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ABSTRACT

C o n t ro l  pow er r e q u i r e m e n t s  f o r  b a l l o o n - t e l e s c o p e  

sy s te m s  a r e  c o n s i d e r e d  f o r  v a r i o u s  t e l e s c o p e  m oun tin g  con­

f i g u r a t i o n s ,  The e q u a t io n s  o f  m o tio n  a b o u t  t h e  a z im u th  

a x i s  o f  a  t h r e e - a x i s  sys tem  a r e  d e v e lo p e d  and  p e r fo rm a n c e  

I s  o p t im iz e d  to  g i v e  a  minimum r e q u i r e d  c o n t r o l  pow er. 

A p p l i c a t i o n s  a r e  made to  t h e  MP o l a r i s c o p e  I 11 b a l l o o n - t  e l  e -  

scop e  system*

v l



I. INTRODUCTION

V ery h ig h  a l t i t u d e  M l l o o n  f l i g h t s  a r e  a c h ie v e d  by 

maximum w e ig h t,  r e d u c t i o n  o f  b o t h  t h e  b a l l o o n  and  p a y lo a d .  

One o f  t h e  l a r g e r  w e ig h t  i t e m s  i n  b a l l o o n - t e l e s c o p e  

s y s te m s  i s  t h e  pow er source*  w h ich  i s  u s u a l l y  composed 

o f  b a t t e r i e s *  O th e r  s o u r c e s ,  such  a s  n u c l e a r  pow er, may 

be  r e q u i r e d  f o r  v e r y  l a r g e  t e l e s c o p e  s y s te m s .  The pow er 

consumed by t h e  e l e c t r i c a l  com ponen ts  a n d  t h e  d u r a t i o n  

o f  f l i g h t  d e te r m in e  t h e  q u a n t i t y  o f  b a t t e r i e s  r e q u i r e d *  

C o n s id e r a b l e  am ounts  o f  e l e c t r i c a l  power a r e  consumed 

by  t h e  c o n t r o l  m o to rs  w hich  s t a b i l i z e  t h e  t e l e s c o p e ,  and  

any r e d u c t i o n  i n  t h i s  e l e c t r i c a l  power n o t a b l y  r e d u c e s  

t h e  t o t a l  w e ig h t  o f  t h e  sy s te m . T h e r e f o r e ,  m ethods o f  

a c h i e v i n g  w e ig h t  r e d u c t i o n  by; t h i s  t e c h n iq u e  h a v e  b e e n  

i n v e s t i g a t e d  i n  t h i s  a n a l y s i s *

M ethods o f  t e l e s c o p e  m o u n tin g ,  a r r a n g e m e n t  o f  t h e  

a x e s  o f  r o t a t i o n ,  and  v a r i o u s  means Of s t a b i l i z a t i o n  a r e  

c o n s i d e r e d  on t h e  b a s i s  o f  minimum w e ig h t .  The b e s t  o f  

t h e s e  m ethods i s  e x t e n s i v e l y  a n a ly z e d  t o  d e te rm in e  t h e  

optimum c o n f i g u r a t i o n  w hich  u s e s  minimum c o n t r o l  po w er. 

T h is  c o n f i g u r a t i o n  h a s  been  a p p l i e d  to  t h e  d e s ig n  o f  t h e
- i

" P o l a r l s c o p e  I ” b a l l o o n - t e l e s c o p e  system*

1



I I  DISCUSSION OF BALLOON-TELESCOPE SYSTEMS

P la ce m e n t o f  l a r g e  a s t r o n o m i c a l  t e l e s c o p e s  above  t h e  

e a r t h ' s  a tm o s p h e re ,  w here  v ie w in g  I s  u n im p a i r e d ,  i s  a  

l o g i c a l  e x t e n s i o n  i n  e x p e r im e n ta l  a s t ro n o m y e S e v e ra l  

means a r e  a v a i l a b l e  f o r  d o in g  t h i s  a t  t h e  p r e s e n t  t im e .

The u s e  o f  l a r g e  b a l l o o n s  t o  l i f t  t h e s e  a s t r o n o m i c a l  i n ­

s t r u m e n t s  t o  v e r y  h ig h  a l t i t u d e s  i s  one a v a i l a b l e  m ethod . 

A n o th e r  means i s  t o  r o c k e t  l a u n c h  them e i t h e r  f o r  s h o r t -  

d u r a t i o n  f l i g h t  o r  i n t o  a  s a t e l l i t e  o r b i t  i n  sp ace  above  

t h e  e a r t h ' s  a tm o s p h e re .  B oth  m ethods r e q u i r e  a  s t a b i l i z e d  

p l a t f o r m  to  h o l d  t h e  t e l e s c o p e  i n  f i x e d  o r i e n t a t i o n  w h i l e  

v ie w in g  a  g iv e n  o b j e c t  i n  s p a c e ,  A r e m o te ly  c o n t r o l l e d ,  

g y r o - s t a b i l i z e d  sy s tem  i s  r e q u i r e d .  T hese  sy s tem s  a r e  

e x p e n s iv e  and v e r y  c o m p l ic a te d ,  A b a l l o o n  la u n c h e d  t e l e ­

scop e  sy s tem  i s  c o n s i d e r a b l y  l e s s  e x p e n s iv e  th a n  t h e  

o r b i t i n g  s a t e l l i t e ,  b u t  t h e  v ie w in g  t im e  p e r  f l i g h t  i s  

much l e s s .  However, many e x p e r im e n ts  r e q u i r e  a  r e l a t i v e l y  

s h o r t  v ie w in g  t im e ,  and  t h e r e f o r e  b a l l o o n - 1 e le s c o p e  

sy s te m s  a r e  q u i t e  a d v a n ta g e o u s .
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Many c o n f i g u r a t i o n s  o f  t h e  t e l e s c o p e  s t a b i l i z a t i o n  

p l a t f o r m  a r e  p o s s i b l e *  A minimum o f  two a x e s  o f  r o t a t i o n  

i s  r e q u i r e d  i n  o r d e r  t h a t  t h e  t e l e s c o p e  can  b e  f i x e d  on 

any p o i n t  i n  t h e  sky and  be  c o n t r o l l e d  t o  t h a t  p o in to  

T hese  two a x e s  o f  r o t a t i o n  a r e  a r r a n g e d  so t h a t  t h e y  a r e  

p e r p e n d i c u l a r  t o  e ach  o t h e r ,  an d  can  b e  o r i e n t e d  i n  any  

c o n v e n ie n t  m anner I n  t h e  g o n do la*  A much u s e d  o r i e n t a t i o n ,  

such  a s  " S t r a to s c o p e  I 1*, shown i n . F ig u r e  2 , 1 ,  h a s  an  

a z im u th  a x i s  and  an  e l e v a t i o n  a x i s .  The e l e v a t i o n  a x i s  

i s  f i x e d  h o r i z o n t a l l y  i n  t h e  g o n d o la ,  and  t h e  t e l e s c o p e  

i s  a b l e  t o  r o t a t e  a b o u t  t h i s  a x i s  from  a  h o r i z o n t a l  to  a  

v e r t i c a l  v ie w in g  p o s i t i o n .  The t e l e s c o p e  and  t h e  g o n d o la  

r o t a t e  a s  a  u n i t  a b o u t  t h e  v e r t i c a l  a z im u th  a x i s ,  A d i s ­

a d v a n ta g e  o f  t h i s  a r ra n g e m e n t  i s  t h e  h ig h  moment o f  i n ­

e r t i a  a b o u t  t h e  a z im u th  a x i s ,  a s  t h e  w hole  g o n d o la  m ust 

be  r o t a t e d  a lo n g  w i th  t h e  t e l e s c o p e  f o r  m o tio n  a b o u t  t h i s  

a x i s .  T h is  h ig h  i n e r t i a  r e q u i r e s  more c o n t r o l  pow er, and  

t h u s  more b a t t e r y  w e ig h t ,  t h a n  a  sys tem  i n  w h ich  o n ly  t h e  

t e l e s c o p e  h a s  t o  move. Such a  sys tem  r e q u i r e s  a  t h i r d  

a x i s  o f  r o t a t i o n .  The t e l e s c o p e  i s  m ounted  i n s i d e  a  

g im b a l  r i n g  w hich  a l l o w s  m o tio n  a b o u t  b o th  an  e l e v a t i o n  

and  a  c r o s s - e l e v a t i o n  a x i s .  T h is  c o n f i g u r a t i o n  i s  shown 

i n  F ig u r e  2 , 1 , ,  The moments o f  i n e r t i a  a b o u t  b o th  a x e s  , 

a r e  t h u s  s m a l l , The e l e v a t i o n  a x i s  i s  a g a i n  f i x e d



h o r i z o n t a l l y  I n  t h e  g o n d o la a and  t h e  g im b a l  r i n g  l e  a b l e  

t o  r o t a t e  a b o u t  t h i s  a x i s .  The c r o s s - e l e v a t i o n  a x i s  i s  

f i x e d  i n  t h e  g im b a l  r i n g  a t  r i g h t  a n g le s  t o  t h e  e l e v a t i o n  

a x i s ,  and  th e  t e l e s c o p e  i s  a b l e  t o  r o t a t e  a b o u t  " th is  a x i s  

t h r o u g h  a  sm a ll  a n g l e .  The t e l e s c o p e  and  t h e  g im b a l r i n g  

r o t a t e  a s  a  u n i t  a b o u t  t h e  e l e v a t i o n  a x l e .  The t h i r d  a x i s  

w ould  be  a g a in  t h e  v e r t i c a l  a z im u th  a x i s  i n  t h e  gondo lao  

I f  t h e  c o n t r o l  on t h e  a z im u th  a x i s  w ere  an  i n t e r m i t t e n t  

o n e ,  w i th  t h e  a z im u th  c o n t r o l  m otor b e in g  r e q u i r e d  to  

O p e r a te  o n ly  a  s m a l l  p e r c e n t a g e  o f  t h e  t im e ,  t h e  t o t a l  

c o n t r o l  power r e q u i r e d  w ould be  l e s s  t h a n  t h a t  r e q u i r e d  

f o r  t h e  tw o - a x i s  sy s te m . T h is  i s  t h e  t y p e  o f  t h r e e - a x i s  

sy s tem  w hich  w i l l  be  o p t im iz e d  I n  t h i s  t h e s i s .  A more 

c o m p le te  d i s c u s s i o n  o f  v a r i o u s  b a l l o o n - t e l e s c o p e  sy s te m s  

i s  p r e s e n t e d  i n  R e f e r e n c e  1 .

S e v e r a l  e x t e r n a l  t o r q u e s  a b o u t  t h e  a z im u th  a x i s  o f  

t h r e e - a x i s  b a l l o o n - t e l e s c o p e  sy s te m s  can  b e  e x e r t e d  on t h e  

g o n d o la  o r  t h e  t e l e s c o p e .  R o t a t i o n  o f  t h e  b a l l o o n  w i l l  

p ro d u c e  a  t o r q u e  a t  th e  c o n n e c t in g  l i n k  b e tw ee n  th e  sh ro u d

l i n e s  and  t h e  g o n d o la .  An ae ro d y n am ic  t o r q u e  w i l l  be  p r o ­

d u c e d  on t h e  t e l e s c o p e  by a  s i d e  w ind b lo w in g  on t h e  sy s tem  

o r  by  t h e  pendulum  m otion  o f  t h e  g o n d o la  sw in g in g  be low  

t h e  b a l l o o n  a s  i t  moves th r o u g h  t h e  a i r .  A g r a v i t a t i o n a l



t o r q u e  w i l l  be  p ro d u c e d  d u r i n g  pendulum  m o tio n  i f  t h e  

c e n t e r  o f  g r a v i t y  o f  t h e  sy s tem  i s  n o t  l o c a t e d  on t h e  

a z im u th  a x is *

The t o r q u e  p ro d u c e d  by r o t a t i o n  o f  t h e  b a l l o o n  on 

t h e  c o n n e c t in g  l i n k  sh o u ld  be  a s  low  a s  p o s s i b l e ,  so t h a t  

minimum e x t e r n a l  t o r q u e  w i l l  b e  t r a n s m i t t e d  to  th e  sy s te m . 

I f  t h e r e  w ere  a  f r l c t l o n l e s s  l i n k  be tw een  t h e  sh ro u d  

l i n e s  and  g o n d o la ,  t h e r e  w ould  be  no e f f e c t  p ro d u c e d  

by t h e  b a l l o o n  r o t a t i o n  on t h e  g o n d o la .  The t o r q u e s  

p ro d u c e d  by t h e  a e ro d y n am ic  moment and t h e  g r a v i t a t i o n a l  

u n b a la n c e  can  be  c o u n t e r a c t e d  by a c c e l e r a t i o n  o f  an  I n ­

e r t i a  w heel o r  by r e a c t i o n  j e t s .  The sy s tem  to  be con­

s i d e r e d  h e r e  em ploys an i n e r t i a  w heel w hich  i s  shown w i th  

r e s p e c t  to  t h e  r e s t  o f  t h e  sy s te m  i n  F ig u r e  2 ,2 .  I f  a c ­

c e l e r a t i o n  o f  t h e  i n e r t i a  w h ee l c o n t i n u e s  f o r  p r o lo n g e d  

p e r i o d s  o f  t im e ,  t h e  i n e r t i a  w heel w i l l  e v e n t u a l l y  r e a c h  

i t s  maximum r o t a t i o n a l  speed  and h e n c e  become i n e f f e c t i v e .  

A means o f  r i d d i n g  t h e  i n e r t i a  w heel o f  i t s  a n g u la r  momen­

tum m ust be  s u p p l i e d  i f  t h e  a z im u th  c o n t r o l  i s  t o  r e m a in  

e f f e c t i v e .  The b e s t  I n e r t i a l  s in k  f o r  t h e  w hee l momentum 

i s  t h e  b a l l o o n  i t s e l f ,  w hich  h a s  a  v e r y  l a r g e  moment o f  

I n e r t i a  a s  com pared  to  t h e  i n e r t i a  w h e e l .
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The i n e r t i a  w heel momentum must be  t r a n s f e r r e d  

by f r i c t i o n ,  th r o u g h  t h e  r o t a t i n g  c o n n e c t in g  l i n k  and  

i n t o  t h e  sh ro u d  l l n e s o  The amount o f  t h i s  f r i c t i o n a l  

t o r q u e  sh o u ld  be  J u s t  s u f f i c i e n t  t o  t r a n s f e r  t h e  ex­

c e s s  momentum s u p p l i e d  to  t h e  I n e r t i a  w h ee l by t h e  a e r o ­

dynam ic and  g r a v i t a t i o n a l  u n b a la n c e d  t o r q u e s .  The e f ­

f e c t  o f  b a l l o o n  r o t a t i o n  on t h e  sys tem  i s  t h u s  m in im iz e d .  

The s h ro u d  l i n e s  m ust have  an a d e q u a te  s p r i n g  c o n s t a n t  

t o  r e s i s t  t h e  c o n n e c t in g  l i n k  f r i c t i o n  t o r q u e  so t h a t  t h e  

I n e r t i a  w h e e l ' s  e x c e s s  momentum can be t r a n s f e r r e d  to  

t h e  b a l l o o n .  A lso  t h e  sh ro u d  l i n e s  must be  s t i f f  enough 

so t h a t  t h e y  do rio t w ind  up i n t o  a  r o p e - l i k e  c o n f i g u r a t i o n  

w hich  can  r e s i s t  o n ly  a  v e r y  sm a ll  amount o f  t o r q u e .  

S t i f f n e s s  o f  t h e  sh ro u d  l i n e s  i s  a c h ie v e d  by em ploy ing  

a  l a r g e  s p a c in g  b e tw ee n  t h e  i n d i v i d u a l  sh ro u d  l i n e s  a t  

t h e  c o n n e c t in g  l i n k .

A n o n r o t a t i n g  c o n n e c t in g  l i n k  c o u ld  be  u s e d  on 

b a l l o o n - t e l e s c o p e  sy s te m s ,  b u t  t h i s  ty p e  o f  l i n k  w ould  

be  v e r y  w a s t e f u l  o f  a z im u th  c o n t r o l  pow er, and  would a l s o  

c a u s e  t h e  a z im u th  c o n t r o l  t o  be  l e s s  s t a b l e  i n  o p e r a t i o n .  

T h is  ty p e  o f  c o n n e c t in g  l i n k  h a s  t h e r e f o r e  n o t  b een  con­

s i d e r e d  i n  t h i s  a n a l y s i s .



I l l  DEFINITION OF SYSTEM

3 .1  Model o f  A zim uth  System

A sc h e m a t ic  model show ing t h e  com ponents w h ich  s i g ­

n i f i c a n t l y  a f f e c t  t h e  a z im u th  a n g u la r  m o tio n  o f  t h r e e - a x i s  

b a l l o o n - t e l e s c o p e  sy s te m s  i s  g iv e n  i n  F ig u r e  3 -1 •  The 

t h r e e  i n e r t i a l  m asses  o f  t h e  b a l l o o n ,  i n e r t i a  w heel and  

g o n d o la  a r e  shown» The a n g u l a r  p o s i t i o n s  o f  t h e  v a r i o u s  

com ponen ts  a r e  shown i n  t h e i r  r e s p e c t i v e l y  d e f i n e d  p o s i t ­

i v e  d i r e c t i o n s *  The v a r i o u s  t o r q u e s  w hich  e x i s t  on t h e  

sy s tem  a r e  a l s o  shown i n  t h e i r  p o s i t i v e  d i r e c t i o n s -  And 

t h e  t o r s i o n a l  s p r i n g . c o n s t a n t  o f  t h e  sh ro u d  l i n e  su s p e n ­

s io n  sy s tem  i s  shown-

The a z im u th  d r i v e  sy s te m , shown i n  F ig u r e  3= 2, i s  

composed o f  t h r p e  com ponen ts :  t h e  a z im u th  s h a f t ,  t h e  

c o n t r o l  m o to r ,  and  t h e  g e a r  box -  The i n e r t i a  w heel i s  

r i g i d l y  f a s t e n e d  t o  t h e  a z im u th  s h a f t -  The s h a f t  I s  

m ounted  i n  b e a r i n g s  t o  t h e  g o n d o la -  The g e a r  box and  t h e  

c o n t r o l  m otor a r e  m ounted t o  t h e  g o n d o la ,  and  d r i v e  t h e  

s h a f t  - R o t a t i o n  o f  t h e  c o n t r o l  m o to r p ro d u c e s  r e l a t i v e  

m o tio n  be tw een  t h e  g o n d o la  and t h e  i n e r t i a  w hee l-  When­

e v e r  t h e r e  I s  r e l a t i v e  m otion  b e tw een  t h e  tw o, t h e  c o n t r o l



m o to r  s h a f t  I s  r o t a t in g ®  D u r in g  t h i s  m o tio n  t h e  c o n t r o l  

m o to r  may o r  may n o t  be  s u p p ly in g  to r q u e  t o  t h e  sy s te m .

I f  no t o r q u e  i s  b e in g  s u p p l i e d ,  t h e  f r i c t i o n  i n  t h e  b e a r ­

i n g s  o f  t h e  a z im u th  s h a f t ,  t h e  g e a r  box , and  t h e  c o n t r o l  

m o to r  t e n d s  t o  s to p  t h e  r e l a t i v e  m o tio n  b e tw ee n  t h e  gon­

d o l a  and  i n e r t i a  w h e e l .  T h is  f r i c t i o n a l  t o r q u e  i s  a lw ay s  

o p p o s in g  t h e  r e l a t i v e  r o t a t i o n a l  m o tion  w h i l e  t h e  c o n t r o l  

m o to r  may s u p p ly  t o r q u e  i n  e i t h e r  t h e  same o r  t h e  o p p o s i t e  

d i r e c t i o n .  The r e s u l t a n t  t o r q u e  on t h e  sy s tem  when t h e  

m o to r  i s  o p e r a t i n g  may t h e r e f o r e  be  g r e a t e r  t h a n ,  o r  l e s s  

t h a n  t h e  i d e a l  t o r q u e  p ro d u c e d  by t h e  m o to r  and  g e a r  bo x . 

T h is  r e s u l t a n t  t o r q u e  dep en d s  upon t h e  t y p e  o f  m o tio n  

w h ich  p r e v a i l s ®  Thus, t h e  f r i c t i o n a l  t o r q u e  and  t h e  i d e a l  

c o n t r o l  m o to r  t o r q u e  m ust b e  t r e a t e d  s e p a r a t e l y  i n  t h i s  

sy s te m .

The g e n e r a l  c o n d i t i o n s  w hich  h a v e  b e en  assum ed f o r  

t h e  a z im u th  sy s tem  a r e  p r e s e n t e d  be low . The moment o f  

i n e r t i a  o f  t h e  b a l l o o n  i s  assum ed  t o  be v e r y  l a r g e  i n  com­

p a r i s o n  t o  t h e  moments o f  t h e  g o n d o la  o r  t h e  I n e r t i a  

w h e e l .  The w e ig h t  o f  t h e  b a l l o o n  i s  a p p r o x im a te ly  e q u a l  

t o  t h a t  o f  t h e  sum o f  t h e  I n e r t i a  w heel a n d  g o n d o la ,  and  

most o f  t h i s  w e ig h t  i s  l o c a t e d  a t  a  v e ry  l a r g e  r a d i u s ,  

t h u s  m aking t h e  moment o f  i n e r t i a  o f  t h e  b a l l o o n  v e r y
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l a r g e  com pared t o  t h a t  o f  e i t h e r  t h e  g o n d o la  o r  o f  t h e  

I n e r t i a  w h e e l .  The moments o f  I n e r t i a  o f  t h e  g o n d o la  and  

I n e r t i a  w heel a r e  assum ed t o  b e  In  t h e  same o r d e r  o f  mag­

n i t u d e .

The a z im u th  m o to r - g e a r  box  o u tp u t  t o r q u e  I s  assum ed 

t o  be  g r e a t e r  t h a n  t h e  f r i c t i o n a l  t o r q u e  o f  t h e . a z i m u t h  

s h a f t  a n d  g e a r  b ox ; t h i s  i s  r e q u i r e d  o f  t h e  a z im u th  m otor  

f o r  i t  t o  be  e f f e c t i v e  I n  r o t a t i n g  t h e  a z im u th  sy s te m . The 

f r i c t i o n a l  t o r q u e  o f  t h e  a z im u th  s h a f t  an d  g e a r  box  i s  a s ­

sumed t o  b e  g r e a t e r  t h a n  t h a t  o f  t h e  c o n n e c t in g  l i n k .  And 

t h e  f r i c t i o n a l  t o r q u e  o f  t h e  c o n n e c t in g  l i n k  i s  assum ed to  

be  g r e a t e r  th a n  t h e  t o r q u e  p ro d u c e d  by t h e  a e ro d y n am ic  and  

g r a v i t a t i o n a l  u n b a la n c e s ,  ,;Thls l a s t  a s s u m p t io n  i s  r e q u i r e d  

so t h a t  s t a b i l i t y  o f  t h e  a z im u th  sy s tem  p r e v a i l s .  A l l  o f  

t h e  a n g u l a r  momentum p ro d u c e d  by t h e  u n b a la n c e d  t o r q u e s  

m ust b e  t r a n s f e r r e d  th ro u g h  t h e  sh ro u d  l i n e s  t o  t h e  

b a l l o o n  w i th  i t s  v e r y  l a r g e  moment o f  i n e r t i a  t o  g iv e  t h e  

sy s tem  s t a b i l i t y .  Hie sh ro u d  l i n e s  must h a v e  a  l a r g e  

s p r i n g  c o n s t a n t  so t h a t  t h e y  can  r e s i s t  t h e  c o n n e c t in g  

l i n k  f r i c t i o n a l  t o r q u e  w i th o u t  w in d in g  up i n t o  a  ro p e  

w hich  w ould b e  u n a b le  t o  r e s i s t ,  any a p p r e c i a b l e  amount o f  

t o r q u e .  These a s s u m p t io n s  r e s u l t  i n  n e a r l y  t h e  same ang u ­

l a r  p o s i t i o n s  o f  t h e  c o n n e c t in g  l i n k  and  t h e  b a l l o o n .
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T h ree  t y p e s  o f  a n g u la r  m o tio n  o f  t h e  a z im u th  sy s tem  

a r e  p o s s i b l e  w i th  t h e  above a s s u m p t io n s :

a„ The g o n d o la ,  t h e  i n e r t i a  w heel and  t h e  b a l l o o n  

a l l  h a v e  d i f f e r e n t  a n g u la r  v e l o c i t i e s ,  

bo The g o n d o la  and  t h e  i n e r t i a  w h ee l h a v e  t h e  same 

a n g u la r  v e l o c i t y  w h i l e  t h e  b a l l o o n  h a s  a  d i f f e r ­

e n t  v e l o c i t y ,

Co The g o n d o la ,  t h e  i n e r t i a  w heel and  t h e  b a l l o o n  

a l l  h a v e  t h e  same a n g u l a r  v e l o c i t y .

M otion  w i th  t h e  same b a l l o o n  a n d  i n e r t i a  w hee l v e l o c i t i e s  

and  a  d i f f e r e n t  g o n d o la  v e l o c i t y  i s  n o t  p o s s i b l e  w i th  t h e  

above  a s s u m p t io n  t h a t  t h e  c o n n e c t in g  l i n k  f r i c t i o n a l  t o r q u e  

i s  l e s s  th a n  t h a t  o f  t h e  a z im u th  s h a f t  and  g e a r  box . Once 

t h e  g o n d o la  and  t h e  i n e r t i a  w hee l r e a c h  t h e  same v e l o c i t y  

t h e y  r o t a t e  t o g e t h e r  a s  a  u n i t  i f  t h e  a z im u th  m otor i s  

o f f .  The f r i c t i o n a l  t o r q u e  p ro d u c e d  by t h e  c o n n e c t in g  

l i n k  i s  n o t  g r e a t  enough t o  c a u s e  r e l a t i v e  m o tio n  b e tw ee n  

t h e  i n e r t i a  w h e e l  and  t h e  g o n d o la .  Thus r e l a t i v e  m o tio n  

b e tw e e n  t h e  c o n n e c t in g  l i n k  an d  t h e  I n e r t i a  w hee l  m ust 

c o n t i n u e  u n t i l  some t im e  a f t e r  t h e  r e l a t i v e  m o tio n  b e tw een  

t h e  i n e r t i a  w h ee l and t h e  g o n d o la  c e a s e s .  M otion  w i th  t h e  

same g o n d o la  an d  b a l l o o n  v e l o c i t i e s  and a  d i f f e r e n t  i n ­

e r t i a  w heel v e l o c i t y  h a s  no s i g n i f i c a n c e  f o r  t h i s  sy s te m .



3 o 2 S ign  C o n v e n tio n

IX

The f o l lo w in g  s ig n  c o n v e n t io n  I s  em ployed i n  t h i s  

a n a l y s i s :

a„ The a n g u l a r  p o s i t i o n s  o f  t h e  g o n d o la ,  t h e

i n e r t i a  w h e e l ,  t h e  b a l l o o n  and  t h e  c o n n e c t in g  

l i n k  a r e  a l l  p o s i t i v e  i n  t h e  same d i r e c t i o n ,  

b .  The c o n n e c t i n g  l i n k  f r i c t i o n a l  t o r q u e  i s  p o s i ­

t i v e  i f  i t  p ro d u c e s  p o s i t i v e  a c c e l e r a t i o n  o f  

t h e  i n e r t i a  w h e e l ,

Co The a e ro d y n am ic  and g r a v i t a t i o n a l  u n b a la n c e  

t o r q u e ,  t h e  f r i c t i o n a l  to r q u e  o f  t h e  a z im u th  

s h a f t  an d  g e a r  box , an d  t h e  a z im u th  m o to r -  

g e a r  box  o u t p u t  t o r q u e  a r e  a l l  p o s i t i v e  i f  

t h e y  p ro d u c e  p o s i t i v e  a c c e l e r a t i o n  o f  th e  

g o n d o la .



3o3 A zim uth S h a f t  and  Gear Box F r i c t i o n

The assum ed c h a r a c t e r i s t i c s  o f  t h e  f r i c t i o n a l  

t o r q u e  p ro d u c e d  i n  t h e  a z im u th  s h a f t  and  g e a r  b o x  

a r e  p r e s e n t e d  i n  F ig u r e  3°3» The a b s o l u t e  v a lu e  o f  

t h i s  f r i c t i o n a l  t o r q u e  i s  assum ed  to  b e  c o n s t a n t = 

The t o r q u e  i s  p o s i t i v e  when t h e  d i f f e r e n c e  o f  t h e  

V e l o c i t i e s  o f  t h e  I n e r t i a  w h e e l  and  o f  t h e  g o n d o la  

i s  p o s i t i v e ,  and  n e g a t i v e  when t h e  d i f f e r e n c e  i s  

n e g a t iv e ®  The u s e  o f  a n t i f r i c t i o n  b a l l  b e a r i n g s  

w i t h  o n ly  a  t h i n  f i l m  o f  s i l i c o n  o i l  on them i s  

a ssu m ed . F r i c t i o n  I s  t h u s  r e d u c e d  to  a  minimum a t  

t h e  s u b - z e r o  t e m p e r a t u r e s  e n c o u n te r e d  by b a l l o o n -  

t e l e s c o p e  sy s tem s  w hich  o p e r a t e  a t  a l t i t u d e s  above 

tw e n ty  m i l e s .  The a s s u m p t io n  o f  Coulomb f r i c t i o n  

i s  t h u s  a  good one f o r  t h i s  t y p e  o f  b e a r i n g  w i t h  

minimum l u b r i c a t i o n .  No l u b r i c a t i o n  w ould  be  

t h e o r e t i c a l l y  r e q u i r e d  o f  t h e s e  b e a r i n g s ,  a s  t h e i r  

l i f e  and  r o t a t i o n a l  sp eed  i s  v e r y  low , b u t  a  t h i n  

f i l m  o f  o i l  i s  r e q u i r e d  to  s to p  c o r r o s i o n .
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3»4 C o n n e c t in g  L ink  F r i c t i o n

The assum ed c h a r a c t e r i s t i c s  o f  t h e  c o n n e c t in g  l i n k  

f r i c t i o n a l  t o r q u e  a r e  shown i n  F ig u r e  3°4„ The a b s o l u t e  

v a l u e  o f  t h i s  t o r q u e  i s  assum ed  c o n s t a n t  f o r  Coulomb 

f r i c t i o n , .  The t o r q u e  i s  p o s i t i v e  when t h e  d i f f e r e n c e  o f  

t h e  b a l l o o n  and t h e  i n e r t i a  w h ee l v e l o c i t i e s  i s  p o s i t i v e .

3o5 C h a r a c t e r i s t i c s  o f  t h e  A zim uth  M otor and  G-ear Box

The assum ed a z im u th  m o to r - g e a r  box o u t p u t  t o r q u e  

c h a r a c t e r i s t i c s  a r e  shown i n  F ig u r e  3 ° 5 • The a b s o l u t e  

v a l u e  o f  t h e  t o r q u e  o u t p u t » when th e  a z im u th  m otor i s  on , 

i s  assum ed c o n s ta n to  The t o r q u e  i s  z e ro  when t h e  m o to r 

i s  o f f = The a z im u th  m otor i s  assum ed to  go on and  o f f  

a t  some g iv e n  a b s o l u t e  v a l u e s  o f  t h e  g o n d o la  a n g u la r  

p o s i t i o n .  The o u t p u t  t o r q u e ,  when t h e  m o to r  i s  on, i s  

n e g a t i v e  f o r  p o s i t i v e  g o n d o la  p o s i t i o n s  and  v i c e  v e r s a .



1 4

3<>6 A erodynam ic and G r a v i t a t i o n a l  U nba lance

Vdien t h e  t e l e s c o p e  I s  i n  a  n e a r l y  h o r i z o n t a l  v ie w in g  

p o s i t i o n ,  t h e r e  w i l l  b e  an a e ro d y n am ic  u n b a la n c e d  t o r q u e  

p ro d u c e d  a b o u t  t h e  a z im u th  a x i s  o f  t h e  g o n d o la  i f  a  r e l a ­

t i v e  w ind i s  b lo w in g  s id ew ay s  on t h e  t e l e s c o p e  l i g h t  s h i e l d .  

Pendulum  m otion  o f  t h e  g o n d o la  be low  t h e  b a l l o o n  can  a l s o  

p ro d u c e  a  s id e  w ind  and t h u s  an a e ro d y n am ic  to r q u e  on t h e  

t e l e s c o p e .

I f  t h e  c e n t e r  o f  g r a v i t y  o f  t h e  g o n d o la  and  i n e r t i a  

w heel d o e s  n o t  l i e  on t h e  a z im u th  a x i s  o f  t h e  sy s tem , a  

t o r q u e  due to  t h e  g r a v i t a t i o n a l  u n b a la n c e  w i l l  be  p ro d u c e d  

a b o u t  t h e  a z im u th  a x i s  when t h e  g o n d o la  i s  moving i n  p e n ­

dulum m o tion  be low  t h e  b a l l o o n .

A n o th e r  t o r q u e  w hich  I s  p r e s e n t  on t h e  g o n d o la  i s  

c a u s e d  by r e a c t i o n  o f  t h e  g im b a l  c o n t r o l  m o to r s .  T h is  

t o r q u e  i s  p ro d u c e d  a b o u t  t h e  c r o s s - e l e v a t i o n  a x i s  o f  t h e  

t e l e s c o p e ,  a s  t h i s  a x i s ,  u n l i k e  t h e  e l e v a t i o n  a x i s ,  i s  n o t  

p e r p e n d i c u l a r  t o  t h e  a z im u th  a x i s .  The c r o s s - e l e v a t i o n  

a x i s  i s  p e r p e n d i c u l a r  t o  t h e  e l e v a t i o n  a x i s  o n l y .  The 

p e r i o d  o f  t h e  c r o s s - e l e v a t i o n  m o tio n  i s  assum ed  to  be  s h o r t  

com pared  to  t h e  p e r i o d  o f  t h e  a z im u th  m o tio n ,  a s  t h e  t e l e ­

scope  c o n t r o l s  h o l d  t h e  t e l e s c o p e  i n  a  n e a r l y  f i x e d  p o s i t i o n



I n  s p a c e  a t  a l l  t im e s*  Thus t h e  t e l e s c o p e  r e a c t i o n  t o r q u e  

I s  assum ed  t o  h a v e  no n e t  e f f e c t  on t h e  a a lm u th  a x i s '  

m otion*

3*7 B a l lo o n  M otion

The t o r s i o n a l  p e r i o d  o f  m o t io n  f o r  b a l l o o n s  o f  t e n  

m i l l i o n  c u b ic  f e e t  volume w h ich  a r e  u s e d  f o r  l i f t i n g  l a r g e  

b a l l o o n - t e l e s c o p e  sy s te m s  i s  a b o u t  15  m i n u t e s ,  a c c o r d i n g  

t o  R e f e r e n c e  2 . T h i s  b a l l o o n  p e r i o d  i s  much l o n g e r  t h a n  

t h e  p e r i o d  o f  a z im u th  m o t io n ,  t h u s  t h e  a s s u m p t io n  h a s  been  

made i n  t h i s  a n a l y s i s  t h a t  t h e  b a l l o o n  a n g u l a r  v e l o c i t y  

can  be  t r e a t e d  a s  a  c o n s t a n t *  'Bie maximum a n g u l a r  v e l o c i t y  

o f  t h e  b a l l o o n  f rom  e x p e r i m e n t a l  d a t a  g i v e n  I n  R e f e r e n c e  

2 i s  a b o u t  one d e g r e e  p e r  s e c o n d ,  (* 0 2  r a d i a n s  p e r  s e c o n d ) .



IV DEVELOPMENT OF EQUATIONS OF MOTION

4 . 1  Motion About t h e  Azimuth A x i s

The law  g o v e r n i n g  a n g u l a r  m ot ion  a b o u t  an a x i s ,  which  

I s  s i m i l a r  t o  N e w to n 's  second  la w  f o r  l i n e a r  m otion  o f  a  

c o n s t a n t  mass , can be  s t a t e d  a s  f o l l o w s :  t h e  summation o f

a l l  e x t e r n a l  t o r q u e s  on a body must be eq u a l  t o  t h e  p r o d u c t  

o f  t h e  moment o f  I n e r t i a  o f  t h e  body and t h e  a n g u la r  a c c e l ­

e r a t i o n  o f  t h e  b od y .

The d e f i n i t i o n  o f  symbols  u s e d  i s  p r e s e n t e d  i n  t h e  L i s t  o f  

N o m e n c la tu re .

Employing t h e  s ig n  c o n v e n t i o n s  g i v e n  i n  Chapter I I I  

a l o n g  w i t h  t h e  c o n d i t i o n s  and a s s u m p t io n s  p r e s e n t e d  t h e r e ,  

two a n g u l a r  e q u a t i o n s  o f  m o t io n  about  t h e  az im uth  a x i s  o f  

b a l l o o n - t e l e s c o p e  s y s t e m s  can be  w r i t t e n .  The g o n d o la  

m o tio n  e q u a t io n  i s  a s  f o l l o w s :

(r a  +  rb + r „ )

and t h a t  o f  t h e  i n e r t i a  w h ee l  i s :

D c ~(U> + 7m) ]  -  Iw & w

16
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ComDinlng t h e s e  two e q u a t i o n s  g i v e s  t h e  g e n e r a l  e q u a t io n  

o f  m o t io n  about  t h e  az im uth a x i s  o f  b a l l o o n - t e l e s c o p e  

s y s t e m s .

The f i r s t  t y p e  o f  a n g u la r  m otion  a b o u t  t h e  az im uth  

a x i s  o f  b a l l o o n - t e l e s c o p e  s y s t e m s  I s  one In  w hich  t h e  

g o n d o l a ,  i n e r t i a  w h ee l  and b a l l o o n  a l l  h a v e  d i f f e r e n t  

a n g u l a r  v e l o c i t i e s .  The e q u a t i o n s  o f  m o t io n  f o r  t h i s  

t y p e  o f  o p e r a t i o n  a r e  d e r i v e d  by s o l v i n g  f o r  t h e  two 

a c c e l e r a t i o n s  i n  E q u a t io n  4 . 1 .  These  a r e :

4 . 1

4.2 Motion During Interval With

4.2

and

4.3
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The a n g u la r  v e l o c i t i e s  o f  t h e  g o n d o la  and t h e  I n e r t i a  

w h e e l  can be  d e t e r m i n e d  by I n t e g r a t i o n  o f  t h e s e  e q u a t i o n s  

w i t h  r e s p e c t  to  t i m e .  I t  i s  assumed t h a t  a l l  o f  t h e  

t o r q u e s  a r e  c o n s t a n t  d u r in g  t h e  t im e  i n t e r v a l  b e i n g  con ­

s i d e r e d , a n d  t im e  i s  measured from th e  b e g i n n i n g  o f  t h e  

I n t e r v a l .  The g o n d o l a  a n g u l a r  v e l o c i t y  I s  d e r i v e d  from  

E q u a t io n  4 . 2 .

From E q u at ion  4 . 3 ,  t h e  a n g u l a r  v e l o c i t y  o f  t h e  i n e r t i a  

w h e e l  i s  d e t e r m i n e d .

Angular  p o s i t i o n s  o f  t h e  g o n d o la  and o f  t h e  i n e r t i a  

w h ee l  a r e  d e t e r m in e d  by i n t e g r a t i o n  o f  E q u a t io n s  4 . 4  and

4 . 5 .  They a r e :

-&G- 4.4

4.5

4 4.6

and

4.7



4 . 3  M o t io n  D u r i n g  I n t e r v a l  W ith
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A second  t y p e  o f  a n g u la r  m ot ion  ab o u t  t h e  az im uth  

a x i s  o f  b a l l o o n ~ t e l e s c o p e  s y s t e m s  I s  one  In  which  t h e  

g o n d o l a  and I n e r t i a  w h ee l  h a v e  t h e  same a n g u la r  v e l o c i t y ,  

w h i l e  t h e  b a l l o o n  h a s  a d i f f e r e n t  v e l o c i t y .  T h is  t y p e  

o f  o p e r a t i o n  can o c c u r  o n l y  when t h e  a z im uth  motor I s  

n o t  o p e r a t i n g .  S o l v i n g  E q u at ion  4 . 1  w i t h  =  1%/) and

(r M = 0) g i v e s

I n t e g r a t i o n  w i t h  r e s p e c t  to  t im e ,  a s su m in g  con­

s t a n t  t o r q u e s  and z e r o  I n i t i a l  t i m e ,  g i v e s  t h e  a n g u la r  

v e l o c i t y  o f  t h e  g o n d o la  and t h e  I n e r t i a  w h e e l .

= (& g-)o 4 . 9

I n t e g r a t i n g  a g a i n  g i v e s  t h e  a n g u l a r  p o s i t i o n s

— (&<s)o + (&g-)o ^  +  (^ G w )'̂ ' 4 . 1 0

and

=  -&G- -  (& Qr)o +  ( ^ O  4 . 1 1

These  two e q u a t i o n s  a r e  n o t  t h e  same b e c a u s e  t h e  i n i t i a l  

p o s i t i o n s  o f  t h e  g o n d o la  and o f  t h e  I n e r t i a  w h e e l  a r e  

d i f f e r e n t .
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4 . 4  Motion During I n t e r v a l  With ( -6^"  &w C o n s ta n t )

A t h i r d  t y p e  o f  a n g u la r  m o t io n  a b o u t  t h e  az im uth  

a x i s  i s  one In  w h ich  t h e  g o n d o l a ,  I n e r t i a  w h e e l  and 

b a l l o o n  a l l  h a v e  t h e  same a n g u l a r  v e l o c i t y .  The a z im u th  

motor I s  I n o p e r a t i v e  f o r  t h i s  t y p e  o f  m o t io n ,  and In  Sec­

t i o n  3#7 ,  a c o n s t a n t  a n g u la r  v e l o c i t y  o f  t h e  b a l l o o n  was  

assum ed .  Thus, t h e  g o n d o la  and I n e r t i a  w h e e l  a c c e l e r a t i o n s  

a r e  e q u a l  t o  z e r o ,  I . e . ,

I n t e g r a t i n g  t w i c e  w i t h  r e s p e c t  t o  t im e  f o r  c o n s t a n t  

t o r q u e s  and zero  I n i t i a l  t im e  g i v e s :

These  two e q u a t i o n s  a r c  n o t  I d e n t i c a l ,  a s  t h e  two I n i t i a l  

p o s i t i o n s  a r e  d i f f e r e n t .

e .  .  .
'&q. — 'O’*  — O

4 . 1 2

and

1%, 4 . 1 3



4 . 5  End C o n d i t i o n  f o r  I n t e r v a l  W ith  ’O s)

Four different Interval end conditions can occur 

because of a torque change:

a. The gondola and inertia wheel can reach the same 

angular velocity

b. The inertia wheel and balloon can reach the same 

angular velocity

c. The azimuth motor can go off

d. The azimuth motor can go on

The time at which the gondola and the inertia wheel

velocities are identical at the end of the interval is  de­

rived from Equations 4.4 and 4.5

The time at which the inertia wheel and balloon have 

the same velocity at the end of the interval is  found from 

Equation 4.5.

The time at which the azimuth motor goes off at the 

end of the interval is  derived from Equation 4.6. This

4.14

4.15
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t i m e  o c c u r s  when [^O q, = a e  e x p l a i n e d  I n  S e c t i o n  3 » 5 .

The t im e  a t  which t h e  az im uth  motor g o e s  on a t  

t h e  end o f  t h e  i n t e r v a l  I s  a l s o  d e r i v e d  from Equat ion

4 . 6 .  T h is  t im e  o c c u r s  when

S ix  d i f f e r e n t  v a l u e s  o f  t im e  can be d e t e r m in e d

from t h e  above  f o u r  e q u a t i o n s ,  4 . 1 4  to  4 . 1 7 .  Of t h e s e  

p o s s i b l e  t i m e s ,  o n l y  t h e  l o w e s t  p o s i t i v e  r e a l  one I s  o f  

i n t e r e s t  and s i g n i f i c a n c e ,  and i t  I s  t h e  c o r r e c t  t im e  

f o r  t h e  end o f  t h e  i n t e r v a l .

4 . 6  End C o n d i t io n  f o r  I n t e r v a l  w i t h  "As/)

Only one  end c o n d i t i o n  can o c c u r  f o r  t h i s  t y p e  

o f  m o t io n :  t h e  a z im uth  motor g o e s  on .  The t im e  a t  which  

t h i s  o c c u r s  I s  d e r i v e d  from E q u a t io n  4 . 1 0 .

The l o w e s t  p o s i t i v e  r e a l  t im e  o f  t h e  two p o s s i b l e  v a l u e s  

I s  t h e  d e s i r e d  t i m e .
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4 . 7  End C o n d i t i o n  f o r  I n t e r v a l  w i t h  = C o n s t a n t )

Again ,  o n l y  one end c o n d i t i o n  o c c u r s  f o r  t h i s  

t y p e  o f  m o t io n ,  nam ely ,  t h e  a z im u th  motor g o e s  on.  The 

t im e  a t  which t h i s  o c c u r s  i s  d e r i v e d  from Equ at ion  4 . 1 2 .

i n e r t i a  w h ee l  o f  b a l l o o n - t e l e s c o p e  s y s t e m s  a r e  shown i n  

F i g u r e  4 . 1  f o r  a c o m p le te  c o n t r o l  c y c l e .  The b e g i n n i n g  

and t h e  end o f  t h e  c y c l e  o c c u r  a t  two s u c c e s s i v e  p o i n t s  

when t h e  az im uth  c o n t r o l  motor g o e s  on.  The t h r e e  t y p e s  

o f  m o t io n  d u r in g  i n t e r v a l s  and f i v e  o f  t h e  p o s s i b l e  s i x  

I n t e r v a l  end c o n d i t i o n s  a r e  shown.

The t im e  d u r in g  t h e  c y c l e  i s  g i v e n  by t h e  f o l l o w ­

i n g  e x p r e s s i o n :

4 . 8  T y p i c a l  Azimuth C o n tr o l  C y c le

T y p ic a l  a c c e l e r a t i o n s  o f  t h e  g o n d o la  and o f  t h e

I t  =(to)n + 1 4 . 2 0

and t h e  t o t a l  c y c l e  t im e  f o r  t h e  az im uth  m otion  o f

b a l l o o n - t e l e s c o p e  s y s t e m s  i s :

t r  & 4 . 2 1



4 . 9  M o t io n  o f  B a l l o o n
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The a n g u l a r  p o s i t i o n  o f  th e  b a l l o o n  i s  g i v e n  by  

t h e  f o l l o w i n g  fo r m u la  f o r  a z e r o  I n i t i a l  a n g l e  and a con ­

s t a n t  a n g u la r  v e l o c i t y :

where i s  g i v e n  by Equat ion  4 . 2 0 .

4 . 1 0  C a l c u l a t i o n  P roced u re

The p r o c e d u r e  f o r  c a l c u l a t i n g  t h e  az im uth  m ot ion  

o f  b a l l o o n - t e l e s c o p e  s y s te m s  i s  p r e s e n t e d  i n  Tab le  4 . 1 .

The c a l c u l a t i o n  p r o c e e d s  one l i n e  a t  a t im e ,  where each  

l i n e  r e p r e s e n t s  one  t im e  i n t e r v a l  o f  th e  m o t io n .  The end  

c o n d i t i o n s  o f  each  I n t e r v a l  must f i r s t  be  d e t e r m in e d  b e f o r e  

p r o c e e d i n g  to  t h e  n e x t  I n t e r v a l ,  a s  t h e  i n i t i a l  c o n d i t i o n s  

o f  any i n t e r v a l  a r e  t h e  end c o n d i t i o n s  o f  t h e  p r e v i o u s  i n ­

t e r v a l .  S t e a d y - s t a t e  m otion  must be d e t e r m in e d  by making  

a s e r i e s  o f  c a l c u l a t i o n s .  Many co m p le te  c y c l e  c a l c u l a t i o n s  

may h a v e  to  be p e r fo rm ed  b e f o r e  t h e  c y c l e  end c o n d i t i o n s  

a r e  found t o  be  t h e  same a s  t h e  i n i t i a l  c o n d i t i o n s .



V "POLARISCOPE I "  APPLICATION

5=1 D i s c u s s i o n

" P o la r  1 s c o p e  1 11 I s  a  r e m o t e l y  c o n t r o l l e d ,  g y r o -  

s t a b i l i z e d  t e l e s c o p e  sys tem  w hich  I s  t o  be  l a u n c h e d  by 

b a l l o o n  t o  an  o p e r a t i n g  a l t i t u d e  o f  1 1 6 ,0 0 0  f e e t .  The 

l a u n c h  w i l l  be  made from t h e  b o t to m  o f  0 1 en Canyon, J u s t  

dow ns tream  from t h e  n e a r l y  c o m p le te d  Glen Canyon Dam on 

t h e  C o lo rado  R i v e r  i n  n o r t h e r n  A r i z o n a ,  S e v e r a l  f l i g h t s  

a r e  p l a n n e d  f o r  t h e  w i n t e r  o f  1 9 6 3 -6 4 ,  The p r i m a r y  t e l e ­

scope  m i r r o r  h a s  a  d i a m e t e r  o f  71  c e n t i m e t e r s ,  o r  a b o u t  

28 i n c h e s .  The p r o j e c t  was aw arded  by t h e  N a t i o n a l  

S c i e n c e  F o u n d a t io n  t o  t h e  I n s t i t u t e  o f  A tm o sp h e r ic  

P h y s i c s  o f  t h e  U n i v e r s i t y  o f  A r i z o n a ,

The o v e r - a l l  p u r p o s e  o f  t h e s e  f l i g h t  e x p e r i m e n t s  

i s  t o  e x t e n d  p o l a r i m e t r y  and p h o to m e t ry  i n  t h e  s tu d y  o f  

d i f f u s e  r a d i a t i o n  w i t h i n  a t m o s p h e r e s  o f  t h e  p l a n e t s ,  and  

o f  t h e  s t a r s  an d  s p a c e .  At p r e s e n t  a  f a i r  amount i s  

known i n  t h e  v i s i b l e  sp e c t ru m .  These  e x p e r i m e n t s  w i l l  b e  

made I n  t h e  u l t r a v i o l e t  r e g i o n  b e tw een  2000 and  3000

25



26

The p h o t o m e t r y  p a r t  o f  t h e  e x p e r i m e n t s  b a s i c a l l y  

m e a s u r e s  t h e  b r i g h t n e s s  o f  t h e  c o l l e c t e d  l i g h t  a t  v a r i o u s  

wave l e n g t h s .  O r g a n i c - s o l u t i o n  and I n t e r f e r e n c e  f i l t e r s  

a r e  u s e d  t o  s e p a r a t e  s e l e c t e d  w a v e - l e n g t h  b a n d s .  The 

p o l a r i m e t r y  p a r t  o f  t h e  e x p e r im e n t  employs a  W o l l a s to n  

p r i s m .  The shape  o f  t h e  p o l a r i z a t i o n  c u r v e  r e c e i v e d  i s  

u s e d  t o  d e t e r m i n e  t h e  s i z e  and  t h e  r e f r a c t i v e  i n d e x  o f  

t h e  p a r t i c l e s  p r e s e n t  i n  t h e  a tm o s p h e r e .  I n  g e n e r a l ,  t h e  

r e s u l t s  o f  t h e s e  e x p e r i m e n t s  w i l l  n o t  show t h e  c o m p o s i t i o n  

o f  e i t h e r  t h e  a tm o s p h e r e  o r  o f  t h e  p a r t i c l e s  i n  t h e  a tm o s ­

p h e r e .  P r e s e n c e  o f  p a r t i c l e s ,  t h e i r  s i z e  and  t h e  d e p t h  o f  

t h e  a tm o s p h e r e  o n l y  w i l l  be  d e t e r m i n e d .  The d i f f u s e  r a d i a ­

t i o n  from d u s t  and  g a s e s  w i t h i n  t h e  a tm o s p h e r e s  o f  p l a n e t s ,  

s t a r s ,  and t h e  I n t e r s t e l l a r  and  p l a n e t a r y  sp a ce  w i l l  be  

s t u d i e d .  R e f e r e n c e  3 g i v e s  a  more c o m p le te  d i s c u s s i o n  o f  

t h e s e  e x p e r i m e n t s .
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An o p e r a t i n g  a l t i t u d e  o f  1 1 6 ,0 0 0  f e e t  was c h o sen  

so t h a t  t h e  e x p e r i m e n t s  would n o t  be  a f f e c t e d  by t h e  ozone  

l a y e r  i n  t h e  e a r t h ' s  a tm o s p h e r e .  T h is  o zon e  l a y e r  i s  m o s t ­

l y  be low  1 1 6 ,0 0 0  f e e t  o n ly  d u r i n g  t h e  w i n t e r  months ;  t h e  

f l i g h t s  w i l l  t h e r e f o r e  be  made o n l y  d u r i n g  t h a t  t im e  o f  

y e a r .  These  h i g h - a l t i t u d e  r e q u i r e m e n t s  n e c e s s i t a t e  t h e  

u s e  o f  t h e  l a r g e s t  a v a i l a b l e  b a l l o o n s  and  l i g h t  p a y l o a d s .

The b a l l o o n  t o  b e  u s e d  f o r  " P o l a r i s c o p e  I "  f l i g h t s  w i l l  be  

t h r e e  h u n d r e d  f e e t  i n  d i a m e t e r ,  and  w i l l  c o n t a i n  t e n  m i l l i o n  

c u b i c  f e e t  o f  h e l i u m  a t  o p e r a t i n g  a l t i t u d e .  The s u s p e n s i o n  

sy s tem  w i l l  be  t h e  l a n d i n g  p a r a c h u t e  and  i t s  sh ro u d  l i n e s  

e x t e n d e d  t o  1 ? 5  f e e t .

The i n e r t i a  wheel  i s  composed o f  600 pounds  o f  

n i c k e l - c a d m iu m  b a t t e r i e s  l o c a t e d  a t  t h e  o u t e r  p e r i p h e r y  o f  

t h e  w hee l  so a s  t o  p r o d u c e  t h e  l a r g e s t  moment o f  i n e r t i a .

The b a t t e r i e s  p e r f o r m  t h r e e  f u n c t i o n s  f o r  t h e  sys tem :  

e l e c t r i c a l  power,  i n e r t i a l  m ass ,  and l a n d i n g  b a l l a s t .  For  

t h i s  l a s t  p u r p o s e ,  i n d i v i d u a l  b a t t e r y  u n i t s  w i t h  p a r a c h u t e s  

can  be  j e t t i s o n e d .  R e l a t i v e  m o t io n  b e tw een  t h e  i n e r t i a  

wheel  and  g o n d o la  i s  p ro d u c e d  by t h e  a z im u th  m otor  and  g e a r  

t r a i n ;  t h e  g o n d o l a  i s  t h u s  c a u s e d  t o  r o t a t e  a b o u t  t h e  

a z im u th  a x i s .
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The t e l e s c o p e  h a s  a  t h r e e - a x i s  o f  m o t io n  sy s te m .  

Two a x e s  a r e  l o c a t e d  on t h e  t e l e s c o p e  g lm b a l ,  a l l o w i n g  

m o t io n  o f  t h e  t e l e s c o p e  i n  e l e v a t i o n  and c r o s s - e l e v a t i o n .  

The t h i r d  i s  t h e  g o n d o la  a z im u th  a x i s .  The t e l e s c o p e  i s  

g y r o - s t a b i l i z e d  a b o u t  t h e  two g lm b a l  a x e s  and  h a s  a  C a s s e -  

g r a i n  m i r r o r  s y s te m .  The f / 2  p r i m a r y  m i r r o r  i s  71 c e n t i ­

m e t e r s  i n  d i a m e t e r ,  and  t h e  C a s s e g r a i n  f o c u s  i s  f / 1 3 -  The 

s e c o n d a r y  m i r r o r  a t  t h e  f o r w a r d  end o f  t h e  t e l e s c o p e  h a s  

a  d i a m e t e r  o f  13 c e n t i m e t e r s .  The main a d v a n t a g e  o f  t h i s  

t y p e  o f  m i r r o r  sys tem  i s  i t s  s h o r t ,  compact s h a p e .  The 

c o l l e c t e d  d a t a  a r e  t e l e m e t e r e d  b a c k  to  t h e  g rou n d  s t a t i o n .

The g o n d o l a  i s  a  s p a c e - f r a m e  c o n f i g u r a t i o n  d e s i g n ­

ed by t h e  a u t h o r ,  and  i s  c o n s t r u c t e d  o f  t h i n - w a l l e d  a lum­

inum t u b i n g .  T h i s  t y p e  o f  c o n s t r u c t i o n  makes f o r  a  v e r y  

s t r o n g  and y e t  l i g h t  s t r u c t u r e ,  a  r e q u i r e m e n t  o f  h i g h - a l t i -  

t u d e  b a l l o o n  f l i g h t s .  The g o n d o l a  f ram e w e ig h s  120 p o u n d s .  

The d e s i g n  a l l o w s  180 d e g r e e s  o f  e l e v a t i o n  m o t io n  and 20 

d e g r e e s  o f  c r o s s - e l e v a t i o n  m o t io n  o f  t h e  t e l e s c o p e .  The 

l a n d i n g  s t r u t s  a r e  o f  new d e s i g n  by t h e  a u t h o r .  They em­

p l o y  t e l e s c o p i n g  t u b e s  c o n t a i n i n g  s ty r o f o a m  p a d s  w h ich  

p r o g r e s s i v e l y  c r u s h  t o  a b s o r b  t h e  l a n d i n g  shock .
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5=2 A ssu m pt io n s  and  V a r i a b l e s

The assum ed c o n s t a n t s  o f  t h e  a z i m u t h  m o t ion  o f  t h e  

" P o l a r i s c o p e  I M b a l l o o n - t e l e s c o p e  sys tem  a r e  p r e s e n t e d  i n  

t h i s  s e c t i o n *  D e s ig n  o p t i m i z a t i o n  o f  t h e  sys tem  p r o d u c e d  

a  moment o f  I n e r t i a  f o r  t h e  I n e r t i a -  w heel  o f  180 f t *  l b .

s e c , 2 and  a  g o n d o l a  moment o f  i n e r t i a  o f  1 5 0  f t ,  l b .  s e c . 2 ,

The f r i c t i o n a l  t o r q u e  p ro d u c e d  i n  t h e  c o n n e c t i n g  

l i n k  s h o u l d  be  a s  low a s  p o s s i b l e  so a s  t o  m in im iz e  t h e  e f ­

f e c t  o f  t h e  b a l l o o n  r o t a t i o n  on t h e  g o n d o la  m o t io n .  T h is  

t o r q u e  must a l s o  be  g r e a t e r  t h a n  t h e  maximum t o r q u e  p r o d u c e d  

by  t h e  sum o f  t h e  a e rod y nam ic  and  g r a v i t a t i o n a l  u n b a l a n c e  

t o r q u e s ,  A maximum o f  =2 f t ,  l b ,  was d e t e r m i n e d  f o r  t h e

ae ro d y n a m ic  and g r a v i t a t i o n a l  u n b a l a n c e  t o r q u e .  Thus a

c o n n e c t i n g  l i n k  f r i c t i o n a l  t o r q u e  o f  =25 f t .  l b .  was c h o se n .

The g o n d o l a  a n g l e  a t  which  t h e  a z im u th  m otor  g o e s  

on must  be  c o n s i d e r a b l y  l e s s  t h a n  t h e  t e n  d e g r e e s  maximum 

a n g l e  t h e  t e l e s c o p e  i s  a b l e  t o  t r a v e l  i n  c r o s s - e l e v a t i o n  

m o t io n  from t h e  n e u t r a l  p o s i t i o n .  A v a l u e  o f  .1  r a d i a n  h a s  

be en  ch o sen  f o r  t h e  g o n d o la  a n g l e  a t  which  t h e  a z im u th  m otor  

g o e s  on .  An i d e a l  a z im u th  m o to r - o n  t o r q u e  o f  5=25 f t .  l b .  

i s  p r o d u c e d  a t  t h e  o u t p u t  o f  t h e  a z im u th  g e a r  box and an 

a z im u th  s h a f t  and  g e a r  box f r i c t i o n a l  t o r q u e  o f  . 5  f t .  l b ,  

o c c u r  a.
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A summary o f  t h e  v a r i o u s  assumed c o n s t a n t s  u s e d  

i n  t h i s  a n a l y s i s  f o l l o w s :

I q. — 150 f t .  l b .  s e c . 2

Tw =  1 8 0  f t .  l b .  s e c . 2

/7c(Imqx ^  o 20  f t . l b  o

jTjr)! ~  O 50 f t  o l b .

lTcl  =  .2 5  f t .  l b .

(Jm) off == 0 f t .  l b .

I(Tm) on/  =  5o25 f t .  l b .

I^bImfx ^  0 r a d . / s e c .

/(^GrhlMFt — o°7 r a d . / s e c .

I'&G-Imfx ~  r a d i a n

I(&q.)onI  ~  - I 0 r a d i a n

Three  v a r i a b l e s  h a v e  be en  i n v e s t i g a t e d  i n  t h i s  

a n a l y s i s .  They a r e :  t h e  a e ro d y n am ic  and g r a v i t a t i o n a l  

u n b a l a n c e  t o r q u e ,  t h e  b a l l o o n  r o t a t i o n a l  r a t e  and  t h e  

g o n d o l a  a n g l e  a t  w hich  t h e  a z i m u t h  m otor  g o e s  o f f .  The 

r a n g e  o f  t h e s e  v a r i a b l e s  i s  a s  f o l l o w s :

0 ^  IT * / ^  . 2 0  f t .  l b .

0 — / ^ /  — o02  r a d . / s e c .

. 08 — ~  °3-0 r a d i a n
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5=3 R e s u l t s

The s t e a d y - s t a t e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  

" P o l a r i s c o p e  I "  a z im u th  c o n t r o l  c y c l e  a r e  p r e s e n t e d  I n  

F i g u r e  5 °1 6 A n g u la r  v e l o c i t i e s  an d  p o s i t i o n s  o f  t h e  b a l l o o n ,  

t h e  g o n d o la  and  t h e  i n e r t i a  w hee l  a r e  shown v e r s u s  t im e  d u r ­

i n g  t h e  c y c l e .  The a n g u l a r  v e l o c i t i e s  v a r y  l i n e a r l y  d u r i n g  

eac h  I n t e r v a l  o f  t i m e  I n  t h e  c y c l e ,  w h i l e  t h e  a n g u l a r  

p o s i t i o n s  v a r y  i n  a  p a r a b o l i c  m anner .  The same i n i t i a l  and  

end c o n d i t i o n s  o c c u r  f o r  each  o f  t h e  t h r e e  v e l o c i t i e s ,  and  

t h e  g o n d o la  p o s i t i o n .  A c y c l e  o c c u r s  b e tw e e n  two s u c c e s s ­

i v e  p o i n t s  when t h e  a z im u th  c o n t r o l  m o to r  g o e s  on.

F i g u r e s  5»1» 5=2, and  5=3 show t h e  o p e r a t i n g  

c h a r a c t e r i s t i c s  o f  t h e  a z im u th  c o n t r o l  c y c l e  f o r  a  b a l l o o n  

v e l o c i t y  o f  . 0 2  r a d i a n s  p e r  se co n d  and a  z e r o  ae ro d y n am ic  

and g r a v i t a t i o n a l  u n b a l a n c e  t o r q u e .  The t h r e e  f i g u r e s  show 

t h e  e f f e c t  o f  v a r i o u s  a z im u th  m o t o r - o f f  c o n d i t i o n s .  F i g u r e  

5=1  shows t h e  c h a r a c t e r i s t i c s  o f  a  sy m m e t r i c a l  o n - o f f  con­

t r o l  where  t h e  g o n d o l a  a n g l e  i s  . 1 0  r a d i a n .  F i g u r e  5=2 

shows t h e  c h a r a c t e r i s t i c s  o f  a  c o n t r o l  w i t h  t e n  p e r  c e n t  

h y s t e r e s i s ,  t h a t  i s  a  g o n d o la  a n g l e  o f  . 0 9  r a d i a n s  a t  t h e  

a z i m u t h  m otor  " o f f "  c o n d i t i o n ,  a  tw e n ty  p e r  c e n t  h y s t e r ­

e s i s  c o n t r o l  I s  shown i n  F i g u r e  5=3= S i n g l e - s t o p  a z im u th
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c o n t r o l  o p e r a t i o n  o c c u r s  f o r  t h e  s y m m e t r i c a l  and  t h e  t e n  

p e r  c e n t  h y s t e r e s i s  c o n t r o l s  w h i l e  d o u b l e - s t o p  o p e r a t i o n  

o c c u r s  f o r  tw e n ty  p e r  c e n t  h y s t e r e s i s .  The a z im u th  m oto r  

o p e r a t e s  o n l y  a t  p o s i t i v e  g o n d o l a  p o s i t i o n s  f o r  s i n g l e ­

s t o p  o p e r a t i o n  w h i l e  s u c c e s s i v e  p o s i t i v e  and  n e g a t i v e  

g o n d o l a  p o s i t i o n s  o c c u r  f o r  d o u b l e - s t o p  o p e r a t i o n .  The 

s m a l l e s t  a z im u th  m otor  p e r c e n t a g e  o p e r a t i n g  t im e  o c c u r s  

f o r  a  c o n t r o l  w i t h  t e n  p e r  c e n t  h y s t e r e s i s .  The a z im u th  

m otor  o p e r a t e s  a  l a r g e  p e r c e n t a g e  o f  t h e  t im e  when d o u b l e -  

s t o p  o p e r a t i o n  o c c u r s .  T h is  t y p e  o f  o p e r a t i o n  sh o u ld  be  

a v o i d e d  when minimum u s e  o f  e l e c t r i c a l  power i s  r e q u i r e d .

The o p e r a t i n g  c h a r a c t e r i s t i c s  o f  a  s t e a d y - s t a t e  

a z i m u t h  c o n t r o l  c y c l e  w i t h  t e n  p e r  c e n t  h y s t e r e s i s  and  a  

b a l l o o n  r o t a t i o n a l  v e l o c i t y  o f  . 0 1  r a d i a n s  p e r  seco nd  a r e  

shown i n  F i g u r e  5°^° R e d u c t io n  i n  t h e  b a l l o o n  r o t a t i o n a l  

r a t e  r e s u l t s  i n  a  r e d u c t i o n  i n  a z im u th  m otor  o p e r a t i n g  

t i m e .  T h is  i s  shown I n  F i g u r e  5 ° 5» which  p r e s e n t s  

a z i m u t h  motor  Hon" t im e  i n  p e r  p e n t  v e r s u s  b a l l o o n  angu­

l a r  v e l o c i t y .  An i n c r e a s e  i n  t h e  a e ro d y n am ic  and  g r a v i ­

t a t i o n a l  u n b a l a n c e  t o r q u e  i s .  shown t o  i n c r e a s e  t h e  p e r ­

c e n t a g e  m otor  o p e r a t i n g  t i m e .
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F i g u r e  5»6 shows t h e  t r a n s i e n t - s t a t e  a z im u th  con­

t r o l  c y c l e  c h a r a c t e r i s t i c s .  I n i t i a l  and  f i n a l  c o n d i t i o n s  

o f  t h e  c y c l e  a r e  shown f o r  v a r i o u s  a e ro d y n am ic  and g r a v i ­

t a t i o n a l  u n b a l a n c e  t o r q u e s .  S t a b l e  o p e r a t i o n  i s  shown to  

e x i s t  f o r  i n i t i a l  g o n d o la  a n g u l a r  v e l o c i t i e s  b o t h  g r e a t e r  

t h a n ,  and  l e s s  t h a n  t h e  s t e a d y - s t a t e  v a l u e  a s  t h e  g o n d o la  

v e l o c i t y  t e n d s  to w a rd  t h e  s t e a d y - s t a t e  v a l u e  f o r  a l l  i n i t ­

i a l  c o n d i t i o n s .  The f i n a l  c o n d i t i o n s  o f  t h e  c y c l e  a r e  

a lw a y s  n e a r e r  t h e  s t e a d y - s t a t e  c o n d i t i o n  t h a n  t h e  i n i t i a l  

c o n d i t i o n s ,  t h u s  s t a b l e  o p e r a t i o n  i s  shown t o  e x i s t  f o r  a l l  

i n i t i a l  g o n d o la  v e l o c i t i e s ,

5=4 C o n c lu s io n s

A n e a r l y  s y m m e t r i c a l  a z im u th  o n - o f f  c o n t r o l  c y c l e  

w i t h  a p p r o x i m a t e l y  t e n  p e r  c e n t  h y s t e r e s i s  l a  d e s i r e d  f o r  

t h e  " P o l a r l s c o p e  1 11 b a l l o o n - t e l e s c o p e  sy s te m .  T h is  g i v e s  

a  s t a b l e  s i n g l e - s t o p  t y p e  o f  o p e r a t i o n  w h ich  r e s u l t s  i n  

l e a s t  o p e r a t i n g  t im e  o f  t h e  a z im u th  c o n t r o l  m o to r .  An 

a v e r a g e  az im u th  m o to r  o p e r a t i n g  t im e  o f  a p p r o x i m a t e l y  f i v e  

p e r  c e n t  can be a c h i e v e d  w i t h  t h i s  sy s te m .  The t o t a l  e l e c ­

t r i c a l  power r e q u i r e d  f o r  t h e  c o n t r o l  sy s tem  o f  a  t h r e e -  

a x i s  sys tem  i s  a s  low a s  t h a t  o f  any  o t h e r  sys tem ,  t h u s  

a c h i e v i n g  minimum b a t t e r y  and sy s tem  w e i g h t 0
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. T Torque -  f t , l b .

<x. A n g u la r  A c c e l e r a t i o n  C o n s t a n t  -  -  — — r a d , / s e c , ^

-9- A n g u la r  P o s i t i o n  - - - - - - - - - -  -  r a d i a n s

-©- A n g u la r  V e l o c i t y  -  - -  - -  - -  - -  -  r a d , / s e c ,

-¥• A n g u la r  A c c e l e r a t i o n  -  - -  - -  - -  -  r a d , / s e c ,  ^

S u b s c r i p t  D e f i n i t i o n

0 I n i t i a l  C o n d i t i o n  ( t = 0 )

1 , 2 , 3 —— Time I n t e r v a l  Numbers

a  Aerodynamic  and G r a v i t a t i o n a l  U n ba lance

b Azimuth S h a f t  and  Gear Box F r i c t i o n

B B a l lo o n

C C o n n e c t in g  L ink

G Gondola

GW Gondola  and  I n e r t i a  Wheel a s  a  U n i t

1 F i n a l  C o n d i t i o n  o f  I n t e r v a l  ( t  = )



LIST OP NOMENCLATURE (C o n clu d ed )

S u b s c r ip t  D e f in i t i o n

M A zim uth  M otor -  G ear Box O u tp u t

OFF A zim uth  M otor -  O ff C o n d itio n

ON A zim uth  M otor -  On C o n d itio n

W I n e r t i a  Wheel

'j- End o f  C yc le  C o n d it io n



TWO-AX/S SYSTfM 37

A z im u t h  Sh a f t

Te lesco pe

Elevation Axis

Azim u th  Ax is

THREE-AX/S SYSTEM

Azimuth Shaft

Telesco pe

Elevation Axis

Cr o s s - E levatioa/  Axis

Azim uth  Ax/s

F/GVRE 2 J  TELESCOPE MOUNTMG COA/FIGUFAT/ONS



38

Brlloon

Shroud Lines £  Pam chute

Q

Connect/ng- Lin k  

JT] Sqttery I nert/#  Wheel

Azim uth  Drive

w GQNDOLf)<£ G/mblbd Telescope

F/GLKE e .2  SCHEMATIC OF BALLOON -  TELESCOPE SYSTEM



G e n e r a l  Co n d it io n s

w
Iw  =  is -  
irhl>lTci

I(7m)onI>/Ti /
K » / r j

-Q t-G j

T ypes o f  M onoN  

6% —

(Q  = &w =■&*}_

FIGURE S J  MODEL OF GZIMUTH SYSTEM
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Conn£CT/n & Lin k

■Inertm  WH££L

Az im u t h  Sh s f t

Control M otor

A zim uth  A x is

FIGURE 3 .2  AZIMUTH DF/VE SYSTEM
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£ - - / ■ % /  m ybv  s  o
/& /=  CONSTMF

FIGURE 3 .3  AZIMUTH SHUFE £  GEAR BOX FR/CT/ONGL TORQUE



42

Tc = ± / 7c /  W hen (-Ob ~  A # ) ^  &  

/rc j  = C om r/w r

F/GUR.E 3.4 co m ccr/w c LINK F&CWML TOFQUE



KFm)onI= c o n s ta n t 

- 0

'OFF

FIGURE 3 .5  GZ/MUTH MOTOR-GEDR. BOX OUFPUr TORQUE
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I

I 0

•<t?
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ii
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i

f

iN r s / iM i  Em  Co n d / t/o h s

(&w= o cJ
r
\
I
I

(■$*

•tg1
II

II

( Q =0<x )

II

%

1
f

. # •  •  •
(■&6. = -&w =d)

* ~ z t

t r

I  h ----

I
CoNDir/oA/s D uring- I ntervals

FIGURE 4 J  T/PJCFL DZ/MUEM EONEEOL CYCLE
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/% / SO  FT. LB.I 6  =  ISO FT. LB. SEC! 

! „  =  180  FT. LB. StTCB

PER/OP = 7.96 SEC.
MorOR ON 9.SE % OF P/ME

OFF

0 6 IG

T/m e  ^  I t  ^  S econds
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.A2

0

,04-

I& = /SO Fr IB. SBC? 111/ =.SO FT. LB.
!„  = 180 f t  lb. sec? /Tcj  = .£SFT. LB.
I(Pg) J = - /0  TOD. Ifadtml-S.ZSFT. LB,

'\4r i% =.02 ffd/ sfc. 
Ift&joFtl-.09  TOD.

4 Ta.^0 FT LB.

%

PFFJOD ~  tr- = 23.3S SBC.
MOTOT ON 7.0S% OF T/ME

jL--e-
/)A/ _w r w / "

. . .  . .1 . _ L .  . . 1 . ...! . 1

.6

.4

.Z

0

;Z

.4
0 ^  /Z /6

77/vf ~ Z t  ~  Seconds

24-

JTZ vS;254%C*/̂ -jr7%'/Z- <r%344r%%%/ flXTZf-



ftN
GU
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?S
)D

M
N

S 
ftN

GU
LM

 
V

E
L

O
C

IT
Y

~
R

m
/S

£C
.

h ?

= / s o  ft:  l b . s e c :

I u, =  180  FT. IB. s e c :

-O'

P e r io d  = 14-. 79 S£c.
MOTOR OP 2 6 .9/ 70 O f P/AfE

OTF OFF-ON

S4 /G
T im e ^ 2 t  ~  S eco n d s

F/GURE S 3  STEPDY-SmTE AZIMUTH CONTROL CYCLE
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Period ~ t r =23.G2 sec.
MOTOR ON4.96 7,, OFT/ME

W

OFFON

4-0 248 16

Tim e  —Seconds

FIGURE S .4  STFRD Y-Sm E FZ/MUTH CONTROl CYCLE
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Jq — /SO FT. LB, SEC* 
1^=180 FT LB. SEC:

I

JO
.29

.^9

0

NJ

k:
\

o

0

Bblloon Angvlbr Velocity RBD./SBC.

FIGURE S .S  STEADY-STM E AZIMUTH CONTROL PERFORMANCE
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5 0

JO

I & =  ISO FK13. sec:  

I w = 180 FT LB. S£c: 

W on/  = -1 0  RAO

IU I = .5 0  ft: lb .

jTc! = J S  FT. LB. 

/O m ) on/  ~  F t  LB.

■Ob  £AD./S£C.

I&WoffI  ~ * 09 RfiD, 
fe ) 0 =./& R4D.

&g) o = & )t

Ta~FT. LB.

STEfiDY-SFtirO/

<? .d f  . /#

I n itia l Q o m o ift A n g u la r. V e lo c /ry ~(& G) 0 ^ fo p ./s e c .

FIGURE S .6  TOflNS/ENT- OTfiTE AZ/MUTH CONTROL CYCLE



T/tau 4.! Calculation Procedure 51
a.. General Data

/
%

t/mefA/fEEi/AL

Z
to

SEC.
(to),=#/

$3)0*®

3
£

FELB.sd:

4 S
@g) o
port

£
m 0

7
(fy)o

AAD./SCC.

8
&vv)o

9
4

KnU.
I  Comp -

@ 'oz($ ^)0R.®

n

Q

10

( 4 - 4)o
RAR/SBC;

II

^ " 4 )o

H
N

CT / A

/3
lTbl

J4
ITcI

JS

ITmIon

/G

M ofp
da Ft

/7

fy/ort

® -6>

KnU.



Table 4.1 (Cont/nued)  

b. Solution of Equations 4.E,4.3,4.14 a n o 4-j s

Du r in g - T/m e  ^
. .  -...

/a
To.

P T  /  R

/9
Th Tc

2!
Tm

^2

(Tb-i-rM)
• ft 

± ®

( s e e  FiGUEE 3 .3 ) 

% = ±(§)F C F ® :ZO

(s e e  f /g u e eSA ) 

Tc = ^ ® eoe<S)^0

(SEE F/GURE 3 .5 )

— 3:(f£) OR Tfif ̂  0 (®+<3>

0

23
(r^ iT D )  

F t LB.

® + ©

24-

( % )
Rfia/SEC,

25

oC&

26

&

27

tX-lV

28 29

SEC
^cA,-4)

- f -
<S

w "S"



Ta b l e  4-J (Continued)

c. 5oL unoN  of E q u a tio n s 4 .ig  an d  4 J 7  

Du ring - Tim e  Za/e e x m l , ^ 4 )

53

3 / 3 2 33 3 4 3 5 36 3 7

n (A )o
<X-Gr

i ty o 'f f y o F r ]

SEC s e c 2 RAD. s e c 2— ------------►- s e c .— ------------
( for lr„l>o) (lo w sr, >$

0 < s f ©  A ® <&> ®-<s> v W ± < ® -(3 )

n

0

38

[ (ty o '& G k ti
RFD.

(fo r rM=o) 

® e < 3 >

39

SEC2

47

SEC

43

t i

(LOWEST, > 0)-

±(&)'<3D

— --------------

® ,® 0 O R @



Table 4J  (Conr/nos'd)  5 4

d. Solution of Tquatloa/s  4 .4 ,4Si4.G)4 .7,4.20 amp 4Z2
Du ring  Tim e  In te rv al  )

n

q 
 ̂

t
 

1 __
__

__
__

4 5

I t

SEC?

47

K e X
RW./S£C;

< 3x3$

4 8

i

49

( < j t

JD

A y

57

h
RAD.

& s)o ]rO

© 3 $<2>
(£)+<@ (x
(£5)+4& )

< S)*® (x
<gj)<£&

® £(£3lpjc

5754-53

( ^ T



Table 4-J (Continued)

.a. S o lu tio n  o f  E q u m o h s  4-.S m o  4J8  

D uring  T/me l A / r & m i ^ A )

55

%

Q)

FT. LB. SEC2 

® + < &

6 /

& + T cy

FT. LB.

GZ

tX-GW 
RED,/SEC? RFID.

® + ( a )

SEC?

<&5

*1

0

6%)d
«GV

SEC. S£Ca

€7 G8

cry*

G9

%

<£§ @ )-@ )

\sE{*9

/dz>
(WN£STy *0)

£<£§> -(Q )



Thble 4 J  (Cont/nued)  

f. Solution of equat/oms 4$>4.10> 4 j! }4.20 and 4-.ee 

During 7/me In  term  l ,

70

t

SEC.

71

I t

(D+(z§)

72

SEC?

73

MD./SEC.

74

4=4
7S

(4)o ^
MD.

( D ®

76

RftD

17 78 19

4 v

0 ® + (5 g ) ® + (z z ) © + (& )
[ ( ^ ) c ] r °

® (3 )



T a b le  4-J (C oncluded) 57

g . S o lu tio n  o f  T q u a t/o h s 4J 2 , 4. 13>4-j9J 4-.30) 4.a /£ 4.22 

D uring- Tim e In  r e  a m l , (■££ = =  C o n sta n t)

n
81

GAD.

±(Q)-(£>

sa

ty?G -4% )aJ

c/y1

SJ

6 4 k

R8D.

®(g$>Q

v£C,

<SD
“3 5 “

87 88 89 90

71 -&iv

•ct?11
e<b*II t r

RflD rad. / sec. sec .
g)+<Z3>,
(g)-*-@ ) OR 
(£)+<§?)0 (5) E(S> <s>+@ >

B & )o ]rO

(B > ®


