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D Y N A M I C  ANALYSIS C O N S I D E R A T I O N S  

Dynamic  a n a l y s i s  of l a r g e  s p a c e  a n t e n n a  s y s t e m s  must  t r e a t  t h e  deployment  as 
well as v i b r a t i o n  and c o n t r o l  of  the deployed  a n t e n n a .  C a n d i d a t e  computer  programs 
f o r  d e p l o y m e n t  d y n a m i c s ,  a n d  i s s u e s  and n e e d s  f o r  f u t u r e  program developments  are  
rev iewed  i n  s u b s e q u e n t  char ts .  Some r e s u l t s  f o r  mast a n d  hoop d e p l o y m e n t  a r e  a l s o  
p r e s e n t e d .  

Model ing o f  complex a n t e n n a  geometry w i t h  c o n v e n t i o n a l  f i n i t e  e l e m e n t  m e t h o d s  
a n d  w i t h  r e p e t i t i v e  " e x a c t  e l e m e n t s "  is c o n s i d e r e d .  A n a l y t i c a l  compar i sons  w i t h  
e x p e r i m e n t a l  r e s u l t s  f o r  a 15 meter hoop/column a n t e n n a  r e v e a l e d  t h e  i m p o r t a n c e  o f  
a c c u r a t e  s t r u c t u r a l  p r o p e r t i e s  i n c l u d i n g  n o n l i n e a r  j o i n t s .  S l a c k e n i n g  o f  cables i n  
t h i s  a n t e n n a  is a l s o  a c o n s i d e r a t i o n .  I n  a d d i t i o n ,  t h e  m a t u r i n g  t e c h n o l o g y  of 
d e s i g n i n g  a c t i v e l y  damped s t r u c t u r e s  t h r o u g h  a n a l y t i c a l  o p t i m i z a t i o n  is d i s c u s s e d  
and  r e s u l t s  are  p r e s e n t e d .  

ANTENNA DEPLOYMENT DYNAMICS 
- Candidate Programs 
-Issues and Needs 
- Mast and Hoop Deployment 

ANTENNA VIBRATION AND CONTROL 
- Finite Element and Repetitive Models 
- Important Effects 

Nonlinear joints 
Cable slackening 

-Design of Actively Damped System 
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POTENTIAL BENEFITS FROM DEPLOYMENT D Y N A M I C S  ANALYSIS 

Dep loymen t  is a c a n d i d a t e  mode f o r  c o n s t r u c t i o n  o f  s t r u c t u r a l  a n t e n n a  
c o m p o n e n t s .  By i t s  ve ry  n a t u r e ,  deployment is a dynamic e v e n t ,  p o s s i b l y  i n v o l v i n g  
large a n g l e  u n f o l d i n g  o f  f l e x i b l e  beam members. V a l i d a t i o n  o f  proposed d e s i g n s  a n d  
c o n c e p t u a l  deployment mechanisms is enhanced th rough  a n a l y s i s .  A n a l y s i s  may be used 
t o  de t e rmine  member l o a d s  t h u s  h e l p i n g  t o  e s t ab l i sh  deployment rates and d e p l o y m e n t  
c o n t r o l  r e q u i r e m e n t s  f o r  a g i v e n  concep t .  Furthermore,  member f l e x i b i l i t y ,  j o i n t  
f r e e - p l a y ,  manufac tu r ing  t o l e r a n c e s  and i m p e r f e c t i o n s  can a f fec t  t h e  r e l i a b i l i t y  o f  
d e p l o y m e n t .  A n a l y s e s  w h i c h  i n c l u d e  t h e s e  e f f e c t s  c a n  a i d  i n  r e d u c i n g  r i s k s  
a s s o c i a t e d  w i t h  a p a r t i c u l a r  concep t .  Ground t e s t s  which can p l a y  a similar r o l e  t o  
t h a t  o f  a n a l y s i s  a r e  d i f f i c u l t  and expens ive  t o  perform. Suspension sys t ems  j u s t  
f o r  v i b r a t i o n  ground tes ts  of  large space  s t r u c t u r e s  i n  a 1 g e n v i r o n m e n t  p r e s e n t  
many c h a l l e n g e s .  S u s p e n s i o n  o f  a s t r u c t u r e  which s p a t i a l l y  expands is even more 
c h a l l e n g i n g .  A n a l y s i s  v a l i d a t i o n  through experimen t a1  c o n f  i rma t i on on r e l  a t  i v e l  y 
small  s i m p l e  m o d e l s  would p e r m i t  a n a l y t i c a l  e x t r a p o l a t i o n  t o  deployment o f  l a r g e r  
more complex s p a c e  s t r u c t u r e s .  

Deployment A Potential Candidate For Antenna System 
Construction 

0 Deployment Is a Dynamic Event 

0 Design And Concept Validation 

- Determination of Member Loads 
Deployment Rate 
Deployment Control 

- Reliability of Deployment Mechanism 
Flexible Members 
Joint Free-Play 
Tolerances and Imperfections 

- Ground Tests Difficult and Expensive 
Suspension System In 1 g Environment 
Size Limitations 
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APPLICATIONS OF DEPLOYMENT ANALYSIS PROGRAMS 

Deployment a n a l y s i s  p rograms  f i n d  a p p l i c a t i o n  i n  masts,  t r u s s  t y p e  a n t e n n a  
s u r f a c e s  a n d  e n t i r e  a n t e n n a  s t r u c t u r e s .  Deployment  programs belong t o  a l a r g e r  
c lass  of m u l t i - b o d y \ p r o g r a m s  a n d  a s  s u c h  a r e  a l s o  a p p l i c a b l e  t o  mechan i sms  a n d  
r o b o t  i cs . 

MAST 
NTENNA HOOP 
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C A N D I D A T E  MULTI-BODY PROGRAMS FOR DEPLOYMENT 

Shown i n  t h i s  char t  is a list of  some of t he  e x i s t i n g  U.S. computer multi-body 
programs which a re  c a n d i d a t e s  f o r  p e r f o r m i n g  d e p l o y m e n t  a n a l y s e s .  Some o f  these  
p r o g r a m s  were o r i g n a l l y  d e s i g n e d  f o r  m e c h a n i s m s ,  whi le  o t h e r s  were des igned  f o r  
s a t e l l i t e s  w i t h  a p p e n d a g e s .  Most  o f  these  p r o g r a m s  a r e  i n  a c o n s t a n t  s t a t e  o f  
improvement and most have o r  w i l l  soon have c a p a b i l i t y  f o r  t r e a t i n g  f l e x i b l e  members 
and p e r h a p s  s o p h i s t i c a t e d  j o i n t  b e h a v i o r .  However,  e f f i c i e n t  s i m u l a t i o n  o f  a 
d e p l o y i n g  s t r u c t u r e  w i t h  a l a r g e  number o f  componen t s  w i l l  r e q u i r e  c o n s i d e r a b l e  
f u r t h e r  development.  The n e x t  chart addresses some of  t he  i s s u e s  and d e v e l o p m e n t a l  
needs i n  t h i s  area. 

ADAMS _______ Mechanical Dynamics 

ALLFLEX ----- Lockheed Missiles and Space 

TRW 

U. of Iowa 

CAP= -_-____ 
DADS - ----___ 

DISCOS/NBOD - Martin Marietta 

U. of Wisconsin IMP -_____-__ 

LATDYN ------ NASA (pilot code) 

General Dynamics SNAP -_______ 

TREETOPS ---- Honey well 
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ISSUES AND NEEDS I N  DEVELOPMENT OF DEPLOYMENT PROGRAMS 

One o u t s t a n d i n g  d e v e l o p m e n t a l  n e e d  is i n  s t r u c t u r a l  m o d e l i n g .  Member 
f l e x i b l i t y ,  j o i n t  f ree-p lay ,  j o i n t  lock-up and c l o s e d  l o o p  t o p o l o g i e s  are needed f o r  
p r o p e r  d e p l o y e m n t  s i m u l a t i o n .  R e c e n t l y  p r o g r e s s  h a s  b e e n  made i n  add ing  these 
c a p a b i l i t i e s  t o  t h o s e  programs which were o r i g i n a l l y  o r i e n t e d  o r  designed f o r  r i g i d  
mechan i sms .  Usua l ly  member f l e x i b l i t y  is accounted f o r  by add ing  de fo rma t ion  modes 
of  t he  members t o  t he i r  r i g i d  body motion.  U n f o r t u n a t e l y ,  t h i s  a d d i t i o n  g r e a t l y  
i n c r e a s e s  t h e  s i z e  o f  t h e  p r o b l e m  and  c o n s e q u e n t l y  o n l y  t h o s e  dep loyab les  w i t h  a 
small  number o f  members c a n  b e  t r e a t e d  i n  a r e a s o n a b l y  e f f i c i e n t  m a n n e r .  I n  
a d d i t i o n ,  a s  shown i n  t h e  n e x t  char t ,  t h e  problem f o r m u l a t i o n  and modeling which had 
obv ious  advan tages  w i t h  r i g i d  members no l o n g e r  r e t a i n s  t h o s e  advantages when member 
f l e x i b i l i t y  is a d d e d .  I t  is  t h e n  q u e s t i o n a b l e  as t o  whether an e f f i c i e n t  program 
f o r  f l e x i b l e  s t r u c t u r e s  can be o b t a i n e d  by e x t e n d i n g  r i g i d  member p r o g r a m s .  One 
c r i t i c a l  i s s u e  which s t a n d s  as an o b s t a c l e  t o  an e f f i c i e n t  deployment s i m u l a t i o n  is 
one o f  i n t e g r a t i n g  t h e  n o n l i n e a r  e q u a t i o n s  of  motion i n  time s u b j e c t  t o  c o n s t r a i n t s .  
C o n c u r r e n t  p r o c e s s i n g  wh ich  makes use of m u l t i p l e  p r o c e s s o r s  is ve ry  promising i n  
t h i s  area. The ground work i n  t h i s  area f o r  multi-body problems i s  t o  be f o u n d  i n  
t h e  CAPPS program l i s t e d  i n  t he  p r e v i o u s  cha r t .  Use of  concur ren t  p r o c e s s i n g  and /o r  
new time i n t e g r a t i o n  a l g o r i t h m s  may requi re  new f o r m u l a t i o n s  of  the  problem. 

0 

0 

0 

Modeling 
-Member 
-Joints 

Flexibility 

- Lock-up Constraints 
- Closed Loop Topologies 

Time Integration 

Concurrent Processing 
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EFFECT OF F L E X I B I L I T Y  ON STRUCTURAL MODELING FOR DEPLOYMENT 

I n  o r d e r  t o  demons t r a t e  t h e  consequences of f l e x i b i l i t y  on t h e  s i z e  of  a m u l t i -  
body p r o b l e m ,  a p l a n a r  N body pendulum is cons ide red .  For a pendulum composed of 
a l l  r i g i d  members, there  are N independent  degrees of freedom. Thus a minimum s i z e  
k i n e m a t i c  model  i n v o l v e s  t he  s o l u t i o n  of  N e q u a t i o n s  of motion which are  n o n l i n e a r  
when large a n g u l a r  e x c u r s i o n s  are  p e r m i t t e d .  An a l t e r n a t e  m o d e l i n g  o f  t h e  r i g i d  
member pendulum leads t o  2N n o n l i n e a r  e q u a t i o n s  p l u s  N n o n l i n e a r  l e n g t h  c o n s t r a i n t s  
when g e n e r a l i z e d  o r t h o g o n a l  c o o r d i n a t e s  are selected a t  t h e  pendulum p i n n e d  j o i n t s .  
Clear ly  t h e  minimum k inemat i c  modeling is p r e f e r a b l e  when t h e  members are r i g i d .  If  
t h e  members are f l e x i b l e  and t h e  minimum k inemat i c  modeling is e x t e n d e d  t o  a c c o u n t  
f o r  f l e x i b i l i t y ,  t h e  u s u a l  approach is t o  add f l e x i b l e  modes t o  t h e  set  of  k inemat i c  
o r  r i g i d  body o n e s .  I n  t h i s  example one e x t e n s i o n a l  mode and M-1 f l e x i b l e  modes pe r  
member a r e  a d d e d .  The  r e s u l t i n g  p r o b l e m  is M+l t imes b i g g e r  t h a n  i n  t h e  r i g i d  
member case. I f  on the  o t h e r  hand  t h e  non-minimal  m o d e l i n g  o f  t h e  r i g i d  member 
pendulum is  s i m i l a r l y  ex tended ,  an e x t e n s i o n a l  mode does n o t  need t o  be added s i n c e  
i t  is a l r e a d y  accoun ted  f o r  by t h e  s u p e r f l u o u s  g e n e r a l i z e d  c o o r d i n a t e s  of t h e  model  
a n d  t h e  l e n g t h  c o n s t r a i n t s  are  no l o n g e r  a p p r o p r i a t e .  Consequent ly ,  t he  r e s u l t i n g  
number of  e q u a t i o n s  is p r e c i s e l y  t h e  same and the  modeling approach which is c lear ly  
p re fe rab le  f o r  r i g i d  members has no clear advantage f o r  f l e x i b l e  members. S i n c e  t h e  
r e s u l t i n g  problem s i z e  is c o n s i d e r a b l y  larger w i t h  f l e x i b l e  members,  e x t e n s i o n  o f  
programs f o r  r i g i d  members may n o t  lead t o  e f f i c i e n t  programs. 

PLANAR MULTI-BODY PENDULUM 

N RIGID MEM RERS N FLEXIBLE U M R F R S  
N RIGID DOF’S 
1 EXT. MODE/MEMBER 

MIN. KINEMATIC M-1 BENDING 
DOF -MODEL 

N NONLINEAR EQS. 

MODES/MEMBER 

N(M+l) NONLINEAR 
EQS. 

2N NODAL DOF’S 2N NONLINEAR EQS. 
N NONLINEAR LENGTH 

NO LENGTH 

NON-MIN. 
KINEMATIC 
DOF MODEL 

N(M+l) NONLINEAR EQS. 

CONCLUSION: WHAT WAS IMPORTANT IN RIGID 
MEMBER SYSTEM MAY NOT BE IMPORTANT IN 
FLEXIBLE MEMBER SYSTEM 
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UNCONTROLLED DEPLOYMENT SEQUENCE OF FOUR B A Y  MAST 

I n  t h i s  c h a r t ,  t h e  a n a l y t i c a l l y  simulated deployment of an u n c o n t r o l l e d  f o u r  
bay mast composed o f  f l e x i b l e  members is shown. (The a n a l y s i s  was p e r f o r m e d  u s i n g  
t h e  NASA L A T D Y N  c o m p u t e r  p r o g r a m  and  i n v o l v e d  6 4  deg rees  o f  f r e e d o m . )  The  
deployment i n v o l v e s ’ u n f o l d i n g  o f  t h e  l o n g e r o n s  o f  each b a y  wh ich  h a v e  l o c k a b l e  
j o i n t s  m i d  way a l o n g  t h e i r  l e n g t h .  The  d i a g o n a l s  a r e  a s s u m e d  t o  t e l e s c o p e  o u t  
d u r i n g  the  deployment and  t h e  d e p l o y m e n t  i s  d r i v e n  by p r e c o m p r e s s e d  r o t a t i o n a l  
s p r i n g s  a t  each l o c k a b l e  j o i n t .  T y p i c a l l y  s u c h  masts a r e  c o n t r o l l e d  t o  deploy 
s e q u e n t i a l l y ,  t h a t  is ,  one bay is p e r m i t t e d  t o  deploy a t  a time. N e v e r t h e l e s s ,  a n  
u n c o n t r o l l e d  d e p l o y m e n t  s h e d s  l i g h t  on t h e  n a t u r a l  d e p l o y m e n t  character of  t he  
d e s i g n .  Moreover, i n s i g h t  is g a i n e d  i n t o  t h e  s i m u l t a n e o u s  d e p l o y m e n t  which c a n  
o c c u r  i n  o t h e r  d e p l o y a b l e s  such  as a te t rahedral  t r u s s e s .  The chart  shows t h a t  t h e  
mast has a n a t u r a l  tendency t o  deploy n e a r l y  s e q u e n t i a l l y  e v e n  i n  t h e  a b s e n c e  of 
c o n t r o l .  T h i s  a p p e a r s  t o  be due t o  t h e  larger i n e r t i a l  mass which must be pushed by 
the  i n n e r  bays and t o  t h e  c h o i c e  o f  t he  s p r i n g  c o n s t a n t s  d r i v i n g  t h e  d e p l o y m e n t .  
Thus s e q u e n t i a l  deployment f o r  a mast is a n a t u r a l  s e l e c t i o n .  
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LUMPED MASS NECESSARY TO SIMULATE UNCONTROLLED MULTI-BAY DEPLOYMENT 

Due t o  t h e  large c o m p u t a t i o n a l  time r e q u i r e m e n t s  of t he  mast deployment  i n  t he  
p r e v i o u s  char t ,  i t  becomes desirable t o  s i m u l a t e  t h e  mul t i -bay  deployment  u s i n g  o n l y  
o n e  b a y  w i t h  lumped  masses r e p r e s e n t i n g  the  i n e r t i a l  effect  of t he  r e m a i n i n g  bays .  
The n o n l i n e a r  c u r v e  i n d i c a t e s  t h e  amount f l umped  mass w h i c h  m u s t  be added t o  a 
s i n g l e  b a y  i n  order t o  s i m u l a t e  t h e  deployment  time of the  mul t i -bay  a n a l y s i s .  The 
l i n e a r  c u r v e  i n d i c a t e s  t he  consequences  of assuming t h a t  t h e  added mass is  e q u a l  t o  
t h a t  o f  t h e  s i m u l a t e d  b a y s .  The l i n e a r  r e p r e s e n t a t i o n  becomes i n c r e a s i n g l y  
i n a c c u r a t e  as t h e  number of bays t o  be s i m u l a t e d  i n c r e a s e s .  The r e a s o n  f o r  t h i s  is 
p r o b a b l y  traceable t o  t h e  v i b r a t i o n s  and some u n f o l d i n g  of t he  s i m u l a t e d  bays  d u r i n g  
deployment  . 

L’ 

MULTI-BAY 
DEPLOYMENT 

/’ 
I I I 1 I 

1 2 3 4 5 6 

NUMBER OF BAYS 

SIMULATED MULTI- 
BAY DEPLOYMENT 

LUMPED MASSES 
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UNCONTROLLED DEPLOYMENT OF FLEXIBLE MEMBER HOOP 

Deployment o f  hoops composed of a v a r i o u s  number of f l e x i b l e  hinged members i s  
c o n s i d e r e d  i n  t h i s  char t .  The l e f t  hand f i g u r e s  d e p i c t  t h e  deployment sequence o f  a 
40 member hoop. Bending of  t he  hoop members is  o b s e r v a b l e  d u r i n g  d e p l o y m e n t  a n d  
a f t e r  l o c k - u p .  The r i g h t  hand p q r t i o n  of the  char t  i n d i c a t e s  t h e  v a r i a t i o n  of  hoop 
deployment time w i t h  number o f  hoop members. I n  o n e  
s e t  of c u r v e s ,  t h e  l e n g t h  o f  t h e  hoop members i s  f i x e d  s o  t h a t  as the  number of 
members i n c r e a s e s ,  t he  hoop r a d i u s  a lso i n c r e a s e s .  I n  t h e  s e c o n d  case ,  t h e  hoop  
r a d i u s  i s  f i x e d  s o  t h a t  a s  t h e  number o f  members i n c r e a s e s ,  t h e  member l e n g t h  
decreases. E f f e c t i v e l y ,  i n  t h e  second se t  of c u r v e s ,  the  t o t a l  w e i g h t  o f  t h e  hoop  
r e m a i n s  f i x e d .  Dep loymen t  time i s  m e a s u r e d  f r o m  t h e  time t h e  packaged hoop is 
released t o  t h e  time a l l  t h e  j o i n t s  l o c k  u p .  The f i g u r e  i n d i c a t e s  t h a t  h o o p s  
composed of  f l e x i b l e  members reach lock-up soone r .  

Two sets  of  c u r v e s  are shown. 

0: 8 15r 
FLEXIBLE MEMBERS 
RIGID MEMBERS _. 

- 
- _ _ _  !i . 

FIXED MEMBER g 10-  

0 m 40 60 m 

NUMBER OF HOOP MEMBERS 



ANALYSIS OF REPETITIVE LATTICE STRUCTURES 

A s t r u c t u r e  t h a t  has  a n o d a l  geometry t h a t  r e p e a t s  i n  one o r  more c o o r d i n a t e  
d i r e c t i o n s  may be ana lyzed  f o r  b u c k l i n g  o r  v i b r a t i o n  by c o n s i d e r i n g  o n l y  one r e p e a t -  
i n g  e l e m e n t  o f  t h e  s t r u c t u r e .  If c y l i n d r i c a l  c o o r d i n a t e s  are used ,  c o n f i g u r a t i o n s  
such  as the hoop-column an tenna  s t r u c t u r e  shown on t h e  n e x t  f i g u r e  may b e  t r e a t e d .  
For l a t t i c e  s t r u c t u r e s  composed o f  beams and t e n s i o n e d  cables, i t  is p o s s i b l e  t o  use 
l l exac t f l  member t h e o r y  i n  deve lop ing  member s t i f f n e s s e s .  T h i s  t h e o r y  is based on t h e  
s o l u t i o n  o f  t he  beam column o r  s t r i n g  e q u a t i o n s  t o  deve lop  an e x a c t  r e l a t i o n  between 
f o r c e s  and d i s p l a c e m e n t s  as a f u n c t i o n  of f r equency  and member a x i a l  l o a d .  There 
a r e  n o  f u r t h e r  approx ima t ions  i n  the  a n a l y s i s  and e x a c t  r e s u l t s  f o r  a l l  f r e q u e n c i e s  
are o b t a i n e d  w i t h  nodes l o c a t e d  o n l y  a t  j o i n t s .  A t y p i c a l  f i n i t e  e l e m e n t  e q u i -  
l i b r i u m  e q u a t i o n  re la tes  the  d i sp lacemen t  v e c t o r  of the basic r e p e a t i n g  e l emen t ,  
w i t h  t h e  d i sp lacemen t  v e c t o r  o f  o t h e r  r e p e a t i n g  e l e m e n t s ,  D., t o  w h i c h  i t  is con-  
n e c t e d .  The key s t e p  is t h e  assumption of a p e r i o d i c  mode Ahape which is e x a c t  f o r  
s t r u c t u r e s  hav ing  r o t a t i o n a l  p e r i o d i c i t y  as do many a n t e n n a  s t r u c t u r e s .  F o r  many 
s t r u c t u r e s  t h a t  a r e  r e p e t i t i v e  i n  r e c t a n g u l a r  c o o r d i n a t e s ,  such  as booms o r  p l a t -  
forms,  t h i s  assumption is e x a c t  f o r  s i m p l e  s u p p o r t  boundary c o n d i t i o n s  f o r  a wave- 
l e n g t h  twice t h e  actual  l e n g t h  o f  t he  s t r u c t u r e .  The D .  may be e l i m i n a t e d  from the  

DO , 

e q u i l i b r i u m  e q u a t i o n  by J 

D .  = D exp i o  J 0 

where I$ is a f u n c t i o n  of wavelength and harmonic o f  the  mode and t h e  c o n n e c t i v i t y  of  
t h e  s t r u c t u r e .  The e q u i l i b r i u m  e q u a t i o n  t h e n  can be w r i t t e n  i n  terms of  D o n l y  and 
b u c k l i n g  o r  v i b r a t i o n  is d e t e r m i n e d  f r o m  t h e  e i g e n v a l u e s  o f  a 6N x 6Nocomplex, 
Hermi t i an  m a t r i x  where N is t h e  number of  nodes i n  one r e p e a t i n g  e l emen t .  

STIFFNESS FROM "EXACT" MEMBER THEORY 

EQUILIBRIUM EQUATION IC0 Do + Kj Dj = 0 

PERIODIC MODE SHAPE Dj = Do EXP i+ 

SOLUTION OF 6N X 6N MATRIX 
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STRUCTURAL MODEL OF HOOP-COLUMN ANTENNA 

The c o m p u t e r  p rogram i n c o r p o r a t i n g  the  t h e o r y  f o r  r e p e t i t i v e  l a t t i c e  s t r u c t u r e s  is 
q u i t e  g e n e r a l  i n  i ts  c a p a b i l i t y .  Such t h i n g s  as e c c e n t r i c  c o n n e c t i o n s  a t  j o i n t s ,  
s p r i n g  c o n n e c t e d  members ( i n c l u d i n g  t h e  l i m i t i n g  cases of  p i n n e d  o r  s l i d i n g  
c o n n e c t i o n s )  and t h e  a b i l i t y  t o  de t e rmine  v i b r a t i o n  o f  s t r u c t u r e s  t h a t  a r e  f r e e  i n  
s p a c e  make i t  e s p e c i a l l y  u s e f u l  for many an tenna  c o n f i g u r a t i o n s .  

The 15m hoop-column an tenna  b e i n g  fabr ica ted  by the  Harris c o r p o r a t i o n  i s  shown i n  
t h e  f i g u r e .  The v a r i a t i o n  i n  g e o m e t r y  n e c e s s a r y  t o  p r o d u c e  t h e  f o u r  s i d e  feed 
a n t e n n a s  is ignored  s o  t h a t  o n l y  one g o r e  is modeled for  the  v i b r a t i o n  a n a l y s i s  o f  
t h e  c o m p l e t e  a n t e n n a .  I t  is  b e l i e v e d  t h e  r e su l t s  f o r  t h i s  s i m p l e  model w i l l  be 
c l o s e  t o  t h o s e  f o r  t h e  a c t u a l  geometry and can be u s e d  t o  s t u d y  v a r i a t i o n s  i n  t h e  
many s t r u c t u r a l  pa rame te r s .  There are  57 s t r u c t u r a l  nodes i n  t he  r e p e a t i n g  element  
which is t h e  s i z e  of  t he  model i n p u t  t o  t h e  c o m p u t e r  p rogram.  If  t h e  r e p e a t i n g  
e l e m e n t  is indexed i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  24 times, t h e  complete  model is 
o b t a i n e d .  For c l a r i t y ,  o n l y  one  ha l f  t he  t o t a l  model is shown i n  t h e  f i g u r e .  A l l  
t he  members excep t  t he  hoop are t e n s i o n e d  cables so  t h a t  most of the  nodes have j u s t  
three degrees of freedom. T h i s  model was g e n e r a t e d  f o r  h a r m o n i c  r e s p o n s e s  h a v i n g  
t w o  o r  m o r e  c i r c u m f e r e n t i a l  w a v e s .  T h e  c e n t r a l  c o m p r e s s i o n  mast d o e s  n o t  
p a r t i c i p a t e  i n  these modes a n d  is  n o t  shown i n  t h e  m o d e l .  T h e  f i n a l  v a l u e s  of  
member s t i f f n e s s  a n d  p r e t e n s i o n  are  n o t  known a t  p r e s e n t  s o  t h a t  f r equency  r e s u l t s  
are  n o t  a v a i l a b l e .  

REPEATING ELEMENT 
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15 M HOOP COLUMN ANTENNA DYNAMIC CHARACTERIZATION WITHOUT SURFACE 

T h e  dynamic  c h a r a c t e r i z a t i o n  o f  a n  a n t e n n a  must be performed on bo th  a n  ex- 
p e r i m e n t a l  and a n a l y t i c a l  b a s i s .  E x p e r i m e n t a l  d a t a  i s  i n v a l u a b l e  i n  v e r i f y i n g  
a n a l y s i s  a s s u m p t i o n s  a n d  i n  d e t e r m i n i n g  e f f e c t i v e  material p r o p e r t i e s  when u s i n g  
composi te  s t r u c t u r e s .  On t h e  o t h e r  hand, a n a l y s i s  can i d e n t i f y  c l o s e l y  spaced  modes 
t h a t  may o t h e r w i s e  b e  o v e r l o o k e d  i n  a test program. Shown below is t h e  15 M hoop 
column an tenna  p r i o r  t o  s u r f a c e  i n s t a l l a t i o n .  A l so  shown a r e  t h e  s t e p s  t a k e n  t o  
c h a r a c t e r i z e  i t s  v i b r a t i o n  behav io r .  P r i o r  t o  surface i n s t a l l a t i o n  o n l y  t h e  upper 
and lower hoop s u p p o r t  cables are p r e s e n t .  A t r i p o d  o f  s i x  i n c h  aluminum t u b e s  was 
a t t a c h e d  t o  t h e  column t o  s u p p o r t  t h e  an tenna .  The f l e x i b i l i t y  of the  t r i p o d  sup- 
p o r t  was i n c l u d e d  i n  t h e  a n a l y s i s  m o d e l s .  S i n c e  t h e  B U N V I S  a n a l y s i s  c o m p u t e r  
p r o g r a m  may b e  u n f a m i l i a r  t o  t he  reader, i t  is descr ibed b r i e f l y  on the  f i g u r e  and 
t h e  B U N V I S  r e p e a t i n g  e l e m e n t  f o r  t h e  1 5  M a n t e n n a  i s  s h o w n .  

48 MEASUREMENTS ON HOOF 
4 MEASUREMENTS ON COLUMN 

ANALYZED ANTENNA WlTH TEST BOUNDARY CONDITIONS VIA 

NASTRAN (525 DEGREES OF FREEDOMI 
BUNVIS (84 DEGREES OF FREEDOM) 

0 BUNVIS USES REPEATING ELEMENTS TO MODEL THE ANTENNA 

REPEATING ELEMENT 15 M ANTENNA 
\ 

HOOF CABLES 

COLUMN 

HOOF CARLE 

/ 
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COMPARISON OF T E S T  AND A N A L Y S I S  FREQUENCIES 

Test da t a  has been r educed  and compared t o  bo th  a n a l y t i c a l  models i n  t h e  t a b l e  
shown be low.  A n a l y s i s  c o n s i s t e n t l y  p r e d i c t e d  h igher  f r e q u e n c i e s  t h a n  t e s t  data f o r  
t h e  f irst  three modes. A n a l y s i s  p r e d i c t s  t h e  f o u r t h  a n d  f i f t h  modes t o  o c c u r  a t  
l o w e r  f r e q u e n c i e s  t h a n  t es t  da ta  i n d i c a t e s .  Some p o s s i b l e  r e a s o n s  f o r  t he  t es t  and 
a n a l y s i s  d i s c r e p a n c i e s  are d i s c u s s e d  on t h e  n e x t  char t .  Note t h e  damping d a t a  ob- 
t a i n e d  from the  t e s t  program is c o n s i d e r a b l y  h i g h e r  t h a n  t h e  one-half  t o  one p e r c e n t  
c r i t i c a l  damping u s u a l l y  assumed f o r  l a r g e  space  s t r u c t u r e s .  

FREQUENCY [HZ) DAMPING MODE SHAPE 
[c/c CRITICAL) 

NASTRAN BUNVIS TEST 

HOOP TORSION 0.078 0.084 0.067 0.035 

HOOP ROCKING/ 
COLUMN BENDING 0.969 1.39 0.785 0.12 

HOOP INPLANE MOTION/ 
COLUMN BENDING 1.61 2.05 1.36 0.041 

HOOP OUT-OF-PLANE 
TRANSLATION 7.24 7.10 7.50 UNKNOWN 
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POSSIBLE SOURCES OF ERROR BETWEEN ANALYSIS  AND TEST 

Three major s o u r c e s  of e r r o r  are p o s s i b l e  i n  dynamic models of  s t r u c t u r e s  s u c h  
a s  t h e  15 M Hoop Column an tenna .  Composite material p r o p e r t i e s  are sometimes d i f -  
f i c u l t  t o  model a t  low s t r a i n  l e v e l s  because the  f ibe r s  are  n o t  stressed u n i f o r m l y .  
T h i s  r e s u l t s  i n  n o n l i n e a r  E A  p r o p e r t i e s  as v e r i f i e d  by t e s t s  of  the  hoop s u p p o r t  
cables. Another s o u r c e  of  e r r o r  i n v o l v e s  modeling o f  i n e r t i a l  p r o p e r t i e s .  T o t a l  
mass is  o f t e n  a v a i l a b l e  t o  t h e  a n a l y s t ,  however  mass moments of i n e r t i a  of  i n -  
d i v i d u a l  p a r t s  are  r a r e l y  m e a s u r e d .  T h i s  is  b e l i e v e d  t o  a c c o u n t  f o r  t h e  e r r o r  
b e t w e e n  t e s t  a n d  a n l y s i s  f o r  t h e  f o u r t h  mode. The l a s t  s o u r c e  o f  e r r o r  d e s c r i b e d  
h e r e i n  is t h e  modeling of j o i n t s .  T r a d i t i o n a l l y  j o i n t s  are mode led  a s  r i g i d  l i n k s  
i n  t h e  a n a l y s i s  w h i c h  a c c o u n t s  f o r  t h e  t e s t  f r e q u e n c i e s  u s u a l l y  be ing  lower t h a n  
a n a l y s i s  p r e d i c t i o n s .  The f o l l o w i n g  c h a r t  shows a new a p p r o a c h  f o r  m o d e l i n g  o f  
j o i n t s  t o  accoun t  f o r  t h e i r  s t i f f n e s s  and damping. 

EA, El,  GJ ILAMINATE ANALYSIS PERFORMED) 
NONLINEARITIES (CABLE A E  MEASURED) 

0 MASS A N D  ROTATIONAL INERTIAS 

ACCURATE MODELING OF JOINT MASSES REQUIRED 

0 JOINT FLEXIBILITES A N D  NONLINEARITES 

NEED JOINT MODELS TO CHARACTERIZE JOINT STIFFNESS 
A N D  DAMPJNG CONTRIBUTIONS 
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ANALYSIS OF JOINT STIFFNESS AND DAMPING 

An a p p r o a c h  f o r  d e v e l o p i n g  j o i n t  m o d e l s  i s  t o  measure t h e  l o a d  d e f l e c t i o n  
c u r v e s  o f  a s t a t i s t i c a l  s a m p l e  o f  j o i n t s  u s e d  i n  a s t r u c t u r e .  Then u s i n g  t h e  
m e a s u r e d  d a t a  a n  e m p i r i c a l  model is d e v e l o p e d  s u c h  as the  one shown below. The 
c o e f f i c i e n t s  of  t he  e m p i r i c a l  model are determined s u c h  t h a t  t h e  s q u a r e d  e r r o r  i s  
minimized ove r  t h e  o p e r a t i n g  l o a d  d e f l e c t i o n  r ange  of  the  j o i n t .  T h i s  r e s u l t s  i n  an 
empirical j o i n t  model which may be i n c o r p o r a t e d  i n  t h e  o v e r a l l  s t r u c t u r e  model  f o r  
t h e  p r e d i c t i o n  o f  s t i f f n e s s  a n d  damping character is t ics .  Shown below is a l o a d  
d e f l e c t i o n  c u r v e  o b t a i n e d  by i d e n t i f y i n g  t h e  c o e f f i c i e n t s  o f  t h e  model  shown t o  
minimize t h e  s q u a r e d  e r r o r  from s i m u l a t e d  j o i n t  data. 

EMt’lKICAL hI0bE;LS DEVELOPED TO ACCOUNT FOK NONLINEAR 
STIFFNESS, COULOMB FRICTION A N D  VISCOUS DAMPING 

COEFFICIENTS DETERMINED BY A LEAST SQIJAKES ERROR 
klINIMIZATION METHOD WITH MEASURED LOAD-DEFLECTION CURVES 

EMPIRICAL MODEL 

Y -100 

COMPARISON OF SIMULATED JOINT LOAD DEFLECTION 
WITH EMPIRICAL ANALYSIS MODEL 
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EFFECT OF CABLE S L A C K E N I N G  ON SYSTEM FREQUENCY 

Systems w h i c h  d e p e n d  o n  cables  t o  p rov ide  s t i f f n e s s  can s u f f e r  s t i f f n e s s  and 
hence f r equency  r e d u c t i o n  when t h e  pr imary s t r u c t u r e  moves i n  s u c h  a f a s h i o n  s o  as  
t o  a l l o w  a cab le  t o  go slack. S i n c e  cables are u s u a l l y  l i g h t l y  loaded ,  s l a c k e n i n g  
of  cables is p o s s i b l e .  T h i s  c h a r t  e x a m i n e s  a s i m p l e  s p r i n g / m a s s / d a m p e r  s y s t e m  
s t i f f e n e d  by a set  a p r e t e n s i o n e d  cables. Frequency depends on t h e  sys t em re sponse  
ampl i tude .  The dash-dot cu rve  i n d i c a t e s  t h e  d e c r e a s i n g  system f r e q u e n c y  a s  p e a k  
a m p l i t u d e  of m o t i o n  i n c r e a s e s .  When t h e  peak motion exceeds an ampl i tude  a t  which 
t h e  cable would s l a c k e n  i n  a s t a t i c  e n v i r o n m e n t ,  t h e  s y s t e m  f r e q u e n c y  s t a r t s  t o  
decrease even  more r a p i d l y .  Also d e p i c t e d  on t h e  f i g u r e  is a second dash-dot cu rve  
which i n c r e a s e s  i n  f r equency  w i t h  i n c r e a s i n g  a m p l i t u d e  of dynamic  m o t i o n .  T h i s  
f r e q u e n c y  i s  a s s o c i a t e d  w i t h  cable l a t e r a l  motion and s t i f f e n s  as t h e  ampl i tude  of  
t he  l a t e ra l  motion i n c r e a s e s .  

E 

STATIC SLACK 
AMPLITUDE ----- 

DECREASING SYSTEM 

INCREASING CABLE 
FREQUENCY 

I 

.5 .75 1 1.25 

FREQUENCY WITH SLACKENING- 
FREQUENCY WITHOUT SLACKENING 
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DISTRIBUTED ACTIVE D A M P I N G  FOR FLEXIBLE STRUCTURES 

A d e s i g n  t e c h n i q u e  f o r  t h e  d i s t r i b u t i o n  of  damping on f l e x i b l e  s t r u c t u r e  w i l l  be 
f o r m u l a t e d  which i n c l u d e s  t h e  f o r c e / t o r q u e  l i m i t a t i o n  of  t h e  a c t u a t o r s  which w i l l  be 
used as a c t i v e  dampers. I t  is assumed t h a t  a l a r g e  f i n i t e  element model e x i s t s  which 
describes t h e  s t r u c t u r e .  

The d e s i g n  t e c h n i q u e  w i l l  f irst reduce t h e  o r d e r  of  t h e  f i n i t e  e lement  model. Next,  
a c t i v e  damping g a i n s  w i l l  be determined f o r  a g iven  d i s t u r b a n c e  while  n o t  a l l o w i n g  
t h e  a c t u a t o r s  t o  s a t u r a t e .  The d e s i g n  problem is cast  as an o p t i m i z a t i o n  problem t o  
be s o l v e d  by a n o n l i n e a r  mathematical programming a l g o r i t h m .  F i n a l l y ,  the d e s i g n  
r e s u l t s  are p u t  i n  t h e  o r i g i n a l  f i n i t e  element model and t h e  performance r e q u i r e m e n t s  
which are  s ta ted  as p a r t  of t he  o p t i m i z a t i o n  problem are v e r i f i e d .  

OBJECTIVE: TO DETERMINE ACTIVE DAMPING GAINS FOR 
FLEXIBLE STRUCTURES WHILE CONSIDERING 
DISTURBANCE MODELS, ACTUATOR LIMITS, AND 
STRUCTURAL PERFORMANCE CRITERIA 

i GIVEN: A LARGE FINITE ELEMENT MODEL OF A FLEXIBLE 
STRUCTURE, A DISTURBANCE MODEL, AND 
PERFORMANCE REQUIREMENTS 

DEVELOP: REDUCED ORDER MODEL TO BE USED IN DAMPER 
DESIGN 

ACTIVE DAMPING GAINS SUCH THAT ACTUATORS 
DO NOT SATURATE 

OPTIMIZATION FORMULATION 

VERIFIED DYNAMIC RESPONSES THAT SATISFY 
PERFORMANCE REQUIREMENTS 
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OPTIMIZATION FORMULATION 

The g o a l  of t h e  d e s i g n  p rocess  is t o  de t e rmine  t h e  g a i n s  of t he  d i a g o n a l  damping 
m a t r i x ,  C. I t  is assumed t h a t  the mass and s t i f f n e s s  matrices of t he  s t r u c t u r e  are 
known v i a  some f i n i t e  e lement  f o r m u l a t i o n .  A l so ,  i t  is a s s u m e d t h a t  t h e  d i s t u r b a n c e  
is known and t h a t  s p a c e c r a f t  performance r e q u i r e m e n t s  ( i .e .  l i n e - o f - s i g h t  e r r o r  o r  
minimum v i b r a t i o n  a m p l i t u d e )  e x i s t  which ma themat i ca l ly  d e f i n e  t h e  c o n d i t i o n s  which 
m u s t  be ach ieved  t o  e n s u r e  a c c e p t a b l e  m i s s i o n  performance. A t  t h e  same time i t  i s  
recogn ized  t h a t  a c t u a t o r s  which w i l l  be used t o  damp t h e  s t r u c t u r e  are l i m i t e d  i n  
t he i r  f o r c e / t o r q u e  o u t p u t .  

S t a r t i n g  w i t h  t h e  undamped s t r u c t u r e ,  t h e  modes and f r e q u e n c i e s  are c a l c u l a t e d  and 
some smaller se t  of modes is used t o  then  reduce t h e  damped e q u a t i o n s  of motion t o  a 
small s e t  of f irst  o r d e r  e q u a t i o n s .  The o b j e c t i v e  f u n c t i o n  used i n  t h e  o p t i m i z a t i o n  
a l g o r i t h m  minimizes t h e  energy d i s s i p a t e d  d u r i n g  t h e  c o n t r o l  c y c l e .  F i n a l l y ,  t h e  
m i s s i o n  performance r e q u i r e m e n t s  which might be r e sponse  limits are d e f i n e d  as 
i n e q u a l i t y  c o n s t r a i n t s  i n  t h e  o p t i m i z a t i o n  a l g o r i t h m .  

GIVEN: MASS AND STIFFNESS MATRICES, DISTURBANCE 
FORCE, AND PERFORMANCE REQUIREMENTS 

DETERMINE: DIAGONAL DAMPING MATRIX, C 

METHOD: M %  * K x = o  
iG 

A , @  

REDUCED MODEL 

OBJECTIVE FUNCTION: MINIMIZE DISSIPATION 
ENERGY 

CONSTRAINTS: RESPONSE LIMITS 
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OPTIMIZATION RESULTS U S I N G  A GRILLAGE EXAMPLE 

R e s u l t s  are  o b t a i n e d  u s i n g  a g r i l l a g e  as an example i n  t he  d e s i g n  p r o c e s s .  A 
d i s t u r b a n c e  is app l i ed  t o  t h e  c e n t e r  of  t h e  lower edge o f  the  gr i l lage .  T h i s  
d i s t u r b a n c e  is a p p l i e d  i n  t h e  time i n t e r v a l  from 0 t o  0.5 seconds and is shown on t h e  
r i g h t  of t h e  s l i d e .  From 0.5 t o  5.5 seconds the  a c t u a t o r s  are t u r n e d  on and i t  is 
r e q u i r e d  t h a t  t h e  r e s p o n s e  ampl i tude  of  the f o u r  c o r n e r s  of the  gr i l lage  be less t h a n  
0.1 i n c h e s  a t  t h e  end of  t h e  c o n t r o l  pe r iod .  From 5.5 t o  10 seconds there is no 
c o n t r o l  bu t  t h e  r e s p o n s e  is monitored t o  e n s u r e  t h a t  no peak e x i s t s  i n  t h i s  time 
p e r i o d  which exceeds the  performance r equ i r emen t s .  

The bars  drawn normal t o  t h e  surface of  the  g r i l l a g e  i n d i c a t e  t he  l o c a t i o n  of  t he  
a c t u a t o r s  and t h e  l e n g t h  of  the  bar is p r o p o r t i o n a l  t o  t h e  g a i n  a t  t he  p a r t i c u l a r  
l o c a t i o n .  Only f o r c e  a c t u a t o r s  are c o n s i d e r e d  i n  t h i s  g r i l l a g e  example model. 

see. 
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CLOSED-LOOP SIMULATION U S I N G  O R I G I N A L  F INITE ELEMENT MODEL 

The displacement a t  g r i d  point 1 (lower l e f t  corner) of the g r i l l a g e  model is shown 
below. These r e s u l t s  were obtained using NASTRAN w i t h  the or ig ina l  f i n i t e  element 
model, the damping forces  simulated as  a follower force calculated from the r a t e  a t  
the corresponding g r i d  point locat ion,  and the disturbance applied t o  the model as 
shown i n  the previous s l i d e .  Note tha t  the peak displacement from 5.5 t o  10 seconds 
does not exceed t h e  specif ied value of .1 inches. 

DISPLACEMENT, IN. 
AT GRID POINT 1 
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CLOSED-LOOP SIMULATION U S I N G  O R I G I N A L  FINITE ELEMENT MODEL 

S a t u r a t i o n  of t he  a c t u a t o r s  is cons ide red  i n  t h e  d e s i g n  a l g o r i t h m  and t h e  damping 
f o r c e  a p p l i e d  a t  g r i d  p o i n t  1 is shown i n  t h e  s l i d e  below. The s a t u r a t i o n  l i m i t  is 
assumed t o  be 21 pound f o r c e .  From the  p l o t  i t  is s e e n  t h a t  t h e  s a t u r a t i o n  l i m i t  is 
n o t  exceeded. Again, these r e s u l t s  were o b t a i n e d  from N A S T R A N  w i t h  t he  c l o s e d  l o o p  
model. 

DAMPING FORCE. .q 
POUNDS, 
GRID POINT I 

H - .Y 

I I SATURATION LIMIT = $1 POUND I 
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SUMMARY 

Cand ida te  computer programs f o r  a n a l y t i c a l  d e p l o y m e n t  s i m u l a t i o n  e x i s t ,  b u t  
u n t i l  p r o g r e s s  is  made o n  i m p r o v i n g  t h e  time i n t e g r a t i o n  o f  t h e  e q u a t i o n s  f o r  
deployment s i m u l a t i o n ,  problem s i z e  w i l l  be e f f e c t i v e l y  l i m i t e d  by s o l u t i o n  c o s t .  
S i m u l a t i o n  c o s t s  c a n  be  r e d u c e d  by  e i t h e r  development of  bet ter  time i n t e g r a t i o n  
a l g o r i t h m s  o r  u s e  of  c o n c u r r e n t  p r o c e s s i n g  computer hardware. F o r  t h e  d e p l o y e d  o r  
erected a n t e n n a ,  r e p e t i t i v e  a n a l y s i s  is a v i a b l e  aproach t o  r e d u c i n g  a n a l y s i s  e f f o r t  
i n  computing v i b r a t i o n  modes and f r e q u e n c i e s ,  b u t  a c c u r a t e  p r o p e r t i e s  of a n t e n n a  
c o m p o n e n t s  mus t  b e  measured and used  i n  t h e  a n a l y s i s  i f  good c o r r e l a t i o n  w i t h  t e s t  
i s  t o  be accomplished.  T h i s  i n c l u d e s  i m p r o v e d  m o d e l i n g  o f  j o i n t s  e s p e c i a l l y  i n  
t h e i r  n o n l i n e a r  b e h a v i o r .  F o r  cable s t i f f e n e d  a n t e n n a s ,  i t  is i m p e r a t i v e  t o  a l s o  
have t h e  s t r u c t u r e  i n  e q u i l i b r i u m  t o  a f i n e  o r d e r  o f  p r e c i s i o n  u n d e r  t h e  cab le  
p r e t e n s i o n  l o a d s  u s e d  i n  t h e  a n a l y s i s .  V i b r a t i o n  c o n t r o l  s t u d i e s  need t o  i n c l u d e  
r e a l i s t i c  c o n s t r a i n t s  of  a c t u a t o r  c a p a b i l i t y  and such realism is now b e i n g  a d d e d  t o  
s u c h  s t u d i e s .  

CANDIDATE COMPUTER PROGRAMS EXIST FOR DEPLOYMENT, 
BUT ARE LIMITED TO SMALL PROBLEMS ESPECIALLY IF 
MEMBERS ARE FLEXIBLE 

-NEW TIME INTEGRATION ALGORITHM AND PERHAPS 
ASSOCIATED FORMULATION 

- CONCURRENT PROCESSING MUST BE EXPLOITED 

REPETIVITE ANALYSIS GREATLY REDUCES COMPUTATIONAL 
EFFORT IN ANTENNA VIBRATIONS 

0 ACCURATE PROPERTIES OF ANTENNA COMPONENTS NEEDED 
TO ACHIEVE GOOD TEST/ANALYSIS CORRELATION 

NONLINEAR JOINT BEHAVIOR IMPORTANT TO FREQUENCY 
AND DAMPING PREDICTIONS 

0 ANALYTICAL STUDIES IN VIBRATION CONTROL NOW 
ACCOUNTING FOR SOME REALISTIC LIMITATIONS 
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