r e s p e c t i v e l y .  Then, t h e  r e su l t i ng  l i n e a r  and angular  deformations of t he  

beam yi and tIi as well as yi+l and Oi+1 a t  t h e  nodes 1 and i+l ,  

r e s p e c t i v e l y ,  c a n  be related t o  the loads  acting on t h e  element as 

a 

a 

0 

follows 1171 : 

0 

vi 1 



0 

Equation ( 9 )  can be rewritten as  : e 

where Fi is t he  resultant forces and moments veotor acting on the beam 

element 1, N 

ICi 18 t he  st iffness matrix of the oomposite beam element 1, N/m 

51 is t h e  defleotion veotor of the nodes bounding the beam 

element, m 

0 

Equation ( 9 )  constitutes the basic f i n i t e  element model that re la tes  

the external loads (V and He) and piezo-electric moments (I+) t o  t h e  

deflections (y and 0) of the  element 88 8 funotion of its elast io  and 

e i ne r t i a l  parameters. 

The equation can be equally used for  any element of the beam whether 

it has a piezo-film bonded t o  it or not. In t h e  l a t t e r  case, % is set , to  

zero and flexural r i g i d i t y  EiIi is aet equal t o  that of the  f lexible 

beam element under consideration. 

0 

The forcedisplacement characteristics of the individual elements of 

the beam-actuator system, as  given f o r  element i by equation (g) ,  are  0 

combined t o  determine the overall st iffness K of the beam system as  shown 

in References [l8-19] for example. 

The i n e r t i a l  properties of t h e  composite actuator-beam system are a 

determined us ing  the lumped mass method where the mass and rotational 

iner t ia l  of each element is d i s t r i b u t e d  among the nodes bounding the 
0 

element 120 3 . 
Therefore, the diagonal mass matrix H (2n*2n) for the actuator-beam 

~lys tem,  shown in Figure( l ) ,  can be written as : 
e 



a 

a 
n =  

a 

a 

a 

. . . . . . .  a . . . . .  0 
0 J l 6  . . . . . . .  a .  e 

p1 0 

0 0 m 2 0  . . . . . .  a .  e 

0 J 2 0 . a .  a .  . 
. . O m i o  a .  a 

a a a a a . 0  J i o  a .  . a . . . . . . . .  0 m i + l o  . . . . .  
. . a .  O % O  a 0 . . . . . . . . . .  * O  J N o  

* *  0 % + l o  
0 0 . . . . . .  0 . a a 0 JN+1 

. . . . . . . . . .  a .  . . . .  . 
0 * . . a  0 J i + l o  . . . . . . . . . .  a .  

. . . . . . . . . .  e 

(11) 

0 The s t i f f n e s s  and mass matrioes K and H are used t o  d e f i n e  the  

dynamic equat ions  of motion of t h e  actuator-beam system. 

The equat ions of motion of the  actuator-beam system can be w r i t t e n  

0 as fo l lows  : 

n8 + K& = F 



e 

0 

e 

modes . 
+i(lj) is the nodal shape at mode I and looation 13. 

The above equation can be rewritten a s  : - 

If only C modes are controlled with qual number of control forc 
- 

then PR=O and equation (6)  reduces to : 

f c  = BCCFC 

0 and 

'R = BRCFC 

(18) 

(19) 

e I n  the IHSC method, it is assumed that the control forces FC w i l l  

not oontribute t o  the excitation of the residual higher order modes. 

Accordingly, it was assumed that there is no oontrol spillover from the 

controlled modes into t h e  uncontrolled modes. Hathematically, this means 

that the IMSC method assumes that fR'O. This of course can only be true 

if the number of controlled modes is very large compared t o  the number of 

e 

residual modes or when the residual modes are a t  much higher frequency 

band than t h e  controlled modes. If these two conditions a r e  not 
0 

s a t i s f  l ed ,  then there  w i l l  be considerable interaction between the 

controlled and residual modes. e 
The MIMSC method considers such interaction by calculatlng the 

optimal modal control forces [fc] using the IMSC close form solution of 

the Riccati Equation such that the control force f i  of the ith mode, a s  

given by [7], is : 

e 

e 



where R is a factor that weighs t h e  importance of minimizing the 0 
v i b r a t i o n  with r e spea t  t o  the cont ro l  forces. 

is t h e  resonant  frequency a t  t b e  it) =::mal mode. wi 

ui, 6, are the  modal displacement and ve loc i ty  respec t ive ly .  

g l ,  g2 are t h e  modal pos i t i on  a n d  ve loc i ty  feedback g a i n s  given by 

1131 aa : 

Accordingly, the  displacement ui and ve loc i ty  6, a t  the ith mode can 

be feedback and  Used a l o n g  w i t b  e q u a t i o n s  (201, (21) and (22) t o  

determine the  modal oontrol foroe fi.  

0 Once these forces are caloulated,  equation (7) is 80lved t o  g ive  the. 

phys ioa l ly  appl ied  oon t ro l  forces Pc as follows : 

Then equat ion (8) is used t o  ca lcu la te  t h e  modal forces f R  tha t  

would e x c i t e  the r e s i d u a l  modes which a r e  generated by the  s p i l l o v e r  from 

t h e  c o n t r o l l e d  modes. Deffn i te ly  these f R  are not  equal  t o  zero as 

o r i g i n a l l y  assumed in the IMSC method. 

0 

Equations (14) can then be in tegra ted  w i t h  r e spec t  t o  the time t o  

determine the  modal displacements (ui) and v e l o c i t i e s  (6,) which can, i n  

t u r n ,  be used again t o  compute the  modal forces f and so on. 

a 

From the  modal displacements and v e l o c i t i e s ,  t h e  phys ica l  s t a t e  ( a )  
of t h e  f l e x i b l e  system can  b e  determined from e q u a t i o n  ( 1 3 ) .  A 

0 

r e l a t i o n s h i p  can therefore be established between t h e  phys ica l  s t a t e  of 

t h e  system and t h e  physical  cont ro l  forces FC appl ied t o  it. 
0 



The MIMSC method incorporates 8180 an extremely important feature 

0 whioh is based on a 'TIXB SHARING" strategy of 8 small number of 

actuators i n  the modal space t o  control large number of modes. 

In t h i s  strategy, the modes of vibrations of t h e  f lexible system are 

ranked according t o  their  modal energy level. If C actuators are t o  be e 

used, t hen  these actuators w i l l  be dedicated, a t  any instant of time, t o  

control t h e  C modes that have the highest modal energy. In t h i s  way, the 

actuators w i l l  first attenuate the  modal energy of the oontrolled modes. 
0 

Dur ing  t h a t  time the control spillover w i l l  excite the uncontrolled 

modes. When the modal energy of the unoontrolled modes s t a r t s  exceeding 

that  of the controlled modes, the actuators are switohed t o  control these 
0 

high energy modes in order t o  damp out their  vibrations. Such time 

bharing of the  actuators between the modes w i l l  eventually bring a l l  

these modes under oontrol. 
0 

Figure (3) outlines a flowchart of the HIHSC method indicating the 

main steps of optimal placement and time sharing of the actuators a s  

well a s  the  consideration of the spillover between the controlled and 

residual modes. 

The application of the UIMSC method is  i l lustrated by considering a 

three-element straight s tee l  cantilever beam, shown I n  Figure (41, which 

is 0.0125m wide, 0.00211~ thick and 0.151~ long. A transverse impulsive 

loading of magnitude of 0.1N is applied at the free end of the beam for 

1 .oms. 

0 

0 

The effects  of vary ing  the thickness and material of the bonding 

0 
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l a y e r  as well as t h e  l o c a t i o n  of t he  plezo-actuator a m  considered. 
e The p h y s i a a l  p r o p e r t i e s  Of t h e  oonaidered bonding l a y e r s  and a 

t y p i c a l  p iezo-ac tua tor  are given i n  Tables (1 )  and (2) r e spec t ive ly .  
a 

Figure  ( 5 4 )  shows the time history of t he  amplitudes of t r a n s v e r s e  

v i b r a t i o n s  of t h e  steel c a n t i l e v e r  beam when cont ro l led  by the  KHSC 
0 

method u s i n g  one PZT p i ezo -e l ec t r i c  ac tua tor ,  bonded t o  t h e  element near  

t h e  fixed end of the beam. In this figure t he  effect of bonding l a y e r  on 

t he  phys iaa l  p r o p e r t i e s  of t he  sys tem is neglected. The performance of 
e 

t h e  system under such cond i t ions  w i l l  serve as a datum f o r  measuring t h e  

actual  effect  of t he  bonding layer when it I s  accounted for In t h e  

system's  model. 
e 

Yi th  t h e  time sharing oonoept, the MPISC u t i l i z e s  e f f e c t i v e l y  the 

I n s t a l l e d  a a t u a t o r  8UOh that 1% provides t he  neces8ary ac t ion  t o  oon t ro l  

tbe dominant d e 8  and then  s h a r e s  t h e  o o n t r o l l e r  among t h e  other modes 
e 

u n t i l  t h e  v i b r a t i o n s  of the  system I s  completely damped out based on t h e  

maximum modal energy ranking. T h i s  t h e  shar ing  concept can best be 

understood by considering Figures  (5-b) and (5-0). 
a 

F i g u r e  (5-b)  shows t h e  con t ro l  mode that has t h e  highest modal 

energy a t  any I n s t a n t  of time. It can be seen tha t  t h e  a c t u a t o r  is used 

first t o  a t t e n u a t e  the amplitude of vibration of t h e  first mode, which 

e 

c u r r e n t l y  has t h e  highest  modal energy. After a small time i n t e r v a l  t he  

c o n t r o l  a c t i o n  is switched t o  control t h e  second mode s ince  its modal 

e n e r g y  becomes higher t h a n  t h e  energy of the  o the r  f i v e  modes. T h i s  

0 

a c t i o n  of time sharing the single ac tua tor  between t h e  modes cont inues  

e u n t i l  a l l  modes are brought under control.  Th i s  is  demonstrated clearly 

in Figure  (5-c) by t h e  continuously decaying v ib ra t ion  energy of the 

system. 



e 

a 

Table (1) - Properties of bonding layers [ lo]  

1 Rubber adhesive tape made b y  Minnesota Mining and 

2 Cyanoaorylate adhesive made by eastman Kodak Co., Roohester, 
Manufacturing. St. Paul, Him. 

N . Y .  



e 

Table (2)  - Properties of a typioal plezo-electric actuator 181 

0 

0 

0 
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p%Sm (5-a) - Tbe response of steel  cantilever beam oontrolled by one 
PZT actuator neglecting effect of bond- 

!- I 

i 
0 

0 

C I  0 0 0 0  0 O O Q O  

Figure (5-b) - Control mode of highest modal energy for the cantilever beam 

? 

t 
h 
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Figure (5-0) - Total modal energy o f  oantilever beam 



(A) EPPECT OF BOIlDIIo LATER 'IgIaJIESS 

Figures ( 6 4 ) ,  (6-b) and (6-0) d i sp lay  the t h e  h i s t o r i e s  of the  

ampl i tudes  of t r ansve r se  v i b r a t i o n s  of the c a n t i l e v e r  beam when one PZT 

p i e z o - e l e c t r i c  a c t u a t o r  is bonded to  element 3 using an I s o t a c  bonding 

layer  of t h i c k n e s s  of 0.42mm, 0.84mm and 2.lmm r e s p e c t i v e l y ,  In 

dimensionless form, the selected bonding l a y e r s  have th i ckness  equal t o  

0.2, 0.4 and 1.0 that of t h e  a c t u a t o r  th ickness  respec t ive ly .  

A comparison between Figures (5-a) and (6-1 I n d i c a t e s  t h a t  t h e  

maximum ampl i tude  of v i b r a t i o n  has decreased from 1.43E-5m t o  1.39E-5m 

when the  elastic and i n e r t i a l  p roper t ies  of the  bonding l a y e r ,  tha t  has a 

t h i c k n e s s  of O.O0042m, are accounted for. Fur ther  decrease in t he  maximum 

amplitude of v i b r a t i o n  is observed a8 the th ickness  of the bonding l a y e r  

I s  Increased as displayed In Figures (6-b) and (6-0). 

De ta i l ed  a n a l y s i s  of the figure8 is summarized In Table (3) based on 

t h e  displacement and con t ro l  fo rce  indices tld and Uc which are defined by 

t h e  following expressions: 

t=t N 

t = O  i = 1  
ud = 6i2*At 

t=t N 

t = O  i= l  
- C 2 Fi2*At % - 

where N is t h e  

A t  is t h e  

t* is t he  

number of d.0.f. of system 

in t eg ra t ion  t h e  increment 

maximum time limit of i n t e g r a t i o n  

(16) 

(17) 

Table ( 3 )  i nd ica t e s  clearly that inc luding  the  effect of bonding 

layer r e s u l t s  in decreasing t h e  displacement index ud monotonely but on 
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Figure (6) - Time response of steel oantilever beam oontrolled by one 

PZT actuator bonded to element 3 with Iaotac of different 

thlCkne88 



e 

Table (3) - Effect of bonding layer thiokness on the displacement 
and control force indices for a steel cantilever beam 
controlled by one PZT actuator at element 3 

0 I 2.8244 I 1.8128 
0.00042 I 2.6505 i 3.0164 
0.00084 I 2.5531 i 3 . 4443 
0.00210 I 2.3787 I 9.6501 



the expense of a a i g n l f i o a n t  i n o r e a s e  I n  t h e  requi red  oon t ro l  vo l tages .  

For example ,  u s i n g  bonding  l a y e r  tbickness of 0.00042~1 reduces  the  

d isp lacement  index from 2.8244€-10 t o  2.65053-10 whereas it increases the  

c o n t r o l  force Index from 1.81283-7 t o  3.01643-7, which amount t o  an 

increase of 661. 

The reduc t ion  in t h e  ampl i tudes  of v ib ra t ion  of the beam r e s u l t i n g  

from using t h i c k e r  bonding  l a y e r s  I s  a t t r i b u t e d  p r i m a r i l y  t o  t h e  

s t i f f e n i n g  effect  produoed by  t he  bonding l a y e r s  t o  t h e  o r i g i n a l  

aotuator-beam system. However, using such th i cke r  bonding l a y e r s  would 

r e q u i r e  large c o n t r o l  forces t o  damp out t h e  v i b r a t i o n s  of the  f l e x i b l e  

beam. T h i s  is reflected d i r e c t l y  i n t o  high con t ro l  vo l t ages  as can be 

been o l e a r l y  from PiguFea ( 7 4 1 ,  (7-b) and (7-0) for I s o t a o  bonding l a y e r  

t h b k n e s s  of 0.4-, 0.84m and 2.1mm respectively.  

Therefore ,  we have a push and a pull  s i t u a t i o n  where th icker  bonding 

l a y e r  are p re fe r r ed  t o  minimize t he  amplitudes of o s c i l l a t i o n  and t h i n n e r  

bonding layers are desirable If one i a  t o  l imi t  t he  magnitude of the  

c o n t r o l  vo l tages .  

(B) OF BOBDIBG LATER HATKRIAL 

The effect of changing the  mater ia l  of t he  bonding layer from I s o t a c  

t o  Eastman 910 on t he  displacement and c o n t r o l  f o r c e  i n d i c e s  is 

8nnannrieed In Table (4). The r e s u l t s  l i s t e d  in the  table are obtained 

when one PZT a c t u a t o r  is bonded t o  element 3 and a 0.421~1 t h i c k  bonding 

l a y e r  is used. 

Table (4) indicates that changing t h e  bonding layer material from 

t h e  sof t  I s o t a c  t o  the more stiff and dense layer of Eastman 910 r e s u l t s  

i n  i n s i g n i f i c a n t  r e d u c t i o n  in t h e  d i sp l acemen t  i n d e x  b u t  in a 



. 

C 

Figure (7 )  - time history of voltage oontrolling 8 steel cantilever 

beam by one PZT actuator bonded to element 3 with Isotac 

of different tblckness 



0 

Table (4) - Effect o f  bonding layer material on the dlsplaoement 
end control force Indices for a steel cantilever beam 
controlled by one PZT actuator at element 3 

e 

e 



a o n s i d e r a b l e  i n o r e a s e  e of about 20.45, i n  the forces necessary t o  

aontrol the v i b r a t i o n  of the  beam. 0 

Figures  ( 8 4 )  and (8-b) show the  time historIES of t he  amplitudes of 
a 

t r a n s v e r s e  v i b r a t i o n s  of the  steel  can t i l eve r  beam when a PZT a c t u a t o r  is 

bonded t o  element 2 and 3 respec t ive ly .  The bonding l aye r  considered, in 

t h i s  aaae, is Isotac whioh has a thickness  of 0.00042m. 
a 

The associated displacement and cont ro l  force ind ices  are l i s t e d  in 

Table (5). 
0 

Table (5) as well as Figures  (5-a), (8-a) and (8-b) i n d i c a t e  t ha t  it 

18 preferable t o  place the actuator a t  element 3 near t h e  f ixed  end of 

the beam in order t o  ob ta in  the  minimum displacement index. On the o ther  

head, if the minimum oont ro l  foroes are conuerned, then  t h i s  ac tua to r  
0 

8hould bonded t o  element 1. 

e 
COECLUSIOIS 

This paper has presented a comprehensive ana lys i s  of the  c o n t r o l  of 

v i b r a t i o n  of simple structural elements using piezo-electr ic  ac tua to r s .  A 

Modified Independent Modal Space Control (HIMSC) method is u t i l i z e d  t o  

a c t i v e l y  c o n t r o l  the v ib ra t ion  of the  f l e x i b l e  system. 

a 

e 

The e f f ec t  of t h e  p h y s i c a l  parameters of t h e  a c t u a t o r  and its 

bonding layer on the elastic and i n e r t i a l  c h a r a c t e r i s t i c s  of t h e  f l e x i b l e  

beam are included i n  the  ana lys i s .  It is observed that accounting for t h e  

elastic and inertial p rope r t i e s  of t h e  bonding layer r e s u l t s  i n  reducing 

0 

0 



e 

. 

Actuator  a t  element 3 

o e i  e ez e e4 e 5 

Figure  (8) - Time responae of steel  cantilever beam controlled by one 

PZT actuator placed at different location 



a 

a 

Table (5) - Effeot of actuator looation on the displacement and 
oontrol force indloes for a steel cantilever beam 
oontrolled wi th  one PZT actuator 

a 

a 



the  ampli tudes of v i b r a t i o n s  of the s t r u c t u r a l  element but on the  expense 

e of higher o o n t r o l  forces. 

The s t u d y  h a s  demonstrated a l s o  t h e  e f f ec t iveness  of the  MUSC 

method i n  c o n t r o l l i n g  t h e  v ib ra t ion  of f l e x i b l e  beams t h a t  have large 

number of degrees of  f reedom w i t h  v e r y  small  number of ac tua to r s .  

J 

e 

F u r t h e r m o r e ,  t h e  p r e s e n t e d  method can be r ead i ly  extended t o  large 

s t r u c t u r e s  without  any modifications.  
e 

e 

e 

e 

e 



e 

e 

0 

e 

e 

e 

e 

e 

e 

a 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Crawley, E.F., and J.de Luis 1985 Proc. of the 26th structuresL 

Structure Dynamics and Haterials oonference, Part 2, AIAA-ASME-ASCE, 

Orlando-Florida , 126-133. Use of piezo-Ceramics as distributed 

actuators in Large Space Structures. 

Bailey, T. and James E.Hubbard Jr. 1985 J.  of Guidance and control 

8 605-6 1 1  . Distributed Piezo-eleatrlc Polymer Active Vibration 

Control of a Cantilever Beam. 

Forward, R.L. 1981 J. Spacecraft 18 11-17. Electronic Damping of 

Orthogonal Bending Modes I n  a Cylindrical Hast-Experiment. 

Lockheed )liissiles and Space Company, Ina. 1983 VCOSS A: H u h  and Lou 

A u t h o r i t y  Hardware Imlementations Report IAFUAL-TR-83-3074. 

- 

Vibration Control of Space Structurea. 

Aronson, R.B. 1984 Machine DesiRn 56 73-77. Rediscovering 

Piezoelectrics. 

Toda, H., S. Osaka and E. Johnson 1979 RCA Ewineer 25 24-27. A new 

Electromotional Device. 

Toda, H., S. Osaka and S. Tosima 1980 Ferroelectronics 23 115-120. 

Large Area Display Element Using PVF2 Bimorph Ui th  Double-Support 

Structure. 

Piezo-Electric Products, Inc. 1984 Sensors Piezoceramic Design Notes. 

Toda, H. 1978 Trans. of t h e  I E C E  of Japan B 6 l  507-512. 

Electromotional Device Using P W 2  Multilayer Bimorph. 

10. Kelly Lee, J. and H. Harcus 1981 Ferroelectronics 32 93-101. The 

Deflection-Bandwidth Product of PVF Benders and Related Structures. 

11. Toda, H. 1980 J.  ADD^. Phvs. 51 4673-4677. Elastic Properties of 



e 

Piezo-Electric PVF2. 

12. Baz, A. 1986 pASA Technical ReDort Contract No. 30429-D. S ta t ic  e 

Deflection Control of Flexible Beams by Piezo-Electric Actuators. - 
13. Heirovitch, L. and E. Bar& 1981 J. of Guidance and Control 4 157- 

163. Optimal  Control of Damped Flexible Gyroscopic Systems. e 

14. Heirovitch, L. and E. Bard 1982 J. of Guidance and Control 5 59-66. 

Control of Self-AdJoint Distributed-Parameter Systems. 

15. Heirovitch, L., E. Baruh and E. Oz 1983 J. of Guidance and Control 6 

302-310. Comparison of Control Techniques for  Large Flexible Systems. 

16. Baz, A. and S. Poh 1987 NASA Technical Report Contract No. 30429-D. 

Modified Independent Hodal Space Control Uethod for Active Control of 
e 

Flexible Systems. 

17. Pac, M. 1985 S t ruc tu ra l  Dynamics : Theory and ComDutation 2nd e 
Edition, Van Nostrand Reinhold Co, New Iork. 

18. Bathe, K.J. and E.L. Wilson 1976 Numerical Hethods i n  Finite Element 

Analysis Prentice-Ball Inc., Englewood Cliffs, NJ. e 
19. Fenner, R.T. 1975 F i n i t e  Element Hethods for  Emineers HcHlllan Press 

Ltd ,  Londan. 

20. Gere, J.H and S.P. Timoshenko 1984 Hechanics of Uaterials 2nd e 
Edition, Brooks/Cole Engineering Division, Monterey CA. 

e 

21. Heirovitch, L. 1967 Analytical Hethods i n  Vibrations Macmillan Co., 

NY. 

e 

e 


