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FOREWORD 

T h i s  i n t e r i m  s c i e n t i f i c  r e p o r t  p r e s e n t s  t h e  ? - e s u l t s  o f  a  twelve-month 
s t u d y  conducted by B a t t e l l e  Memorial I n s t i t u t e ,  Columbus L a b o r a t o r i e s ,  f o r  t h e  
NASA E l e c t r o n i c s  Resea rch  C e n t e r  i n  p a r t i a l  f u l f i l l m e n t  of  t h e  work r e q u i r e m e n t s  
s f  C o n t r a c t  NAS 12-550. 

The o b j e c t i v e  of  t h i s  s t u d y  was t o  ex tend  t h e  e v a l u a t i o n  t e c h n i q u e s  
developed f o r  a s t r i o n i c s  sys tems which employ a i d e d  i n e r t i a l  guidance sys tems  
o p e r a t i n g  on i n t e r p l a n e t a r y  f l y b y  m i s s i o n s  t o  i n c l u d e  t h e  a s t r i o n i c s  r e q u i r e d  
f o r  o r b i t e r ,  l a n d e r ,  and m u l t i p l e  p l a n e t  swingby m i s s i o n s .  

T h i s  volume p r e s e n t s  a  summary o f  t h e  s t u d y  r e s u l t s ,  d e t a i l e d  t e c h n i c a l  
d i s c u s s i o n ,  recommendations,  and c o n c l u s i o n s .  
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DEVELOPMENT OF AN EVALUATION TECHNIQUE 
FOR INTERPLANETARY MISS I O N  ASTRIONICS 

I n t e r i m  Repor t  f o r  t h e  P e r i o d  of 

February  1, 1969, t o  February  1, 1970 

BATTELLE MEMORIAL INSTITUTE 
Columbus L a b o r a t o r i e s  

INTRODUCTION 

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of  t h e  work on "Development of  a n  
E v a l u a t i o n  Technique f o r  Strapdown Guidance Sys tems", performed i n  accordance  
w i t h  m o d i f i c a t i o n  No. 2  d a t e d  F e b r u a r y  1, 1969, t o  t h e  s t a t e m e n t  of work o f  
C o n t r a c t  No. NAS 12-550. The purpose of  t h i s  m o d i f i c a t i o n  was t o  ex tend  t h e  
e v a l u a t i o n  t e c h n i q u e s  developed f o r  a s t r i o n i c s  sys tems which employ a i d e d  
i n e r t i a l  gu idance  sys tems o p e r a t i n g  on i n t e r p l a n e t a r y  f l y b y  m i s s i o n s  t o  i n c l u d e  
t h e  a s t r i o n i c s  r e q u i r e d  f o r  o r b i t e r ,  l a n d e r ,  and m u l t i p l e  p l a n e t  swingby 
m i s s i o n s .  T h i s  volume p r e s e n t s  a  summary of  t h e  s t u d y  r e s u l t s ,  d e t a i l e d  
t e c h n i c a l  d i s c u s s i o n ,  recommendations,  and c o n c l u s i o n s .  To f u r t h e r  t h e  r e a d e r ' s  
u n d e r s t a n d i n g  of t h e  o r g a n i z a t i o n  of  t h i s  r e p o r t ,  t h e  p r i n c i p a l  i t ems  of  work 
f o r  t h i s  r e p o r t i n g  pe r iod  a r e  l i s t e d  below. 

Added S t u d y  Elements 

The v a r i o u s  t a s k s  performed t o  ex tend  t h e  e v a l u a t i o n  t e c h n i q u e s  
deve loped  f o r  i n t e r p l a n e t a r y  f l y b y  m i s s i o n s  a s t r i o n i c s  s y s t e m s ,  t o  o r b i t e r ,  
l a n d e r ,  and m u l t i p l e  p l a n e t  swingby m i s s i o n  a s t r i o n i c s  were:  

(I) The a d d i t i o n a l  a s t r i o n i c s  r e q u i r e d  f o r  t h e  approach  . 
phase o f  o r b i t e r ,  l a n d e r ,  and m u l t i p l e  p l a n e t  swingby 
m i s s i o n s  were i n c o r p o r a t e d  i n t o  t h e  e f f e c t i v e n e s s  
e v a l u a t i o n  by i n c l u s i o n  of t h e i r  w e i g h t ,  e l e c t r i c a l  
power, r e l i a b i l i t y ,  and a c c u r a c y .  

f 2) The c a p a b i l i t y  t o  i n v e s t i g a t e  t h e  t r a d e o f f s  between 
a t t i t u d e  c o n t r o l  mechan iza t ions  employing gas  r e -  
a c t i o n  j e t s ,  c o n t r o l  moment gyroscopes  (CMG1s) , and 
r e a c t i o n  wheels  was p rov ided .  The impact of f l i g h t  
c o n t r o l  r equ i rements  on a s t r i o n i c s  e f f e c t i v e n e s s  was 
i n c l u d e d  . 



(3 )  Two s p e c i f i c  m u l t i p l e  midcourse  c o r r e c t i o n  s t r a t e g i e s  
approved by t h e  NASA~ERC T e c h n i c a l  Moni tor  were 
i n v e s t i g a t e d  t o  d e t e r m i n e  t h e i r  i n £  luence  on t h e  
pena l t y  f u n c t i o n s .  

(4) The impact o f  t h e  requ i rements  f o r  communications 
between t h e  s p a c e c r a f t  and t h e  E a r t h  were i n v e s t i g a t e d  
t o  d e t e r m i n e  t h e  requ i rements  p laced  on t h e  o t h e r  
a s t r i o n i c s  and t h e  r e s u l t a n t  i n f l u e n c e  on t h e  p e n a l t y  
f u n c t i o n s .  P o i n t i n g  a c c u r a c y ,  s p a c e c r a f t  s t a b i l i z a t i o n  
t e c h n i q u e s ,  i n f o r m a t i o n  r a t e s ,  and power r e q u i r e m e n t s  
were c o n s i d e r e d  i n  d e t e r m i n a t i o n  o f  t h e  communication 
subsys tem paramete r s .  The c a s e  of t h e  s p a c e c r a f t  
b e i n g  e c l i p s e d  by any c e l e s t i a l  body was examined t o  
d e t e r m i n e  t h e  impact on t h e  onboard a s t r i o n i c s .  

(5) The e f f e c t  of  s w i t c h i n g  on and o f f  t h e  v a r i o u s  
a s t r i o n i c s  subsystems d u r i n g  t h e  m i s s i o n  was modeled 
t o  i n c l u d e  t h e  r e l i a b i l i t y  d e g r a d a t i o n  a s s o c i a t e d  
w i t h  t h e  s w i t c h i n g .  

(6) The computer programs developed under  t h i s  c o n t r a c t  
were modi f i ed  and e x e r c i s e d  a t  t h e  w r i t t e n  t e c h n i c a l  
d i r e c t i o n  of t h e  NASAIERC T e c h n i c a l  Moni to r .  

G u i d e l i n e s  

The a d d i t i o n a l  a s t r i o n i c s  r e q u i r e d  f o r  t h e  approach phase of o r b i t e r ,  
l a n d e r ,  and m u l t i p l e  p l a n e t  swingby m i s s i o n s ,  i n  a d d i t i o n  t o  t h e  p r o p u l s i o n  
sys tem r e q u i r e m e n t s  f o r  t h e s e  m i s s i o n s ,  r e q u i r e d  making m o d i f i c a t i o n s  t o  t h e  
p r e v i o u s l y  r e p o r t e d  work (Refe rence  1 ) .  The f a c t o r s  which have t o  be 
c o n s i d e r e d  i n  a p p l y i n g  t h e  e v a l u a t i o n  method a r e  p r i m a r i l y  t h o s e  a s s o c i a t e d  
w i t h  (1) t h e  c l a s s  o f  m i s s i o n s  f o r  which t h e  e v a l u a t i o n  t echn ique  h a s  been 
s p e c i f i c a l l y  deve loped  and (2)  t h e  a s t r i o n i c s  d e s i g n  phi losophy.  

I n t e r p l a n e t a r y  M i s s i o n s  

The e v a l u a t i o n  t e c h n i q u e ,  a s  p r e s e n t l y  s t r u c t u r e d ,  p rov ides  a  measure 
of  index  of a s t r i o n i c s  sys tem performance f o r  t h e  c l a s s  of  i n t e r p l a n e t a r y  
m i s s i o n s .  These m i s s i o n s  i n c l u d e  f l y b y ,  o r b i t e r ,  l a n d e r ,  and o t h e r s  s u c h  a s  
m u l t i p l e  p l a n e t  swingby. 

Flyby.  A s i n g l e  p l a n e t  f l y b y  m i s s i o n  r e q u i r e s  t h a t  t h e  s p a c e c r a f t  
pass  c l o s e  t o  t h e  t a r g e t  p l a n e t  a t  some nominal  p e r i a p s e .  No p r o p u l s i o n  sys tem 
i s  c a r r i e d  f o r  o r b i t  i n s e r t i o n  a b o u t  t h e  t a r g e t  p l a n e t .  The e v a l u a t i o n  of  
a s t r i o n i c s  f o r  t h i s  m i s s i o n  r e q u i r e s  s p e c i f y i n g  t h e  a c c e p t a b l e  p e r i a p s e  



u n c e r t a i n t y  and p r o b a b i l i t y  of  m i s s i o n  f a i l u r e  which c a n  be a t t r i b u t e d  t o  
a s  t r i o n i c s  s y s  tem f a i l u r e .  

O r b i t e r .  An o r b i t e r  m i s s i o n  r e q u i r e s  t h a t  t h e  s p a c e c r a f t  c a r r y  a  
p r o p u l s i o n  s y s  tem c a p a b l e  o f  i n s e r t i n g  t h e  s p a c e c r a f t  i n t o  a  nominal  o r b i t  
abou t  t h e  t a r g e t  body. The i n s e r t i o n  b u r n  u s u a l l y  o c c u r s  a t  nominal  p e r i a p s e .  
The e v a l u a t i o n  of  a s t r i o n i c s  f o r  t h i s  m i s s i o n  r e q u i r e s  s p e c i f y i n g  a c c e p t a b l e  
u n c e r t a i n t i e s  of  t h e  t a r g e t  body o r b i t a l  e l ements  and p r o b a b i l i t y  o f  m i s s i o n  
f a i l u r e  which can be a t t r i b u t e d  t o  a s t r i o n i c s  sys tem f a i l u r e .  

Lander.  A l a n d e r  m i s s i o n  f r e q u e n t l y  has  a l l  t h e  r e q u i r e m e n t s  o f  
a n  o r b i t e r  m i s s i o n  a s  w e l l  a s  t h e  r e q u i r e d  p r o p u l s i o n  sys tem and a s t r i o n i c s  
needed t o  accompl i sh  a  " s o f t "  l a n d i n g .  The e v a l u a t i o n  of  a s t r i o n i c s  f o r  t h i s  
m i s s i o n  r e q u i r e s  s p e c i f y i n g  t h e  nominal  d e s c e n t  burn  t i m e ,  l a n d i n g  a r e a ,  and 
a c c e p t a b l e  p r o b a b i l i t y  o f  m i s s i o n  f a i l u r e  which c a n  be a t t r i b u t e d  t o  a s t r i o n i c s  
s y s  tems . 

M u l t i p l e  P l a n e t  Swingby M i s s i o n s .  A  m u l t i p l e  p l a n e t  swingby m i s s i o n  
r e q u i r e s  s p e c i f y i n g  t h e  v e l o c i t y  and p o s i t i o n  v e c t o r s  a t  each  p l a n e t a r y  
e n c o u n t e r .  D e v i a t i o n s  from t h e s e  nominal  c o n d i t i o n s  w i l l ,  u n l e s s  a d e q u a t e l y  
c o r r e c t e d ,  r e s u l t  i n  e x c e s s i v e  miss parameters  a t  subsequen t  e n c o u n t e r s .  The 
a s t r i o n i c s  e v a l u a t i o n  f o r  s u c h  m i s s i o n s  r e q u i r e s  s p e c i f y i n g  t h e  a c c e p t a b l e  
p o s i t i o n  and v e l o c i t y  u n c e r t a i n t i e s  a t  each e n c o u n t e r  and t h e  p r o b a b i l i t y  of 
m i s s i o n  f a i l u r e  which can  be  a t t r i b u t e d  t o  t h e  a s t r i o n i c s  sys tems .  

M i s s i o n  S e l e c t e d  f o r  A n a l y s i s  

I n  choos ing  t h e  m i s s i o n s  t o  be used f o r  t h e  p r e s e n t  work, t h e  J u p i t e r  
f l y b y  m i s s i o n  d e s c r i b e d  i n  R e f e r e n c e  1 was r e t a i n e d  and a  second m i s s i o n  was 
s o u g h t  f o r  o r b i t e r - l a n d e r  i l l u s t r a t i o n .  A J u p i t e r  o r b i t e r  a n d / o r  l a n d e r  was 
i n i t i a l l y  c o n s i d e r e d .  I n v e s t i g a t i o n  of t h e  f e a s i b i l i t y  of  s u c h  a  m i s s i o n  r e -  
v e a l e d  t h a t  knowledge of  t h e  p l a n e t  i s  l i m i t e d .  The f a c t s  t h a t  t h e  p l a n e t  i s  
l a r g e  and c o l d  a r e  u n d i s p u t e d .  From t h i s  p o i n t ,  however, f a c t  and assumpt ion  
become i n c r e a s i n g l y  i n s e p a r a b l e .  

It is  g e n e r a l l y  assumed t h a t  t h e  p l a n e t  i s  composed of a  s o l i d  c o r e ,  
permanent ly  covered w i t h  a t h i c k  l a y e r  of i c e ,  and su r rounded  by a n  a tmosphere  
of  hydrogen and ammonia. T h i s  a tmosphere  e x h i b i t s  a  d e n s i t y  o f  a b o u t  0.3 

n e a r  t h e  s u r f a c e .  T h e r e f o r e ,  i t  has  been s a i d  t h a t  t h e r e  e x i s t s  no d e f i n i t e  
cm 
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d i v i d i n g  l i n e  between s u r f a c e  and a i r ,  b u t  t h a t  t h e  s u r f a c e  changes  g r a d u a l l y  
from s o l i d  t o  s l u s h  t o  g a s .  It  i s  t h e r e f o r e  n o t  e n t i r e l y  c l e a r  what " l a n d e r "  
shou ld  mean, b u t  i t  i s  d e f i n e d  h e r e  a s  s i g n i f y i n g  a  d e v i c e  t h a t  w i l l  come t o  
r e s t  on s u r f a c e  m a t e r i a l  of  s u f f i c i e n t  d e n s i t y  t o  s u p p o r t  t h e  s p a c e c r a f t ' s  
w e i g h t ,  



I n  examining t h e  requ i rements  f o r  l a n d e r s ,  t h e r e  a r i s e  two d i s t i n c t  
c a s e s :  d i r e c t  l a n d e r s  and i n d i r e c t  l a n d e r s .  D i r e c t  l a n d e r s  a r e  launched from 
E a r t h ,  and land on t h e  p l a n e t  w i t h o u t  f i r s t  go ing  i n t o  o r b i t  around i t .  It i s  
immediate ly  a p p a r e n t  t h a t  i n  t h e  c a s e  of  J u p i t e r  i t  i s  v i r t u a l l y  i m p o s s i b l e  t o  
a c h i e v e  a  s o f t  l a n d i n g  by t h e  d i r e c t  method. The AV t o  be overcome i s  t h e  
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escape  approach  , T h i s  i s  rough ly  e q u a l  t o  t h e  escape  v e l o c i t y  a t  t h e  

s u r f a c e  o f  t h e  p l a n e t  f o r  r e a s o n a b l e  approach  t r a j e c t o r i e s ,  o r  a b o u t  197,300 
f e e t i s e c o n d  ( R e f e r e n c e  2).  There  a r e ,  a t  t h i s  t ime ,  no r o c k e t s  t h a t  c a n  
p rov ide  s u c h  a  AV. 

F o r  a n  i n d i r e c t  l a n d e r ,  t h e  s p a c e c r a f t  i s  f i r s t  pu t  i n t o  a n  o r b i t  
around t h e  p l a n e t ,  and t h e n  a  AV is  a p p l i e d  t o  e f f e c t  t h e  l a n d i n g .  Taking a s  
a  t y p i c a l  c a s e  a n  o r b i t e r  a t  2  p l a n e t  r a d i i  ( n o t e  t h a t  1 r a d i u s  i s  t h e  nominal  
s u r f a c e ) ,  t h e  AV r e q u i r e d  t o  land depends on whether  t h i s  i s  a n  a l l - p r o p u l s i o n  
sys tem o r  a n  aerodynamic sys tem.  

A t  2  r a d i i ,  t h e  e s c a p e  v e l o c i t y  f o r  J u p i t e r  i s  abou t  139,700 
f e e t / s e c o n d ,  and t h e  c i r c u l a r  o r b i t a l  v e l o c i t y  i s  1.39,700/J2 98,700 
f e e t i s e c o n d .  

The o n l y  method t h a t  may c o n c e i v a b l y  work i s  t o  employ p u r e l y  a e r o -  
dynamic b r a k i n g  i n  t h e  e a r l y  phase .  A t  t h e  v e l o c i t y  t h a t  t h e  s p a c e c r a f t  w i l l  
a r r i v e ,  d i r e c t  d e s c e n t  i s  o u t  of  t h e  q u e s t i o n .  R a t h e r ,  t h e  s p a c e c r a f t  shou ld  
b e  a l lowed t o  go i n t o  o r b i t ,  and t h e n  a s  i t  r e p e a t e d l y  passes  th rough  t h e  
o u t e r  a tmosphere  i t  w i l l  s low down enough t o  f i r e  a  r e t r o m o t o r  f o r  t h e  l a n d i n g .  
The s p a c e c r a f t  c a n n o t  be a l lowed t o  employ a  p u r e l y  g r a v i t a t i o n a l  d e s c e n t  be-  
c a u s e  t h e  h i g h  d e n s i t y  of t h e  lower a tmosphere  would cause  i t s  complete  
d e s t r u c t i o n .  C o n s i d e r  a  s p a c e c r a f t  which i s  t o  be i n i t i a l l y  p laced i n  a n  o r b i t  
o f  2 r a d i i  p e r i j o v e  and 20 r a d i i  apo jove .  For  t h e  p r e s e n t  r e f e r e n c e  t r a j e c t o r y  
approach v e l o c i t y  of  58,000 f e e t / s e c o n d ,  t h e  AV r e q u i r e d  f o r  i n s e r t i o n  i n t o  
h h i s  e c c e n t r i c  o r b i t  i s  18,150 f e e t / s e c o n d  ( s e e  Refe rence  3 f o r  c u r v e s  used i n  
c a l c u l a t i o n )  , a s  compared t o  52,400 f e e t l s e c o n d  n e c e s s a r y  f o r  i n s e r t i o n  i n t o  a  
c i r c u l a r  2 - r a d i i  o r b i t .  (Note t h a t  t h e  p r e s e n t  r e f e r e n c e  t r a j e c t o r y  has  a  
much h i g h e r  approach  v e l o c i t y  t h a n  d e s i r a b l e  f o r  o r b i t e r s  o r  l a n d e r s )  . 
Obvious ly ,  i t  i s  more economical  from f u e l  and s c i e n t i f i c  payload c o n s i d e r a t i o n s  
t o  have a  h i g h l y  e c c e n t r i c  o r b i t e r  r a t h e r  t h a n  a  c i r c u l a r  one.  The r e t r o  r e -  
q u i r e d  f o r  l a n d i n g  from t h e  e c c e n t r i c  o r b i t  would,  even  w i t h  aerodynamic b r a k i n g ,  
exceed t e c h n o l o g i c a  1 c a p a b i l i t i e s  f o r  t h e  immediate and f o r e s e e a b l e  f u t u r e .  It  
was t h e r e f o r e  d e c i d e d  t h a t  a l t e r n a t e  o r b i t e r - l a n d e r  m i s s i o n s  be examined. 

Approved NASA m i s s i o n s  were examined and a  Mars o r b i t e r - l a n d e r  was 
s e l e c t e d  due t o  i t s  h i g h  p r o b a b i l i t y  of  b e i n g  r e a l i z e d .  F o r  t h i s  r e f e r e n c e  
m i s s i o n ,  i t  was assumed t h a t  t h e  l a n d e r  was c a r r i e d  a s  p a r t  of  t h e  o r b i t e r ' s  
payload.  The r e a s o n  f o r  t h i s  approach i s  t h a t  t h i s  c o r r e s p o n d s  w i t h  t h e  
p r e v i o u s l y  planned Voyager and p r e s e n t l y  planned Vik ing  m i s s i o n s .  

For  t h e  Voyager and Vik ing  m i s s i o n s ,  t h e  requ i rements  was e s t a b l i s h e d  
t h a t  a n y t h i n g  r e a c h i n g  t h e  Mars s u r f a c e  shou ld  be s t e r i l e .  I n  a d d i t i o n ,  t h e  
d e n s i t y  of  t h e  p l a n e t ' s  a tmosphere  i s  v e r y  low which l i m i t s  t h e  a v a i l a b l e  a e r o -  
dynamic b r a k i n g .  T h i s  n e c e s s i t a t e s  the  l a n d e r  mass be k e p t  a s  low a s  p o s s i b l e .  



T h e r e f o r e ,  t h e  a s t r i o n i c s  subsystems used d u r i n g  t h e  i n t e r p l a n e t a r y  and i n s e r t i o n  
phases  o f  the  m i s s i o n  shou ld  n o t  be i n c l u d e d  i n  t h e  l a n d e r ' s  mass. Only t h o s e  
subsys tems  n e c e s s a r y  f o r  a  s u c c e s s f u l  m i s s i o n  comple t ion  shou ld  be u t i l i z e d .  
The l a n d e r  a s t r i o n i c s  a r e  independent  o f  t h e  ones ana lyzed  d u r i n g  t h e  e a r l i e r  
phases  of  t h e  m i s s i o n .  The r e s u l t s  p resen ted  i n  t h i s  r e p o r t  c o n s i d e r  o n l y  t h e  
a s t r i o n i c s  used from E a r t h  l aunch  t o  Mars o r b i t  i n s e r t i o n .  

A s  t r i o n i c s  Des i ~ n  P h i l o s o p h y  

N a v i g a t i o n  and guidance of  t h e  l aunch  v e h i c l e  which would be used 
f o r  l a u n c h i n g  of i n t e r p l a n e t a r y  probe s p a c e c r a f t  were assumed t o  be under c o n t r o l  
o f  t h e  a s t r i o n i c s  subsystems c o n t a i n e d  above t h e  f i n a l  l aunch  v e h i c l e  s t a g e .  It 
was assumed t h a t  t h e  a s t r i o n i c s  c o n s i d e r e d  i n  t h e  p r e s e n t  work a r e  a n  i n t e g r a l  
p a r t  of  t h e  s p a c e c r a f t  a s  shown i n  F i g u r e  1. It would n o t  be n e c e s s a r y  f o r  
t h e  a s t r i o n i c s  t o  be  a n  i n t e g r a l  p a r t  of t h e  s p a c e c r a f t  i f  o n l y  l aunch  v e h i c l e  
n a v i g a t i o n  and g u i d a n c e  were c o n s i d e r e d .  I n  t h i s  c a s e ,  c e r t a i n  subsystems 
s u c h  a s  t h e  s p a c e c r a f t  a t t i t u d e  c o n t r o l  would n o t  be c o n s i d e r e d  i n  t h e  a n a l y s e s .  
I n  a d d i t i o n ,  a l t e r n a t e  e l e c t r i c a l  e n e r g y  s o u r c e s  s u c h  a s  b a t t e r i e s  would b e  
used i n  t h e  launch v e h i c l e  a s t r i o n i c s .  S i n c e  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  r e -  
p o r t  c o n s i d e r  t h e  a s t r i o n i c s  t o  be p a r t  of t h e  s p a c e c r a f t ,  t h e  s p a c e c r a f t  
e l e c t r i c a  1 energy  s o u r c e ,  p r o p u l s i o n  sys tem,  and a t t i t u d e  c o n t r o l  sys tem a r e  
c o n s i d e r e d  i n  t h e  e v a l u a t i o n .  I n  t h e  c a s e  o f  f l i g h t  c o n t r o l  s y s t e m s ,  i t  i s  
q u i t e  p o s s i b l e  t h a t  c e r t a i n  components of  t h e  sys tem w i l l  be l o c a t e d  on lower 
s t a g e s  of  t h e  l aunch  v e h i c l e .  It  is  a l s o  p o s s i b l e  t h a t  power may be s u p p l i e d  
t o  t h e s e  components from a  s o u r c e  o t h e r  t h a n  t h e  s p a c e c r a f t ' s .  I n  s u c h  c a s e ,  
o n l y  t h o s e  components i n s i d e  t h e  s p a c e c r a f t  a r e  c o n s i d e r e d  f o r  we igh t  and power 
c a l c u l a t i o n s .  A l l  components a r e  c o n s i d e r e d  i n  r e l i a b i l i t y  c a l c u l a t i o n s ,  
t a k i n g  i n t o  accoun t  t h e i r  e f f e c t i v e  p e r i o d s  of  o p e r a t i o n .  

For  a  f l y b y  m i s s i o n ,  s u c h ' a s  t h e  J u p i t e r  f l y b y  examined i n  t h i s  r e -  
p o r t ,  t h e  onboard approach  r a d a r s  shown i n  F i g u r e  1 may n o t  be r e q u i r e d .  F o r  
a n  o r b i t e r - l a n d e r  m i s s i o n ,  s u c h  a s  t h e  Mars m i s s i o n  examined i n  t h i s  r e p o r t ,  
F i g u r e  1 r e p r e s e n t s  t h e  a s t r i o n i c s  of  the  o r b i t e r  s p a c e c r a f t  from launch  
th rough  o r b i t  i n s e r t i o n .  The l a n d e r  i s  assummed t o  c a r r y  i t s  own a s t r i o n i c s  
subsystems t h a t  become a c t i v e  p r i o r  t o  s e p a r a t i o n  from t h e  o r b i t e r .  I n  t h e  
p r e s e n t  e v a l u a t i o n  scheme, t h e  e n t i r e  l a n d e r  i s  c o n s i d e r e d  p a r t  of  t h e  payload.  

The a t t i t u d e  c o n t r o l  u n i t  p rov ides  t h e  r e q u i r e d  t o r q u e s  f o r  s t a b i l i z i n g  
and maneuvering t h e  s p a c e c r a f t .  Var ious  mechan iza t ions  a r e  p o s s i b l e .  The 
mechan iza t ions  t h a t  l e d  t o  t h e  r e s u l t s  r e p o r t e d  h e r e i n  a r e :  

(1 )  A s e t  o f  s i x  p a i r s  of  t h r u s t e r  n o z z l e s  d r i v e n  w i t h  
c o l d  g a s  from a  s i n g l e  t a n k ;  

(2 )  A s e t  o f  f o u r  control-moment g y r o s ;  and 

(3 )  A s e t  of t h r e e  o r t h o g o n a l  r e a c t i o n  wheels .  

Although any of  t h e  t h r e e  mechan iza t ions  may be employed, combina t ions  of  t h e  
t h r e e  a r e  n o t  p e r m i s s i b l e  under  t h e  p r e s e n t  s t r u c t u r e  of  t h e  program. 
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The i n e r t i a l  s e n s i n g  u n i t s  can  be e i t h e r  s t rapdown o r  g imba l l ed .  The 
r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t  c o n s i d e r  o n l y  s t rapdown i n e r t i a l  s e n s i n g  u n i t s .  

A c e n t r a l i z e d  g s n e r a l  purpose  d i g i t a l  computer i s  assumed t o  p rov ide  
a l l  d a t a  management. For  example, t h i s  i n c l u d e s  : 

(1) N a v i g a t i o n ,  gu idance ,  and c o n t r o l  computa t ions ;  

(2 )  P r o c e s s i n g  of  d a t a  i n p u t  and o u t p u t  t o  t h e  communica- 
a t i o n s  subsys  tem; 

(3) C o n t r o l  of a l l  subsystem f u n c t i o n s  s u c h  a s  sequenc ing ;  
and 

(4) Data s t o r a g e  and p r o c e s s i n g .  

Components o f  t h e  communications subsys tem i n c l u d e  b o t h  onboard 
equipment  and Ear th -based  t r a c k i n g  r a d a r s .  The onboard equipment i s  assumed 
t o  c o n s i s t  o f  t h e  n e c e s s a r y  a n t e n n a s ,  t r a n s m i t t e r ,  command d e c o d e r ,  and 
m u l t i p l e x e r .  

Approach r a d a r s  i n c l u d e  b o t h  r a n g e  and r a n g e - r a t e  u n i t s .  They a r e  
used i n  t h e  o r b i t e r - l a n d e r  m i s s i o n  and a r e  o m i t t e d  i n  t h e  f l y b y  m i s s i o n .  

E l e c t r o - o p t i c a l  s e n s o r s  i n c l u d e  h o r i z o n  s e n s o r s ,  s u n  s e n s o r s ,  p l a n e t  
s e n s o r s ,  and g imba l l ed  o r  s  trapdown s t a r  t r a c k e r s .  Exc lud ing  p l a n e t  s e n s o r s ,  
t h e  remain ing  s e n s o r s  have been e v a l u a t e d  f o r  t h e  J u p i t e r  f l y b y  m i s s i o n  
(Refe rence  1 ) .  Sun s e n s o r s  and s t rapdown s t a r  t r a c k e r s  were used i n  t h e  
d e t e r m i n a t i o n  of  t h e  r e s u l t s  p resen ted  i n  a  l a t e r  s e c t i o n  of t h i s  r e p o r t .  

The f l i g h t - c o n t r o l  sys tem i n c l u d e s ,  i n  a d d i t i o n  t o  t h e  computer,  one 
o r  more s e t s  o f  r a t e  g y r o s ,  one o r  more r a t e - i n t e g r a t i n g  g y r o s ,  a  l a t e r a l  
a c c e l e r o m e t e r ,  a n  a n g l e  of a t t a c k  s e n s o r ,  p a s s i v e  f i l t e r s ,  w i r i n g ,  and e l e c t r o -  
mechan ica l  a c t u a t o r s .  These s e n s o r s  may be l o c a t e d  on t h e  l aunch  v e h i c l e  a s  
w e l l  a s  t h e  s p a c e c r a f t .  T h e i r  l o c a t i o n  i s  de te rmined  by c o n t r o l  sys tem 
s t a b i l i t y  a n a l y s i s ,  One o r  more of  t h e s e  components may be m i s s i n g  f o r  a  
p a r t i c u l a r  miss  i o n .  

The e l e c t r i c a l  power s o u r c e  and d i s t r i b u t i o n  network i n c l u d e  t h e  s o u r c e  
of t h e  e l e c t r i c a l  ene rgy  s u c h  a s  a  r a d i o i s o t o p e  t h e r m o e l e c t r i c  g e n e r a t o r  (RTG) 
o r  b a t t e r i e s ,  a s  w e l l  a s  power s u p p l i e s  and w i r i n g .  



The e v a l u a t i o n  t echn iques  developed f o r  a s t r i o n i c s  systems have been 
extended t o  i n c l u d e  a l t e r n a t e  a t t i t u d e  c o n t r o l  c o n f i g u r a t i o n s ,  f l i g h t  c o n t r o l  
subsystems,  communications requ i rements ,  a s t r i o n i c s  s w i t c h i n g  c o n s i d e r a t i o n s ,  
and optimum midcourse c o r r e c t i o n  s t r a t e g i e s .  

Miss i o n  r e q u i r e m e n t s ,  miss  i o n  e v e n t  s c h e d u l e s ,  and s p a c e c r a f t  d e s i g n  
c h a r a c t e r i s t i c s  a r e  c o n s i d e r e d  i n  t h e  e v a l u a t i o n  o f  t h e  e f f e c t i v e n e s s  o f  
c a n d i d a t e  a s t r i o n i c s  sys tems ,  and i n  t h e  d e t e r m i n a t i o n  of t h e  e f f e c t i v e n s s s  o f  
s p e c i f i c  n a v i g a t i o n  u p d a t i n g  and midcourse  c o r r e c t i o n  s c h e d u l e s .  

E f f e c t i v e n e s s  e v a l u a t i o n  i s  based on a  c o s t  e f f e c t i v e n e s s  approach 
w i t h  c o s t  d e f i n e d  t o  be t h e  t o t a l  a s t r i o n i c s  sys tem weight  and e f f e c t i v e n e s s  
d e f i n e d  t o  be t h e  p r o b a b i l i t y  t h a t  t h e  a s t r i o n i c  sys tem o p e r a t e s  c o r r e c t l y .  
Using t h i s  c o s t  o r  w e i g h t  e f f e c t i v e n e s s  model, s e v e r a l  performance i n d i c e s  
have been developed.  These may be broken i n t o  two c a t e g o r i e s .  The f i r s t  
c a t e g o r y  r e q u i r e s  a  s p e c i f i e d  e f f e c t i v e n e s s  o r  p r o b a b i l i t y  of s u c c e s s  and u s e s  
weight  a s  t h e  performance index ,  w h i l e  t h e  second c a t e g o r y  has a  s p e c i f i e d  
weight  a l lowance  f o r  t h e  a s t r i o n i c s  and uses  t h e  i n e f f e c t i v e n e s s  o r  p r o b a b i l i t y  
o f  f a i l u r e  a s  t h e  performance index .  

P e n a l t y  Func t ions  

Three  d i f f e r e n t  p e n a l t y  f u n c t i o n s  were developed d u r i n g  t h e  f i r s t  
phase o f  t h i s  c o n t r a c t  and a r e  d i s c u s s e d  i n  d e t a i l  i n  t h e  T e c h n i c a l  D i s c u s s i o n  
s e c t i o n  o f  t h i s  r e p o r t .  The t h r e e  p e n a l t y  f u n c t i o n s  (modes) a r e  d e f i n e d  a s  
f o l l o w s :  

Mode 1. The p r o b a b i l i t y  of m i s s i o n  f a i l u r e  due t o  l a c k  
o f  a s t r i o n i c s  r e l i a b i l i t y  and a c c u r a c y ,  'FA 

i s  

a  s p e c i f i e d  c o n s t a n t .  Another s p e c i f i e d  c o n s t a n t  
i s  a l l  n o n a s t r i o n i c s  w e i g h t ,  WrA. The p e n a l t y  
f u n c t i o n  i s  t h e  a s t r i o n i c s  s y s  em w e i g h t ,  'AS ' 
and is  o b t a i n e d  by complete  a n a l y s i s  of t h e  
a s t r i o n i c s ,  m i s s i o n  s c h e d u l e ,  and s p a c e c r a f t  d a t a .  
The t o t a l  a s t r i o n i c s  weight  i s  d e f i n e d  t o  be t h e  
sum of t h e  we igh t s  o f :  (1) t h e  a s t r i o n i c s  hardware 
i n c l u d i n g  the  i n e r t i a l  s e n s i n g  u n i t ;  (2 )  t h e  
e l e c t r i c a l  energy  s o u r c e  and d i s t r i b u t i o n  network; 
( 3 )  t h e  a t t i t u d e  c o n t r o l  u n i t ,  WAC; and (4) t h e  
p r o p u l s i o n  sys tem,  

'DV 
. An i n c r e a s e  i n  t h e  

combined a s t r i o n i c s  sys tem weight  n e c e s s a r y  t o  
a s s u r e  a  g iven  i n f l u e n c e ,  by the  a s t r i o n i c s  sys tem,  
on  p r o b a b i l i t y  of m i s s i o n  s u c c e s s  is  r e f l e c t e d  i n  
a n  i n c r e a s e d  launch w e i g h t ,  . W~ 



Mode 2 .  The t o t a l  l aunch  w e i g h t ,  e q u a l  t o  t h e  sum o f  t h e  
n o n a s t r i o n i c s  we igh t  p l u s  t h e  combined a s t r i o n i c s  
sys tem w e i g h t ,  i s  a  s p e c i f i e d  c o n s t a n t .  I n  
a d d i t i m ,  t h e  nonas t r i o n i c s  we igh t  i s  s p e c i f i e d  
a s  i s  t h e  combined a s t r i o n i c s  sys tem w e i g h t .  
Any d e c r e a s e  i n  a s t r i o n i c s  sys tem hardware o r  
power s o u r c e  we igh t  i s  o f f s e t  w i t h  a n  i n c r e a s e  
i n  p r o p u l s i o n  sys tem weigh t  o r  v i c e  v e r s a .  The 
p r o b a b i l i t y  of  m i s s i o n  f a i l u r e  due t o  l a c k  of  
r e l i a b i l i t y  o r  a c c u r a c y  i s  t h e  p e n a l t y  f u n c t i o n .  

Node 3 .  The t h i r d  mode i n v o l v e s  s p e c i f i e d  t o t a l  l aunch  
w e i g h t  and p r o b a b i l i t y  o f  m i s s i o n  f a i l u r e  due t o  
l a c k  of  a s t r i o n i c s  r e l i a b i l i t y  and accuracy .  The 
combined a s t r i o n i c s  sys tem weigh t  i s  t h e  p e n a l t y  
f u n c t i o n .  I n  t h i s  mode, t h e  nonas t r i o n i c s  weight  
( u s e f u l  payload) i s  t h e  d i f f e r e n c e  between t h e  
l aunch  we igh t  and combined a s t r i o n i c s  sys tem 
w e i g h t .  Thus,  f o r  i n c r e a s i n g  W AS 'NA is  reduced .  

The t h r e e  p e n a l t y  f u n c t i o n s  a r e  shown i n  Tab le  I f o r  comparison.  

TABLE I. THREE PENALTY FUNCTIONS FOR EVALUATION 
OF ASTRIONICS SYSTEMS* 

Mode PFA 
'NA 'AS w~ Remarks 

1 F  F  P  V F ixed  N o n a s t r i o n i c s  Weight and 
P r o b a b i l i t y  of  A s t r i o n i c s  F a i l u r e  

2 P  F  F  F  F ixed  T o t a l  Weight and A s t r i o n i c s  
Weight 

3 F  V P  F Fixed T o t a l  Weight and P r o b a b i l i t y  
o f  A s t r i o n i c s  F a i l u r e  

* V 4 V a r i a b l e  w i t h  System, F _D C o n s t a n t ,  P  P e n a l t y  f u n c t i o n .  - - - 

For e a c h  of t h e  modes, t h e  minimum v a l u e  o f  t h e  p e n a l t y  f u n c t i o n  
d e f i n e s  t h e  b e s t  sys tem.  

E v a l u a t i o n s  d i s c u s s e d  i n  t h i s  r e p o r t  were made u s i n g  Mode 3 .  The 
p r o b a b i l i t y  t h a t  t h e  a s t r i o n i c s  sys tem o p e r a t e s  c o r r e c t l y ,  1 - PEA, was s p e c i -  
f i e d  a s  a  m i s s i o n  c o n s t r a i n t  and t h e  combined a s t r i o n i c s  sys tem w e i g h t ,  'AS ' 
i s  t h e  p e n a l t y  and i s  o b t a i n e d  by complete  a n a l y s i s  of t h e  a s t r i o n i c s ,  m i s s i o n  
s c h e d u l e ,  and s p a c e c r a f t  d a t a ,  
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S e n s i t i v i t y  o f  each  p e n a l t y  f u n c t i o n  w i t h  r e s p e c t  t o  s p e c i f i c  sys tem 
hardware parameters  i s  expressed  a s  t h e  p e r c e n t  change i n  p e n a l t y  p e r  p e r c e n t  
change i n  d a t a .  These s e n s i t i v i t i e s  a l l o w  e a s y  d e t e r m i n a t i o n  of  t h e  sys tem 
paramete r s  and components which a f f e c t  t h e  p e n a l t y  f u n c t i o n  most d i r e c t l y  
( l a r g e  s e n s i t i v i t y  magni tude) .  The a l g e b r a i c  s i g n  i n d i c a t e s  which d i r e c t i o n  
t h e  p e n a l t y  changes f o r  a n  i n c r e a s e  i n  t h e  sys tem paramete r .  F u r t h e r  exp lana-  
t i o n  of  t h e  p e n a l t y  f u n c t i o n s  i s  c o n t a i n e d  i n  t h e  T e c h n i c a l  D i s c u s s i o n  s e c t i o n  
o f  t h i s  r e p o r t .  

System Paramete r s  

The pa ramete r s  used i n  t h e  e v a l u a t i o n  t e c h n i q u e s  a r e ,  i n  g e n e r a l :  
(1)  w e i g h t ;  (2)  power; (3 )  m e a n - t i m e - t o - f a i l u r e  (MTTF); ( 4 )  mean c y c l e s  t o  
f a i l u r e  (MCTF) ; and (5) performance which depends upon t h e  f u n c t i o n s  of  t h e  
p a r t i c u l a r  subsystems.  Of t h e s e  pa ramete r s ,  t h e  e s t i m a t i o n  o f  performance 
(accuracy)  of  a i d e d  i n e r t i a l  gu idance  sys tems  which u t i l i z e  a i d  measurements 
and Kalman f i l t e r i n g  i n  t h e  u p d a t i n g  o f  s y s t e m  e r r o r s  is  t h e  most d i f f i c u l t  
t o  a c h i e v e .  

Techniques  t o  c a l c u l a t e  t h e  we igh t  o f  t h e  i n e r t i a l  s e n s i n g  u n i t  (ISU),  
p r o p u l s i o n  subsystem,  computer subsystem,  and power subsystem were developed 
under I t e m  2 of  t h e  c o n t r a c t  and a r e  d i s c u s s e d  i n  Refe rence  4 .  The t o t a l  sys tem 
weigh t  i s  t h e  summation of  t h e  w e i g h t s  of e a c h  of t h e  subsys tems .  The we igh t  
of  t h e  a t t i t u d e  c o n t r o l  sys tem is  e s t i m a t e d  by t h e  methods d e s c r i b e d  i n  
Refe rence  1 and i n  t h e  T e c h n i c a l  D i s c u s s i o n  s e c t i o n  of  t h i s  r e p o r t .  The we igh t  
of  t h e  f l i g h t  c o n t r o l  sys tem i s  e s t i m a t e d  by summing t h e  w e i g h t s  of  t h e  v a r i o u s  
components. The communication subsystem w e i g h t  i s  e s t i m a t e d  f o r  t h e  onboard 
t r a n s m i t t e r  and a n t e n n a .  The weight  o f  t h e  e l e c t r o - o p t i c a l  subsystem i s  t h e  
t o t a l  w e i g h t  o f  a l l  e l e c t r o - o p t i c a l  s e n s o r s  used d u r i n g  t h e  m i s s i o n .  

The power r e q u i r e d  by t h e  a s t r i o n i c s  sys tem i s  e s t i m a t e d  by summing 
t h e  power r e q u i r e d  by e a c h  of t h e  subsystems a s  a  f u n c t i o n  of t h e  sys tem oper -  
a t i n g  schedu le  f o r  t h e  m i s s i o n  of  i n t e r e s t .  The we igh t  of  t h e  power s o u r c e s  
is  e s t i m a t e d  from t h e  r e s u l t i n g  m i s s i o n  power load p r o f i l e .  The peak load 
d e t e r m i n e s  t h e  c a p a c i t y  of  t h e  RTG. The t o t a l  we igh t  of t h e  power subsystem is  
t h e  summation of  t h e  w e i g h t s  of  t h e  RTG, power c o n d i t i o n i n g  and d i s t r i b u t i o n  
equipment ,  and t h e  w i r i n g  between subsys tems .  

The r e l i a b i l i t i e s  of  t h e  ISU, f l i g h t  c o n t r o l  sys tem,  p r o p u l s i o n  sub-  
sys tem,  computer subsys tem,  and power subsys tem a r e  e s t i m a t e d  a s  d i s c u s s e d  i n  
Refe rence  4 .  The r e l i a b i l i t y  of t h e  a t t i t u d e  c o n t r o l  subsystem i s  e s t i m a t e d  
by t h e  methods d e s c r i b e d  i n  t h e  T e c h n i c a l  D i s c u s s i o n  s e c t i o n  of t h i s  r e p o r t  and 
Refe rence  1. The W e i b u l l  d i s t r i b u t i o n  (Refe rence  4) w i t h  a = 1 i s  used f o r  t h e  
communications subsys tem a s  we 11 a s  t h e  e  l e c t r o - o p t i c a  1 s e n s o r s .  The o p e r a t i n g  
t ime f o r  t h e  v a r i o u s  c a n d i d a t e  a i d s  depends upon t h e  m i s s i o n  s c h e d u l e .  I n  
a d d i t i o n ,  t h e  e f f e c t s  of  subsystem s w i t c h i n g  have a l s o  been inc luded  i n  t h e  
r e l i a b i l i t y  c a l c u l a t i o n .  



Computer Programs 

The c a l c u l a t i o a  of  t h e  t h r e e  p e n a l t y  f u n c t i o n s  and t h e  n e c e s s a r y  
e s t i m a t i o n  o f  t h e  sys tem parameters  have been coded i n t o  a  d e c k  of  FORTRAN 
s u b r o u t i n e s .  The s u b r o u t i n e s ,  w i t h  a  s h o r t ,  s i m p l e ,  main program c a l c u l a t e  
t h e  n e c e s s a r y  s y s t e m  paramete r s  and e v a l u a t e  them a c c o r d i n g  t o  t h e  s p e c i f i e d  
pena l t y  f u n c t i o n .  

Data Requirements  

Data needed t o  r u n  t h e  program a r e  d i v i d e d  i n t o  f o u r  c a t e g o r i e s .  
The f i r s t  t h r e e  i n v o l v e  d a t a  d e s c r i b i n g  t h e  m i s s i o n  and s p a c e c r a f t  and i n c l u d e :  
(1 )  i n j e c t i o n  e r r o r  s e n s i t i v i t i e s  a s  computed by t h e  S trapdown E r r o r  A n a l y s i s  
Program (SEAP) o r  P l a t f o r m  E r r o r  A n a l y s i s  Program (PEAP) ; ( 2 )  s t a t e  t r a n s i t i o n  
m a t r i c e s  g e n e r a t e d  by t h e  n-body program; and (3 )  d a t a  d e s c r i b i n g  m i s s i o n  
v a l u e s ,  ISU d e s i g n  v a l u e s ,  and s p a c e c r a f t  subsystems.  The f o u r t h  c a t e g o r y  is 
d a t a  d e s c r i b i n g  c a n d i d a t e  components ( a c c e l e r o m e t e r s ,  gyroscopes ,  e  l e c  t r o -  
o p t i c a l  s e n s o r s ,  communication subsys tem,  and computers)  and i n c l u d e s :  component 
(1)  w e i g h t ,  (2 )  d imens ions ,  (3)  e x c i t a t i o n  power, (4) r e l i a b i l i t y ,  and (5) e r r o r  
c o e f f i c i e n t s .  Computer d a t a  r e q u i r e d  a r e  s i m i l a r  t o  t h a t  f o r  gyros  and 
a c c e l e r o m e t e r s  e x c e p t  t h a t  t h e  n a v i g a t i o n  e r r o r s  a r e  e s t i m a t e d  based upon t h e  
s p e c i f i e d  number of  b i t s  used t o  s t o r e  e a c h  e lement  of  t h e  a t t i t u d e  m a t r i x ,  
a t t i t u d e  upda te  i n t e g r a t i o n  f r e q u e n c y ,  i n t e g r a t i o n  scheme ( r e c t a n g u l a r ,  Runge- 
Kut ta  second o r d e r ,  o r  Runge-Kutta f o u r t h  o r d e r ) .  

Output  Opt ions  

The f o l l o w i n g  t y p e s  of  o u t p u t  a r e  a v a i l a b l e  from t h e  program: 

(1) L e v e l  1 E v a l u a t i o n .  A l e v e l  1 e v a l u a t i o n  produces 
a  1-page r e p o r t  summarizing t h e  a s t r i o n i c s  subsystem 
paramete r s  and t h e  e f f e c t i v e n e s s  e v a l u a t i o n  
c a l c u l a t i o n s  . 

(2) L e v e l  2  E v a l u a t i o n .  L e v e l  2 e v a l u a t i o n  i n c l u d e s  a  
d e t a i l e d  p r i n t i n g  of  a l l  m i s s i o n  o p e r a t i o n s  and e r r o r  
a n a l y s i s  q u a n t i t i e s  a s  a  f u n c t i o n  of  t ime  from t h e  
b e g i n n i n g  of t h e  m i s s i o n  t o  a r r i v a l  a t  t h e  t a r g e t  
p o i n t .  

(3)  S e n s i t i v i t y  A n a l y s i s .  S e n s i t i v i t y  i s  d e f i n e d  t o  be 
t h e  p e r c e n t  change i n  e f f e c t i v e n e s s  per  p e r c e n t  
change i n  a n y  d a t a  v a l u e .  S e n s i t i v i t y  r e p o r t s  may be 
g e n e r a t e d  f o r  a l l  m i s s i o n ,  s p a c e c r a f t ,  and a s  t r i o n i c s  
d a t a  o r  s e l e c t e d  s u b s e t s  of  d a t a .  These r e p o r t s  a i d  
i n  i d e n t i f y i n g  t h e  subsys tem paramete r s  and m i s s i o n  
v a l u e s  w i t h  t h e  g r e a t e s t  impact  on a s t r i o n i c s  
e f f e c t i v e n e s s .  



(4) Optimum System S e l e c t i o n .  The optimum s u i t e  of  
a s t r i o n i c s  i s  found by s u c c e s s i v e  s u b s t i t u t i o n  o f  
c a n d i d a t e  subsystems f o r  e v a l u a t i o n .  The s u b s t i t u t i o n  
a l g o r i t h m  i s  s i m i l a r  t o  a  s t e e p e s t  d e s c e n t  t echn ique  
w i t h  t h e  p o s s i b i l i t y  of  f i n d i n g  o n l y  loca  1 minima. 
M u l t i p l e  s t a r t i n g  p o i n t s  a r e  used t o  niinimize t h e  
p r o b a b i l i t y  t h a t  t h e  sys tem found i s  a  l o c a l  r a t h e r  
t h a n  a  g l o b a l  optimum. 

(5) Optimum M u l t i p l e  Midcourse C o r r e c t i o n s .  S e l e c t i o n  
of  a n  optimum sequence of upda tes  and midcourse  
c o r r e c t i o n s  is  p o s s i b l e ,  a s  a n  o p t i o n .  A t a b l e  of  
a l l  sequences  t r i e d  by t h e  a l g o r i t h m  i s  p r i n t e d .  

The f i r s t  f o u r  t y p e s  of  o u t p u t  were programmed d u r i n g  t h e  f i r s t  two 
y e a r s  of t h i s  s t u d y  and e x t e n s i v e  examples o f  t h e s e  a r e  shown i n  Refe rences  1 
and 4 .  The optimum midcourse  c o r r e c t i o n  a l g o r i t h m  is d i s c u s s e d  a t  l e n g t h  i n  
t h i s  r e p o r t  and a  sample o u t p u t  is shown i n  Appendix A .  

Miss i o n  C h a r a c t e r i s  t i c s  

Two m i s s i o n  a r e  c o n s i d e r e d  i n  t h i s  r e p o r t .  The f i r s t ,  a  J u p i t e r  
f l y b y  h a s  been d i s c u s s e d  i n  d e t a i l  i n  Refe rence  1 and 4.  The second m i s s i o n  
is a  Mars o r b i t e r l l a n d e r  m i s s i o n  which i s  d i s c u s s e d  i n  Appendix A.  T h i s  m i s s i o n  
is  based on Vik ing  d a t a  when p o s s i b l e  b u t  i s  n o t  a  c o n c l u s i v e  s t u d y  of  a s t r i o n i c s  
f o r  t h e  Vik ing  m i s s i o n .  (Refe rence  5) . 

Miss i o n  Schedu le  

The computer program a c c e p t s  a  f l e x i b l e  m i s s i o n  s c h e d u l e  d e f i n i n g  
a s t r i o n i c s  o p e r a t i o n s .  To avo id  l e n g t h y  r e p e t i t i o n  of s i m i l a r  sequences ,  sub-  
s c h e d u l e s  have been i n t r o d u c e d .  A s e t  of  schedu led  a s t r i o n i c s  o p e r a t i o n s  s u c h  
a s  a  midcourse  c o r r e c t i o n  sequence c a n  be  d e f i n e d  a s  a  - s u b s c h e d u l e .  The m i s s i o n  
s c h e d u l e  t h e n  s t a t e s  t h e  t imes  a t  which t h e  subschedu le  i s  t o  be  e x e c u t e d .  

Summary of E f f o r t  on Added S tudy  Elements  

P l a n e t a r y  Approach S e n s o r s  

Approach s e n s o r s  c a r r i e d  onboard t h e  s p a c e c r a f t  a r e  used:  (1 )  t o  
p rov ide  i n f o r m a t i o n  f o r  s t a t e  u p d a t i n g  a t  v a r i o u s  t imes  a s  s p e c i f i e d  i n  t h e  
s c h e d u l e  f o r  a n y  p a r t i c u l a r  m i s s i o n ;  and ( 2 )  t o  a i d  i n  c o r r e c t  a t t i t u d e  
o r i e n t a t i o n  of  t h e  s p a c e c r a f t  p r i o r  t o  midcourse  c o r r e c t i o n s .  



I n  d e t e r m i n i n g  whether  any p a r t i c u l a r  s e n s o r  shou ld  be employed, t h e  
assumpt ion  was made t h a t ,  e x c e p t  i n  c a s e s  when t h e  s p a c e c r a f t  is  e c l i p s e d  by 
a n o t h e r  body,  E a r t h - b a s e d  u p d a t i n g  i n f o r m a t i o n  i s  a v a i l a b l e  from t h e  DSIF. 
With t h i s  a s s u m p t i o n ,  o n l y  s e n s o r s  c a p a b l e  of improving on t h e  a c c u r a c y  of t h e  
DSIF-updated n a v i g a t i o n  sys tem need b e  c o n s i d e r e d .  Onboard range and range-  
r a t e  r a d a r  and e l e c t r o - o p t i c a l  s e n s o r s  were examined. Range and r a n g e - r a t e  
r a d a r s  were modeled and i n c o r p o r a t e d  i n  t h e  computer program. P l a n e t  a n g l e  
s e n s o r s  were a n a l y z e d  b u t  n o t  modeled,  I f  t h e  assumpt ion  i s  made t h a t  t h e  
~ S I F  p r o v i d e s  range  a s  w e l l  a s  r a n g e - r a t e  d a t a  w i t h  t h e  a c c u r a c i e s  s t a t e d  i n  
t h e  a v a i l a b l e  l i t e r a t u r e  (Refe rence  6 ) ,  t h e  p l a n e t  a n g l e  s e n s o r s  do  n o t  o f f e r  a  
s i g n i f i c a n t  improvement i n  u p d a t i n g  i n f o r m a t i o n .  Sun s e n s o r s  and s t a r  t r a c k e r s  
a r e  c a r r i e d  onboard t h e  s p a c e c r a f t  and measurements w i t h  t h e s e  a r e  p o s s i b l e  
d u r i n g  t h e  approach  phase.  These measurements a r e  used f o r  u p d a t e s  a s  s p e c i f i e d  
i n  t h e  m i s s  i o n  s c h e d u l e .  

A Mars o r b i t e r  m i s s i o n  was a n a l y z e d ,  a s  a n  example,  from launch  t o  
r e t r o - f i r i n g  f o r  o r b i t  i n j e c t i o n .  Al though s e n s o r s  n e c e s s a r y  f o r  l a n d e r s  were 
c o n s i d e r e d ,  no model ing o f  l a n d e r s  was done.  

A l t e r n a t e  A t t i t u d e  C o n t r o l  Schemes 

I n  a d d i t i o n  t o  c o l d  gas  r e a c t i o n  j e t s ,  d i s c u s s e d  i n  R e f e r e n c e  1, two 
a l t e r n a t e  a t t i t u d e  c o n t r o l  m e c h a n i z a t i o n s  have been ana lyzed  and modeled.  
These a r e  c o n t r o l  moment gyros  (CMG) and i n e r t i a  wheel  a t t i t u d e  c o n t r o l  (IWAC). 
Unl ike  g a s  r e a c t i o n  j e t s ,  b o t h  t h e s e  schemes a r e  m a s s - c o n s e r v a t i v e  m e c h a n i z a t i o n s ,  
o p e r a t i n g  by s h i f t i n g  t h e  o r i e n t a t i o n  of  t h e  s p a c e c r a f t ' s  momentum v e c t o r .  

The CMG sys tem i s  n o t  o n l y  mass c o n s e r v a t i v e  b u t ,  i n  most c a s e s ,  
momentum c o n s e r v a t i v e .  The gyros  a r e  k e p t  r o t a t i n g  a t  c o n s t a n t  speed and 
momentum i s  t r a n s f e r r e d  between s p a c e c r a f t  a x e s  by t o r q u i n g  t h e  g y r o s .  IWAC 
sys tems  a r e  n o t  momentum c o n s e r v a t i v e .  They employ wheels  w i t h  f i x e d  
o r i e n t a t i o n s  w i t h  r e s p e c t  t o  t h e  v e h i c l e  a x e s ,  and t h e  s p a c e c r a f t  t o t a l  momentum 
v e c t o r  i s  changed by s l o w i n g  down o r  s p e e d i n g  up t h e  whee l s .  

S i z i n g  o f  t h e  sys tem i s  accomplished by c a l c u l a t i n g  t h e  t o r q u e  n e c e s -  
s a r y  t o  pe r fo rm t h e  s p e c i f i e d  maneuvers and overcome e x t e r n a l  d i s t u r b a n c e s .  
Once t h e  minimum adequa te  t o r q u e  i s  e s t a b l i s h e d  and t h e  maximum p r e c e s s i o n  
v e l o c i t y  i s  p o s t u l a t e d  f o r  t h e  sys tem,  t h e n  t h e  n e c e s s a r y  momentum i s  known. 
The p o s t u l a t e d  p r e c e s s i o n  v e l o c i t y  i s  n o t  p e r m i t t e d  t o  exceed t h e  maximum 
a n g u l a r  v e l o c i t y  f o r  which s u c c e s s f u l  a c q u i s i t i o n  of t h e  Sun and s t a r  by t h e .  
onboard s e n s o r s  is  p o s s i b l e  . 

The v a r i o u s  p o s s i b l e  a t t i t u d e  c o n t r o l  mechan iza t ions  a r e  compared i n  
Tab le  11. Only one s e t  of i n e r t i a  wheels  is  used i n  t h e  IWAC sys tem.  I f  
s e p a r a t e  f i n e  and c o a r s e  c o n t r o l  whee l s  were employed, i t  i s  r e a s o n a b l e  t o  
e x p e c t  a  s m a l l  i n c r e a s e  i n  we igh t  and some d e c r e a s e  i n  t h e  r e q u i r e d  power. 

Both  CMG and IWAC m e c h a n i z a t i o n s  r e s u l t  i n  a  h i g h e r  p e n a l t y  t h a n  t h e  
g a s - r e a c t i o n  j e t s ,  ma in ly  due  t o  t h e  subsys tem weigh t  d i f f e r e n c e .  I n  m u l t i p l e -  
midcourse  m i s s i o n s ,  t h e  p e n a l t y  may a l s o  be a f f e c t e d  by degraded r e  l i a b i l i t y .  
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TABLE 11. COMPARISON OF ATTITUDE CONTROL SYSTEMS 
ON A JUPITER SWINGBY MISSION 

A t t i t u d e  Cont ro l  A t t i t u d e  Control  >k 

Mechanization Weight ( l b s )  Power (wat t s )  Penal ty  ( Ib s )  

Gas React ion J e t s  
(Equal Thrus t s )  21.218 10.00 

Gas Reaction J e t s  
(Unequal Thrus t s )  21.215 10.00 

Control  Moment 
Gyros 

I n e r t i a  Wheels 30.422 14.978 

A l l  o t h e r  subsystems c o n t r i b u t i n g  t o  t h e  pena l ty  a r e  i d e n t i c a l  f o r  each 
mechanization. 

This  e f f e c t  d i d  n o t  become apparent  i n  t h e  J u p i t e r  f l yby  mission on which t h e  
systems were eva lua t ed .  Deta i led  a n a l y s i s  and r e s u l t s  appear i n  t h e  Technical  
Discussion p a r t  of t h i s  r e p o r t .  

F l i g h t  Cont ro l  Requirements 

An i n v e s t i g a t i o n  of t h e  impact of f l i g h t  c o n t r o l  requirements  on 
a s t r i o n i c s  e f f e c t i v e n e s s  was c a r r i e d  out .  The a n a l y s i s  was hampered by t h e  
f a c t  t h a t  t h e  f l i g h t  c o n t r o l  components d i f f e r  according t o  t h e  launch v e h i c l e  
a s  w e l l  a s  t h e  miss ion  c h a r a c t e r i s t i c s .  No model was t h e r e f o r e  p o s s i b l e  f o r  a  
genera l ized  approach towards s y n t h e s i s  of such systems. 

I f  t h e  f l i g h t  c o n t r o l  components and t h e i r  l o c a t i o n s  a r e  known, it 
i s  p o s s i b l e  t o  c a l c u l a t e  t h e  e f f e c t  t h a t  t h e i r  power requirements ,  r e l i a b i l i t y ,  
and i n  some c a s e s ,  weight  w i l l  have on t h e  o v e r a l l  pena l ty .  

I n  a d d i t i o n ,  e v a l u a t i o n  of t h e  requirements  f l i g h t  c o n t r o l  imposes 
on t h e  onboard computer i s  p o s s i b l e  on the  b a s i s  of computational speed and 
memory capac i ty .  For a  p a r t i c u l a r  mission,  these  requirements  should be i n p u t  
a s  d a t a .  The d a t a  bank i s  searched f o r  a  computer meeting t h e  g iven  r equ i r e -  
ments. More d e t a i l e d  eva lua t ions  were no t  implemented i n  t h i s  s tudy ,  due t o  
t h e i r  dependency on i n d i v i d u a l  mission and v e h i c l e  parameters .  



The e f f e c t  of switching subsystems on and off  on the a s t r i o n i c s  
r e l i a b i l i t y  i s  considered. An exponent ia l  model i s  assumed f o r  computing t h e  
p r o b a b i l i t y  of f a i l u r e  due t o  on and of f  switching wi th  t h e  mean number of 
cyc le s  t o  f a i l u r e  (MCTF) of each subsystem spec i f i ed  as  inpu t  d a t a ,  

Communications Requirements 

The impact of t h e  s p a c e c r a f t  communications subsystem upon t h e  pena l ty  
was considered by opt imizing t h e  communications subsystem weight.  I n  t h i s  
a p p l i c a t i o n ,  t h e  t r a n s m i t t e r  must d e l i v e r  a  s u f f i c i e n t  amount of power t o  t h e  
spacec ra f t  antenna i n  order  t o  s a t i s f y  a  given requirement on t h e  e f f e c t i v e  
r ad ia t ed  power (ERP). The requi red  ERP i s  ca l cu la t ed  from t r a j e c t o r y  and Earth 
based s t a t i o n  d a t a .  A comparison of an optimized t r a n s m i t t e r  ve r sus  a  s p e c i f i e d  
20 wa t t  t r a n s m i t t e r  weighing 10 l b s .  i s  shown i n  Table 111. 

TABLE 111. COMPARISON OF OPTIMIZED VERSUS SPECIFIED 
TRANSMITTER ON A JUPITER SWINGBY MISSION 

Transmi t te r  
Optimized Speci f ied  

ERP (KW) 3,36 3.36 

Antenna Gain (DB) 23.6 
Antenna Weight ( l b )  14.615 
Antenna Poin t ing  Tolerance (deg) 1.084 

Transmi t te r  Output Power (wat t s )  36.536 20.0 
Transmi t te r  Weight ( l b s )  3.727 10.0 

J. 

Energy Source weight" ( lbs  ) 114.772 109.067 
~ e n a l t ~ " "  ( l b s )  377,114 384.047 

% Includes e l e c t r i c a l  power requirements  of o ther  a s t r i o n i c s  subsystems 
which a r e  i d e n t i c a l  f o r  both cases ,  

* A t t i t u d e  c o n t r o l  using equal  t h r u s t  gas j e t s .  



M u l t i p l e  Midcourse C o r r e c t i o n  S t r a t e g i e s  - 

A c r i t i c a l  r e v i l w  of seven  s e l e c t e d  papers  r e l a t i n g  t o  t h e  deve lop-  
ment of a n  optimum midcourse  c o r r e c t i o n  p o l i c y  was made and one of t h e s e ,  a  
paper  by C.  G. P f e i f f e r ,  was s e l e c t e d  f o r  implementa t ion .  T h i s  o p t i m i z a t i o n  
p rocedure ,  a n  a d a p t a t i o n  of Be l lman ' s  dynamic programming a l g o r i t h m ,  was 
a p p l i e d  t o  t h e  a s t r i o n i c s  p e n a l t y  f u n c t i o n  t o  de te rmine  a n  optimum midcourse  
c o r r e c t i o n  s t r a t e g y .  The r e s u l t s  o f  t h i s  a p p l i c a t i o n  a r e  d i s c u s s e d  i n  Appendix A.  
A second midcourse  c o r r e c t i o n  p o l i c y  was implemented. T h i s  p o l i c y  was deve loped  
by assuming t h a t  v e l o c i t y  c o r r e c t i o n s  would be made a t  g i v e n  t imes  t o  minimize 
t h e  u n c e r t a i n t y  i n  t h e  r e s u l t i n g  t a r g e t  m i s s .  A m a t r i x  which r e l a t e s  t h e  
d e s i r e d  v e l o c i t y  c o r r e c t i o n  v e c t o r  t o  t h e  v e c t o r  of  i n s t a n t a n e o u s  computed 
d e v i a t i o n s  from t h e  nominal  t r a j e c t o r y  is  determined f o r  two c a s e s .  I n  t h e  
f i r s t  c a s e ,  e x e c u t i o n  e r r o r s  a r e  n e g l e c t e d  w h i l e ,  i n  t h e  second c a s e ,  a n  
approx imat ion  of  t h e  e r r o r s  g e n e r a t e d  by t h e  midcourse  c o r r e c t i o n  is  c o n s i d e r e d .  
Improvement u s i n g  t h i s  t e c h n i q u e  was s l i g h t  and i t  was removed from t h e  program. 



TECHNICAL DISCUSSION 

E v a l u a t i o n  C r i t e r i a  f o r  I n t e r p l a n e t a r v  M u l t i p l e  P l a n e t  Swingbv, 
O r b i t e r ,  and Lander Miss ion  A s t r i o n i c s  

E v a l u a t i o n  c r i t e r i a  f o r  i n t e r p l a n e t a r y  f l y b y  m i s s i o n  a s t r i o n i c s  were 
fo rmula ted  and implemented t h r o u g h  computer programs i n  p rev ious  phases of  work 
on t h i s  c o n t r a c t .  T h i s  I n t e r i m  S c i e n t i f i c  R e p o r t  encompasses t h e  t h i r d  y e a r  
e f f o r t  and r e s u l t a n t  m o d i f i c a t i o n s  t o  t h e  computer programs r e q u i r e d  t o  
accompl i sh  t h e  o b j e c t i v e  of t h i s  phase .  The e x t e n s i o n  of t h e  e f f o r t  t o  i n c l u d e  
e v a l u a t i o n  o f  a s  t r i o n i c s  f o r  m u l t i p l e  p l a n e t  swingby, o r b i t e r ,  and l a n d e r  
m i s s i o n s  n e c e s s i t a t e d  making m o d i f i c a t i o n s  t o  t h e  p rev ious  a s t r i o n i c s  e v a l u a t i o n  
c r i t e r i a  and sys tem c o n c e p t .  

A s  t r i o n i c s  Sys  tem Concept 

I t  was assumed t h a t  t h e  modular a s t r i o n i c s  sys tem d e s i g n  phi losophy 
( R e f e r e n c e s  1 and 4) i s  a p p l i c a b l e  t o  t h i s  s t u d y .  T h i s  ph i losophy  pe rmi t t ed  
a d d i t i o n  of  a n o t h e r  module t o  t h e  i n t e g r a t e d  a s t r i o n i c s  c o n f i g u r a t i o n  used 
d u r i n g  development of t h e  e v a l u a t i o n  t e c h n i q u e s  ' f o r  i n t e r p l a n e t a r y  f l y b y  m i s s i o n  
a s t r i o n i c s  (Refe rence  1 ) .  The module added is  approach guidance r a d a r .  Note 
t h a t  t h e  e l e c t r o - o p t i c a l  a i d  subsys  tem now i n c l u d e s  p l a n e t a r y  approach  s e n s o r s .  
I n  a d d i t i o n ,  a s  d e p i c t e d  i n  F i g u r e  2 ,  t h e  p r o p u l s i o n  subsystem was changed from 
a  midcourse  c o r r e c t i o n  p r o p u l s i o n  subsystem t o  a  AV p r o p u l s i o n  subsys tem,  T h i s  
change was n e c e s s a r y  s i n c e  t h e  same p r o p u l s i o n  subsystem i s  used f o r  midcourse  
c o r r e c t i o n  AV, o r b i t  i n s e r t i o n  AV,  and o r b i t  t r i m  AV i n  many s p a c e c r a f t  d e s i g n s  
(Refe rence  5 and 7 ) .  

To e v a l u a t e  t h e  mod i f  i ed  a s  t r i o n i c s  s y s  tem, some m o d i f i c a t i o n s  were 
made t o  t h e  p e n a l t y  f u n c t i o n  a s  o r i g i n a l l y  p resen ted  i n  R e f e r e n c e s  1 and 4 .  
The modi f i ed  p e n a l t y  f u n c t i o n  i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n .  

P e n a l t y  F u n c t i o n  A n a l y s i s  

The e f f e c t i v e n e s s  of  a n  a s t r i o n i c s  sys tem on a  s p e c i f i c  s p a c e c r a f t  
and m i s s i o n  is  e v a l u a t e d  by one of  t h r e e  p e n a l t y  f u n c t i o n s .  The a s t r i o n i c s  
sys tem i s  d e s c r i b e d  by t h e  s e v e n  sys tem parameters  shown i n  Tab le  I V .  9 t h e  
mean AV, i s  t h e  nominal  r e t r o  b u r n  f o r  o r b i t  i n s e r t i o n  i f  accompl ished w l t h  
t h e  same e n g i n e  used f o r  the  midcourse  c o r r e c t i o n s .  S i n c e  t h e  o r b i t  i n s e r t i o n  
burn  may i n c l u d e  guidance t o  c o r r e c t  v e l o c i t y  d e v i a t i o n s ,  i t  i s  n e c e s s a r y  t o  
i n c l u d e  t h e  p r o p u l s i o n  subsystem i n  t h e  a s t r i o n i c s  a n a l y s i s .  I f  a  s e p a r a t e  
e n g i n e  is used f o r  o r b i t  i n s e r t i o n  and c o r r e c t i v e  guidance does  n o t  o c c u r ,  
i s  s e t  t o  z e r o  and t h e  r e t r o  subsystem i s  no t  inc luded  i n  t h e  a s t r i o n i c s  

M~ 

a n a l y s i s .  The p e n a l t y  f u n c t i o n s  a r e  c a l c u l a t e d  from t h e  above sys tem paramete r s  
and t h e  m i s s i o n  and s p a c e c r a f t  pa ramete r s  shown i n  Tab le  V .  
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FIGURE 2.  BLOCK DIAGRAM OF ONBOARD INTEGRATED ASTRIONICS SUBSYSTEMS 



TABLE I V  . ASTRIONICS SYSTEM PARAMETERS 

Symbol D e f i n i t i o n  

'FR 
P r o b a b i l i t y  of  miss  i o n  f a i l u r e  due t o  i n a d e q u a t e  
hardware r e l i a b i l i t y .  

Rv Square  r o o t  of  t h e  t r a c e  of t h e  AV c o v a r i a n c e  
m a t r i x .  

D~ Degrees-of- f reedom o f  t h e  midcourse  AV c o v a r i a n c e .  

Mv Mean o f  t h e  AV. 

R~ 
Square  r o o t  of  t h e  t r a c e  of t h e  t a r g e t  miss  
c o v a r i a n c e  m a t r i x ,  o r  t h e  s t a n d a r d  d e v i a t i o n  of 
any  s i n g l e  miss  parameter  o f  i n t e r e s t .  

D~ 
Degrees-of- f reedom o f  t h e  t a r g e t  miss  c o v a r i a n c e .  

W~~~ 
Weight of  onboard i n e r t i a l  s e n s i n g  u n i t ,  
computer ,  e l e c t r i c a l  ene rgy  s o u r c e ,  e l e c t r o -  
o p t i c a l  s e n s o r s ,  communications subsystem,  r a d a r s ,  
a t t i t u d e  c o n t r o l ,  and w i r i n g .  



TABLE V, MISSION AND SPACECRAFT PARAMETERS 

Symbol D e f i n i t i o n  

P r o b a b i l i t y  of  m i s s i o n  f a i l u r e  a t t r i b u t a b l e  t o  
t h e  a s t r i o n i c s  sys tem.  

N o n a s t r i o n i c s  s p a c e c r a f t  w e i g h t .  

T o t a l  s p a c e c r a f t  w e i g h t .  

Allowed magnitude o f  any m i s s  pa ramete r ,  o r  v e c t o r  
o f  i n t e r e s t ,  a t  t h e  t a r g e t .  

P r o p u l s i o n  sys tem tankage f a c t o r  ( s y s t e m  we i g h t l  
f u e l  w e i g h t ) .  

P r o p u l s i o n  sys tem c o n s t a n t  we igh t .  

S p e c i f i c  impulse o f  t h e  p r o p u l s i o n  sys tem t imes  
g r a v i t y .  

The t h r e e  p e n a l t y  f u n c t i o n s  a r e  d e f i n e d  i n  Tab le  V I .  

P e n a l t y  PFA 
Mode 

-- 

9; F 4 - F i x e d ,  P  _a P e n a l t y ,  V 4 V a r i a b l e  w i t h  System - - 



P e n a l t y  f u n c t i o n ,  Mode 1, assumes t h a t  a  c e r t a i n  p r o b a b i l i t y  of 
m i s s i o n  f a i l u r e  a t t r i b u t a b l e  t o  a s t r i o n i c s  (pFA) i s  r e a s o n a b l e  and t h a t  non- 
a s t r i o n i c s  s p a c e c r a f t  we igh t  (W ) i s  f i x e d .  The a s t r i o n i c s  sys tem weigh t  i s  
c a l c u l a t e d  and used a s  t h e  pena!i!+y f u n c t i o n .  

P e n a l t y  f u n c t i o n ,  Mode 2 ,  assumes n o n a s t r i o n i c s ,  a s t r i o n i c s  sys tem,  
and t o t a l  s p a c e c r a f t  w e i g h t s  a r e  c o n s t a n t s  w i t h  t h e  p r o b a b i l i t y  of m i s s i o n  
f a i l u r e  a t t r i b u t a b l e  t o  a s t r i o n i c s  (P  ) v a r i a b l e  and used a s  t h e  p e n a l t y  
f u n c t i o n .  

FA 

P e n a l t y  f u n c t i o n ,  Mode 3,  assumes t h a t  a  c e r t a i n  p r o b a b i l i t y  of  
m i s s i o n  f a i l u r e  a t t r i b u t a b l e  t o  a s t r i o n i c s  (P  ) i s  r e a s o n a b l e  and t h a t  t o t a l  

FA s p a c e c r a f t  we igh t  (W ) i s  f i x e d .  The a s t r i o n ~ c s  sys tem weigh t  (W ) i s  v a r i a b l e  
and used a s  t h e  penaTty f u n c t i o n .  AS 

C a l c u l a t i o n  o f  t h e  p e n a l t y  f u n c t i o n  under  any of t h e  t h r e e  modes w i l l  
i n v o l v e  c a l c u l a t i n g  t h e  i n t e r m e d i a t e  q u a n t i t i e s  d e f i n e d  i n  Tab le  V I I .  

TABLE V I I .  INTERMEDIATE QUANTITIES USED I N  
CALCULATING THE PENALTY FUNCTIONS 

Symbol D e f i n i t i o n  

'FV 
P r o b a b i l i t y  of hav ing  i n s u f f i c i e n t  AV 
f u e  1. 

'FT 
P r o b a b i l i t y  o f  exceed ing  t a r g e t  miss  
c r i t e r i a .  

'FTR 
P r o b a b i l i t y  of f a i l u r e  due t o  i n a d e q u a t e  
r e l i a b i l i t y  o r  t a r g e t  m i s s .  

W~ 
Weight o f  AV f u e l .  

'DV 
T o t a l  we igh t  of p r o p u l s i o n  sys tem.  

AV V e l o c i t y  change c a p a b i l i t y .  



A d e t a i l e d  d i s c u s s i o n  o f  t h e  s t e p s  used t o  c a l c u l a t e  each  p e n a l t y  mode 
i s  g i v e n  below. 

P e n a l t y  Mode 1. P r o b a b i l i t y  of m i s s i n g  t h e  t a r g e t  (PFT) i s  c a l c u l a t e d  
from t h e  sys tem paramete r s  d e s c r i b i n g  a c c u r a c y  a t  t h e  t a r g e t  a s  f o l l o w s :  

PFT = Prob $ 
T' D ~ )  

where 

Note t h a t  t h e  d e f i n i t i o n  of  XMISS has  been  expanded t o  be c o m p l e t e l y  
g e n e r a l .  XMISS f o r  a n  o r b i t e r  would be t h e  a c c e p t a b l e  d e v i a t i o n  i n  one o r  more 
of t h e  o r b i t a l  e l e m e n t s .  For  a  l a n d e r ,  XMISS cou ld  i n c l u d e  a c c e p t a b l e  p o s i t i o n  
o r  v e l o c i t y  v e c t o r  d e v i a t i o n s  a t  touchdown, XMiss on m u l t i p l e  p l a n e t  swingby 
m i s s i o n s  i n  t h e  a c c e p t a b l e  p e r i a p s i s  d e v i a t i o n  a t  t h e  f i n a l  p l a n e t .  D e v i a t i o n s  
from t h e  nominal p e r i a p s i s  a t  i n t e r m e d i a t e  p l a n e t s  w i l l  be accounted f o r  by 
subsequen t  midcourse c o r r e c t i o n s .  

The f u n c t i o n  Prob($,D) i s  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  magnitude 
of  a v e c t o r  w i t h  normal ,  zero-mean components a s  d i s c u s s e d  i n  Refe rence  8. A  
t a b l e  of t h i s  d i s t r i b u t i o n  i s  shown i n  F i g u r e  3 .  

The combined p r o b a b i l i t y  o f  m i s s i n g  t h e  t a r g e t  o r  f a i l i n g  due t o  i n -  
adequa te  r e l i a b i l i t y  i s  o b t a i n e d  from 

Note t h a t  i f  PFTR exceeds  PFA, PFV does  n o t  e x i s t .  I n  o t h e r  words ,  i f  t h e  prob- 
a b i l i t y  of f a i l u r e  due t o  inadequa te  r e l i a b i l i t y  o r  t a r g e t  miss  i s  g r e a t e r  t h a n  
PFAy even a  p e r f e c t  sys tem ( z e r o  p r o b a b i l i t y  of i n s u f f i c i e n t  f u e l )  w i l l  exceed 

PFA 

The dV c a p a b i l i t y  needed t o  a c h i e v e  t h e  r e q u i r e d  P  i s  c a l c u l a t e d  
from 

FA 

where REQ(P,M,R,D) i s  a  modif ied  v e r s i o n  of Prob($,D) a s  d i s c u s s e d  i n  Appendix B .  





The f a m i l i a r  r o c k e t  e q u a t i o n ,  

is  used t o  o b t a i n  t h e  s p a c e c r a f t  mass r a t i o ,  

The s p a c e c r a f t  mass r a t i o  i s  t h e  i n i t i a l  s p a c e c r a f t  weight  d i v i d e d  by t h e  f i n a l  
s p a c e c r a f t  we igh t  and i s  c a l c u l a t e d  a s  f o l l o w s :  

The weigh t  of t h e  r e q u i r e d  f u e l  i s  

The p r o p u l s i o n  sys tem weigh t  i s  e s t i m a t e d  u s i n g  t h e  e q u a t i o n  

Def in ing  

s u b s t i t u t i o n  i n t o  t h e  e q u a t i o n  f o r  W i n  terms of W and P y i e l d s  
F T  

The e f f e c t i v e  weight  of t h e  complete a s t r i o n i c s  sys tem i s  t h e n  



T h i s  i s  t h e  d e s i r e d  p e n a l t y  f u n c t i o n .  The above e q u a t i o n s  a r e  shown i n  f low 
c h a r t  form i n  F i g u r e  4 .  

P e n a l t y  Mode 2. The p r o b a b i l i t y  of f a i l i n g  due t o  inadequa te  r e l i a -  
b i l i t y  o f  miss  a t  t h e  t a r g e t  (pFTR) i s  c a l c u l a t e d  as  i n  P e n a l t y  Mode 1. The 
combined a s  t r i o n i c s  sys tem p r o b a b i l i t y  of f a i l u r e  (pFA) , t h e  p e n a l t y  o f  Mode 2 ,  
is  c a l c u l a t e d  by i n c l u d i n g  t h e  p r o b a b i l i t y  of i n s u f f i c i e n t  midcourse c o r r e c t i o n  
f u e l  (PFV) . 

The t o t a l  s p a c e c r a f t  weight  (WT) and n o n a s t r i o n i c s  s p a c e c r a f t  weight  
(W ) d e f i n e  t h e  t o t a l  a s t r i o n i c s  sys tem weigh t  t o  be 

N A 

The p r o p u l s i o n  system w e i g h t  is  assumed t o  be 

Thus,  t h e  f u e l  weight  i s  determined from t h e  e q u a t i o n ,  

and t h e  s p a c e c r a f t  mass r a t i o  i s  

The AV c a p a b i l i t y  i s  found from t h e  r o c k e t  e q u a t i o n ,  

and rhe  p r o b a b i l i t y  o f  i n s u f f i c i e n t  f u e l  i s  
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FIGURE 4. CALCULATION OF PENALTY, MODE 1 



where PRM(V,M,R,D) i s  t h e  i n v e r s e  f u n c t i o n  of  REQ(P,M,R,D) 

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

and is  t h e  d e s i r e d  p e n a l t y ,  Mode 2. The above e q u a t i o n s  a r e  shown i n  f low c h a r t  
form i n  F i g u r e  5 .  

P e n a l t y  Mode 3 .  P e n a l t y  Mode 3 i s  s i m i l a r  t o  P e n a l t y  Mode 1 i n  t h a t  
t h e  p e n a l t y  is  t h e  e f f e c t i v e  we igh t  of t h e  a s t r i o n i c s  sys tem (WAS). However, 
t h e  t o t a l  s p a c e c r a f t  w e i g h t  (WT) i s  h e l d  c o n s t a n t  under Mode 3 u n l i k e  Mode 1 
where t h e  n o n a s t r i o n i c s  we igh t  was h e l d  c o n s t a n t .  

The p r o b a b i l i t y  o f  f a i l i n g  due t o  r e l i a b i l i t y  o r  m i s s  a t  t h e  t a r g e t  
(pFTR) is  c a l c u l a t e d  a s  under  Node 1. The p r o b a b i l i t y  of hav ing  i n s u f f i c i e n t  
f u e l  i s  o b t a i n e d  from t h e  e q u a t i o n  

The r e s u l t  i s  used t o  compute t h e  r e q u i r e d  AV c a p a b i l i t y  from the  e q u a t i o n  

With t h e  AV r e q u i r e m e n t  known, the  mass r a t i o  i s  

S i n c e  t h e  t o t a l  s p a c e c r a f t  we igh t  i s  known, t h e  r e q u i r e d  f u e l  we igh t  may b e  
o b t a i n e d  d i r e c t l y  from 

The t o t a l  e f f e c t i v e  a s t r i o n i c s  sys tem weigh t  i s  o b t a i n e d  by add ing  t h e  p r o p u l s i o n  
sys tem weigh t  t o  t h e  w e i g h t  of t h e  o t h e r  a s t r i o n i c s  subsystems a s  shown below,  
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FIGURE 5 ,  CALCULATION OF PENALTY, MODE 2 



The e q u a t i o n s  f o r  P e n a l t y  Mode 3 a r e  shown i n  F i g u r e  6 .  

As t r i o n i c s  Subsystem A n a l y s i s  

The f o l l o w i n g  s e c t i o n s  of t h i s  r e p o r t  d e s c r i b e  t h e  a n a l y s e s  of  t h e  
added a s t r i o n i c s  subsystems and t h e  m o d i f i c a t i o n s  t o  t h e  e r r o r  a n a l y s i s  and 
p e n a l t y  e v a l u a t i o n  t e c h n i q u e s .  

Deep Space I n s t r u m e n t a t i o n  F a c i l i t y  

The Deep Space I n s t r u m e n t a t i o n  F a c i l i t y  (DSIF) p rov ides  com~nunica t ions  
w i t h  and t r a c k i n g  of  t h e  s p a c e c r a f t  th rough  most of  t h e  m i s s i o n .  B r i e f  p e r i o d s  
may e x i s t  when t h e  DSIF can  n o t  v iew t h e  s p a c e c r a f t  due t o  o c c u l t a t i o n  by 
c e l e s t i a l  b o d i e s  s u c h  a s  t h e  t a r g e t  p l a n e t  o r  t h e  moon. 

The communications f u n c t i o n  o f  t h e  DSIF i s  c o n s i d e r e d  under t h e  
communications r e q u i r e m e n t s  d i s c u s s i o n  l a t e r  i n  t h i s  r e p o r t .  The t r a c k i n g  
f u n c t i o n  i s  i n c l u d e d  i n  t h e  e r r o r  a n a l y s i s  a s  u p d a t i n g  of  t h e  onboard n a v i g a t i o n  
e s t i m a t e s  of  t h e  s t a t e s ,  P r i o r  t o  t h e  u p d a t i n g  of  t h e  onboard sys tem,  e x t e n s i v e  
ground based c a l c u l a t i o n s  a r e  made u s i n g  t h e  DSIF d o p p l e r  r a d a r  measurements.  
The a c c u r a c y  o f  t h e  onboard update  i s  a  f u n c t i o n  of  t h e  t r a j e c t o r y ,  t h e  t r a c k i n g  
t i m e ,  and t h e  f r e q u e n c y  and a c c u r a c y  of t h e  d o p p l e r  measurements.  The ground 
based c a l c u l a t i o n s  and b a s i c  d o p p l e r  e r r o r s  a re  n o t  modeled i n  t h i s  s t u d y .  It 
i s  assumed t h a t  t h e  r e s u l t s  o f  t h e s e  measurements and c a l c u l a t i o n s ,  when t r a n s -  
m i t t e d  t o  t h e  onboard n a v i g a t i o n  s y s t e m  c o n s t i t u t e  a n  update  of the  onboard 
sys tem range  and range  r a t e  e r r o r s .  The a c c u r a c y  of t h e  range  and range r a t e  
i n f o r m a t i o n ,  a f t e r  t r a c k i n g  and s t a t i s t i c a l  smoothing by t h e  ground based 
c a l c u l a t i o n s  a r e  r e f e r r e d  t o  i n  t h i s  r e p o r t  a s  t h e  DSIF a c c u r a c i e s .  As ment ioned 
above,  t h e s e  a c c u r a c i e s  a r e  a  f u n c t i o n  o f  t h e  t r a j e c t o r y  and sampl ing f r e q u e n c i e s ,  
b u t  a r e  assumed t o  be c o n s t a n t s ,  s p e c i f i e d  a s  d a t a  i n  t h i s  s t u d y .  The one sigma 
v a l u e s  u s e d ,  50 f t  and .004 f t l s e c . ,  a r e  a c h i e v a b l e  w i t h  t h e  DSIF under c e r t a i n  
t r a j e c t o r y  and t r a c k i n g  c o n d i t i o n s  [one d o p p l e r  sample per minute  f o r  s e v e r a l  
days  (Refe rence  6 ) J .  F u r t h e r  s t u d y  i s  r e q u i r e d  t o  a s c e r t a i n  t h e  e x a c t  f i g u r e s  
f o r  any m i s s i o n .  

P l a n e t a r y  Approach S e n s o r s  

C a p a b i l i t y  f o r  e v a l u a t i n g  p l a n e t a r y  approach  s e n s o r s  h a s  been deve loped  
and added t o  t h e  e x i s t i n g  computer program. 

The approach  s e n s o r s  a r e  t r e a t e d  l i k e  any o t h e r  a s t r i o n i c s  subsys tem 
f o r  p e n a l t y  e v a l u a t i o n  purposes .  Weight ,  power, PlTBF, MCTF, and a c c u r a c i e s  a r e  
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r e q u i r e d  a s  i n p u t  d a t a ,  and t h e  e f f e c t  of t h e  sys tem on t h e  p e n a l t y  i s  t h e n  
c a l c u l a t e d .  

Measurements di .3cussed i n c l u d e  t h o s e  made by e l e c t r o - o p t i c a l  s e n s o r s  
and range and r a n g e - r a t e  r a d a r s .  S e n s o r s  a c t u a l l y  modeled i n  t h e  computer 
program i n c l u d e  s t a r  and s u n  s e n s o r s  and range  and r a n g e - r a t e  r a d a r s .  S e n s o r s  
f o r  p l a n e t  a n g l e  measurements were n o t  modeled. The a c c u r a c y  of  DSIF e a r t h -  
based t r a c k i n g  minimizes  t h e  e f f e c t  o f  u p d a t e s  u s i n g  t h e s e  l e s s  a c c u r a t e  
measurements.  

A Mars o r b i t e r  m i s s i o n  was used t o  e x e r c i s e  t h e  computer program. 
R e s u l t s  f o r  t h i s  m i s s i o n  a p p e a r  i n  Appendix A. 

Radar  Measurements 

During t h e  approach  phase ,  i t  i s  assumed t h a t  onboard r a d a r s  c a p a b l e  
o f  measur ing  range  and range  r a t e  a r e  a v a i l a b l e  f o r  u p d a t i n g  t h e  n a v i g a t i o n  
sys tem e r r o r s .  These u p d a t e s  a r e  i n  a d d i t i o n  t o  t h e  DSIF and s t a r - s u n  e l e c t r o -  
o p t i c a l  s e n s o r s  used t h r o u g h  most of t h e  m i s s i o n .  To i n c l u d e  t h e  e f f e c t s  of  
upda tes  u s i n g  t h e s e  r a d a r s  i n  t h e  n a v i g a t i o n  e r r o r  a n a l y s i s ,  i t  is  n e c e s s a r y  
t o  know t h e  c o v a r i a n c e  o r  s t a n d a r d  d e v i a t i o n s  of t h e  e r r o r s  i n  t h e  measure- 
ments and t h e  measurement m a t r i x  r e l a t i n g  t h e  n a v i g a t i o n  s t a t e s  t o  t h e  measured 
q u a n t i t i e s .  

Radar  Accuracy.  The fundamental  a c c u r a c y  of r a n g e ,  and range  r a t e  
( d o p p l e r )  r a d a r s  i s  d i s c u s s e d  i n  many t e x t s  ( e  . g . ,  Refe rences  9 and 1 0 ) .  
A d d i t i o n a l  e r r o r s  a s s o c i a t e d  w i t h  t h e  d e s i g n  and i n s t a l l a t i o n  o f  r a d a r  sub-  
sys tems c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  e r r o r  i n  approach r a d a r  measure-  
ments .  These a r e  d i s c u s s e d  i n  d e t a i l  i n  R e f e r e n c e  11. I n  summary, t h e  e r r o r s  
d i s c u s s e d  i n  Refe rence  11 a r e  broken i n t o  t h e  f o l l o w i n g  t h r e e  c a t e g o r i e s  : 

(1 )  B i a s  e r r o r s ,  which a r e  c o n s t a n t  o f f s e t s  and v a r y  
from p o i n t  t o  p o i n t  i n  t h e  t r a j e c t o r y  and t h u s  a r e  
f u n c t i o n s  of t h e  nominal  s t a t e  v e c t o r .  These i n c l u d e :  

( a )  T e r r a i n  b i a s  e r r o r s ,  
(b) Uncompensated dynamic- lag  e r r o r s ,  . 
(c)  Doppler compensat ion e r r o r s ,  and 
(d)  Pre-amp s l o p e  e r r o r s .  

( 2 )  I n s t a l l a t i o n  and e n v i r o n m e n t a l  e r r o r s  a s s o c i a t e d  w i t h  
t h e  misa l ignments  of  t h e  s e n s o r s  on t h e  s p a c e c r a f t .  
These i n c l u d e :  

( a )  I n i t i a l  mounting e r r o r s ,  and 
(b )  V e h i c l e  d i s t o r t i o n  due t o  v i b r a t i o n  and 

t e m p e r a t u r e  changes .  



( 3 )  F l u c t u a t i n g  e r r o r s  which v a r y  randomly w i t h  
s t a t i s t i c s  t h a t  a r e  a  f u n c t i o n  of t h e  nominal  
t r a j e c t o r y  s t a t e  v e c t o r .  These may be broken 
down t o  i n c l u d e :  

( a )  Spread spect rum e r r o r ,  
(b) O s c i l l a t o r  d r i f t ,  
( c )  Range beam modula t ion  e r r o r ,  and 
(d)  Q u a n t i t i z a t i o n  e r r o r s  due t o  d i g i t a l  

p rocess  ing  . 
A l l  t h e  e r r o r s  a r e  t r e a t e d  a s  Gauss ian  u n c o r r e l a t e d  s o u r c e s  and t h e  

t o t a l  measurement e r r o r s  may be found by t a k i n g  t h e  RSS of  t h e  lo v a l u e s  o f  
e a c h  s o u r c e .  The computer program d o e s  n o t  model t h e  approach r a d a r s  i n  d e t a i l .  
A s i n g l e  number, t h e  t o t a l  s t a n d a r d  d e v i a t i o n  o f  e a c h  measurement, i s  loaded a s  
d a t a .  I f  a d d i t i o n a l  d a t a  i s  a v a i l a b l e  t h e  program cou ld  e a s i l y  be modi f i ed  t o  
make t h e  s t a n d a r d  d e v i a t i o n  a  f u n c t i o n  of  r ange  and range r a e e .  

The Measurement M a t r i x .  The measurement m a t r i x  n e c e s s a r y  f o r  e r r o r  
a n a l y s i s  is  c a l c u l a t e d  from t h e  p a r t i a l  d e r i v a t i v e s  of  range and range  r a t e  
w i t h  r e s p e c t  t o  t h e  s t a t e  v e c t o r  of p o s i t i o n ,  v e l o c i t y ,  and a t t i t u d e .  The range  . 
may be expressed  a s :  

and t h e  p a r t i a l  d e r i v a t i v e s  a r e :  

Range r a t e  is  g i v e n  by 

w i t h  t h e  p a r t i a l  d e r i v a t i v e s  

and 



The complete  2  by 9 measurement m a t r i x  i s  t h e n  

E l e c t r o - O p t i c a l  Measurement 

E l e c t r o - o p t i c a l  s e n s o r s  a r e  assumed t o  be c a r r i e d  onboard t h e  s p a c e -  
c r a f t .  These  s e n s o r s  a r e  used f o r  u p d a t i n g  t h e  s t a t e  of t h e  s p a c e c r a f t  and a l s o  
f o r  a t t i t u d e  o r i e n t a t i o n .  A s u n  s e n s o r  and a  Canopus s e n s o r  a r e  b o t h  employed 
and t h e i r  f u n c t i o n  and o p e r a t i o n  have a l r e a d y  been d i s c u s s e d  i n  R e f e r e n c e  1. 

On-board e l e c t r o - o p t i c a l  s e n s o r s  may be used f o r  t h e  performance o f  a 
v a r i e t y  of  measurements .  Most of  t h e s e  i n v o l v e  measur ing t h e  a n g l e  between 
two b o d i e s  s u c h  a s  s t a r - s t a r ,  s  t a r - s u n ,  p lane  t - s  t a r ,  p l a n e t - s u n ,  e t c .  A 
d i s c u s s i o n  o f  t h e s e  p o s s i b i l i t i e s  and t h e i r  a s s o c i a t e d  measurement m a t r i c e a  c a n  
be found i n  Refe rence  12. 

Choosing between t h e  v a r i o u s  p o s s i b i l i t i e s  depends on t h e  u l t i m a t e  
purpose o f  t h e  measurements.  For  t h e  p l a n e t a r y  approach phase ,  t h e  f u n c t i o n  
d e s i r e d  of t h e  e l e c t r o - o p t i c a l  s e n s o r s  i s  t o  supplement  t h e  i n f o r m a t i o n  d e r i v e d  
from t h e  ISU f o r  s t a t e  e s t i m a t i o n .  It  h a s  been po in ted  o u t  (Refe rence  7) t h a t  
p l a n e t  a n g u l a r  d i a m e t e r  measurements and p l a n e t - s t a r  a n g l e  measurements u s i n g  
a  s t a r  n e a r  t h e  normal t o  t h e  e c l i p t i c  a r e  t h e  b e s t  c a n d i d a t e s  f o r  t h i s  purpose .  

The p l a n e t  a n g l e  measurement t e c h n i q u e  d e s c r i b e d  below h a s  n o t  been  
implemented i n  t h e  p r e s e n t  computer program because  t h e  a c c u r a c i e s  used f o r  t h e  
DSIF a r e  s u c h  t h a t  t h e  e f f e c t  of  t h e  p l a n e t  a n g l e  measurement would n o t  
s i g n i f i c a n t l y  improve t h e  r e s u l t s .  Should t h e  need a r i s e ,  however, i t  c a n  be 
r e a d i l y  i n c l u d e d  i n  t h e  program. 

P l a n e t  Angle Measurement. S tadiome t r y  i s  a  well-known method of 
d e t e r m i n i n g  t h e  d i s t a n c e  from s p a c e c r a f t  t o  t h e  s u n  o r  p l a n e t s  i n  our  s o l a r  
sys tem,  g i v e n  t h e i r  d i a m e t e r s .  I n  t h i s  method t h e  a n g l e  subtended i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  range  of  t h e  measur ing d e v i c e .  One conven ien t  method of  
e s t i m a t i n g  t h i s  a n g l e  u t i l i z e s  t h e  measurement of  t h e  i l l u m i n a t e d  p o r t i o n  of  t h e  
p l a n e t .  S i n c e  t h e  s u n  w i l l  n o t  always be behind t h e  s p a c e c r a f t ,  t h e  i l l u m i n a t e d  
p o r t i o n  o f  t h e  p l a n e t  a s  observed from t h e  s p a c e c r a f t  w i l l  v a r y  from t h e  f u l l  
c i r c l e  t o  t h e  e c l i p s e  w i t h  t h e  v a r i o u s  c r e s c e n t  shapes  i n  between.  An a n g u l a r  
s e n s o r  would,  by n e c e s s i t y ,  have t o  be a b l e  t o  d i s t i n g a i s h  between t h e  p o s s i b i l i t i e s .  

One measur ing t e c h n i q u e  i s  provided by s e c t i o n i n g  t h e  i l l u m i n a t e d  
image i n t o  a n  a r r a y  of  c e l l s  a s  i l l u s t r a t e d  i n  F i g u r e  7 .  T h i s  could  be 
accomplished by v i d i c o n  s c a n n i n g  o r  by a mosaic s e n s o r .  The mosaic s e n s o r ,  
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a l t h o u g h  n o t  a s  f u l l y  developed a s  t h e  v i d i c o n ,  o f f e r s  t h e  p o s s i b i l i t i e s  of  
g r e a t e r  r e l i a b i l i t y ,  lower power r e q u i r e m e n t s ,  l e s s  computa t ion ,  and l e s s  
memory s t o r a g e  t o  de te rmine  t h e  sub tended  a n g l e s .  Advances i n  mosaic s e n s o r  
s t a t e - o f - t h e - a r t  o f f e r  c o n s i d e r a b l e  c o m p e t i t i o n  t o  t h e  v i d i c o n  [ i . e . ,  photo- 
conduc to r -d iode  a r r a y s  w i t h  a s  many a s  360 x 360 e lements  have been produced 
by t h i n - f i l m  t e c h n i q u e s  (Refe rence  1 3 ) ] .  

The c e l l e d  a r r a y  approach  p rov ides  two s i g n i f i c a n t  measurements a s  
i l l u s t r a t e d  i n  F i g u r e  7 .  The d i s t a n c e  between t h e  c e l l s  which a r e  t h e  f a r t h e s t  
a p a r t ,  AB, c a n  be used t o  de te rmine  t h e  s t a d i a m e t r i c  a n g l e .  CD,  t h e  d i s t a n c e  
between c e l l s  f a r t h e s t  a p a r t  b u t  p e r p e n d i c u l a r  t o  AB, can be used t o  d e t e r m i n e  
t h e  c r e s c e n t  a n g l e .  From t h e s e  measurements,  t h e  d i s t a n c e  t o  t h e  p l a n e t  and 
t h e  p l a n e t - s u n  a n g l e  c a n  be determined a s  shown below. 

Cons ide r  t h e  two diagrams i n  F i g u r e  8 .  I n  t h e  t o p  diagram t h e  Sun 
is  assumed p e r p e n d i c u l a r  t o  t h e  page. I f  t h e  S u n ' s  r e f l e c t i o n  from p o i n t s  A 
and B c a n  be  s e n s e d ,  t h e n  

D 
a,l = .& S i n  - 

2Rsc 

where D p  i s  t h e  p l a n e t  d i a m e t e r  and R is  t h e  d i s t a n c e  from t h e  s p a c e c r a f t  t o  
S C 

t h e  p l a n e t  c e n t e r .  From t h i s  

The a n g l e ,  B ,  i s  d e f i n e d  t o  be t h e  a n g l e  measured from t h e  s p a c e c r a f t -  
p l a n e t  v e c t o r  t o  t h e  s p a c e c r a f t - S u n  v e c t o r .  9 c a n  be r e l a t e d  t o  a a s  f o l l o w s :  2  

T h e r e f o r e ,  

D 
0 
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D 
R  = R  - s i n  (8 )  

p  s c  2  

Using E q u a t i o n s  (6)  and (9 )  i n  E q u a t i o n  ( 7 )  , 

I n  terms of a ., 2  

- 1 a = t a n  
2 

The measurement m a t r i x  c a n  now be o b t a i n e d  by t a k i n g  t h e  p a r t i a l  
d e r i v a t i v e s  of t h e  measured q u a n t i t y  a w i t h  r e s p e c t  t o  t h e  e l e m e n t s  o f  t h e  

2  s p a c e c r a f t - t o - p l a n e t  s t a t e  v e c t o r  R, i . e . ,  

aa2 aa,2 3~ -- S C - t -  a g  a r i  aRsc a r ,  

w h e r e r  i =  
i ' x ,  y ,  z ,  a r e  components o f  t h e  s t a t e  v e c t o r  R. 

I f  t h e  a n g u l a r  f i e l d  of v iew (FOV) o f  t h e  mosaic s e n s o r  i s  1) d e g r e e s  
and t h e r e  a r e  N c e l l s  c o v e r i n g  t h i s  f i e l d  o f  view, t h e n  t h e  a n g u l a r  r e s o l u t i o n  

i s  K = K o r  c a n  be  v a r i e d  by chang ing  t h e  l e n s  f o c a l  l e n g t h .  Hence, a  
N : sys tem mlght  be s e l f - a d j u s t i n g  a s  t h e  s p a c e c r a f t  approaches  t h e  p l a n e t .  

Each c e l l  of t h e  mosaic i s  e i t h e r  on o r  o f f  f o r  any one frame a s  a  
f u n c t i o n  of  t h e  t h r e s h o l d  and i l l u m i n a t i o n .  It i s  assumed t h a t  t h e  t h r e s h o l d  
w i l l  be s e t  s o  t h a t  t h e  on s t a t e  w i l l  occur  when a  s e c t i o n  of  image hav ing  a  
d e f i n e d  i n t e n s i t y  i s  exposed t o  112 t h e  a c t i v e  c e l l  a r e a .  T h i s  would p rov ide  
a n  a n g u l a r  e r r o r  of  a t  l e a s t  112 K. I f  two c e l l s  a r e  used i n  d e t e r m i n i n g  t h e  
sub tended  a n g l e s ,  t h e  minimum e r r o r  i n  measurement f o r  a  s i n g l e  frame would be 

7 ,  
i\ - 
v2, Repeated computa t ion  a f t e r  t h e  image i s  s h i f t e d  s l i g h t l y  t o  ~ r o v i d e  un- 
c o r r e l a t e d  f rames would make i t  p o s s i b l e  t o  a v e r a g e  t h e  c e l l  r e s o l u t i o n  e r r o r .  
T h i s  would depend on t h e  c o r r e l a t i o n  between frames and t h e  s p a c e c r a f t  t r a v e l  
d u r i n g  t h e  a v e r a g i n g  t ime.  

Other  e r r o r s  i n  a n g l e  measurement a t t r i b u t e d  t o  t h e  mosaic a r e  random 
n o i s e ,  c r o s s  t a l k ,  and nonun i fo rn i i ty  of c e l l  s e n s i t i v i t y .  Prolonged o b s e r v a t i o n  



h e l p s  c o n s i d e r a b l y  i n  r e d u c i n g  t h e r m a l  n o i s e  and o t h e r  random e x c i t a t i o n s .  
E r r o r s  caused by c r o s s t a l k  and nonun i fo rmi ty  a r e  s t r i c t l y  a  f u n c t i o n  o f  t h e  
mosaic f a b r i c a t i o n  and s t r u c t u r e .  These e r r o r s  a r e  c o n s i d e r e d  a s  b i a s  e r r o r s  
and a r e  n o t  reduced by t ime o r  frame a v e r a g i n g .  

E r r o r s  i n  a n g l e  measurement n o t  r e l a t e d  t o  t h e  i n s t r u m e n t  a r e  t h o s e  
caused by s o  c a l l e d  background c l u t t e r  ( i . e . ,  s t a r s ,  m e t e r o i d s ,  cosmic d u s t ,  
p l a n e t  d a r k  s p o t s ,  e t c . ) .  I t  i s  b e l i e v e d  t h a t  image enhancement t e c h n i q u e s  
w i l l  h e l p  c o n s i d e r a b l y  i n  r e d u c i n g  t h e s e  e r r o r s .  The e r r o r s  a t t r i b u t e d  t o  
t h i s  f a c t o r  may be lumped i n t o  one v a r i a n c e  f i g u r e .  

The t o t a l  e r r o r  i n  a n g u l a r  measurement c a n  be de te rmined  by summing 
t h e  s q u a r e s  of t h e  c o n t r i b u t i n g  v a r i a n c e s  a s  f o l l o ~ a s :  

0 2  - 2 + o  2 + 0  2  TOT - (%EL INS T CLUT ) 

where o 
K - -  

CEL - NG v a r i a n c e  a t t r i b u t e d  t o  r e s o l u t i o n  

where N i s  t h e  f a c t o r  provided by frame a v e r a g i n g  
0 

INST 
= v a r i a n c e  a t t r i b u t e d  t o  c r o s s t a l k  and nonun i fo rmi ty  

0- 
CLUT 

= v a r i a n c e  a t t r i b u t e d  t o  c l u t t e r .  

The measurement m a t r i x  p r e v i o u s l y  d e r i v e d  and t h e  measurement e r r o r s  
d e f i n e d  above a r e  a l l  t h a t  i s  n e c e s s a r y  f o r  t h e  implementa t ion  of  t h e  a n g u l a r  
s e n s o r s  i n  t h e  K a l m a n - f i l t e r e d  upda te  model. 

P l a n e t a r y  Approach Phase N a v i g a t i o n .  A n a l y s i s  of o r b i t e r - l a n d e r  
approach  gu idance  sys tems i s  d i v i d e d  i n t o  two p a r t s :  t h e  f i r s t  p a r t  i n c l u d e s  
gu idance  from t h e  p o i n t  of e n t r y  i n t o  t h e  p l a n e t ' s  s p h e r e  of  i n f l u e n c e  u n t i l  
o r b i t ;  t h e  second p a r t  i n c l u d e s  guidance from o r b i t  t o  l a n d i n g .  S i n c e  a  s i z a b l e  
package i s  l e f t  i n  o r b i t  a f t e r  t h e  l a n d e r  s e p a r a t e s ,  n a v i g a t i o n  a i d s  may be  q u i t e  
d i f f e r e n t  i n  t h e  two c a s e s .  

For  approach ,  o p t i c a l  a i d s  w i l l  u s u a l l y  be employed. It i s  assumed 
t h a t  t h e  s p a c e c r a f t  employs a  s u n  s e n s o r  and a  s t a r  s e n s o r ,  and,  i f  d e s i r e d ,  a  
s e n s o r  which c a n  l o c k  on t h e  i l l u m i n a t e d  p o r t i o n  of  the  t a r g e t  p l a n e t .  DSIF 
i n f o r m a t i o n  i s  assumed a v a i l a b l e  d u r i n g  t h i s  phase .  

For  t h e  t e r m i n a l  phase ,  o p t i c a l  a i d s  may o r  may n o t  be  employed. The 
l a n d e r  may i n c l u d e  a  TV t r a n s m i t t e r ,  w i t h  r e s u l t a n t  m o n i t o r i n g  from E a r t h .  A t  
p l a n e t a r y  d i s t a n c e s  , however,  t h e  t ime l a g  e x c l u d e s  e a r t h - b a s e d  g u i d a n c e ,  DSIF 
i n f o r m a t i o n  may n o t  be a v a i l a b l e  due t o  t h e  s p a c e c r a f t ' s  b e i n g  s h i e l d e d  by t h e  
t a r g e t  p l a n e t ,  and due t o  t h e  d i f f i c u l t y  of l o c k i n g  o n t o  t h e  s p a c e c r a f t  when i n  
c l o s e  p rox imi ty  t o  t h e  s u r f a c e .  

The p o s s i b l e  e r r o r s  s o u r c e s  f o r  e a c h  p a r t  and t h e i r  impact on t h e  m i s s i o n  
s u c c e s s  p r o b a b i l i t y  must now be i d e n t i f i e d .  



For  t h e  approach  phase ,  t h e  end o b j e c t i v e  i s  t o  p l a c e  a  s p a c e c r a f t  
i n t o  a n  o r b i t  around t h e  t a r g e t  p l a n e t .  The d e s i r e d  p e r i a p s i s  and a p o a p s i s  f o r  
t h i s  o r b i t  a r e  f i x e d  a s  r p  and ra r e s p e c t i v e l y .  F i g u r e  9 shows t h e  approach  
p a t h  t o  a c h i e v e  such  a n  o r b i t .  

O r b i t  i n s e r t i o n  c o n s i s t s  of  a l t e r i n g  t h e  pa th  a t  p o i n t  S ,  s o  t h a t  t h e  
s p a c e c r a f t  e n t e r s  on t h e  p a t h  S-S t  w i t h  f i r i n g  of  t h e  r e t r o  e n g i n e  o c c u r r i n g  a t  
p o i n t  P f o r  o r b i t  i n j e c t i o n .  The l i n e  S-A,  t a n g e n t  t o  S-S'  a t  S ,  i s  c a l l e d  t h e  
approach  asympto te ,  and t h e  l i n e  segment B ,  from t h e  p l a n e t ' s  c e n t e r  p e r p e n d i c u l a r  
t o  SA, i s  c a l l e d  t h e  impact pa ramete r .  

Onboard measurements normal t o  t h e  approach  t r a j e c t o r y  i n v o l v e  
d e t e r m i n i n g  t h e  a n g l e  between t h e  v e c t o r s  l o c a t i n g  t h e  p l a n e t  c e n t e r  and t h e  
r e f e r e n c e  s t a r  w i t h  r e s p e c t  t o  t h e  s p a c e c r a f t .  Th i s  i s  shown i n  F i g u r e  9 a s  t h e  
a n g l e  8 + $. The a n g l e  8 i s  known from t r a j e c t o r y  c a l c u l a t i o n s ,  s o  t h e  impact 
pa ramete r  a n g l e  @ i s  r e a d i l y  c a l c u l a t e d  from t h i s  measurement. I f  a  second s t a r  
i n  a n o t h e r  a x i s  is  viewed,  t h e n  t h e  r o t a t i o n  o f  t h e  impact pa ramete r  abou t  t h e  
p l a n e t  c e n t e r  c a n  a l s o  be de te rmined .  

Use of DSIF u p d a t i n g  p rov ides  range  and r a n g e - r a t e  a c c u r a c i e s  of 
s u f f i c i e n t  magnitude ( s e e  Appendix A) t h a t  a n g u l a r  measurements of  t h e  p l a n e t  
w i t h  s t a t e - o f - t h e - a r t  e l e c t r o - o p t i c a l  s e n s o r s  does  n o t  improve t h e  s t a t e  
e s t i m a t e  f o r  t h e  Mars m i s s i o n  on t h e  t r a j e c t o r y  used .  Should s i g n i f i c a n t l y  more 
a c c u r a t e  e l e c t r o - o p t i c a l  s e n s o r s  f o r  p l a n e t  approach measurements be a v a i l a b l e ,  
t h e y  may be i n c o r p o r a t e d  i n t o  t h e  computer program w i t h o u t  undue d i f f i c u l t y .  
I n  s u c h  a  c a s e ,  t h e  improvement i n  a c c u r a c y  shou ld  be  weighed a g a i n s t  t h e  
d e g r a d a t i o n  i n  t h e  p e n a l t y  t h a t  would r e s u l t  from t h e  w e i g h t ,  power, and 
r e l i a b i l i t y  c o n s i d e r a t i o n s  of  t h e s e  s e n s o r s .  

A d d i t i o n a l  e r r o r s  w i l l  a r i s e  d u r i n g  r e t r o - f i r i n g  due t o  e r r o r s  i n  t h e  
s p a c e c r a f t ' s  o r i e n t a t i o n  when f i r i n g .  These a t t i t u d e  e r r o r s  w i l l  g e n e r a t e  
v e l o c i t y  and p o s i t i o n  e r r o r s .  For  a  M a r t i a n  o r b i t e r ,  t h e  r e t r o  AV is  a b o u t  3000 
t o  4500 f t / s e c  depending on the  t r a j e c t o r y  s e l e c t e d .  The v e l o c i t y  e r r o r s  g e n e r a t e d  
d u r i n g  approach  a r e  much s m a l l e r  i n  magnitude and c o r r e c t i o n  r e q u i r e s  v e r y  l i t t l e  
a d d i t i o n a l  f u e l .  

The f a c t o r s  which may a f f e c t  t h e  p e n a l t y  d u r i n g  approach  n a v i g a t i o n  
a r e  : 

(1) E l e c t r o - o p t i c a l  s e n s o r  and r a d a r  MTBF, w e i g h t ,  and 
s w i t c h i n g  r e  l i a b i l i t y  d e g r a d a t i o n .  

( 2 )  E l e c t r o - o p t i c a l  s e n s o r  and r a d a r  measurement u n c e r t a i n t i e s .  

(3)  P o s i t i o n  and a t t i t u d e  e r r o r s  a t  t h e  c r a f t  ' S  e n t r y  
i n t o  t h e  p l a n e t ' s  s p h e r e  o f  i n f l u e n c e .  (For  t h e  
approach  phase ,  t h e s e  a r e  e s s e n t i a l l y  b i a s e s ) .  

(4) R e t r o - t h r u s t  magnitude and d u r a t i o n  u n c e r t a i n t i e s .  
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(5) V e l o c i t y  and p o s i t i o n  e r r o r s  genera ted  d u r i n g  t h r u s t i n g  
by improper i n i t i a l  a l i g n m e n t  of s p a c e c r a f t .  Al though 
t h e s e  a r e  e s s e n t i a l l y  second-order  e f f e c t s ,  t h e  e r r o r  
magni tudes  may be t h e  l a r g e s t  c o n t r i b u t o r s  t o  t h e  p e n a l t y .  

For t h e  t e r m i n a l  phase ,  it i s  assumed t h a t  t h e  s p a c e c r a f t  is  a l r e a d y  
i n  o r b i t  around t h e  p l a n e t .  E r r o r s  t h a t  may e x i s t  i n  t h e  o r b i t  c a n  be prop- 
a g a t e d  v i a  t h e  s t a t e - t r a n s i t i o n  m a t r i x .  A l t i t u d e  e r r o r s  may be assumed t o  
have been p r e v i o u s l y  c o r r e c t e d  by a  Hohmann t r a n s f e r ,  o r  t h e y  c a n  be p ropaga ted .  

From t h i s  pa rk ing  o r b i t ,  t h e  l a n d e r  i s  launched and descends  t o  t h e  
s u r f a c e  o f  t h e  p l a n e t .  The moment o f  r e l e a s e  of t h e  l a n d e r  may be  computed 
on-board,  o r  may be  commanded from E a r t h .  Obviously ,  t h e  l a n d i n g  s i t e  w i l l  be  
d i r e c t l y  dependen t  on t h e  t ime of r e l e a s e .  The DSIF can  measure c e r t a i n  o r b i t a l  
pa ramete r s  v e r y  a c c u r a t e l y ,  s o  t h e  t ime  o f  r e l e a s e  can  be c a l c u l a t e d  e q u a l l y  
a c c u r a t e l y .  

The l a n d e r  e n t e r s  t h e  p l a n e t ' s  atmosphere a t  a n  e n t r y  a n g l e  P a s  shown 
i n  F i g u r e  10.  F o r  a  d i r e c t  l a n d e r ,  t h i s  p a t h  e n t r y  a n g l e  i s  v e r y  c r i t i c a l .  Too 
s t e e p  a n  a n g l e  w i l l  c a u s e  t h e  l a n d e r  t o  b u r n  up and t o o  s h a l l o w  a n  a n g l e  may 
c a u s e  it t o  s k i p  back  o u t .  F o r  e n t r y  from o r b i t ,  however, much s h a l l o w e r  a n g l e s  
a r e  p e r m i s s i b l e  w i t h o u t  danger  of s k i p - o u t .  Fo l lowing  a tmospher ic  e n t r y ,  t h e  
l a n d e r  i s  slowed by aerodynamic d r a g  and p o s s i b l e  p a r a c h u t e s ,  The r e t r o  e n g i n e s  
a r e  then  f i r e d  t o  e f f e c t  a  s o f t  l a n d i n g .  To avoid  s u r f a c e  c o n t a m i n a t i o n  by t h e  
e x h a u s t ,  t h e  e n g i n e s  a r e  c u t  a t  some h e i g h t  over  t h e  s u r f a c e .  I f  t h e  h o r i z o n t a l  
v e l o c i t y  i s  no t  g r e a t e r  t h a n  some c r i t i c a l  v a l u e ,  t h e  l a n d e r  w i l l  t h e n  d r o p  t o  
t h e  s u r f a c e  i n t a c t  w i t h o u t  t o p p l i n g  o v e r .  I n  p r a c t i c e ,  h o r i z o n t a l  v e l o c i t i e s  of 
l e s s  t h a n  2 f t / s e c  a r e  a c h i e v a b l e  w i t h  s t a t e - o f - t h e - a r t  gu idance  s y s t e m s .  I n  
a d d i t i o n ,  a t t i t u d e  and a t t i t u d e  r a t e  must a l s o  be c o n t r o l l e d  a s  e x c e s s i v e  t i l t  
of  t h e  c r a f t  i s  u n a c c e p t a b l e .  I n c l i n a t i o n  of  t h e  l a n d i n g  s u r f a c e  shou ld  a l s o  
be t a k e n  i n t o  a c c o u n t .  

The s p a c e c r a f t  i s  assumed t o  c o n t a i n  a  pulsed r a d a r  ( d o p p l e r )  a l t i m e t e r ,  
and a  CW r a d a r .  Other  c o n f i g u r a t i o n s  a r e  p o s s i b l e ,  b u t  w i l l  n o t  be d i s c u s s e d  
h e r e i n .  The r a d a r  a l t i m e t e r  p rov ides  i n f o r m a t i o n  f o r  r e l e a s e  of  t h e  pa rachu te  
p r i o r  t o  f i n a l  d e s c e n t ,  and a c t s  a s  a  backup t o  t h e  range beam down t o  some low 
a l t i t u d e  l i m i t e d  by pu l se  w i d t h  c o n s t r a i n t s  (Refe rence  1 5 ) .  The CW r a d a r  posesses  
f o u r  CW v e l o c i t y  beams and one FM/CW r a n g e  beam, s e p a r a t e d  from e a c h  v e l o c i t y  
beam by a  " s q u i n t "  a n g l e  \/r. 

The ISU o u t p u t  can  be  used f o r  d e r i v a t i o n  of s t e e r i n g  commands. 

F a c t o r s  t o  be c o n s i d e r e d  i n  t h e  t e r m i n a l  guidance p o r t i o n  of  t h e  m i s s i o n  
must i n c l u d e :  

( a )  I n e r t i a l  s e n s i n g  u n i t  e r r o r s  

(b)  R e t r o  eng ine  t h r u s t  and f i r i n g  t ime u n c e r t a i n t i e s  

( c )  A l t i m e t e r  ( d o p p l e r  s h i f t )  e r r o r s  

( d )  CW Radar  e r r o r s  (Frequency d r i f t ,  n o i s e ,  measurement 
u n c e r t a i n t i e s )  
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( e )  O p t i c a l  a i d  e r r o r s  

( f )  F l i g h t  pa th  e n t r y  a n g l e  e r r o r  (Th is  i s  n o t  a n  
independer-t  e r r o r  b u t  w i l l  be a  f u n c t i o n  of 
i n i t i a l  c o n d i t i o n  e r r o r s  and r e t r o  eng ine  e r r o r s )  

(g )  F a i l u r e  p r o b a b i l i t y  due t o  v a r i o u s  MTBFfs. 

Given more i n f o r m a t i o n  on t h e  t e r r a i n  of t h e  p l a n e t ,  t h e  p r o b a b i l i t y  
t h a t  t h e  l a n d e r  l ands  u p r i g h t  c a n  a l s o  be c a l c u l a t e d .  T h i s ,  f o r  t h e  p r e s e n t ,  
i s  secondary .  

The t e r m i n a l  phase is  n o t  inc luded  i n  t h e  p r e s e n t  form of  t h e  computer 
program due t o  l a c k  of s u f f i c i e n t  i n f o r m a t i o n  on t h e  l a n d e r  v e h i c l e .  

A l t e r n a t e  A t t i t u d e  C o n t r o l  Mechan iza t ions  

Cold gas  r e a c t i o n  j e t  a t t i t u d e  c o n t r o l  was s t u d i e d  i n  d e t a i l  i n  
Refe rence  1. I n  t h i s  s e c t i o n  c o n t r o l  moment gyros  and i n e r t i a  wheels a r e  
c o n s i d e r e d .  

C o n t r o l  Moment Gyro A t t i t u d e  C o n t r o l .  An i n v e s t i g a t i o n  has  been 
conducted on t h e  use  of c o n t r o l  moment gyros  i n  t h e  a t t i t u d e  c o n t r o l  sys tem i n  
p lace  of t h e  p r e v i o u s l y  examined g a s - r e a c t i o n  j e t s  (Refe rence  1 ) .  Although i t  
i s  e n t i r e l y  p o s s i b l e  t o  use b o t h  c o n t r o l  moment gyros  (CblG) and g a s - r e a c t i o n  
j e t s  i n  t h e  same a t t i t u d e  c o n t r o l  sys tem,  t h e  f o l l o w i n g  a n a l y s i s  c o n c e n t r a t e s  
on t h e  use  o f  CMG a l o n e .  

Unl ike  t h e  g a s - r e a c t i o n  j e t ,  which i s  a  mass -expuls ion  d e v i c e ,  t h e  
CMG i s  a  mass -conserva t ive  s y s t e m ,  working on t h e  momentum-exchange p r i n c i p l e .  
While t h e  t o t a l  momentum of t h e  s y s t e m  i s  c o n s t a n t ,  q u a n t i t i e s  of i t  can be  
absorbed by t h e  CMG by chang ing  t h e  o r i e n t a t i o n  of t h e  s p i n  v e c t o r s  of t h e  gyros .  
I n  t h i s  way, t h e  t o t a l  momentum v e c t o r  of t h e  v e h i c l e  can change d i r e c t i o n ,  r e -  
s u l t i n g  i n  a  change of a t t i t u d e  f o r  t h e  s p a c e c r a f t .  

I n  a d d i t i o n ,  e x t e r n a l  t o r q u e s  a c t i n g  on t h e  s p a c e c r a f t  can  be compen- 
s a t e d  by a n  a p p r o p r i a t e  change i n  t h e  gyro  o r i e n t a t i o n .  I n  t h i s  c a s e ,  t h e  t o t a l  
momentum v e c t o r  may o r  may n o t  remain  c o n s t a n t  i n  magni tude,  depending on t h e  
n a t u r e  of t h e  e x t e r n a l  d i s t u r b a n c e .  For  impuls ive  d i s t u r b a n c e s  ( e . g . ,  m e t e o r i t e  
impact)  t h e  t o t a l  momentum w i l l ,  e x c e p t  i n  t h e  most s e v e r e  c a s e s ,  remain c o n s t a n t  
w h i l e  f o r  con t inuous  d i s t u r b a n c e s  ( e  . g . ,  s o l a r  p r e s s u r e ) ,  t h e  t o t a l  momentum w i l l  
e v e n t u a l l y  change.  

Design C o n s i d e r a t i o n s .  The CMG i s  b a s i c a l l y  a  power g y r o ,  and i t s  
main o u t p u t  is  t o r q u e .  I t s  b a s i c  d e s i g n  g o a l s  should  be symmetry, s t a b i l i t y ,  
avoidance o f  s e v e r e  t e m p e r a t u r e  g r a d i e n t s ,  and d e s i g n  a t  s t r e s s  l e v e l s  w e l l  
below t h e  e l a s t i c  l i m i t .  T h i s  l a s t  r equ i rement  i s  p a r t i c u l a r y  i m p o r t a n t ,  s i n c e  
t h e  c o n t r o l  t o r q u e s  c a n  be a p p l i e d  t o  t h e  s p a c e c r a f t  on ly  through t h e  gimbals  
and b e a r i n g s ,  and y e t  t h e  gimbal  i n e r t i a s  should  be low (Refe rence  1 6 ) .  
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S i n c e  t h e  prime o u t p u t  of a  power gyro  i s  t o r q u e ,  t h e  ext reme 
p o s i t i o n  a c c u r a c y  which is  o b t a i n a b l e  i n  i n s t r u m e n t  gyros  canno t  be a c h i e v e d .  
E l e c t r o m a g n e t i c  and e l e c t r o s t a t i c  s u s p e n s i o n s  which a r e  u t i l i z e d  i n  i n s t r u m e n t  
gyros  c a n n o t  be u t i l i z e d  h e r e  s i n c e  t h e y  p rec lude  t h e  t r a n s m i s s i o n  of  s i z a b l e  
t o r q u e s  between the  g y r o  and t h e  v e h i c l e .  Thus,  t h e  CMG uses  c o n v e n t i o n a l  
g imbals  and b e a r i n g s ,  w i t h  a l l  t h e  l o s s e s  and i n a c c u r a c i e s  a s s o c i a t e d  w i t h  such  
a  s e t u p .  The s p i n  b e a r i n g s  a r e  t h e  prime f a c t o r  i n  power consumption and l i f e  
o f  t h e  CMG, w h i l e  t h e  gimbal b e a r i n g s  d e t e r m i n e  t h e  a n g u l a r  r a t e  l i m i t s  and 
s e n s i t i v i t y  t h r e s h o l d s .  

The r a t e  t h r e s h o l d  of a  CMG l i m i t s  t h e  a c c u r a c y  of  c o n t r o l  t o  abou t  
t e n  seconds  of a r c  (Refe rence  1 6 ) .  I f  g r e a t e r  a c c u r a c i e s  a r e  d e s i r e d ,  f l o a t e d  
gyros  must be employed,  w i t h  t h e i r  a s s o c i a t e d  d i s a d v a n t a g e s  of lower t o r q u e  
g a i n ,  more r e q u i r e d  power, and s m a l l e r  momentum t o  we igh t  r a t i o s .  I n  t h i s  
a n a l y s i s ,  c o n v e n t i o n a l  b e a r i n g s  w i l l  be assumed. 

Equipment A s s o c i a t e d  w i t h  CMG. For  t h e  CMG t o  o p e r a t e  e f f e c t i v e l y  
i n  a n  a t t i t u d e  c o n t r o l  sys tem,  i t  is  n e c e s s a r y  t o  have ,  i n  a d d i t i o n  t o  t h e  gyro  
i t s e l f ,  a  s e n s o r ,  o r  p i c k o f f ,  t o  p rov ide  a  s i g n a l  p r o p o r t i o n a l  t o  t h e  g imbal  
a n g l e .  I n  u s u a l  CMG a p p l i c a t i o n s ,  t h i s  s i g n a l  i s  fed  t o  a  t o r q u e  computer and 
a  r e s e t  computer .  I n  a d d i t i o n ,  t h e r e  e x i s t s  a  need f o r  a  s e t  of t o r q u e r s ,  which 
w i l l  p rov ide  a  g i v e n  t o r q u e  t o  t h e  CMG g i v e n  some command s i g n a l .  Accura te  
s e r v o  motors a r e  u s u a l l y  u t i l i z e d  a s  t o r q u e r s .  

The t o r q u e  computer mentioned above assumes t h e  e x i s t e n c e  of  a  
m u l t i p l e  g y r o  sys tem.  I t  i s  common p r a c t i c e  t o  u t F l i z e  a t  l e a s t  t h r e e  s i n g l e  
degree-of- f reedom g y r o s ,  w i t h  t h e i r  o u t p u t  axes  a l i g n e d  a s  c l o s e  a s  p o s s i b l e  
t o  t h e  body axes  of  t h e  v e h i c l e .  I n  c o n t r o l  o p e r a t i o n s ,  each  gyro  w i l l  e x e r t  
a  p o r t i o n  of  c o n t r o l  e f f o r t  i n  any g i v e n  d i r e c t i o n .  The f u n c t i o n  of  t h e  t o r q u e  
computer i s  t h e  s o l u t i o n  of t h e  geomet r i c  problem o f  how t o  move t h e  momentum 
v e c t o r s  i n  s p a c e  t o  i n s u r e  t h a t  t h e  t o r q u e  e x e r t e d  on the  v e h i c l e  is  abou t  t h e  
c o r r e c t  a x i s  and o f  t h e  c o r r e c t  d i r e c t i o n  and magni tude.  

The r e s e t  computer ,  a l s o  mentioned above,  i s  b a s i c a l l y  a  t h r e s h o l d  
measur ing d e v i c e .  The computer d e t e r m i n e s  t h e  amount of momentum b e i n g  provided 
a l o n g  t h e  t h r e e  a x e s ,  and when i t  r e a c h e s  some p r e - e s t a b l i s h e d  v a l u e ,  t h e  
computer c a l l s  f o r  a  measured r e s e t  p u l s e .  C u r r e n t  p r a c t i c e  is  t o  combine t h e  
to rque  and r e s e t  computers  i n t o  a  s i n g l e  package. 

For  r e l i a b i l i t y  a n a l y s i s  o f  a  CMG sys tem,  r e l i a b i l i t y  v a l u e s  f o r  t h e  
computer package may be  a s  s i g n i f i c a n t  a s  t h o s e  f o r  t h e  gyros  themse lves .  

A n a l y s i s  o f  a  CMG System.  A complete  CMG a t t i t u d e - c o n t r o l  sys tem may 
have s e v e r a l  d i f f e r e n t  c o n f i g u r a t i o n s .  The s i m p l e s t  would comprise  one s i n g l e -  
degree -o f  -freedom g y r o  per  p r i n c i p a  1 v e h i c l e  ' a x i s .  Moving up i n  c o m p l e x i t y ,  one 
f i n d s  twin  s i n g l e - d e g r e e - o f - f r e e d o m  gyros  per a x i s ,  s i n g l e  two-degree-of- f reedom,  
twin  two-degree-of- f reedom,  a n d ,  f i n a l l y ,  c o n f i g u r a t i o n s  i n v o l v i n g  f o u r  g y r o s ,  
s i n g l e  o r  twin ,  of  one o r  two d e g r e e s  of freedom. Analyses  f o r  s e v e r a l  of t h e s e  
c a s e s  e x i s t  i n  t h e  l i t e r a t u r e  (Refe rences  16,  17 ,  and 1 8 ) .  



I n  t h i s  s e c t i o n ,  two c a s e s  w i l l  be examined; one s i n g l e - d e g r e e - o f -  
freedom (SDF) gyro  w i l l  be  ana lyzed  a s  a n  F l l u s t r a t i o n  of  t h e  type of procedures  
n e c e s s a r y ,  and t h e n  t h e  f o u r  SDF g y r o  c o n f i g u r a t i o n  w i l l  be a n a l y z e d .  The 
r e a s o n s  f o r  t h e s e  c h o i c e s  w i l l  be  p resen ted  w i t h  the  a c a l y s i s ,  

One S i n g l e  Degree-of-Freedom Gyro. The c o n f i g u r a t i o n  o f  i n t e r e s t  i s  
shown i n  F i g u r e  11. Note t h a t  t h e  f i n a l  r e s u l t s  w i l l  depend on t h e  c h o i c e  of 
c o o r d i n a t e  s y s t e m s .  Assume b o t h  c o o r d i n a t e  sys tems possess  a  common o r i g i n  a t  
t h e  c e n t e r  of  mass of t h e  s p a c e c r a f t .  The body axes  a r e  xb,  yb,  zb  and,  t h e  
g imba l -cen te red  c o o r d i n a t e  sys tem xg,  yg, z g ,  has  z g  always  c o i n c i d e n t  w i t h  t h e  
s p i n  a x e s .  8 i s  t h e  a n g l e  d e s c r i b i n g  t h e  g imbal  r o t a t i o n  and i s  p o s i t i v e  when 
r o t a t e d  a b o u t  xg a c c o r d i n g  t o  t h e  r i g h t  hand r u l e .  
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FIGURE 11. SINGLE-DEGREE-OF-FREEDOM CONTROL MOMENT GYRO 

The components o f  t h e  v e c t o r s  a r e  r e l a t e d  by: 



where t h e  t r a n s f o r m a t i o n  m a t r i x  C is  

0 

C = [ s i n .  -:ij 
c o s  8 

The t o t a l  a n g u l a r  momentum a b o u t  t h e  o r i g i n  i s  

and 

where w = a n g u l a r  v e l o c i t y  o f  body frame w i t h  r e s p e c t  t o  ( w . r , t . )  
-b r e f e r e n c e  frame 

LC = a n g u l a r  v e l o c i t y  of  r e f e r e n c e  frame w . r . t  i n e r t i a l  s p a c e  
-r 

gG 
= a n g u l a r  v e l o c i t y  o f  g y r o  frame w . r , t  g imbal  frame 

w = a n g u l a r  v e l o c i t y  of  g imbal  frame w . r . t  body frame 
-g 

I = i n e r t i a  d y a d i c  o f  v e h i c l e  = IIxl + 1 1 ~ 1  + 1 1  I 
z 

J = i n e r t i a  d y a d i c  o f  r o t o r  = 1 ~ ~ 1  + 1 ~ ~ 1  + IG I 
Z 



where 

and rn = mass of r o t o r  
0 

m = gene r i c  p a r t i c l e  of mass 

x(m), y(m), z(m) = coordina tes  of gene r i c  p a r t i c l e .  

Equation (11) can be r e w r i t t e n  a s  

and s i n c e ,  i n  p r a c t i c e ,  I >> J ,  

The equat ion  of motion i s  der ived  by s e t t i n g  the  torque a c t i n g  on t h e  
v e h i c l e  equal  t o  the d e r i v a t i v e  of Equation (12) : 

Equation (13) can be r e w r i t t e n ,  a f t e r  cons iderable  manipulat ion,  a s  



; + p ( q  - wo)(Iy - 8 -  r c o s  0 -  m s i n  0) x + 
0 I -. 

~6 cos  0 - G Q ( ~  + p) s i n  0  + A Q  r yb + I - 

where xb ,  yb,  and zb a r e  u n i t  v e c t o r s  and p, q ,  r a r e  t h e  components of t h e  
a n g u l a r  r a t e  u and -b 

wo = magnitude of t h e  a n g u l a r  r a t e  w i t h  r e s p e c t  t o  i n e r t i a l  s p a c e  

- E r  - -woyb) . 
Also  

L! i s  d e f i n e d  by gG = Qg and 
g  

0 i s  d e f i n e d  by m = Qx f o r  t h e  c o o r d i n a t e  sys tem a s  shown i n  
F i g u r e  11. 7 3  7 3 , .  

A d e t a i l e d  d e r i v a t i o n  of  E q u a t i o n  (14) i s  g i v e n  i n  R e f e r e n c e  17.  

Four  Single-Degree-of-Freedom Gyros.  A power gyro  c a n  e x e r t  t o r q u e  
o n l y  a b o u t  i t s  s e n s i t i v e  a x i s .  I f ,  d u r i n g  t h e  c o u r s e  of a  maneuver, a  s i t u a t i o n  
a r i s e s  where a l l  t h e  gyros  o f  a  m u l t i p l e - g y r o  sys tem p r e c e s s  s u f f i c i e n t l y  s o  t h a t  
a l l  t h e i r  o u t p u t  axes  end up i n  t h e  same p l a n e ,  t h e  sys tem can  no l o n g e r  p rov ide  
any  c o n t r o l  t o r q u e  a b o u t  axes  p a r a l l e l  t o  t h i s  p l a n e .  T h i s  s i t u a t i o n  i s  known 
a s  "bindup", and f o r  a  c o n t r o l  sys tem employing one s i n g l e - d e g r e e - o f - f r e e d o m  
gyro  per  p r i n c i p a l  a x i s  i t  h a s  been shown (Refe rence  16) t h a t  b indup w i l l  o c c u r  
when t h e  momentum l e v e l  r e a c h e s  0 . 4  H a l o n g  any c o n t r o l  a x i s  (where a l l  g y r o s  
a r e  assumed i d e n t i c a l ,  each w i t h  a  momentum H ) .  For  a  t h r e e - g y r o  sys tem,  t h e  
c a p a c i t y  o f  t h e  sys tem i s  &H (Refe rence  1 6 ) ,  b u t  t h e  b i n d u p  c o n s i d e r a t i o n s  
d i c t a t e  t h a t  t h e  a c t u a l  l i m i t i n g  momentum i s  0 . 4  H.  T h i s  was te  of  momentum be-  
comes n e c e s s a r y  i n  o r d e r  t o  m a i n t a i n  c o n t r o l  abou t  a l l  a x e s .  

By employing a  c o n t r o l  sys tem w i t h  f o u r  g y r o s ,  b indup  c o n d i t i o n s  a t  
momentum l e v e l s  below t h e  s y s t e m ' s  c a p a b i l i t y  a r e  a v o i d e d .  I n  a d d i t i o n ,  a  h i g h e r  
momentum c a p a b i l i t y  i s  a c h i e v e d ,  a s  w e l l  a s  added r e l i a b i l i t y  due t o  redundancy.  



The a d d i t i o n a l  weight  and power t h a t  t h e  f o u r t h  g y r o  demands i s  inc luded  i n  t h e  
eva lua  t i o n .  

The e q u a t i o n s  c f  motion f o r  t h e  four -gyro  sys tem a r e  complex, and t h e  
complete  d e r i v a t i o n  w i l l  n o t  be p resen ted  h e r e .  An e x c e l l e n t  d e r i v a t i o n  can  be  
found i n  Appendix 1 of  Refe rence  16.  Only t h e  p e r t i n e n t  assumptions  and r e s u l t s  
a r e  d i s c u s s e d .  

Cons ider  a  four-CMG c o n f i g u r a t i o n  a s  shown i n  F i g u r e  12,  w i t h  t h e  
f o l l o w i n g  d e s c r i p t i o n :  

(1) Gimbal a x i s  "a" l i e s  i n  t h e  f i r s t  q u a d r a n t  of t h e  
0 

y , z  p lane and is  a from t h e  y  a x i s  

(2) Gimbal a x i s  "b" l i ~ s  i n  t h e  second q u a d r a n t  of t h e  
y , z  p lane and i s  a from t h e  -y a x i s  

( 3 )  Gimbal a x i s  "c" lies in t h e  f o u r t h  q u a d r a n t  of t h e  
0 

x , z  p lane and i s  a, from t h e  x  a x i s .  

( 4 )  Gimbal a x i s  "d" l i s s  i n  t h e  t h i r d  q u a d r a n t  of t h e  
x , z  p lane and i s  n from t h e  -x a x i s .  

0 
For  t h i s  c o n f i g u r a t i o n ,  e q u a l  g a i n s  abou t  t h e  c a r d i n a l  occur  when a = 54.7 . 

F I G U R E  1 2 ,  FOUR-GYRO SYSTEM O R I E N T A T I O N  



Beginning w i t h  t h e  gimbal t o r q u e  e q u a t i o n s  w i t h  r e s p e c t  t o  t h e  a ,  b ,  
c ,  and d a x e s ,  and making t h e  fo l lowing  s i m p l i f y i n g  assumptions  

(1) R e a c t i o n  t o r q u e s  a r e  s m a l l  compared t o  t h e  c o n t r o l  
t o r q u e s  and may be n e g l e c t e d  

(2)  Gimbal i n e r t i a  terms a r e  cons idered  a s  a  p a r t  of 
t h e  v e h i c  l e  ir ler  t i a  

(3)  Gimbal a c c e l e r a t i o n  terms a r e  n e g l e c t e d  

(4) V e h i c l e  a c c e l e r a t i o n s  a r e  s m a l l  r e l a t i v e  t o  t h e  
gimba 1 mot i o n s ,  

t h e  sys tem e q u a t i o n s  can be w r i t t e n ,  a f t e r  c o n s i d e r a b l e  m a n i p u l a t i o n ,  a s  

I n  t h e  e q u a t i o n  above,  

0 .  = v e h i c l e  a n g l e  w i t h  r e s p e c t  t o  i n e r t i a l  space 
1 

S = Laplace  o p e r a t o r  

H = gyro  momentum 

IG = gyro  i n e r t i a  abou t  t h e  gimbal a x i s  (g imbal  i n e r t i a )  

D = gimbal  damping 

K = combined g a i n  of s e n s o r  and torque-motor  ( l b - f t / r a d )  

Ti 
= t o r q u e s  on v e h i c l e  a x e s .  

2  2  2  
B = s i n  a  $ s i n  b  + ( s i n  a cos  c )  + ( s i n  a cos d )  2  
11 

B12 = - s i n  a ( s i n  a  cos a  + s i n  b  cos  b  + s i n  c  cos  c  + s i n  d c o s  d )  



2  2  
B13 

= -cos  a ( - s i n  a  cos  a  + s i n . b  c o s  b  - s i n  a ( c o s  c  - c o s  d ) )  

2  2  2  
B22 = ( s i n  a cos  a ) 2  + ( s i n  a cos  b) + s i n  c + s i n  d  

2 2 
B23 

= -cos  a [ s i n  a (cos  a  - c o s  b) + s i n  c  c o s  c  - s i n  d  cos  d ]  

2  2 2  2  2  
33 

= ( c o s  a )  ( c o s  a  + c o s  b  + c o s  c  + c o s  d) . 

where a ,  b ,  c ,  and d  a r e  t h e  g imbal  d i s p l a c e m e n t  a n g l e s  from t h e  z e r o  momentum 
c o n f i g u r a t i o n .  The above terms depend e n t i r e l y  on t h e  gyro  a n g l e s ,  and t h e s e  
a n g l e s  d e t e r m i n e  t h e  t r a n s f e r  f u n c t i o n  between i n p u t  and o u t p u t .  The o f f - d i a g o n a l  
terms r e p r e s e n t  the  c r o s s  - coup l ing  c h a r a c t e r i s t i c s  of  t h e  s y s  tem. Note t h a t  when 
gimbal a n g l e s  a l l  e q u a l  z e r o  t h e  sys tem i s  decoup led ,  and a l l  o f f - d i a g o n a l  terms 
v a n i s h .  

Weight and Power. For  t h e  CMG, power r e q u i r e m e n t s  a r e  two-fold:  power 
i s  needed a t  t h e  d r i v e  motor t o  overcome b e a r i n g  and windage l o s s e s ,  and power i s  
needed a t  t h e  t o r q u e r s  t o  move t h e  g imbals  d u r i n g  maneuvers.  

The power t o  overcome l o s s e s  must be s u p p l i e d  by t h e  d r i v e  motor.  The 
same motor i s  used t o  s p i n  t h e  g y r o  up t o  i t s  o p e r a t i o n a l  speed .  To overcome t h e  
need f o r  l a r g e  d r i v e  motors ,  long s p i n - u p  time i s  n e c e s s a r y .  

The power r e q u i r e d  pe r  t o r q u e r  i s  

where TM = motor t o r q u e  

8 = a n g u l a r  r a t e  d e s i r e d .  



T h i s  can  be w r i t t e n :  

where H = momentum a b o u t  t h e  s p i n  a x i s  

w = s p i n  v e l o c i t y .  

E q u a t i o n  (16) i s  d e r i v e d  by w r i t i n g  t h e  e q u a t i o n  of  mot ion f o r  a  g imbal ,  assuming 
t h e  o u t p u t  a x i s  p a r a l l e l  t o  t h e  v e h i c l e  x - a x i s :  

H cos  8 - W H s i n  8 18 
X Y 

Assuming s m a l l  damping and no a n g u l a r  v e l o c i t y  normal t o  t h e  o u t p u t  
a x i s ,  (17) r e d u c e s  t o  

. . 
T M =  IQ + WH c o s  8 

which a p p e a r s  i n  E q u a t i o n  (16) (Refe rence  18) .  

For  t h e  f o u r - g y r o  c o n f i g u r a t i o n ,  i n  t h e  uncoupled s t a t e s  and assuming 
i d e n t i c a l  g y r o s ,  t h e  power l i m i t  i s  f o u r  t imes  t h a t  of E q u a t i o n  ( 1 6 ) .  I n  a c t u a l  
p r a c t i c e ,  r e q u i r e d  power i s  l e s s ,  s i n c e  one g y r o  a c t s  on more t h a n  one a x i s  a t  a  
t ime . 

F i g u r e  13  shows a  power v e r s u s  momentum c u r v e  f o r  a  f o u r - g y r o  
c o n t r o l l e r .  Only s p i n  power i s  shown, s o  t h e  p l o t  should  be i n t e r p r e t e d  a s  
c o n t i n u o u s  power r e q u i r e d .  

F i g u r e  14 shows a  we igh t  v e r s u s  momentum c u r v e  f o r  t h e  f o u r - g y r o  
c o n t r o l l e r .  To t h i s  s h o u l d  be added the  we igh t  of  t h e  computers  and e l e c t r o n i c s  
a s s o c i a t e d  w i t h  t h e  sys tem.  Of c o u r s e ,  g raphs  such  a s  t h e s e  a r e  c o n s t r u c t e d  on 
t h e  b a s i s  of common-practice m a t e r i a l s ,  b e a r i n g s ,  e t c  . S p e c i a l i z e d  a p p l i c a t i o n s  
may r e q u i r e  ind  i v i d u a  1 c a l c u l a t i o n .  

Momentum Requi rements .  To d e t e r m i n e  t h e  momentum r e q u i r e m e n t s ,  c o n s i d e r  
HI t o  be t h e  minimum a n g u l a r  momentum n e c e s s a r y  f o r  performing t h e  p r e s c r i b e d  
maneuvers,  and H z  t o  be t h e  minimum a n g u l a r  momentum n e c e s s a r y  t o  overcome t h e  
w o r s t  c a s e  o f  m e t e o r i t e  impact ,  s o l a r  p r e s s u r e ,  o r  midcourse eng ine  misa l ignment .  

Given a  maneuver which r e q u i r e s  t r a v e r s i n g  a  g iven  a n g l e  8, i n  a  
s p e c i f i e d  t ime A t ,  t h e  t o r q u e  n e c e s s a r y  i s  







where I = moment of  i n e r t i a  abou t  t h e  a x i s  of  r o t a t i o n .  

Now, c o n s i d e r  t h a t  t h i s  t o r q u e  w i l l  b e  s u p p l i e d  by a  gyroscope ,  
c a p a b l e  of  a  v e l o c i t y  of  p r e c e s s i o n  m . F o r  a  s u c c e s s f u l  o p e r a t i o n  

P 

o t h e r w i s e  t h e  maneuver canno t  be performed. Assuming t h a t  r e l a t i o n  (19) h o l d s  
t r u e ,  from s i m p l e  g y r o  t h e o r y  

and t h i s  w i l l  be t h e  minimum momentum r e q u i r e d  t o  perform t h e  maneuver. T h i s  
momentum i s  s u p p l i e d  by a  f o u r - g y r o  sys tem,  and t o  avoid  t h e  p o s s i b i l i t y  o f  gyro  
bindup,  t h e  sys tem must be des igned  s o  t h a t  f o r  e a c h  i n d i v i d u a l  gyro  

H T I H  
gyro  3 1 

Now, g i v e n  t h e  w mentioned above,  t h e  o t h e r  t o r q u i n g  r e q u i r e m e n t s  
a r e  examined. P  

From m e t e o r i t e  impac t ,  s o l a r  p r e s s u r e ,  and midcourse  eng ine  m i s a l i g n -  
ment, t h e  w o r s t  c a s e  is  p icked ,  and t h i s  t o r q u e  i s  c a l l e d  T . From t h i s  ma x 

T = H W  
max 2 p  

T 
- max - -  

Hz w 
P 

The momentum r e q u i r e d ,  H3, f o r  t h e  p a r t i c u l a r  m i s s i o n ,  i s  t h e n  

Hj = Max (HI, Hz) 



T h i s  i s  t h e  maximum momentum per a x i s .  S i n c e ,  f o r  a  four -gyro  s y s  tem, t h e  t o t a l  
momentum a v a i l a b l e  per  a x i s  i s  t h r e e  t imes  the  momentum of an  i n d i v i d u a l  g y r o ,  
t h e  f i n a l  s i z i n g  c a n  now t a k e  p l a c e .  

1 - - - H per  g y r o  . 
H f i n a l  3 3 

R e l i a b i l i t y  C o n s i d e r a t i o n s .  The e l e c t r i c a l  p a r t s  r e l i a b i l i t y ,  minus 
t h e  computer ,  f o r  a  f o u r -  y r o  a t t i t u d e  c o n t r o l  sys tem,  was c a l c u l a t e d  i n  1965 
(Refe rence  16) a s  9  x  lo-% f a i l u r e s / h o u r ,  per  gyro .  The govern ing  f i g u r e  i n  
r e l i a b i l i t y  a n a l y s i s  i n  a  gyro  package i s  t h e  g y r o  hardware .  Tab le  V I I I  g i v e s  
a  d e t a i l e d  breakdown, c i r c a  1965,  and a  f i g u r e  of  59.26 x  f a i l u r e / h o u r  
p e r  gyro  i s  a r r i v e d  a t .  

Today, advances  i n  e l e c t r o n i c  components and packagin may b e  assumed 
t o  c u t  t h e  f a i l u r e  r a t e  of  t h e  e l e c t r o n i c s  t o ,  r o u g h l y ,  3 x losi  f a i l u r e s / h o u r .  
L ikewise ,  g y r o  hardware f a i l u r e  r a t e s  can  be assumed (Refe rences  16) t o  have 
d e c r e a s e d  t o  a b o u t  40 x  10'6 f a i l u r e s / h o u r .  Th i s  y i e l d s  a  r e l i a b i l i t y  f i g u r e  
of  43 x  l o w 6  f a i l u r e s / h o u r  per  g y r o  c h a n n e l ,  and t h i s  f i g u r e  w i l l  be used i n  t h e  
c a l c u l a t i o n s .  

S i n c e  a  f o u r - g y r o  sys tem i s  employed, i t  i s  a l s o  assumed t h a t  i f  t h r e e  
of t h e  f o u r  gyros  s u r v i v e  t h e  m i s s i o n ,  t h e  sys tem performance,  though degraded ,  
w i l l  s t i l l  be c o n s i d e r e d  s a t i s f a c t o r y .  Under t h i s  a s sumpt ion ,  t h e  p r o b a b i l i t y  
t h a t  a t  l e a s t  t h r e e  of  f o u r  c h a n n e l s  w i l l  s u r v i v e  i s  g i v e n  by: 

x= n 
n  ! 

PS = P ( s , n )  = F 
x! (n-x) ! 

PX ( l - p ) n - x  
, x=s 

where s = number of  s u r v i s o r s  ( = 3 )  

n = t o t a l  number of e l ements  ( 4 )  

p  = p r o b a b i l i t y  of  s u r v i v a l  o f  a  s i n g l e  e l e m e n t .  

The p r o b a b i l i t y  of  f a i l u r e  f o r  t h i s  c a s e  i s  

P F =  1 - PS. 

I f  a n  a c t u a l  numer ica l  c a l c u l a t i o n  i s  a t t e m p t e d ,  i t  immediate ly  be-  
comes a p p a r e n t  t h a t  t h e  a t t i t u d e  c o n t r o l  sys tem c a n n o t  be l e f t  on c o n t i n u o u s l y  
f o r  a  long  m i s s i o n .  I n  t h e  c a s e  of a  J u p i t e r  f l y b y ,  l e a v i n g  t h e  sys tem on f o r  
400 days  w i l l  r e s u l t  i n  a  r e l i a b i l i t y  of a b o u t  30%, c l e a r l y  an  u n a c c e p t a b l e  f i g u r e .  



TABLE V I I I .  FAILURE RATES FOR GYRO PARTS 
(From Refe rence  16) 

P a r t  ~a  i l u r e  /Hour 

R o t o r  
End b a l l  b e a r i n g s  ( 2 )  
S t a t o r  ( i n c l u d i n g  windings)  
1 p i e c e  ( s p i n )  s h a f t  
Gimba 1 
Balance w e i g h t s  ( a d j u s t a b l e )  
Gimbal b e a r i n g s  ( 2 )  a t  0.875 
Torquer  c o i l  assembly 
Torquer  c o i l  assembly frame 
F l e x  l ead  c a p  assembly 
F l e x  l e a d s  
L i m i t  s w i t c h  assembly (mag. r e a d )  
Magnet r e t u r n  p a t h  
Oute r  c a s i n g  
Gimbal b e a r i n g  s u p p o r t  - s e n s o r  end 
Gimbal b e a r i n g  s u p p o r t  - t o r q u e r  end 
Permanent magnet 
Reduc t ion  g e a r  
S l i p  r i n g  b e a r i n g  s u p p o r t  
S l i p  r i n g  b e a r i n g s  ( 2 )  
Gimbal l o c k  s o l e n o i d  
S e r v o  motor 
E l e c t r i c a l  h e a d e r  
End caps  (2)  
P i c k o f f  - s e n s o r  s t a t o r  
P i c k o f f  - s e n s o r  r o t o r  
A s s o r t e d  n u t s  
S l i p  r i n g s  
S l i p  r i n g  b rushes  

TOTAL 59.25 x l o e 6  

Note: From G.E. Memo 62-45-501 



The sys tem must ,  t h e r e f o r e ,  be t u r n e d  o f f  when it i s  not  needed.  T h i s  w i l l  
c r e a t e  t r a d e o f f  c o n d i t i o n s  due t o  r e l i a b i l i t y  d e g r a d a t i o n  by s w i t c h i n g .  T h i s  
t r a d e o f f  i s  examined e l sewhere  i n  t h i s  r e p o r t .  

It must a l s o  be k e p t  i n  mind t h a t  a t  l e a s t  two hours  of  warmup t ime  
w i l l  be n e c e s s a r y  a f t e r  t h e  sys tem i s  t u r n e d  on and b e f o r e  i t  is  o p e r a t e d  i n  
o r d e r  t o  b r i n g  t h e  p r e v i o u s l y  s t a t i o n a r y  gyros  up t o  o p e r a t i n g  speed ( i n  t h e  
c a s e  examined h e r e ,  24,000 RPM). T h i s  w i l l  have a n  e f f e c t  on t h e  t o t a l  
r e l i a b i l i t y  f i g u r e ,  a s  w e l l  a s  t h e  t o t a l  ene rgy  r e q u i r e d .  Assuming t h a t  no more 
power i s  r e q u i r e d  t o  s p i n  t h e  g y r o  up t h a n  t o  keep  i t  s p i n n i n g ,  no power i n c r e a s e  
w i l l  be n e c e s s a r y .  

Implementa t ion .  I n  implementing t h e  above i n  t h e  computer program, 
t h e  sys tem s i z i n g  i s  done i n  much t h e  same way a s  f o r  t h e  gas  r e a c t i o n  j e t s  
(Refe rence  1 ) .  There  a r e  two main t o r q u e  r e q u i r e m e n t s :  f i r s t ,  t o r q u e  r e q u i r e d  
t o  perform t h e  maneuvers c a l l e d  f o r  i n  t h e  s c h e d u l e ;  and second ,  t o r q u e  r e q u i r e d  
t o  overcome d i s t u r b a n c e s  due t o  s o l a r  p r e s s u r e ,  m e t e o r i t e  impac t ,  and midcourse  
eng ine  misa l ignment .  Each of  t h e  two r e q u i r e m e n t s  i s  s i z e d  i n d e p e n d e n t l y  and a  
v a l u e  of  a n g u l a r  momentum r e q u i r e d  is  o b t a i n e d  f o r  e a c h .  The g r e a t e r  v a l u e  i s  
t h e n  r e t a i n e d  a s  t h e  minimum momentum r e q u i r e d  f o r  s u c c e s s f u l  comple t ion  o f  t h e  
s c h e d u l e .  

S i n c e  t h e  t o r q u e  g e n e r a t e d  by t h e  CMG sys tem i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  a n g u l a r  v e l o c i t y  of p r e c e s s i o n  o f  t h e  g y r o ,  c a r e  must be e x e r c i s e d  s o  
t h a t  t h e  a n g u l a r  v e l o c i t y  picked i s  no t  t o o  g r e a t .  I f  t h e  s p a c e c r a f t  i s  a l lowed  
t o  r o t a t e  e x c e e d i n g l y  f a s t ,  t h e r e  e x i s t s  the  danger  of  t h e  s e n s o r s  b e i n g  unab le  
t o  a c q u i r e  a  s t a r  when s u c h  a n  a c q u i s i t i o n  i s  c a l l e d  f o r .  

To combat t h e  a r b i t r a r y  s e l e c t i o n  of o v e r l y  l a r g e  v a l u e s  f o r  t h e  a n g u l a r  
v e l o c i t y  of  p r e c e s s i o n ,  a  new s u b r o u t i n e  has  been w r i t t e n  and has  been  i n c o r p o r a t e d  
i n t o  t h e  sys tem.  T h i s  new s u b r o u t i n e ,  STDET, checks  whe the r ,  f o r  a  p a r t i c u l a r  
a n g u l a r  v e l o c i t y  of t h e  s p a c e c r a f t ,  t he  p r o b a b i l i t y  of  d e t e c t i n g  a  s t a r  i s  
s u f f i c i e n t l y  h i g h  a s  t o  w a r r a n t  t h e  use of t h a t  p a r t i c u l a r  v a l u e  of a n g u l a r  
v e l o c i t y .  The s u b r o u t i n e  a l l o w s  t h e  use  of e i t h e r  r e c t a n g u l a r  l i n e - s c a n n e d  
d e t e c t o r s ,  o r  c i r c u l a r ,  c i r c u l a r l y  scanned d e t e c t o r s .  The e q u a t i o n s  f o r  t h e  
p r o b a b i l i t y  of  d e t e c t i o n  w h i l e  employing e i t h e r  o f  t h e  two c o n f i g u r a t i o n s  have 
a l r e a d y  been p resen ted  i n  R e f e r e n c e  1. The r o u t i n e  a l s o  r e q u i r e s  a s  i n p u t  a  
minimum p r o b a b i l i t y  o f  d e t e c t i o n  which would be a c c e p t a b l e  t o  t h e  u s e r .  I n  t h e  
examples c i t e d  i n  t h i s  r e p o r t ,  t h i s  p r o b a b i l i t y  i s  s e t  a t  0 .99.  With t h e  use  of 
STDET, t h e  a t t i t u d e  c o n t r o l  s u b r o u t i n e  i s  a l lowed  t o  employ r e a s o n a b l y  h i g h  
v e l o c i t i e s  of  p r e c e s s i o n  f o r  t h e  CMG gyros  w i t h o u t  j e o p a r d i z i n g  t h e  p r o c e s s  of  
s t a r  d e t e c t i o n  and a c q u i s i t i o n .  

Ten e x e r c i s e  r u n s  were made u s i n g  t h e  new CMG a t t i t u d e  c o n t r o l  sub-  
r o u t i n e  on a  J u p i t e r  f l y b y  m i s s i o n  and t h e  r e s u l t s  a r e  summarized i n  Tab le  I X .  
D e t a i l e d  program o u t p u t  i s  shown i n  a  l a t e r  s e c t i o n  of  t h i s  r e p o r t .  It i s  e v i d e n t  
t h a t  t h e  d imensions  and scann ing  f requency  of t h e  s t a r  t r a c k e r  a r e  of  g r e a t  
importance  i n  s i z i n g  t h e  sys tem.  The v a l u e s  shown a r e  a r b i t r a r y  and t h e r e  e x i s t s  
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a  v e r y  d e f i n i t e  need f o r  a c c u r a t e  d a t a .  I n  t h e  c a s e s  shown, i t  i s  e v i d e n t  t h a t  
t h e  CMG a t t i t u d e  c o n t r o l  sys tem w i l l  weigh s l i g h t l y  more than  t h e  gas  r e a c t i o n  
j e t  sys tem (Refe rence  1 ) ;  however, t h e  d i f f e r e n c e  i s  n o t  s o  g r e a t  a s  t o  be 
p r o h i b i t i v e .  I n  t h e  c a s e s  marked a s  " b e s t "  i n  Tab le  I l l ,  t h e  t o t a l  p e n a l t y  is  
o n l y  abou t  4 pounds more t h a n  i n  t h e  gas  r e a c t i o n  j e t  c a s e .  When t h e  
d imens ions  and s c a n n i n g  f requency  of  t h e  s t a r  t r a c k e r  a r e  s u c h  t h a t  t h e  s t a r  
d e t e c t i o n  p r o b a b i l i t y  c o n s t r a i n t  comes i n t o  p l a y ,  t h e  t o t a l  p e n a l t y  becomes 
a p p r o x i m a t e l y  16 pounds more t h a n  t h e  p rev ious  v a l u e .  Although s i z a b l e ,  s u c h  
a  d i f f e r e n c e  s t i l l  c a n n o t  be c o n s i d e r e d  p r o h i b i t i v e .  

R e a c t i o n  Wheel A t t i t u d e  C o n t r o l .  The r e a c t i o n  wheel sys tem is  a  mass 
c o n s e r v a t i v e  sys tem e x e r t i n g  c o n t r o l  on t h e  s p a c e c r a f t  by changing t h e  s p a c e -  
c r a f t ' s  momentum v e c t o r .  Whereas a  c o n t r o l  moment g y r o  sys tem changes t h e  
momentum v e c t o r s  by t i l t i n g  t h e  s p i n  axes  of  t h e  g y r o s ,  a  r e a c t i o n  wheel  sys tem 
has i t s  r o t a t i n g  masses permanent ly  a l i g n e d  w i t h  r e s p e c t  t o  t h e  s p a c e c r a f t .  
S i n c e  t h e  momentum v e c t o r  c a n n o t ,  i n  t h i s  way, be  changed by moving t h e  
i n d i v i d u a l  g y r o  momentum v e c t o r s ,  t h e  change i s  e f f e c t e d  by a l t e r i n g  t h e  magni tudes  

Thus ,  t h e  c o n t r o l  moment gyro sys tem i s  b a s i c a l l y  momentum c o n s e r v a -  
t i v e ,  whereas t h e  r e a c t i o n  wheel  sys tem i s  n o t .  There  a r e  b o t h  advan tages  and 
d i s a d v a n t a g e s  t o  t h i s  l a t t e r  type  of  sys tem when i t  i s  compared t o  t h e  c o n t r o l  
moment gyro .  Pe rhaps  t h e  main advan tage  i s  a  l a c k  of  d r i f t ,  a n  i m p o r t a n t  s o u r c e  
of e r r o r  i n  a  CMG sys tem,  I n  a d d i t i o n ,  t h e r e  a r e  fewer  b e a r i n g s ,  s i n c e  t h e r e  
a r e  no g i m b a l s ,  which i n c r e a s e s  t h e  r e l i a b i l i t y .  

On t h e  o t h e r  hand,  t h e  r e a c t i o n  wheel r e q u i r e s  a  l a r g e  motor i n  o r d e r  
f o r  commanded momentum changes t o  occur.  w i t h i n  r e a s o n a b l e  t i m e s .  T h i s  p l a c e s  a  
more s e v e r e  r e q u i r e m e n t  on power and e n e r g y ,  even c o n s i d e r i n g  t h e  p o s s i b i l i t y  of 
employing r e g e n e r a t i v e  b r a k i n g  which i s  a  common p r a c t i c e  i n  such  a  sys tem.  

Some r e a c t i o n  wheel a t t i t L d e  c o n t r o l  sys tems  employ two s e t s  of  r e a c t i o n  
w h e e l s ,  one f o r  c o a r s e  and one f o r  f i n e  c o n t r o l .  T h i s  may improve t h e  power r e -  
q u i r e m e n t s ,  b u t  i t  a d v e r s e l y  a f f e c t s  the  r e l i a b i l i t y .  Only a  s i n g l e  s e t  o f  
r e a c t i o n  wheels  is  c o n s i d e r e d  i n  t h i s  a n a l y s i s .  

S i n g l e  R e a c t i o n  Wheel A n a l y s i s .  The motor i n  a  r e a c t i o n  wheel  a t t i t u d e  
c o n t r o l  sys tem e x e r t s  a  c o n t r o l  t o r q u e  on t h e  v e h i c l e  and a n  e q u a l  and o p p o s i t e  
t o r q u e  on t h e  wheel .  The t o r q u e  a x i s  i s  f i x e d  w i t h  r e s p e c t  t o  t h e  v e h i c l e .  
T h e r e f o r e ,  f o r  complete  a t t i t u d e  c o n t r o l ,  t h r e e  s u c h  wheels w i t h  m u t u a l l y  perpen- 
d i c u l a r  s p i n  axes  a r e  needed.  Normally,  t h e  s p i n  a x i s  of  each  wheel would be  
p a r a l l e l  t o  a  p r i n c i p a l  a x i s  of  t h e  v e h i c l e  t o  r educe  t h e  c o u p l i n g ,  e v i d e n t  i n  
E q u a t i o n  (23) ( E u l e r ' s  e q u a t i o n  f o r  the  mot ion o f  a  r i g i d  body) .  



where 2, = sum o f  c o n t r o l  and d i s t u r b a n c e  t o r q u e s  

Iii 
= mass moment of  i n e r t i a  o f  v e h i c l e  a l o n g  p r i n c i p a l  axes  

U) . = v e h i c l e  a n g u l a r  v e l o c i t y  
1 

x, y, z = u n i t  v e c t o r s .  

For  a  s i n g l e  r e a c t i o n  wheel ,  w i t h  s p i n  a x i s  p a r a l l e l  t o  t h e  v e h i c l e  X a x i s ,  t h e  
e q u a t i o n  becomes 

where TD i s  d i s t u r b a n c e  t o r q u e  and t h e  assumpt ion  i s  made t h a t  t h e  moments of  
i n e r t i a  of  t h e  v e h i c l e  approximate  t h o s e  of  t h e  sys tem (Refe rence  1 8 ) .  

For a t t i t u d e  changes i n  i n t e r p l a n e t a r y  s p a c e ,  t h e  c o n t r o l  t o r q u e  r e -  
q u i r e d  f o r  a  r e a s o n a b l e  r e s p o n s e  t ime  i s  normal ly  much g r e a t e r  t h a n  t h e  d i s t u r b a n c e  
t o r q u e ,  a  p o s s i b l e  e x c e p t i o n  b e i n g  t h e  d i s t u r b a n c e  t o r q u e  r e s u l t i n g  from m i s a l i g n -  
ment o f  t h e  main e n g i n e  t h r u s t  v e c t o r .  Under t h e s e  c o n d i t i o n s ,  E q u a t i o n  ( 24 )  be-  
comes, f o r  t h e  c a s e  o f  commanded r e o r i e n t a t i o n  

0 
T = I  w +(I - I  ? W  w 

c o n t r o l  xx x  z z YY-' Y Z 

Power r e q u i r e d  ( l e s s  motor ,  b e a r i n g ,  and windage l o s s e s )  is  (Refe rence  18) 



where R = a n g u l a r  v e l o c i t y  of t h e  wheel  r e l a t i v e  t o  t h e  v e h i c l e  

IR = mass moment of i n e r t i a  o f  wheel  abou t  i t s  s p i n  a x i s .  

O p t i m i z a t i o n  of  any  mass c o n s e r v a t i v e  a t t i t u d e  c o n t r o l  sys tem c o n s i s t s  
o f  a r r i v i n g  a t  t h e  p roper  b lend of t h e  f o l l o w i n g  o b j e c t i v e s  w h i l e  mee t ing  c o s t  
and r e l i a b i l i t y  s p e c i f i c a t i o n s :  

(1 )  Maximum c o n t r o l  t o r q u e  

( 2 )  Maximum a n g u l a r  impulse c a p a c i t y  

(3 )  Minimum power and e n e r g y  

(4) Minimum weigh t  

(5) Minimum s p a c e  r e q u i r e m e n t s .  

With r e s p e c t  t o  a  r e a c t i o n  whee l ,  t h e  f o l l o w i n g  p o i n t s  app ly :  ( a )  o b j e c -  
t i v e  (4) and t h e  need f o r  l a r g e  wheel  moment of i n e r t i a  d i c t a t e  a  wheel  w i t h  i t s  
mass c o n c e n t r a t e d  i n  t h e  r i m ;  and ( b )  o b j e c t i v e s  ( 3 )  and (4) a r e  i n  d i r e c t  c o n f l i c t .  
For a  g i v e n  c o n t r o l  t o r q u e  d e c r e a s i n g  IR n e c e s s i t a t e s  a  h i g h e r  wheel  a n g u l a r  
a c c e l e r a t i o n  w i t h  r e s u l t i n g  i n c r e a s e  i n  power and e n e r g y  (Refe rence  1 8 ) .  

Three  Axis R e a c t i o n  Wheel C o n t r o l .  I n  o r d e r  t o  de te rmine  t h e  e f f e c t  
on i n e r t i a  wheel  c o n t r o l  of  such  phenomena a s  g y r o s c o p i c  c r o s s  c o u p l i n g  and 
v e h i c l e  c o n t r o l  t o  a  r o t a t i n g  r e f e r e n c e ,  t h e  t h r e e  a x i s  e q u a t i o n s  of mot ion were 
d e r i v e d .  The e x a c t  d e r i v a t i o n  i s  g i v e n  i n  Refe rence  16.  The e q u a t i o n s  p r e s e n t e d  
below a r e  s u b j e c t  t o  t h e  f o l l o w i n g  c o n s t r a i n t s :  f i r s t ,  t h e  i n e r t i a  wheel  s p i n  axes  
l i e  a l o n g  t h e  p r i n c i p a l  axes  of t h e  v e h i c l e ;  second ,  t h e  r e f e r e n c e  c o o r d i n a t e s  a r e  
e i t h e r  i n e r t i a l l y  f i x e d  o r  r e p r e s e n t  v e h i c l e  o r i e n t a t i o n  t o  t h e  l o c a l  v e r t i c a l ;  
t h i r d ,  v e h i c l e  a t t i t u d e  d e v i a t i o n  from t h e  r e f e r e n c e  a x i s  i s  s m a l l ;  f o u r t h ,  wheel  
i n e r t i a  i s  much l e s s  t h a n  t h e  p r i n c i p a l  i n e r t i a s  of  t h e  v e h i c l e ;  f i f t h ,  t h e  mot ion 
of t h e  v e h i c l e  abou t  i t s  c e n t e r  of mass has  n e g l i g i b l e  e f f e c t  on t h e  mot ion of  t h e  
c e n t e r  of mass;  and s i x t h ,  t h e  p roduc t s  of t h e  E u l e r  a n g l e s  and t h e i r  r a t e s  a r e  
n e g l i g i b l e .  

Under t h e s e  assumpt ions ,  c o n s i d e r  t h e  v e h i c l e  and r e f e r e n c e  c o o r d i n a t e s  
t o  be t h o s e  shown i n  F i g u r e  15 

where X ,  Y ,  Z = p r i n c i p a l  axes  of v e h i c l e  ( s p i n  axes  of wheels 
a r e  a l o n g  t h e s e  axes )  

U ,  V ,  W = r e f e r e n c e  axes  

0 0 = a n g l e s  d e f i n i n g  t h e  o r i e n t a t i o n  of t h e  v e h i c l e  
Ox, y y  z 

w i t h  r e s p e c t  t o  r e f e r e n c e  a x e s .  



FIGURE 15. REACTION WHEEL COORDINATE SYSTEMS 

The g e n e r a l i z e d  e q u a t i o n  of motion ( r i g i d  body) is  

where T = e x t e r n a l  t o r q u e  v e c t o r  ( v e h i c l e  c o o r d i n a t e s )  

H = s y s t e m  momentum v e c t o r  ( v e h i c l e  c o o r d i n a t e s )  
-s 

w = a n g u l a r  v e l o c i t y  of  v e h i c l e  c o o r d i n a t e  s y s  tem w i t h  -v 
r e s p e c t  t o  i n e r t i a l  s p a c e .  

T h i s  e q u a t i o n  may be  w r i t t e n  i n  m a t r i x  form, under  t h e  a d d i t i o n a l  a s sumpt ion  
t h a t  t h e  v e h i c l e  i s  b e i n g  c o n t r o l l e d  t o  a n  i n e r t i a l  r e f e r e n c e  ( i . e . ,  t h e  a n g u l a r  
v e l o c i t y  of t h e  r e f e r e n c e  f rame w i t h  r e s p e c t  t o  i n e r t i a l  s p a c e  i s  z e r o )  a s  



where I = R e a c t i o n  wheel moment of i n e r t i a  
W 

I = P r i n c i p a l  moments of i n e r t i a  of t h e  v e h i c l e ,  i = x , y , z  
i i 

QJ = Angular  v e l o c i t i e s  of  i n e r t i a  wheels w i t h  r e s p e c t  t o  
i 

i n e r t i a  1 p lane  

TD 
= Components o f  t h e  e x t e r n a l  d i s t u r b a n c e  t o r q u e  v e c t o r  

i 

Assuming t h a t  t h e  i n i t i a l  wheel  a n g u l a r  v e l o c i t y  i s  low and does  n o t  
change a p p r e c i a b l y  d u r i n g  v e h i c l e  mot ions ,  t h e n  t h e  c r o s s  product  terms i n  t h e  
p o s i t i o n  c o e f f i c i e n t  m a t r i x  a r e  n e a r  z e r o ,  and v e h i c l e  mot ion a s  d e s c r i b e d  i n  
t h e  s i n g l e  a x i s  c a s e  i s  v a l i d  f o r  t h r e e  a x i s  c o n t r o l .  I f  t h e  above assumpt ion  
does  n o t  h o l d ,  which i s  u s u a l l y  t h e  c a s e ,  wheel  speed b u i l d  up due t o  d i s t u r b i n g  
t o r q u e s  w i l l  c r e a t e  a  c r o s s  c o u p l i n g  t o r q u e  i f  t h e r e  i s  a  v e h i c l e  a n g u l a r  r a t e ,  
The e f f e c t  o f  c r o s s  c o u p l i n g  i s  t h a t  t h e  v e h i c l e  r a t e  i n  one a x i s  w i l l  i n t r o d u c e  
t o r q u e s  a b o u t  t h e  o t h e r  two a x e s ,  t h e  r e s u l t  b e i n g  t h a t  i n e r t i a  wheels i n  a l l  
t h r e e  axes  w i l l  be more a c t i v e  t h a n  i n  t h e  s i n g l e  a x i s  c a s e  and w i l l  respond t o  
i n p u t s  a b o u t  any a x i s .  Such c r o s s  c o u p l i n g  c o n d i t i o n s  a r e  h i g h l y  d e t e r i m e n t a l  t o  
t h e  e f f t c i e n c y  of t h e  t o t a l  sys tem.  Unl ike  t h e  c a s e  o f  t h e  c o n t r o l  moment gyro  
a t t i t u d e  c o n t r o l  sys tem however, c r o s s  c o u p l i n g  e f f e c t s  i n  a  r e a c t i o n  wheel  sys tem 
do  n o t  seem t o  a f f e c t  t h e  s t a b i l i t y  of  t h a t  sys tem (Refe rence  1 7 ) .  Implementa t ion  
of  t h e  above t h e o r y  i n t o  t h e  e x i s t i n g  computa t ion  scheme invo lved  t h e  f o l l o w i n g  
assumpt ions  : 

(1 )  The i n e r t i a  wheels a r e  l o c a t e d  on t h e  p r i n c i p a l  axes  
of  t h e  v e h i c l e .  

( 2 )  Only one s e t  of wheels i s  used ( t h e r e  i s  no s e p a r a t e  
f i n e  and c o a r s e  c o n t r o l ) .  

(3)  The d r i v e  motors a r e  A-C se rvomotors .  These motors a r e  
much s u p e r i o r  i n  t h e i r  s p e e d - t o r q u e  c h a r a c t e r i s t i c s  t o  
t h e  D-C s h u n t  motors a t  t h e  momentum l e v e l s  used i n  t h e  
J u p i t e r  f l y b y  m i s s i o n  ( H  5 10 l b - f t - s e c ) .  

S i n c e  momentum changes a r e  e f f e c t e d  by s p e e d i n g  up o r  s lowing  down t h e  
motors ,  r a t h e r  t h a n  by r e o r i e n t i n g  t h e  momentum v e c t o r s ,  i t  i s  o f t e n  n e c e s s a r y  t o  
a l l o w  l o n g e r  maneuver t i m e s ,  s o  t h a t  t h e  s i z e  of t h e  motors does  n o t  become 
e x c e s s i v e .  Al though i t  was n o t  n e c e s s a r y  t o  a l t e r  t h e  s c h e d u l e  i n  the  J u p i t e r  
f l y b y  m i s s i o n ,  i t  may be n e c e s s a r y  t o  do  s o  i n  o t h e r  c a s e s .  

The we igh t  of  t h e  IWAC was computed from t h e  curves  g i v e n  i n  R e f e r e n c e  16.  
I t  i s  assumed t h a t  t h e  nominal s p i n  r a t e  of  t h e  wheels  i s  6000 RPM, and t h a t  
maximum t o r q u e  i s  n o t  r e q u i r e d  from t h e  motors more t h a n  5 p e r c e n t  of t h e  t ime .  

In computing t h e  power r e q u i r e d ,  an  a v e r a g i n g  t echn ique  was employed, 
where peak power was u t i l i z e d  5 p e r c e n t  of t h e  t i m e ,  and ,  d u r i n g  t h e  remain ing  



95 p e r c e n t  o f  t h e  t ime ,  power t o  overcome f r i c t i o n  l o s s e s  was used .  Under t h e  
a d d i t i o n a l  s t i p u l a t i o n  t h a t  t h e  motor s t a l l  t o r q u e  r e q u i r e d  f o r  maneuvering was 
4 0  p e r c e n t  o f  t h e  r a t e d  t o r q u e ,  and t h e  s t a l l  t o r q u e  r e q u i r e d  t o  overcome 
d i s t u r b a n c e s  was 20 p e r c e n t  o f  t h e  r a t e d  t o r q u e  ( s i n c e  l o n g e r  t imes  a r e  t h e n  
a v a i l a b l e ) ,  t h e  power r e q u i r e m e n t s  a r e  (Reference  16) : 

'1 ( w a t t s l a x i s )  
= (0.0118) x ( S t a l l  Torque) x (Rated RPM) 

By employing r e g e n e r a t i v e  b r a k i n g ,  t h e  power requ i rement  f o r  a l l  t h r e e  a x e s  is  
reduced t o  

F i n a l l y ,  r e l i a b i l i t y  must be examined.  The number of  f a i l u r e s  p e r  hour f o r  a  
s i n g l e - a x i s  IWAC i s  19.6 x l oe6  (MTBF = 51,000 h o u r s ) ,  c i r c a  1965 (Refe rence  16) .  
S i n c e  t h e r e  i s  no redundancy employed i n  t h e  sys tem,  t h e  p r o b a b i l i t y  of  f a i l u r e  
is  s imply  

3 
PF = 1.0 - (1.0 - T o t a l   ours) 

MTBF 1 

Implementa t ion  of t h e  above c a l c u l a t i o n s  i n  t h e  computer program has  
been accompl i shed .  S e v e r a l  e x e r c i s e  r u n s  have been made on a  J u p i t e r  f l y b y  
m i s s i o n ,  and t h e  r e s u l t s  a r e  p r e s e n t e d  f o l l o w i n g  t h e  Communications Requirements  
s e c t i o n  l a t e r  i n  t h i s  r e p o r t .  

F l i g h t  C o n t r o l  Requirements  

I n  t h e  d i s c u s s i o n  i n  t h i s  s e c t i o n ,  t h e  f l i g h t  c o n t r o l  sys tem i s  assumed 
t o  i n c l u d e  a  number of s t a t e  s e n s o r s ,  a  c e n t r a l  computer ,  and t h e  a c t u a t o r s  neces -  
s a r y  t o  c a r r y  o u t  t h e  c o m p u t e r ' s  commands. 

I n  i n v e s t i g a t i n g  t h e  impact  of  f l i g h t  c o n t r o l  r e q u i r e m e n t s  on a s  t r i o n i c s  
e f f e c t i v e n e s s ,  i t  was found t h a t  a  d e t a i l e d  a n a l y s i s  i n  g e n e r a l  terms i s  a l m o s t  
i m p o s s i b l e .  There  a r e  s imply  t o o  many components d i r e c t l y  dependen t  on t h e  
s p e c i f i c  v e h i c l e ' s  s t r u c t u r a l  and dynamic c h a r a c t e r i s t i c s .  

I n  examining t h e  impact  of f l i g h t  c o n t r o l  r e q u i r e m e n t s  on a s t r i o n i c s  
e f f e c t i v e n e s s  two approaches  a r e  a v a i l a b l e :  

(a)  The f l i g h t  c o n t r o l  components,  t h e i r  f u n c t i o n s ,  and 
t h e i r  l o c a t i o n  on t h e  l aunch  v e h i c l e  a r e  assumed known 
and a  method i s  s o u g h t  t o  c a l c u l a t e  t h e i r  impact on 
m i s s i o n  e f f e c t i v e n e s s  . 

(b)  The m i s s i o n  l a u n c h  i n f o r m a t i o n  and launch v e h i c l e  a r e  
assumed known and a  method i s  sough t  t o  d e t e r m i n e  t h e  



components n e c e s s a r y  f o r  f l i g h t  c o n t r o l ,  t h e i r  f u n c t i o n ,  
l o c a t i o n  on t h e  l aunch  v e h i c l e ,  and impact on t h e  m i s s i o n  
e f f e c t i v e n e s s .  

The f i r s t  method must i n c l u d e  c a l c u l a t i o n  of  t h e  a d d i t i o n a l  memory and 
speed requ i rements  imposed on t h e  on-board computer i n  o r d e r  t o  moni to r  and 
d i r e c t  t h e  f u n c t i o n s  o f  t h e  f l i g h t  c o n t r o l  components,  and c a l c u l a t i o n  of t h e  
e f f e c t  t h a t  t h e  power, w e i g h t ,  and r e l i a b i l i t y  of  t h e  f l i g h t  c o n t r o l  sys tem w i l l  
have on t h e  p e n a l t y .  

The second method must i n c l u d e  a l l  c a l c u l a t i o n s  of t h e  f i r s t  method 
p l u s  d e s i g n  c a l c u l a t i o n s  c o n s i d e r i n g  v e h i c l e  bend ing ,  v a r i a b l e  mass and moments 
of i n e r t i a  of t h e  l aunch  v e h i c l e ,  p r o p e l l a n t  s l o s h i n g  on v e h i c l e s  u s i n g  l i q u i d  
p r o p u l s i o n ,  aerodynamic i n s t a b i l i t y ,  and i n £  luence  of  wind.  V a r i a b l e  v e h i c l e  
l o a d i n g  due t o  v a r y i n g  payload shapes  and we igh t s  must a l s o  be c o n s i d e r e d .  

An a n a l y s i s  i n c o r p o r a t i n g  t h e  second method would r e q u i r e  a n  e f f o r t  
i n  e x c e s s  of one man-year and a s  such  was c o n s i d e r e d  o u t s i d e  t h e  scope of  t h i s  
c o n t r a c t .  The a n a l y t i c a l  t a s k  i s  e x t r e m e l y  complex and ,  i n  p r a c t i c e ,  is  u s u a l l y  
a t t e m p t e d  o n l y  f o r  a  p a r t i c u l a r  m i s s i o n  o r  l aunch  v e h i c l e  w i t h  no g e n e r a l  s o l u t i o n s  
b e i n g  deve loped .  The f i r s t  method, a l t h o u g h  more l i m i t e d  i n  terms of  scope of  
a p p l i c a t i o n  c a n  s t i l l  be q u i t e  u s e f u l  and i s  a d a p t a b l e  t o  computer s o l u t i o n .  
Implementa t ion  of  t h e  f i r s t  method would be a p p l i c a b l e  p r i n c i p a l l y  i n  t h e  exainin- 
a t i o n  of t r a d e o f f s  between s e v e r a l  c a n d i d a t e  f l i g h t  c o n t r o l  sys tems .  S i n c e  t h i s  
a g r e e s  w i t h  t h e  purpose o f  t h e  g e n e r a l  e f f o r t  under  t h i s  c o n t r a c t ,  i t  was 
d e c i d e d  t o  implement t h i s  method and i n c l u d e  i t  i n  t h e  computer program. 

The f l i g h t  c o n t r o l  sys tem c o n t a i n s  t h e  f o l l o w i n g  components: 

(1 )  Computer - u s u a l l y  s h a r e d  w i t h  a  gu idance  sys tem.  

( 2 )  Gyros - r a t e  and p o s i t i o n .  

( 3 )  Acce le romete r s  - l a t e r a l .  

(4) Angle of  a t t a c k  s e n s o r .  

(5) P a s s i v e  f i l t e r s  

(6 )  E l e c t r o m e c h a n i c a l  o r  h y d r a u l i c  a c t u a t o r s  

( 7 )  Wir ing 

One o r  more of  t h e s e  components may be m i s s i n g  o r  r e p l a c e d  by m u l t i - f u n c t i o n  
components f o r  any g i v e n  sys tem.  

For  p e n a l t y  f u n c t i o n  c o n s i d e r a t i o n s ,  power w i l l  be r e q u i r e d  by t h e  
computer ,  g y r o s ,  a c c e l e r o m e t e r ,  a n g l e  of a t t a c k  s e n s o r ,  and a c t u a t o r s .  Weight 
w i l l  be c o n t r i b u t e d  by a l l  excep t  t h e  a c t u a t o r s  which a r e  c o n s i d e r e d  t o  be i n c l u d e d  
i n  t h e  t o t a l  we igh t  of  t h e  v e h i c l e .  I f ,  however, any of the  components a r e  
l o c a t e d  o u t s i d e  t h e  s p a c e c r a f t ,  t h e i r  we igh t  shou ld  no t  e n t e r  i n t o  t h e  p e n a l t y  
c a l c u l n t i o u .  R e l i a b i l i t y  f i g u r e s  must be s u p p l i e d  f o r  a l l  e x c e p t  t h e  p a s s i v e  
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f i l t e r s  and w i r i n g .  These a r e  c o n s i d e r e d  redundan t  and have a  p r o b a b i l i t y  of 
f a i l u r e  s o  much s m a l l e r  t h a n  t h e  remainder  of  t h e  components t h a t  t h e y  can be 
i g n o r e d .  Al though ,  i n  p r a c t i c e ,  i t  may n o t  be  g e n e r a l l y  t r u e ,  f a i l u r e  of  a n y  of 
t h e  above components is  assumed t o  r e n d e r  t h e  e n t i r e  sys tem u s e l e s s ,  s o  e a c h  
component c a r r i e s  t h e  same weigh t  i n  r e l i a b i l i t y  c a l c u l a t i o n s .  

I n  a d d i t i o n  t o  t h e  e f f e c t s  of  w e i g h t ,  power, and r e l i a b i l i t y  d a t a  neces -  
s a r y  f o r  e a c h  of  t h e  components,  t h e  p e n a l t y  f u n c t i o n  may a l s o  be a f f e c t e d  by 
u t i l i z i n g  a  computer of  i n a d e q u a t e  s i z e  o r  s p e e d .  The n e c e s s a r y  s i z e  ( i . e . ,  
memory word c a p a c i t y )  and speed  a r e  f u n c t i o n s  of  t h e  t r a j e c t o r y  f lown,  t h e  l aunch  
v e h i c l e  c h a r a c t e r i s t i c s ,  t h e  mechan iza t ion  of  t h e  e q u a t i o n s  t o  be s o l v e d  by t h e  
computer ,  and t h e  number of  f l i g h t  c o n t r o l  components u t i l i z e d .  S i n c e  t h e  same 
computer c a n  be u t i l i z e d  f o r  n a v i g a t i o n  and guidance a s  w e l l  a s  f l i g h t  c o n t r o l ,  
t h e  r e q u i r e m e n t s  f o r  b o t h  must be c o n s i d e r e d .  I n  g e n e r a l ,  t h e  o p e r a t i o n s  t o  be 
performed by t h e  on-board computer w i l l  i n c l u d e :  (Refe rence  20) 

( a )  P r e l a q n c h  checkou t  and i n i t i a l i z a t i o n  

(b) Computation o f  d i r e c t i o n  c o s i n e s  

( c )  Coord ina te  t r a n s f o r m a t i o n  and n a v i g a t i o n  computa t ions  

(d) E u l e r  a n g l e  and r a t e  computa t ions  

(e )  P r o c e s s i n g  of  d i s c r e t e s  from t h e  ground t r a c k i n g  
ne tworlc 

( f )  Output  t e l e m e t r y  d i s c r e t e s  

(g) S o l u t i o n  of gu idance  s t e e r i n g  laws 

(h) S o l u t i o n  o f  t h r u s t  v e c t o r  and r e a c t i o n  j e t  c o n t r o l  
laws.  

A d d i t i o n a l  r e q u i r e m e n t s ,  s u c h  a s  on-board exper iment  m o n i t o r i n g  may be r e q u i r e d  
f o r  a  p a r t i c u l a r  m i s s i o n .  Each of  t h e  o p e r a t i o n s  above would a f f e c t  computer 
memory and t i m i n g  r e q u i r e m e n t s .  These requ i rements  w i l l  d e t e r m i n e  t h e  memory 
c a p a c i t y  and o p e r a t i o n s - p e r - s e c o n d  c a p a b i l i t y  t h a t  t h e  on-board computer must  
p o s s e s s .  

Computer S i z i n g  C o n s i d e r a t i o n s .  For t h e  purpose of  a n a l y s i s  of t h e  
computer s i z i n g  i m p l i c a t i o n s ,  i t  i s  assumed t h a t  t h e  p r i n c i p a l  guidance f u n c t i o n  
computa t ions  which must be performed by t h e  computer i n c l u d e :  

(1 )  N a v i g a t i o n  - d e f i n e d  a s  d e t e r m i n a t i o n  o f  t h e  v e h i c l e  
s t a t e  i n  a n  a p p r o p r i a t e  c o o r d i n a t e  sys tem a t  any  
moment of t ime  based upon s e n s o r  i n p u t s  and t h e  
a p p r o p r i a t e  n a v i g a t i o n  e q u a t i o n s .  



(2)  Guidance - d e f i n e d  a s  t h e  s o l u t i o n  of a  s e l e c t e d  s e t  
o f  e q u a t i o n s  e x p r e s s i n g  t h e  r e  l a  t i o n  between t h e  
p r e s e n t  s t a t e  and t h e  d e s i r e d  s t a t e  t o  d e r i v e  t h e  
e r r o r  s i g n a l  r e q u i r e d  f o r  c o n t r o l  ( s t e e r i n g  l aw) .  

(3)  C o n t r o l  ( s t e e r i n g )  - computa t ion  of  t h e  s t e e r i n g  
s i g n a l s  which a r e  used i n  c o n t r o l  of  t h e  d i r e c t i o n  
of  t h e  v e h i c l e  f l i g h t  p a t h  th rough  commanded changes  
i n  t h e  v e h i c l e ' s  a t t i t u d e  s o  t h a t  t h e  guidance f u n c t i o n  
i s  s a t i s f i e d .  C o n t r o l  a l s o  i n v o l v e s  s t a b i l i z a t i o n  and 
usual1.y r e q u i r e s  f i l t e r i n g  and compensat ion  of  s e n s o r  
i n p u t s .  

A d d i t i o n a l  computa t ions ,  which a r e  r e l a t e d  t o  t h e  guidance f u n c t i o n  b u t  a r e  no t  
d i r e c t l y  impl ied  i f  o n l y  f l i g h t  c o n t r o l  i s  c o n s i d e r e d ,  were l i s t e d  i n  t h e  
p receed ing  s e c t i o n .  These requ i rements  a r e  n o t  d i r e c t l y  r e l a t e d  t o  t h e  f l i g h t  
c o n t r o l  a s p e c t  of  t h e  problem b u t  do  a f f e c t  t h e  s e l e c t i o n  o f  t h e  onboard computer.  

The e q u a t i o n s  which t h e  onboard computer must s o l v e  should  be 
s p e c i f i e d ,  o r  e l s e  t h e  number of o p e r a t i o n s  which t h e  computer must perform e a c h  
c o m p u t a t i o n a l  c y c l e  shou ld  be s p e c i f i e d ,  a l o n g  w i t h  t h e  number of words of  memory 
r e q u i r e d .  The number of  o p e r a t i o n s  t h e  computer must perform each  computa t ion  
c y c l e ,  a s  w e l l  a s  t h e  number o f  words of  memory r e q u i r e d ,  i s  a  f u n c t i o n  o f  t h e  
number of  p r o p u l s i o n  s t a g e s  . 

For  example,  i f  a  s p e c i f i c  s e t  of guidance e q u a t i o n s  s u c h  a s  t h e  
e x p l i c i t  l i n e a r  t a n g e n t  guidance e q u a t i o n s  (Refe rence  21) were assumed, a n  
e s t i m a t e  of t h e  t o t a l  number of  o p e r a t i o n s  which t h e  computer must perform each 
c o m p u t a t i o n a l  c y c l e  cou ld  be made. Tab le  X summarizes the  e s t i m a t e  f o r  t h e  
e x p l i c i t  l i n e a r  t a n g e n t  guidance e q u a t i o n s .  Note t h a t  t h e  number of o p e r a t i o n s  
i s  dependent  upon t h e  number of ~ r o n u l s i o n  s t a p e s -  

TABLE X. TOTAL OPERATION COURT FOR EXPLICIT LINEAR TANGENT 
GUIDANCE EQUATIONS (Re f e  r e  nce 2  1)  

Word Maximum Minimum 
O p e r a t i o n  Symbol S t o r a g e  use'' Use 

S i n e ,  Cosine  S i n  5 4 3 
Square  r o o t  d- 16 3 9 11 
Dot P r o d u c t  D.P. 2  1 20 18 
Cross  P r o d u c t  C.P. 8 8  7 
N a t u r a l  Logar i thm LOG_ 2  18 6  
Arc S i n e  o r  Cosine  S  i n  1 1 0 
M u l t i p l y  o r  Div ide  X 24 5 444 265 
P l u s  o r  Minus -I- 174 365 19 5 

Branches 3 3 6 9 3  5 

Assuming t h r e e  guided s t a g e s  r e m a i n i n g ,  For  more o r  less t h a n  
t h r e e ,  add o r  s u b s t r a c t  t h e  f o l l o w i n g  f o r  each s t a g e :  9 0 i ,  9 and 
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It must be emphasized t h a t  t h e  adequacy of  t h e  c a n d i d a t e  computers 
w i l l  be dependent  upon t h e  v a l i d i t y  of  t h e  i n f o r m a t i o n  d e s c r i b i n g  t h e  e q u a t i o n s  
and t h e i r  s o l u t i o n  r e q u i r e m e n t s .  For  example,  a l t e r n a t e  s e t s  of  b o o s t  guidance 
e q u a t i o n s  such  a s  t h o s e  d i s c u s s e d  i n  Refe rence  22 cou ld  be c o n s i d e r e d .  Mechan iza t ion  
of  e a c h  s e t  o f  e q u a t i o n s  p l a c e s  d i f f e r e n t  r e q u i r e m e n t s  on t h e  onboard computer.  
S i n c e  t h e  guidance e q u a t i o n s  a r e  o n l y  p a r t  o f  t h e  guidance l o o p ,  c o n s i d e r a t i o n  
shou ld  be g i v e n  t o  t h e  o t h e r  c o m p u t a t i o n a l  r e q u i r e m e n t s  and t h e i r  c o m p a t i b i l i t y  
w i t h  t h e  c a n d i d a t e  gu idance  e q u a t i o n s  b e f o r e  s e l e c t i n g  a  s p e c i f i c  s e t  and a  
computer which can  s a t i s f y  a l l  c o m p u t a t i o n a l  r e q u i r e m e n t s .  

The p r e s e n t  work assumes t h e  Kalman f i l t e r  used i n  t h e  s t a t e  e s t i m a t i o n  
i s  implemented b u t  d o e s  n o t  c o n s i d e r  where t h i s  implementa t ion  i s  performed, i . e . ,  
i n  a  ground-based o r  onboard computer.  A complete  s t u d y  o f  t h e  i m p l i c a t i o n s  o f  
t h e  n a v i g a t i o n  e q u a t i o n s  i n c l u d i n g  a  Kalman f i l t e r  approxima t i o n  is  beyond the  
scope  of  t h e  p r e s e n t  c o n t r a c t .  

Implementa t ion .  I n  implementing t h e  model f o r  f l i g h t  c o n t r o l  a p p e a r i n g  
e a r l i e r  i n  t h i s  r e p o r t  a  new s u b r o u t i n e  has  been g e n e r a t e d .  

S u b r o u t i n e  FLCODE d e t e r m i n e s  t h e  c o n t r i b u t i o n  of  t h e  f l i g h t  c o n t r o l  
sys tem t o  t h e  p e n a l t y .  A  s y s t e m  v e c t o r  of s e v e n  components must b e  provided.  The 
components a r e  t h e  computer ,  t h r e e  r a t e  g y r o s ,  one p o s i t i o n  g y r o ,  one l a t e r a l  a c -  
c e l e r o m e t e r ,  and one a n g l e  o f  a t t a c k  s e n s o r .  One o r  more of t h e  above components 
may be m i s s i n g  f o r  any p a r t i c u l a r  c a s e .  

For  e a c h  c a n d i d a t e  computer ,  i t  w i l l  be n e c e s s a r y  t o  s p e c i f y  t h e  
c o m p u t a t i o n a l  f r e q u e n c y ,  t h e  t ime a s s o c i a t e d  w i t h  e a c h  of t h e  a r i t h m e t i c a l  opera -  
t i o n s  l i s t e d  i n  Tab le  X ,  and t h e  number of words i n  memory. 

I n  t h e  c a s e  of  e x t r e m e l y  f l e x i b l e  l aunch  v e h i c l e s ,  s u c h  a s  t h e  A t l a s /  
Cen taur  where more t h a n  one s e t  of r a t e  gyros  i s  c a r r i e d ,  t h e  s u b r o u t i n e  may be  
c a l l e d  r e p e a t e d l y ,  a f t e r  s e p a r a t i o n  of  each  s t a g e .  It i s  t h u s  p o s s i b l e  t o  a n a l y z e  
a  chang ing  f l i g h t  c o n t r o l  sys tem,  a s  would be t h e  c a s e  of t h e  A t l a s I C e n t a u r .  

The computer ,  s p e c i f i e d  a s  t h e  f i r s t  component o f  t h e  f l i g h t  c o n t r o l  
s y s  tem v e c t o r ,  i s  checked a g a i n s t  t h e  p r e s p e c i f  i e d  c o r e  and speed r e q u i r e m e n t s .  
Depending on t h e  r e s u l t  a  c h e c k - c o n s t a n t  is  s e t  t o  z e r o ,  i f  e v e r y t h i n g  i s  
a c c e p t a b l e ,  t o  one i f  i n s u f f i c i e n t  c o r e  i s  a v a i l a b l e ,  and t o  two i f  t h e  speed i s  
n o t  a d e q u a t e .  The s y s t e m  o p t i m i z a t i o n  r o u t i n e  (SYSOPT) i s  u t i l i z e d ,  i f  t h e  check-  
c o n s t a n t  i s  n o t  z e r o ,  t o  s e l e c t  a n  a c c e p t a b l e  computer.  

Components 1 t h r o u g h  6 of  t h e  sys tem v e c t o r  a r e  i n t e g e r s  r e f e r r i n g  t o  
t h e  number i n  t h e  a p p r o p r i a t e  d a t a  bank,  which i s  a l r e a d y  b u i l t  i n t o  t h e  e x i s t i n g  
program. Component 7 i s  a n  i n t e g e r  r e f e r r i n g  t o  t h e  component number i n  a  d a t a  
bank b u i l t  i n t o  s u b r o u t i n e  FLCODE. A l s o  b u i l t  i n  a s  d a t a  a r e  s u c h  c o n s t a n t s  a s  
w i r i n g  and f i l t e r  w e i g h t ,  and a c t u a t o r  power r e q u i r e m e n t s  and r e l i a b i l i t y .  

S u b r o u t i n e  FLCODE c a l c u l a t i o n  a r e  n o t  i n c l u d e d  i n  t h e  r e s u l t s  shown 
i n  t h i s  r e p o r t .  I n c l u s i o n  of  FLCODE c a n  be e a s i l y  accomplished when s u f f i c i e n t  
d a t a  i s  a v a i l a b l e .  



E f f e c t s  of  Subsystem S w i t c h i n g  

The s w i t c h i n g  on and o f f  of  a s t r i o n i c s  subsystems can  i n c r e a s e  t h e  
number of  f a i l u r e s  o v e r  t h o s e  e x p e c t e d  from t h e  t o t a l  o p e r a t i n g  t i m e .  T h i s  
e f f e c t  might  be r e p r e s e n t e d  by e s t i m a t i n g  t h e  p r o b a b i l i t y  of  s u c c e s s f u l  o p e r a t i o n  
a f t e r  t ime t and n  c y c l e s  f o r  a  s i n g l e  subsystem a s  

where T  i s  t h e  mean t ime between f a i l u r e s  and N i s  t h e  mean number of c y c l e s  be -  
tween f a i l u r e s .  The p r o b a b i l i t y  of f a i l u r e  due t o  l a c k  of  r e l i a b i l i t y  and 
s w i t c h i n g  i s  g i v e n  by 

For  m u l t i p l e  subsystems 

where t h e  index  i i n d i c a t e s  each  subsystem.  

I n  a d d i t i o n  t o  t h e  r e l i a b i l i t y  e f f e c t s ,  o p e r a t i o n a l  problems must be  
c o n s i d e r e d .  For  example,  r e s t a r t i n g  t h e  ISU n e c e s s i t a t e s  r e s t a r t i n g  t h e  gyro-  
s c o p e s ,  and r e a l i g n i n g  t h e  g imbals  i n  g imba l l ed  sys tems o r  r e s e t t i n g  t h e  d i r e c t i o n  
c o s i n e s  i n  s t rapdown s y s  tems . R e s t a r t i n g  t h e  computer r e q u i r e s  r e i n i t i a  l i z i n g  t h e  
memory o r  a s s u r i n g  t h a t  t h e  memory i s  n o t  d e s t r o y e d  when power i s  t u r n e d  o f f  and 
on.  

A s  c i t e d  i n  Refe rence  23, a  c o r r e l a t i o n  i s  though t  t o  e x i s t  between t h e  
number of t imes  t h a t  sys tems a r e  c y c l e d  on and o f f  d u r i n g  i n d i v i d u a l  t e s t  p e r i o d s  
and t h e  number of  f a i l u r e s  obse rved .  The problem i s  t h a t  t h e  d a t a  a c q u i r e d  a r e  
o f t e n  n o t  o r i g i n a t e d  w i t h  t h i s  s o r t  of exper iment  i n  mind, and t h e  l a c k  of any  
c o n c r e t e  r e s u l t  does  n o t  n e c e s s a r i l y  prove t h a t  t h e  t u r n - o n  s t r e s s  i s  n e g l i g i b l e .  
The m a j o r i t y  of  t e s t s  a r e  c h a r a c t e r i z e d  by r a t h e r  f r e q u e n t  on-off  c y c l e s  and 
f a i r l y  s h o r t  c o n t i n u o u s  p e r i o d s  of  o p e r a t i o n .  The e s t i m a t e s  of t h e  o p e r a t i n g  
f a i l u r e  r a t e s  provided by m a n u f a c t u r e r s  r e f l e c t s  t o  some e x t e n t  any on-off  c y c l e  
s t r e s s  f a c t o r  which might e x i s t  (Refe rence  2 3 ) .  

The c a p a b i l i t y  has been provided i n  t h e  computer programs t o  e v a l u a t e  
t h e  e f f e c t s  of  s w i t c h i n g  subsystems on and o f f .  T h i s  c a p a b i l i t y  c a n  be used t o  
e v a l u a t e  f e a s i b l e  s w i t c h i n g  m e c h a n i z a t i o n s ,  b u t  e x p e r i m e n t a l  v e r i f i c a t i o n  shou ld  
f o l l o w  t h e  e v a l u a t i o n  w i t h  the  o b j e c t i v e s  o f :  (1)  v a l i d a t i n g  t h e  d a t a  used and 
( 2 )  p o s s i b l e  development of a n a l y t i c a l  t e c h n i q u e s  f o r  e s t i m a t i n g  sys tem o r  
component f a i l u r e  a s  a  f u n c t i o n  of t h e  number of on-off  s w i t c h i n g  c y c l e s .  



A new c o u n t e r  h a s  been provided t o  keep t r a c k  of t h e  number of  s w i t c h i n g s  
f o r  each  subystem a s  t h e  s c h e d u l e  i s  e x e c u t e d .  The o n l y  o t h e r  n e c e s s a r y  i n f o r -  
m a t i o n  i s  t h e  mean number o f  c y c l e s  t o  f a i l u r e  f o r  e a c h  subsystem.  

Very l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  a s  t o  t h e  mean number of c y l c e s  
t o  f a i l u r e .  I n  e x e r c i s i n g  t h e  program, t h e  mean number o f  c y c l e s  t o  f a i l u r e  has  
been  assumed t o  be 500 f o r  a l l  components. B e t t e r  d a t a  i s  needed f o r  t h i s  i t em.  

The p r o b a b i l i t y  o f  f a i l u r e  due t o  s w i t c h i n g  has  been programmed a s  a  
s i m p l e  e x p o n e n t i a l .  A Weibu l l  d i s t r i b u t i o n  could  b e  used t o  i n c l u d e  t h e  e f f e c t  
of i n c r e a s e d  p r o b a b i l i t y  of  f a i l u r e  per  c y c l e  a s  t h e  s y s t e m  accumula tes  more 
c y c l i n g  h i s t o r y .  Such a  model would r e q u i r e  a n  a d d i t i o n a l  pa ramete r ,  t h e  W e i b u l l  
c o n s t a n t  f o r  s w i t c h i n g ,  a s  was d i s c u s s e d  f o r  t ime dependen t  f a i l u r e s  i n  R e f e r e n c e  4 .  
I f  a  W e i b u l l  d i s t r i b u t i o n  is  a d o p t e d ,  i t  must be  k e p t  i n  mind t h a t  t h e  d a t a  needed 
r e f e r  t o  t h e  s t a t u s  of t h e  components a t  t h e  s t a r t  of  t h e  m i s s i o n .  Tha t  i s ,  t h e  
subsystem have a l r e a d y  been degraded by s w i t c h i n g  d u r i n g  t e s t i n g ,  and ,  t h e r e f o r e ,  
t h e  accumulated number of  p rev ious  on-of f  c y c l e s  shou ld  be  s p e c i f i e d  a s  w e l l  a s  
t h e  mean c y c l e s  t o  f a i l u r e  and W e i b u l l  c o n s t a n t .  

Example runs  employing t h e  subsystem s w i t c h i n g  e f f e c t s  on t h e  sys tem 
r e l i a b i l i t y  a r e  shown f o l l o w i n g  t h e  Communications Requirements  s e c t i o n  of  t h i s  
r e p o r t .  

Communications Requirements  

According t o  R e f e r e n c e  24, t h e  e f f e c t i v e  r a d i a t e d  power (ERP) r e q u i r e d  
t o  m a i n t a i n  a  g i v e n  i n f o r m a t i o n  r a t e  H i n  b i t s l s e c  is  g i v e n  by 

r4mL] [KT] [k] H ERP = L~ 
0 

where R = t h e  range  

A = t h e  e f f e c t i v e  a r e a  of  t h e  E a r t h  based a n t e n n a  

K = ~ o l t z m a n n ' s  c o n s t a n t  

T = t h e  sys tem n o i s e  t e m p e r a t u r e  

E - = t h e  r a t i o  o f  e n e r g y - p e r - b i t  t o  n o i s e  s p e c t r a l  d e n s i t y  
N 

o  r e q u i r e d  t o  meet a n  a c c e p t a b l e  e r r o r  p r o b a b i l i t y .  

The ERP is t h e  product  of t h e  power o u t p u t  of t h e  t r a n s m i t t e r  P  and t h e  g a i n  of 
t h e  an tenna  G ,  i . e . ,  

ERP = PG 



Thus,  g i v e n  e i t h e r  P  o r  G ,  t h e  unknown parameter  i s  u n i q u e l y  de te rmined  by t h e  
ERP r e q u i r e d  t o  t r a n s m i t  i n f o r m a t i o n  a t  a  g i v e n  r a t e .  

The communications subsystem weigh t  i s  t h e n  e s t i m a t e d  from P  and G .  
The t r a n s m i t t e r  w e i g h t ,  Wp,  r e q u i r e d  t o  a c h i e v e  a  g i v e n  r a d i a t e d  power P . i s  
g i v e n ,  a s  shown i n  Refe rence  24, by 

where W i s  a f i x e d  w e i g h t ,  and w (pounds per  w a t t )  i s  t h e  i n c r e m e n t a l  we igh t  
1 

of t h e  t r a n s m i t t e r  a s s o c i a t e d  wit{ a n  i n c r e a s e  i n  power o u t p u t .  

To r e f l e c t  c o m p l e t e l y  t h e  i n c r e a s e  i n  s y s t e m  weigh t  due  t o  t r a n s m i t t e r  
o u t p u t  power, e n e r g y  s o u r c e  we igh t  change must be i n c l u d e d .  Thus an  o v e r a l l  
we igh t  c o e f f i c i e n t ,  w '  can be found from P  , 

where K = t h e  e n e r g y  s o u r c e  we igh t  per u n i t  power 
P 

K = t h e  e n e r g y  s o u r c e  we igh t  per u n i t  ene rgy  
e  

= t h e  t r a n s m i t t e r  e f f i c i e n c y ,  and 

T  = t h e  t r a n s m i t t e r  o p e r a t i n g  t i m e .  
0 P  

The we igh t  of t h e  onboard an tenna  i s  assumed (Refe rence  24) t o  be g i v e n  by 

where W 2  i s  a  f i x e d  c o n s t a n t .  The t o t a l  we igh t  of  t h e  onboard communications 
subsystem is  

I f  n e i t h e r  P  o r  G i s  f i x e d ,  then  b o t h  t h e  onboard a n t e n n a  and t h e  t r a n s -  
m i t t e r  c a n  be des igned  t o  s a t i s f y  a  g i v e n  c o n s t r a i n t  on t h e  e f f e c t i v e  r a d i a t e d  
power and y i e l d  a  minimum t o t a l  subsystem w e i g h t .  I n  t h i s  c a s e ,  f o r  f i x e d  
ERP = PG, che optimum c h o i c e  of P and G t o  minimize W i s  



The t o t a l  we igh t  of  t h i s  optimum communications subsys tem i s  g i v e n  by 

The a c c u r a c y  r e q u i r e d  i n  t h e  p o i n t i n g  of  t h e  s p a c e c r a f t  a n t e n n a  is  
r e l a t e d  t o  t h e  an tenna  beamwidth. For a  h i g h - g a i n  p a r a b o l o i d a l  a n t e n n a ,  t h e  
beamwidth between h a l f  -power p o i n t s  i s  approximated by 

where 8 is  t h e  b e a m i d t h  i n  d e g r e e s  and G i s  t h e  a n t e n n a  g a i n  i n  a b s o l u t e  u n i t s .  
I n  most c a s e s  i t  i s  r e a s o n a b l e  t o  r e q u i r e  t h e  p o i n t i n g  accuracy  t o  be  1 /10  of  t h e  
onboard a n t e n n a  beamwidth. 

To e s t a b l i s h  t h e  onboard an tenna  p o i n t i n g  d i r e c t i o n ,  knowledge o f  t h e  
a n g l e  sub tended  by v e c t o r s  from t h e  s p a c e c r a f t  t o  t h e  gun and E a r t h  is  n e c e s s a r y  
( s e e  F i g u r e  16) .  

T h i s  i n f o r m a t i o n  i s  e a s i l y  o b t a i n e d  from a  t ime h i s t o r y  o f  t h e  s p a c e c r a f t  
and s u n  p o s i t i o n s  w i t h  r e s p e c t  t o  t h e  E a r t h .  Tab le  X I  l i s t s  t h i s  a n g l e  (EARTH- 
SUN ANG) a t  d i s c r e t e  p o i n t s  i n  t h e  J u p i t e r  f l y b y  m i s s i o n .  Also  i n c l u d e d  i n  
Tab le  X I  i s  t h e  range  of  t h e  s p a c e c r a f t  a s  observed from t h e  E a r t h  and t h e  a n g l e  
subtended by v e c t o r s  from t h e  E a r t h  t o  t h e  s p a c e c r a f t  and S u n  (SC-SUN ANG). The 
maximum r a n g e  encoun te red  d u r i n g  t h e  m i s s i o n  i s  r ecorded  and used t o  d e t e r m i n e  
t h e  an tenna  g a i n  and t r a n s m i t t e r  power r e q u i r e d  t o  t r a n s m i t  i n f o r m a t i o n  a t  a  g i v e n  
r a t e .  

Communications problems can be  a n t i c i p a t e d  when t h e  SC-SUN ANG p a s s e s  
t h r o u g h  z e r o .  T h i s  o c c u r s  a p p r o x i m a t e l y  315 days  i n t o  t h e  J u p i t e r  f l y b y  m i s s i o n  
and does  n o t  i n t e r f e r  w i t h  c r i t i c a l  o p e r a t i o n s  i n  t h e  s c h e d u l e s  used .  When 
c r o s s i n g  t h e  o r b i t  o f  Mars on t h e  J u p i t e r  m i s s i o n ,  c a l c u l a t i o n s  show t h e  s p a c e -  
c r a f t  i s  abou t  2,000 Mars d i a m e t e r s  o u t  o f  t h e  Mars o r b i t a l  p lane .  Thus,  t h e  
s p e c i f i c  l o c a t i o n  o f  Mars i n  i t s  o r b i t  i s  of  no c o n c e r n ,  f o r  t h i s  p a r t i c u l a r  m i s s i o n .  
It  i s  q u i t e  p o s s i b l e ,  however,  t h a t  d i f f e r e n t  t r a j e c t o r i e s  may r e s u l t  i n  o t h e r  
p l a n e t s  b l o c k i n g  communications between E a r t h  and t h e  s p a c e c r a f t .  Should t h i s  
occur  a t  c r i t i c a l  t i m e s ,  s u c h  a s  d u r i n g  a n  E a r t h - b a s e d  u p d a t e ,  i t  may become neces -  
s a r y  t o  choose  a  d i f f e r e n t  t r a j e c t o r y  t o  overcome t h i s  d i f f i c u l t y .  



SC-SUN ANG EARTH-SUN ANG 

N o m e n c l a t u r e :  S C  4 S p a c e c r a f t  .- 

ANG & A n g l e  

F I G U R E  16 .  COMMUNICATIONS GEOMETRY 
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Computer Program R e s u l t s  

The computer r u n s  p resen ted  i n  t h i s  s e c t i o n  z r e  f o r  a  J u p i t e r  f l y b y  
m i s s i o n  w i t h  t h e  d a t a  a s  shown i n  F i g u r e  17. These r u n s  demons t ra te  t h e  e f f e c t s  
o f  (1)  c o n t r o l  moment gyro  (CMG) a t t i t u d e  c o n t r o l ,  (2) i n e r t i a  wheel  a t t i t u d e  
c o n t r o l  (IWAC), (3 )  r e l i a b i l i t y  e f f e c t s  of  s w i t c h i n g  subsystems on and o f f ,  and 
( 4 )  communications t r a n s m i t t e r  and a n t e n n a  parameter  e s t i m a t i o n .  The r e s u l t s  of  
i n c l u d i n g  t h e s e  f e a t u r e s  a r e  summarized i n  T a b l e s  I X  (shown i n  t h e  s e c t i o n  on 
A l t e r n a t e  A t t i t u d e  C o n t r o l  Schemes) and X I I .  The r u n s  were made w i t h  t h e  d a t a  
shown i n  F i g u r e  17 on t h e  m i s s i o n  s c h e d u l e s  shown i n  F i g u r e  16.  P e n a l t y  a n a l y s l s  
r e p o r t s  f o r  t h e  r u n s  used i n  compi l ing  Tab les  IX and X I 1  a r e  shown i n  F i g u r e s  19 
th rough  36 .  F i g u r e s  19 th rough  28 do  n o t  i n c l u d e  t h e  e f f e c t s  of  subsystem s w i t c h i n g  
and communications r e q u i r e m e n t s .  

It i s  a p p a r e n t  t h a t  t h e  main drawback of  t h e  r e a c t i o n - w h e e l  c o n t r o l  i s  
n o t  s o  much i n  t h e  a d d i t i o n a l  w e i g h t ,  which i s  o n l y  abou t  1 . 4  pounds more t h a n  
t h e  c o n t r o l  moment g y r o  sys tem,  b u t  i n  t h e  a d d i t i o n a l  power r e q u i r e d ,  which 
exceeds  t h a t  of  t h e  CMG by a  f a c t o r  of  1 .6 .  

Whether t h i s  is a  p r o h i b i t i v e  drawback o r  n o t  w i l l  depend on t h e  r e s t  
o f  t h e  m i s s i o n  r e q u i r e m e n t s .  Th i s  t o t a l  power cou ld  probably  be reduced 
employing s e p a r a t e  c o a r s e  and f i n e  TWAC s y s t e m s .  It  i s  n o t  a p p a r e n t  how t h i s  
would a f f e c t  t h e  r e l i a b i l i t y  of t h e  sys tem,  and i t  has  not  been modeled. 

The onboard t r a n s m i t t e r  and an tenna  we igh t  and p o \ , ~ r  e s t i m a t i o n  d i s c u s s e d  
i n  t h e  p rev ious  s e c t i o n  have been i n c l u d e d  i n  t h e  program. The u s e r  may s p e c i f y  
a  t r a n s m i t t e r  by g i v i n g  i t s  we igh t ,  power i n p u t ,  MTTF, MCTF, and power o u t p u t .  An 
an tenna  i s  t h e n  des igned  t o  provide  t h e  n e c e s s a r y  g a i n .  I f  no t r a n s m i t t e r  is  
s p e c i f i e d  t h e  t r a n s m i t t e r  and an tenna  a r e  des igned  t o  minimize t h e  n e t  we igh t  
( p h y s i c a l  we igh t  and e n e r g y  s o u r c e  we igh t )  w h i l e  mee t ing  t h e  r e q u i r e d  e f f e c t i v e  
r a d i a t e d  power (ERP). With t h e  g a i n  of  t h e  an tenna  known, t h e  p o i n t i n g  t o l e r a n c e  
i s  c a l c u l a t e d .  T h i s  t o l e r a n c e  i s  used a s  a  c o n s t r a i n t  on a t t i t u d e  c o n t r o l  dead-  
band when t h e  t r a n s m i t t e r  i s  o p e r a t i n g .  

The r e s u l t s  shown i n  t h i s  r e p o r t  a r e  f o r  a  des igned  t r a n s m i t t e r  and a  
h y p o t h e t i c a l  t r a n s m i t t e r  used t o  d e m o n s t r a t e  t h e  c a p a b i l i t y  of  s p e c i f y i n g  o r  
d e s i g n i n g  t h e  onboard t r a n s m i t t e r .  
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M u l t i p l e  Midcourse S t r a t e g i e s  

Review o f  Cand ida te  Schemes 

I n  a c c o r d a n c e  w i t h  t h e  s t a t e m e n t  of  work, s i x  r e p o r t s ,  R e f e r e n c e s  25 
th rough  30 were reviewed a s  s o u r c e s  of p o s s i b l e  midcourse c o r r e c t i o n  p o l i c i e s .  
An a d d i t i o n a l  paper  by C .  G .  P f e i f f e r  (Refe rence  31) was a l s o  c o n s i d e r e d .  A 
d e s c r i p t i o n  of e a c h  o f  t h e s e  papers  f o l l o w s :  

Breakwel l ,  Rauch,  and Tung. Breakwel l ,  Rauch, and Tung (Refe rence  27) 
d e r i v e  a  c o r r e c t i o n  scheme t h a t  minimizes  expec ted  f u e l  s u b j e c t  t o  a  f i x e d  mean- 
s q u a r e  v a l u e  of  t h e  t a r g e t  m i s s ,  I n  t h e  absence  of e n g i n e  m e c h a n i z a t i o n  e r r o r s ,  
t h e  o p t i m a l  c o n t r o l  p o l i c y  i s  shown t o  be c o n t i n u o u s .  The t imes  a t  which t h e  
midcourse  p r o p u l s i o n  s y s t e m  i s  t u r n e d  on o r  o f f  a r e  de te rmined  by s o l v i n g  t h e  
c o n t i n u o u s  c o n t r o l  problem u s i n g  t h e  maximum p r i n c i p l e .  I f  e n g i n e  mechan iza t ion  
e r r o r s  a r e  n o t  n e g l e c t e d ,  t h e  o p t i m a l  c o n t r o l  p o l i c y  i s  shown t o  c o n s i s t  of  f o u r  
o r  f i v e  impuls ive  c o r r e c t i o n s .  The o p t i m a l  s p a c i n g  and magni tudes  of  t h e s e  
c o r r e c t i o n s  a r e  de te rmined  by a  dynamic programming a n a l y s i s .  

I n  b o t h  of t h e  above c a s e s ,  t h e  magni tude of t h e  c o r r e c t i v e  t h r u s t  i s  
p r o p o r t i o n a l  t o  t h e  p r e d i c t e d  d e v i a t i o n  from t h e  d e s i r e d  s t a t e  a t  t h e  f i n a l  t ime .  
P e r i o d i c  measurements of  t h e  s p a c e c r a f t ' s  s t a t e  a r e  made th roughout  t h e  m i s s i o n ,  
and a n  upda te  o f  t h e  e s t i m a t e d  m i s s  is made a t  e a c h  o b s e r v a t i o n  t ime u s i n g  t h e  
b e s t  p r e d i c t e d  e s t i m a t e  and t h e  new s e t  o f  measurements j u s t  r e c e i v e d .  The 
o b s e r v a t i o n s  a r e  assumed t o  be made a t  r e g u l a r  i n t e r v a l s  of  t ime A t ,  where A t  i s  
a  r e l a t i v e l y  s h o r t  i n t e r v a l  of  t ime i n  compar ison t o  t h e  t o t a l  m i s s i o n  t ime ,  T. 
T y p i c a l l y ,  f o r  a  402-day m i s s i o n  t o  Mars, measurements a r e  made a s  f r e q u e n t l y  a s  
1 p e r  minu te .  The assumpt ion  e n a b l e s  t h e  a u t h o r s  t o  u t i l i z e  t h e  c o n t i n u o u s  form 
of  t h e  Kalman e s t i m a t i o n  p rocedure .  

T h i s  method of  d e t e r m i n i n g  t h e  o p t i m a l  c o r r e c t i o n  s t r a t e g y  is  compat ib le  
w i t h  t h e  f i r s t  and t h i r d  p e n a l t y  modes i n  which a  c e r t a i n  p r o b a b i l i t y  of  m i s s i o n  
f a i l u r e  a t t r i b u t a b l e  t o  a s t r i o n i c s  i s  a c c e p t a b l e  and t h e  a s  t r i o n i c s  s y s  tem weigh t  
is  used a s  t h e  p e n a l t y  f u n c t i o n .  T h i s  p rocedure ,  however, i s  n o t  c o m p l e t e l y  
a d a p t a b l e ,  because  a  d e t a i l e d  c o m p u t a t i o n a l  procedure  i s  e s t a b l i s h e d  o n l y  f o r  t h e  
s p e c i a l  c a s e  where t h e  rms v a l u e  o f  one component of t h e  s t a t e  v e c t o r  a t  t h e  
t e r m i n a l  t ime is  s p e c i f i e d  . 

S t e r n  and P o t t e r .  S t e r n  and P o t t e r  (Refe rence  28) p r e s e n t  a  p rocedure  
f o r  d e t e r m i n i n g  a  midcourse  c o r r e c t i o n  s c h e d u l e  which i s  o p t i m a l  i n  t h e  s e n s e  t h a t  
t o t a l  v e l o c i t y  c o r r e c t i o n  i s  minimized.  T h i s  i s  accompl ished by s e l e c t i n g  t h e  
t i m e ( s )  o f  c o r r e c t i o n  s o  a s  t o  maximize t h e  miss  c o r r e c t i b l e  per  u n i t  of v e l o c i t y  
c o r r e c t i o n .  The p r i n c i p a l  o b j e c t i o n  t o  t h i s  method i s  t h a t  no c o n s i d e r a t i o n  is  
g i v e n  t o  t h e  u n c e r t a i n t i e s  of  the  n a v i g a t i o n a l  measurements.  It  i s  assumed t h a t  
a  s u f f i c i e n t  number o f  measurements has been made p r i o r  t o  t h e  c o r r e c t i o n  s o  t h a t  
t h e  u n c e r t a i n t y  i n  t h e  p r e d i c t e d  miss  d i s t a n c e  a t  t h e  t a r g e t  is  n e g l i g i b l e .  



B a t t i n .  B a t t i n  (Refe rence  29) s u g g e s t s  a  procedure  f o r  d e t e r m i n i n g  
a p p r o p r i a t e  t imes  f o r  making o b s e r v a t i o n s  a n d f o r  v e l o c i t y  c o r r e c t i o n s .  The 
p rocedure  assumes t h a t  a  s e t  of p o i n t s  i n  t ime  have been s e l e c t e d  p r i o r  t o  t h e  
a n a l y s i s .  At  e a c h  o f  t h e s e  p o i n t s ,  one of t h r e e  a l t e r n a t i v e  c o u r c e s  of  a c t i o n  
i s  fo l lowed:  

(1)  A s i n g l e  o b s e r v a t i o n  i s  made 

(2) A v e l o c i t y  c o r r e c t i o n  i s  implemented 

(3) No a c t i o n  i s  t aken .  

A measurement i s  made i f  a  s i g n i f i c a n t  r e d u c t i o n  i n  the  p o t e n t i a l  miss  d i s t a n c e  
would r e s u l t  from t h e  measurement and u p d a t i n g  of i n f o r m a t i o n .  A v e l o c i t y  
c o r r e c t i o n  i s  made whenever t h e  r a t i o  of  t h e  u n c e r t a i n t y  i n  t h e  e s t i m a t e  t o  t h e  
s t a n d a r d  d e v i a t i o n  o f  t h e  r e q u i r e d  c o r r e c t i o n  i s  l e s s  t h a n  a  f i x e d  c o n s t a n t .  
Then a n  e n g i n e  r e s t a r t  and p r o p e l l a n t  e x p e n d i t u r e  i s  w a r r a n t e d .  

I n  t h e  f i n a l  a n a l y s i s ,  however,  t h e  c r i t e r i a  f o r  s e l e c t i n g  t imes  of  
midcourse  c o r r e c t i o n s  a r e  d i s r e g a r d e d ,  and a  c o r r e c t i o n  s c h e d u l e  i s  s p e c i f i e d .  
Hence, t h i s  p rocedure  i s  e s s e n t i a l l y  a  p o l i c y  f o r  d e t e r m i n i n g  a n  a p p r o p r i a t e  
measurement s c h e d u l e  c o n s i s t i n g  of t h e  t imes  a t  which o b s e r v a t i o n s  a r e  made and 
t h e  c h o i c e  of  t h e  b e s t  c e l e s t i a l  measurement t o  be  made a t  t h i s  t ime .  

Denham and S p e y e r .  I n  t h e  paper  by Denham and Speyer  (Refe rence  30) ,  
t h e  a u t h o r s  p r e s e n t  a  method of v a r y i n g  t h e  t imes  of midcourse v e l o c i t y  c o r -  
r e c t i o n s  t o  minimize a  f u n c t i o n  i n v o l v i n g  t h e  t e r m i n a l  d i s p e r s i o n  and a  
s t a t i s t i c a l  measure o f  t h e  t o t a l  v e l o c i t y  change used f o r  c o n t r o l .  The 
p rocedure  assumes a  nominal  measurement and c o r r e c t i o n  program h a s  been s p e c i f i e d  
and t h r o u g h  s u c c e s s i v e  t r i a l s  and a d j u s t m e n t s  t h e  c o r r e c t i o n  program improves t h e  
g i v e n  s c h e d u l e .  F o r  example ,  t h e  program s u g g e s t e d  by B a t t i n  (Refe rence  29) i s  
t a k e n  a s  t h e  nominal ,  and a  10 p e r c e n t  improvement i n  t h e  r m s  u n c e r t a i n t y  of t h e  
t e rmina  1 p o s i t  i o n  is r e a l i z e d  . 

Although a n  a n a l y t i c a l  t e c h n i q u e  f o r  o p t i m i z i n g  b o t h  t h e  c o n t i n u o u s  
measurement and f e e d b a c k  g a i n  programs i s  d e v e l o p e d ,  o n l y  t h e  means of  d e t e r m i n i n g  
t h e  o p t i m a l  measurement sequence i s  d e m o n s t r a t e d  by a n  example.  

P f e i f f e r .  An a d d i t i o n a l  paper  by C .  G.  P f e i f f e r  (Refe rence  3 1 ) ,  n o t  
i n c l u d e d  among t h e  proposed r e f e r e n c e s ,  was reviewed a s  a  means of  d e t e r m i n i n g  a  
midcourse  c o r r e c t i o n  s c h e d u l e .  The o b j e c t i v e  d i s c u s s e d  i n  t h i s  paper  was t o  
d e v e l o p  a  gu idance  p o l i c y  t h a t  minimizes  t h e  expec ted  v a l u e  of t h e  t a r g e t  e r r o r  
s q u a r e d ,  s u b j e c t  t o  t h e  c o n s t r a i n t  t h a t  t h e  t o t a l  p r o p e l l a n t  expended i n  
performing t h e  c o r r e c t i o n s  i s  l e s s  t h a n  some p r e s  p e c i f  i e d  amount. The a n a l y s i s  
i s  based on t h e  assumpt ion  t h a t  a  measurement p o l i c y ,  independent  of  t h e  gu idance  
p o l i c y ,  has  been p r e s p e c i f i e d .  Also ,  a  s e t  of p o i n t s  a l o n g  t h e  t r a j e c t o r y  a t  
which t h e  p o s s i b i l i t y  of performing a  c o r r e c t i o n  i s  t o  be examined must be 
s e l e c t e d  p r i o r  t o  t h e  a n a l y s i s .  The index  of  performance t o  be minimized a t  any 
d e c i s i o n  t ime i n v o l v e s  t h e  sum of  two t e r m s .  The f i r s t  t e rm is  t h e  e x p e c t e d  
v a l u e  of  t h e  t a r g e t  u n c e r t a i n t y  immedia te ly  a f t e r  t h e  f i n a l  c o r r e c t i o n  which occurs  
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a t  some p r e s p e c i f i e d  t ime t f .  The second term is  t h e  s q u a r e  of  t h e  u n c o r r e c t i b l e  
e r r o r  due t o  t h e  d e p l e t i o n  of the  c o r r e c t i o n  c a p a b i l i t y  p r i o r  t o  t h e  f i n a l  
c o r r e c t i o n  t ime t 

f '  

The d e t e r m i n a t i o n  o f  a n  o p t i m a l  guidance p o l i c y  based on t h i s  p e r f o r -  
mance i n d e x  f a l l s  w i t h i n  t h e  c a t e g o r y  o f  problems s u b j e c t  t o  a n a l y s i s  by 
Dynamic Programming. As i n  a l l  a p p l i c a t i o n s  of  t h e  Dynamic Programming a l g o r i t h m ,  
one i s  a lways  m i n d f u l  of t h e  "Curse o f  Dimens iona l i ty" .  It i s  shown i n  t h i s  
paper t h a t  a  c o n s i d e r a b l e  s i m p l i f i c a t i o n  i s  r e a l i z e d  i f  t h e  f o l l o w i n g  r e s t r i c t i o n s  
a r e  imposed upon t h e  gu idance  p o l i c y :  

(1) A t  e a c h  d e c i s i o n  t i m e ,  t i ,  e i t h e r  no c o r r e c t i o n  o r  
t o t a l  c o r r e c t i o n  is t o  be accomplished.  

(2) At  e a c h  d e c i s i o n  t i m e ,  t i ,  a t  most two c o r r e c t i o n s  
w i l l  be  accomplished:  one a t  t h e  f i n a l  d e c i s i o n  t ime ,  

5' and a n o t h e r  a t  some t ime t < t f .  

The s o l u t i o n  o b t a i n e d  by  a p p l i c a t i o n  o f  t h i s  method w i l l  n o t  n e c e s s a r i l y  
y i e l d  a n  ext reme v a l u e  (max o r  mim) f o r  t h e  p e n a l t y  c o n s i d e r e d .  A s  i n d i c a t e d  by 
P f e i f f e r ,  t h e  e f f e c t  o f  imposing t h e  two c o n s t r a i n t s  i s  n o t  e n t i r e l y  known, how- 
e v e r ,  t h e s e  assumpt ions  r e s u l t  i n  a  g r e a t l y  s i m p l i f i e d  c o m p u t a t i o n a l  a l g o r i t h m .  

The v a l i d i t y  of t h e  c o n s t r a i n e d  Dynamic Programming Algor i thm o u t l i n e d  
above i s  independen t  of  t h e  p a r t i c u l a r  performance index  chosen .  Given a n  
a r b i t r a r y  performance measure ,  t h e  same procedure  can  be  used t o  o b t a i n  a  
c o r r e c t i o n  s c h e d u l e  i f  t h e  " two-cor rec t ion"  and " t o t a l - c o r r e c t i o n "  c o n s t r a i n t s  
a r e  imposed upon t h e  gu idance  p o l i c y .  T h e r e f o r e ,  t h e  p e n a l t y  f u n c t i o n  used t o  
e v a l u a t e  t h e  gu idance  sys tem,  i . e . ,  a s  t r i o n i c s  s y s  tem weigh t  o r  p r o b a b i l i t y  of  
f a i l u r e  c a n  b e  c o n s i d e r e d  a s  a  measure of  performance f o r  t h e  midcourse  c o r r e c t i o n  
p o l i c y .  The a l g o r i t h m  can  t h e n  be used t o  o b t a i n  t h e  c o r r e c t i o n  p o l i c y  based on 
t h e  r e v i s e d  p e n a l t y .  

Min imiza t ion  o f  Expected T a r g e t  Miss 

Midcourse  c o r r e c t i o n  f!V may be de te rmined  from t h e  computed d e v i a t i o n s  
o f  p o s i t i o n  and v e l o c i t y  p r i o r  t o  t h e  midcourse  and t h e  s t a t e  t r a n s i t i o n  m a t r i x  
mapping e r r o r s  a t  midcourse  t o  e r r o r s  a t  t h e  t a r g e t  (Refe rence  4 ) .  The v e c t o r s  
and m a t r i c e s  o f  i n t e r e s t  a r e  d e f i n e d  i n  Tab le  X I I I .  

Two t y p e s  o f  t a r g e t  m i s s  r equ i rements  have been  s t u d i e d .  They a r e :  

(1) Z e r o  a l l  p o s i t i o n  d e v i a t i o n s  a t  t h e  t a r g e t .  

(2)  Zero  one p o s i t i o n  o r  v e l o c i t y  component d e v i a t i o n  
a t  t h e  t a r g e t .  

When making a  midcourse  c o r r e c t i o n ,  t h r e e  v a r i a b l e s  may be s p e c i f i e d  ( t h r e e  
components of AV).  Thus,  up t o  t h r e e  c o n d i t i o n s  may b e  s a t i s f i e d  a t  t h e  t a r g e t .  
Z e r o i n g  a l l  p o s i t i o n  d e v i a t i o n s  s p e c i f i e s  t h r e e  c o n d i t i o n s .  
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TABLE XI11 , MIDCOURSE CORRECTION DEFINITIONS 

Svmbol Definition 

The 6 by 6 state transition matrix from midcourse to 
target 

The 6 element error, deviation, and computed deviation 
vectors* 

X -m The state of the vector x prior to midcourse correction 

The state of the vector 5 after midcourse correction 

X -t The state of the vector - x at the target 

The 3 element position error vector subset of any 6 
element vector x -a 

X 
-av The 3 element velocity subset of x -a 

The midcourse correction vector 

The deviation 
T i'& 

covariance matrix EL& &, 1 

I pel The error covariance matrix E km gmT] 

C pdCI The computed deviation covariance matrix EL&, &,q 

CpedI The error, deviation covariance matrix E[& hT] 

* 
See Reference 4 for definition of these vectors& 

** E denotes expected value. 



I n  a n o t h e r  c a s e ,  however, z e r o i n g  any one component a t  t h e  t a r g e t  
s p e c i f i e s  o n l y  one c o n d i t i o n .  I n  o t h e r  words,  t h e r e  a r e  a n  i n f i n i t e  number o f  
p o s s i b l e  c o r r e c t i o n s  which w i l l  z e r o  one component o f  t h e  d e v i a t i o n  a t  t h e  t a r g e t .  
I n  t h i s  c a s e ,  i t  i s  d e s i r a b l e  t o  make t h e  c o r r e c t i o n  t h a t  uses  t h e  l e a s t  f u e l  
(minimum magnitude of AV).  

I n  e i t h e r  c a s e ,  midcourse  c o r r e c t i o n  i s  computed by 

where D i s  a  3 x  6 c o r r e c t i o n  m a t r i x  o b t a i n e d  from t h e  s t a t e  t r a n s i t i o n  m a t r i x  
from t h e  p o i n t  o f  t h e  c o r r e c t i o n  t o  t h e  t a r g e t .  The s u b s c r i p t  m d e n o t e s  v e c t o r s  
p r i o r  t o  t h e  midcourse .  I f  a l l  t h r e e  computed p o s i t i o n  d e v i a t i o n s  a r e  t o  be 
ze roed  a t  t h e  t a r g e t ,  t h e n  

where t h e  3 by 6 m a t r i x  [ @  ] and t h e  3 by 3 m a t r i x  [gpv]  a r e  p a r t i t i o n s  of  t h e  
s t a t e  t r a n s i t i o n  m a t r i x  [@! d e f i n e d  a s  f o l l o w s  

I f  o n l y  one component o f  t h e  computed p o s i t i o n  o r  v e l o c i t y  d e v i a t i o n  is  t o  be  
n u l l e d  a t  t h e  t a r g e t ,  f o r  example,  (clct)i, t h e n  t h e  minimum magnitude & i s  
de te rmined  by t h e  m a t r i x  

1- m 1 

where gi i s  t h e  6 e lement  v e c t o r  whose t r a n s p o s e  i s  e q u i v a l e n t  t o  t h e  ith row o f  
t h e  s t a t e  t r a n s i t i o n  m a t r i x  I and y i s  t h e  3 e lement  v e l o c i t y  s u b s e t  o f  9 . 

i v  i 

I n  t h e  p r e c e d i n g  argument ,  t h e  m a t r i x  [ D l  i s  chosen  s o  a s  t o  n u l l  
e i t h e r  one o r  a l l  computed d e v i a t i o n s  i n  p o s i t i o n  a t  t h e  t a r g e t .  S i n c e  t h e  
d e v i a t i o n  i s  a c t u a l l y  a  random v e c t o r ,  i t  would be mean ingfu l  t o  base  t h e  
s e l e c t i o n  o f  [ D l  on some s t a t i s t i c a l  p r o p e r t y  of  t h e  t a r g e t  d e v i a t i o n .  

Cons ide r  f i r s t  t h e  c a s e  where t h e  t r a c e  of  t h e  c o v a r i a n c e  m a t r i x  o f  
d e v i a t i o n s  i n  t a r g e t  p o s i t i o n  i s  t o  be minimized.  The 3 element  v e c t o r  of 
d e v i a t i o n s  i n  p o s i t i o n  a t  t h e  t a r g e t  c a n  be w r i t t e n  a s  



where CBI is the 3  by 6 matrix defined by 

CD'I is a statistically determined correction matrix, such that 

Let [ @  1 and [B] be partitioned into sets of column vectors as follows: 
P 

The 3 by 3 covariance matrix of position deviations at the target, i-e., 

T Ccl = E C ~  dtp I 
-tP 

may be expressed by 

T T T Mij = 2, CP lie. + ai CP lb. + bl [pd + ped19. 
d J  dc J J 

The trace of [ C] , tr[ C] , is 

If tr [ C] is minimized with respect to bi(i = 1, 2, 3 ) ,  then the solution for the 
be's is - I. 



and 

I n  t h e  c a s e  where t h e  v a r i a n c e  of any one component of t h e  t a r g e t  
d e v i a t i o n  is  t o  be minimized,  t h e  d e s i r e d  midcourse c o r r e c t i o n  m a t r i x  [D'] i s  
p a r t i a l l y  d e f i n e d  by t h e  6-element v e c t o r :  

Thus, 

The above e q u a t i o n  d e f i n e s  a  f a m i l y  of v e c t o r s  & l y i n g  i n  a  p lane a s  shown i n  
F i g u r e  37 .  The w i t h  minimum magnitude i s  t h e  &,J normal t o  t h i s  p lane ,  o r  

Thus 

I n  b o t h  o f  t h e  above c a s e s ,  t h e  c o r r e c t i o n  m a t r i x  [Dl which minimizes  
t h e  u n c e r t a i n t y  i n  t h e  d e v i a t i o n  a t  the  t a r g e t  i s  determined by p o s t - m u l t i p l y i n g  
t h e  d e t e r m i n i s t i c  c o r r e c t i o n  m a t r i x ,  [ D l ,  by 

The above e q u a t i o n s  a p p l y  on ly  i n  t h e  c a s e  where i t  i s  assumed t h a t  no 
e r r o r s  a r e  g e n e r a t e d  i n  making t h e  midcourse .  I n  o r d e r  t o  i n c l u d e  t h e  e f f e c t  of 
v e l o c i t y  e r r o r s  g e n e r a t e d  i n  e x e c u t i n g  t h e  midcourse  maneuver, l e t  i t  be assumed 
t h a t  t h e  e r r o r  is  a  l i n e a r  f u n c t i o n  of t h e  midcourse c o r r e c t i o n  v e c t o r ,  

- e v  - [ A I A V .  112 
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Thus 

Also, assume t h a t  the generated e r r o r ,  Bey, i s  uncorre la ted  wi th  the  d e v i a t i o n ,  
dm, o r  the  e r r o r ,  em. Then the 3 by 3 covariance mat r ix  of p o s i t i o n  dev ia t ions  
a t  the  t a r g e t  can be w r i t t e n  a s :  

where De i s  the  unknown c o r r e c t i o n  mat r ix  t o  be determined when execut ion  e r r o r s  
a r e  not neglected and [ C ]  i s  t he  3 by 3 covariance ma t r ix  def ined  by Equat ion (32)  
wi th  [B I = [ypvl  [De 1. 

Define a 3 by 3 matr ix ,  M y  a s  fol lows:  

Consequently,  [Ce] can be w r i t t e n  a s  

The t r a c e  of [ C> , tr[cel, i s  

where mij = [ M ] ~ ~ - O  In te rchanging  t h e  order  of summation, tr [ce]can be w r i t t e n  a s  

L e t  



Then 

I f  t r  [ c e ]  i s  t o  be a  minimum w i t h  r e s p e c t  t o  bi ( i = 1 , 2 , 3 ) ,  t h e n  e a c h  bi must 
s a t i s f y  t h e  fo l lowing  e q u a t i o n :  

o r  i n  m a t r i x  form 

Thus 

A f t e r  s u b s t i t u t i o n  o f  E q u a t i o n  (35) i n  t h e  above e q u a t i o n ,  t h e  f o l l o w i n g  e x p r e s s i o n  
f o r  [D ] i s  r e a l i z e d :  

e 

where 

and [ D ' j  i s  t h e  c o r r e c t i o n  m a t r i x  d e f i n e d  by Equa t ion  (33) assuming no c o r r e c t i o n  
e r r o r s  a r e  g e n e r a t e d  i n  making t h e  midcourse maneuver. 

I n  t h e  c a s e  where t h e  v a r i a n c e  of any one component of t h e  t a r g e t  d e v i -  
a t i o n  i s  t o  be minimized,  t h e  d e s i r e d  midcourse c o r r e c t i o n  m a t r i x ,  [D,], c a n  be 
de te rmined  i n  a s i m i l a r  manner, I f  (d ) i s  t o  be minimized,  t h e n  

-ti 
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where a i s  a  s c a l a r  determined by 
i 

and [D'] i s  t he  c o r r e c t i o n  mat r ix  def ined  by Equat ion ( 3 4 )  assuming no e r r o r s  a r e  
generated dur ing  the  midcourse c o r r e c t i o n .  

Minimization of the  A s t r i o n i c s  Pena l ty  Funct ion  by a  Constrained 
Dynamic Programming Analysis  of Mul t ip l e  Midcourse Correc t ions  

A s  p rev ious ly  d i scussed ,  i n  the  approach suggested by P f e i f  f e r  (Reference 
31) was intended t o  minimize a  performance index involv ing  the expected va lue  of 
t h e  t a r g e t  e r r o r  squared,  s u b j e c t  t o  the  c o n s t r a i n t  t h a t  t he  t o t a l  p ropel lan t  
expended i n  performing the  c o r r e c t i o n s  i s  l e s s  than  some pres pec i f  i ed  amount. 
The exac t  form of the  penal ty  does not  a f f e c t  t h e  method of determining the  opt imal  
c o r r e c t i o n  pol icy .  Thus the  a s t r i o n i c s  pena l ty  func t ion  can be s u b s t i t u t e d  f o r  
t h e  performance index considered by P f e i f  f e r .  

The procedure f o r  determining a  s u i t a b l e  c o r r e c t i o n  pol icy  uses t he  
approach by P f e i f f e r  (Reference 31) d iscussed  i n  the  previous s e c t i o n .  It i s  
i n i t i a t e d  by t h e  s e l e c t i o n  of a  measurement po l i cy ,  independent of t he  guidance 
pol icy ,  and a  s e t  of po in ts  a long  the  t r a j e c t o r y  a t  which the p o s s i b i l i t y  of 
performing a  c o r r e c t i o n  i s  t o  be examined. The de termina t ion  of an opt imal  
guidance pol icy  based on the  s e l e c t e d  penal ty  f a l l s  w i t h i n  the ca tegory  of problems 
s u b j e c t  t o  a n a l y s i s  by Dynamic Programming. However, a s  i nd ica t ed  e a r l i e r ,  a  
cons iderable  s i m p l i f i c a t i o n  i s  r e a l i z e d  i f  t he  fo l lowing  r e s t r i c t i o n s  a r e  imposed 
upon the  guidance pol icy :  

(1) A t  each d e c i s i o n  time t i ,  e i t h e r  no c o r r e c t i o n  o r  
a t o t a l  c o r r e c t i o n  i s  t o  be accomplished. 

( 2 )  A t  each  d e c i s i o n  time, ti ,  it is  assumed t h a t  a t  
most two c o r r e c t i o n s  w i l l  be accomplished: one a t  
t he  f i n a l  d e c i s i o n  time, t f ,  and ano the r  a t  some 
time t < t f .  

j 

I f  t hese  c o n s t r a i n t s  a r e  observed, then  the  c o n t r o l  po l icy  i s  implemented a t  time 
t i n  t he  fol lowing s t e p s :  
i 

(1)  Ca lcu la t e  t h e  performance index corresponding t o  
a t o t a l  c o r r e c t i o n  only a t  t P l ( i ) .  f '  

(2) Calcu la t e  t he  performance index corresponding t o  
t o t a l  c o r r e c t i o n  only a t  t and t PZ(i) . 

i f '  



(3) I f  P 2 ( i )  - P l ( i )  2 0,  make no c o r r e c t i o n  a t  t i ;  
go on t o  the  next  d e c i s i o n  time ti+l. I f  t he  
i n e q u a l i t y  does not  hold,  go on t o  s t e p  4. 

(4) Ca lcu la t e  the  performance index corresponding t o  
t o t a l  c o r r e c t i o n s  only  a t  t and t f ,  P3(i)  i+ 1 

( 5 )  Form the  swi tch ing  func t ions  Si = P 2 ( i )  - P3( i ) .  
I f  Si i s  p o s i t i v e ,  no a c t i o n  i s  taken.  I f  i t  is  
nega t ive  o r  ze ro ,  a  t o t a l  c o r r e c t i o n  i s  appl ied  a t  ti. 

( 6 )  When the  next  d e c i s i o n  time i s  reached,  t he  process 
i s  r e i n i t i a t e d ,  w i th  a  new e s t i m a t e  of t h e  e r r o r -  
based upon the  a c t i o n  taken a t  t i  and the  t r a c k i n g  
d a t a  rece ived  dur ing  the  i n t e r v a l .  

A flow c h a r t  of t h i s  procedure i s  shown i n  F igure  38 and r e s u l t s  of i t s  
a p p l i c a t i o n  on a  Mars mission a r e  shown i n  Appendix A.  



S e l e c t  
D e c i s i o n  

Times 

E v a l u a t e  p l ( i )  a 
E v a l u a t e  P 2 ( i )  I 

8 

I I n c r e m e n t  i I 
I 
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CONCLUS IONS 

The e v a l u a t i o n  t e c h n i q u e s  developed f o r  i n t e r  p l a n e t a r y  f l y b y  miss  i o n  
a s t r i o n i c s  sys tems were extended t o  o r b i t e r ,  l a n d e r ,  and m u l t i p l e  p l a n e t  swingby 
m i s s i o n  a s t r i o n i c s ,  These t e c h n i q u e s  a r e  u s e f u l  f o r  s e l e c t i o n  of  a s t r i o n i c s  
subsys tems ,  f o r  e v a l u a t i n g  a s t r i o n i c s  m i s s i o n  o p e r a t i o n  s c h e d u l e s ,  a s  a n  a i d  i n  
t h e  p r e l i m i n a r y  d e s i g n  of c o n c e p t u a l  subsys tems ,  and i n  d e t e r m i n i n g  r e s e a r c h  
needed t o  improve s y s  tem performance.  

Using t h e  computer program which implements t h e s e  t e c h n i q u e s ,  i t  i s  
p o s s i b l e  t o  a n a l y z e  t r a d e o f f s  and e s t a b l i s h  requ i rements  f o r  f u n c t i o n s  s u c h  a s  
n a v i g a t i o n ,  gu idance ,  and communication f o r  s p e c i f i e d  m i s s i o n s .  Cand ida te  
a s  t r i o n i c s  subsys  tems c a n  be  ana lyzed  and t h e  s p e c i f i c a t i o n s  de te rmined  f o r  sub-  
sys tems  which  p rov ide  t h e  r e q u i r e d  f u n c t i o n s .  

Data r e q u i r e d  f o r  e v a l u a t i o n  o f  a s t r i o n i c s  f o r  i n t e r p l a n e t a r y  m i s s i o n s  
a r e  i d e n t i f i e d .  Numerical  v a l u e s  f o r  t h e s e  d a t a  a r e  q u i t e  d i f f i c u l t  t o  o b t a i n .  
I n  many c a s e s  p r o t o t y p e  hardware may n o t  have been developed and i f  hardware 
e x i s t s ,  t h e  needed d a t a  may n o t  have been  a c q u i r e d .  The s i g n i f i c a n c e  of assumed 
d a t a  f o r  c o n c e p t u a l  sys tems  c a n  be  a s s e s s e d  by d e t e r m i n i n g  t h e  s e n s i t i v i t y  o f  
t h e  p e n a l t y  f u n c t i o n  t o  t h e  d a t a .  Data hav ing  h i g h  s e n s i t i v i t y  i n d i c a t e s  need 
f o r  r e s e a r c h ,  development ,  and t e s t i n g  programs. 

RECOMMENDATIONS 

It i s  recommended t h a t  t h e  computer program which implements t h e  
e v a l u a t i o n  t e c h n i q u e s  be  e x e r c i s e d  f o r  v a r i o u s  i n t e r p l a n e t a r y  m i s s i o n s  which 
a p p e a r  l i k e l y  t o  o c c u r  w i t h i n  t h e  n e x t  d e c a d e .  The o b j e c t i v e  would be t o  e s t a b l i s h  
t h e  a s t r i o n i c s  s p e c i f i c a t i o n s  f o r  t h e  m i s s i o n s  examined. By examining a  l a r g e  
number of  m i s s i o n s ,  p o s s i b l e  l i m i t a t i o n s  of t h e  computer program shou ld  become 
a p p a r e n t .  

E a r l y  e s t a b l i s h m e n t  of  t h e  a s t r i o n i c s  s p e c i f i c a t i o n s  f o r  t h e s e  m i s s i o n s  
w i l l  i d e n t i f y  c r i t i c a l  d a t a  r e q u i r e m e n t s .  It  i s  recommended t h a t ,  t e s t i n g  
programs be  e s t a b l i s h e d  t o  a c q u i r e  and v a l i d a t e  t h e  d a t a  assumed i n  t h e  a n a l y s e s .  

The assumpt ion  of  Kalman f i l t e r i n g  i n  t h e  n a v i g a t i o n  e r r o r  a n a l y s i s  f o r  
a i d e d  i n e r t i a l  sys tems d i d  n o t  c o n s i d e r  t h e  problems a s s o c i a t e d  w i t h  t h e  
implementa t ion  of  s u c h  a  f i l t e r .  It i s  recommended t h a t  a  s t u d y  of  t h e  t r a d e o f f s  
invo lved  i n  implement ing a  Kalman f i l t e r  be made. T h i s  s t u d y  shou ld  examine t h e  
f e a s i b i l i t y  of onboard implementa t ion a s  opposed t o  implementing t h e  f i l t e r  a t  a  
s i t e  on E a r t h .  Wherever t h e  f i l t e r  i s  implemented,  che t r a d e o f  f s  between p e r f o r -  
mance of t h e  f i l t e r  and t h e  r e q u i r e d  onboard computer c a p a b i l i t y  must  be d e t e r m i n e d .  

Many f u t u r e  m i s s i o n s  r e q u i r e  t h e  a s t r i o n i c s  t o  o p e r a t e  o v e r  v e r y  long 
p e r i o d s  o f  t i m e .  M i s s i o n s  w i t h  long  o p e r a t i n g  t imes  i n c l u d e  i n t e r p l a n e t a r y  m i s s i o n s ,  
s u c h  a s  Grand Tour ,  and E a r t h  o r b i t a l  m i s s i o n s ,  such  a s  a  s p a c e  s t a t i o n .  
P r o v i s i o n  of  t h e  r e q u i r e d  a s  t r i o n i c s  f u n c t i o n s  on t h e s e  l o n g - l i f e - t i m e  m i s s i o n s  



n e c e s s i t a t e s  hav ing  backup modes f o r  e a c h  f u n c t i o n .  These modes a r e  provided by 
a s t r i o n i c s  subsystems o p e r a t i n g  i n  a  s p e c i f i e d  manner. F a i l u r e  of  a  subsystem 
r e q u i r e d  f o r  a  p a r t i c u l a r  mode need n o t  r e s u l t  i n  l o s s  of  t h e  f u n c t i o n  i f  t h e  
a s t r i o n i c s  sys tem i s  des igned  w i t h  backup modes f o r  c r i t i c a l  f u n c t i o n s .  T h i s  
concep t  of  f u n c t i o n s  and modes was developed by B a t t e l l e  f o r  a e r o s p a c e  a v i o n i c s  
sys tems under  USAF c o n t r a c t  (Refe rence  32 ) .  

An a v i o n i c s  f u n c t i o n  is  d e f i n e d  a s  a n  o p e r a t i o n  o r  a c t i o n  performed 
d u r i n g  a  m i s s i o n  i n  which employment o f  t h e  a i r c r a f t ' s  a v i o n i c s  i s  d e s i r a b l e .  
Two examples o f  a v i o n i c s  f u n c t i o n s  a r e  n a v i g a t i o n  and communications.  The t e rm 
mode conno tes  a  s u i t e  o f  a v i o n i c s  subsystems which a l l o w s  a  p a r t i c u l a r  f u n c t i o n  
t o  be performed. I f  a l l  t h e  subsystems a r e  pe r fo rming  p r o p e r l y ,  t h e n  any  g i v e n  
f u n c t i o n  w i l l  be conducted by u t i l i z i n g  t h e  s u i t e  o f  a v i o n i c s  d e s i g n a t e d  a s  t h e  
pr imary mode. Assume t h a t  one o f  t h e  subsystems 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  
f u n c t i o n  b e g i n s  t o  o p e r a t e  ou t  o f  t o l e r a n c e  o r  f a i l s  . Qui te  o f t e n  t h e  f u n c t i o n  
c a n  s t i l l  be conducted by a  backup mode b u t  w i t h  degraded performance.  U s u a l l y  
t h e  backup mode w i l l  employ t h e  same s u i t e  of  a v i o n i c s  a s  t h e  pr imary mode, b u t  
w i t h  t h e  u n s a t i s f a c t o r y  subsystem d e l e t e d  o r  w i t h  a n o t h e r  subsystem s u b s t i t u t e d  
f o r  i t .  Of c o u r s e ,  more t h a n  one backup mode may b e  p o s s i b l e ,  and t 3 e  backup 
mode t h a t  is  employed w i l l  depend on which i s  p r e f e r r e d  a s  w e l l  a s  which sub-  
sys tems a r e  a v a i l a b l e .  I n  a  v e h i c l e  w i t h  s o p h i s t i c a t e d  a v i o n i c s ,  t h e  s e l e c t i o n  
of  t h e  backup mode may be made by a n  onboard computer o r  s p e c i a l - p u r p o s e  l o g i c  
c i r c u i t r y  r a t h e r  than  by t h e  p i l o t ,  The computer program developed and d e s c r i b e d  
i n  Refe rence  32 uses  Monte C a r l o  t e c h n i q u e s  t o  model t h e  e f f e c t i v e n e s s  o f  a v i o n i c s  
sys tems w i t h  a l t e r n a t e  modes f o r  v a r i o u s  f u n c t i o n s .  It i s  recommended t h a t  t h e  
concep t  o f  f u n c t i o n s  and modes be developed f o r  a s t r i o n i c s  sys tems and NASA 
m i s s i o n s .  T h i s  w i l l  be  n e c e s s a r y  t o  p r o p e r l y  a n a l y z e  a s t r i o n i c s  f o r  l o n g - l i f e -  
t ime m i s s i o n s  and r e u s a b l e  v e h i c l e s .  
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COMPUTER PROGRAM RESULTS FOR MARS ORBITER MISSION 

To e x e r c i s e  t h e  computer program on a n  o r b i t e r  m i s s i o n ,  a  m i s s i o n  
s i m i l a r  t o  t h e  planned Vik ing  m i s s i o n  was s e l e c t e d  a s  a  b a s i s  f o r  e v a l u a t i o n .  It 
must be  emphasized,  however,  t h a t  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  appendix  do  n o t  
c o n s t i t u t e  a n  e v a l u a t i o n  o f  t h e  Vik ing  s p a c e c r a f t  and m i s s i o n .  These r e s u l t s  a r e  
shown o n l y  t o  d e m o n s t r a t e  t h e  c a p a b i l i t y  of  t h e  computer program. Cons ide rab le  
a d d i t i o n a l  d a t a  must be o b t a i n e d  b e f o r e  a  c o n c l u s i v e  e v a l u a t i o n  of  t h e  a s t r i o n i c s  
f o r  t h e  Vik ing  m i s s i o n  c a n  be performed. 

I n p u t  Data 

The f i r s t  p o r t i o n  of  t h e  computer o u t p u t  is  a  l i s t i n g  of t h e  d a t a  needed 
t o  r u n  t h e  program. 

T r a c k i n g  Net Data 

The t r a c k i n g  network d a t a  d e s c r i b i n g  s t a t i o n  l o c a t i o n s ,  a v a i l a b l e  r a d a r s ,  
and t h e  d a t a  a s s o c i a t e d  w i t h  e a c h  r a d a r  a r e  shown a t  t h e  t o p  of  F i g u r e  A-la .  T h i s  
d a t a  is  unchanged from t h e  v a l u e s  used f o r  t h e  J u p i t e r  f l y b y  a n a l y s i s  r e p o r t e d  i n  
R e f e r e n c e s  1 and 4 a s  w e l l  a s  e l s e w h e r e  i n  t h i s  r e p o r t ,  w i t h  t h e  e x c e p t i o n  of  t h e  
Deep Space I n s t r u m e n t a t i o n  F a c i l i t y  (DSIF) r a d a r  d a t a .  It shou ld  be  noted t h a t  a  
r ange  e r r o r  of 50 f e e t  i s  i n d i c a t e d  f o r  t h e  DSIF. Al though t h e  DSIF does  n o t  
measure range  d i r e c t l y ,  r ange  c a n  be  c a l c u l a t e d  i f  t h e  DSIF t r a c k s  t h e  s p a c e c r a f t  
f o r  a  r e a s o n a b l e  p e r i o d  o f  t ime ( s e v e r a l  d a y s ) .  A s  c a n  be s e e n  l a t e r  i n  t h i s  
append ix ,  t h e  DSIF a s  w e l l  a s  a l l  o t h e r  r a d a r s  a r e  modeled a s  d i s c r e t e  one t ime 
u p d a t e s  r a t h e r  than  t r a c k i n g  over  a  pe r iod  of t i m e .  I t  i s  assumed, however,  t h a t  
t h e  v a l u e s  used f o r  t h e  d i s c r e t e  u p d a t e  a r e  t h e  r e s u l t s  t h e  DSIF would o b t a i n  
a f t e r  a  r e a s o n a b l e  t r a c k i n g  t ime.  

S t a r  Data 

S t a r  d a t a  i s  shown i n  F i g u r e  A-la and i s  unchanged from t h e  v a l u e s  used 
f o r  t h e  J u p i t e r  s t u d i e s ,  





Lewis N-Body T r a j e c t o r y  and S t a t e  T r a n s i t i o n  Matr ices  

The Lewis n-body code and i t s  mod i f i ca t ion  t~ o b t a i n  s t a t e  t r a n s i t i o n  
ma t r i ce s  was run  t o  o b t a i n  a  s u i t a b l e  t r a j e c t o r y  f o r  t he  Mars mission.  A 
summary of t h i s  t r a j e c t o r y  is  p r in t ed  a t  the bottom of Figure A-la and a t  t he  
t o p  of  F igure  A-lb. The d a t a  po in t s  pr in ted  i n  t h i s  summary a r e  only those  
t imes ,  p o s i t i o n s ,  and v e l o c i t i e s  a t  the spheres  of i n f luence  c ros s ings .  A s  
d i scussed  i n  e a r l i e r  r e p o r t s  (References 1 and 4) t h e  Lewis n-body code performs 
t r a j e c t o r y  i n t e g r a t i o n  s e p a r a t e l y  from the  launch v e h i c l e  s imula t ion .  It i s  
t hus  necessary  t o  check t h e  matching of the  end poin t  of t he  launch v e h i c l e  
s imu la t ion  w i t h  the  beginning of  the  Lewis t r a j e c t o r y .  The r e s u l t s  of t h i s  
match a r e  shown i n  F igure  A-lb. The poin t  on the  Lewis t r a j e c t o r y  wi th  a  r a d i a l  
d i s t a n c e  from t h e  c e n t e r  of t he  e a r t h  equal  t o  the end poin t  of t he  launch v e h i c l e  
t r a j e c t o r y  occurs  33 seconds i n t o  the  Lewis t r a j e c t o r y .  A t  t h i s  po in t ,  t h e  
v e l o c i t i e s  d i f f e r  by 365 f e e t  per  second and the  ang le  between the  r ad ius  and 
v e l o c i t y  v e c t o r s  d i f f e r  by 1.82 degrees .  This  d i screpancy  is  not  considered 
s e r i o u s  f o r  t h i s  ana lys  is .  

Targe t  Condi t ions .  The t a r g e t  po in t  i s  s p e c i f i e d  a s  a  time i n  seconds 
on t h e  t r a j e c t o r y .  The t a r g e t  cond i t i ons  shown i n  F i  ure  A-lb g ive  the va lues  of i3 t he  t r a j e c t o r y  a t  t h i s  time. The r a d i u s  is 1.57 x  10 f e e t  and the  v e l o c i t y  1.62 
x lo5 f e e t  per  second. A t  t h i s  time the  angle between the  r ad ius  and v e l o c i t y  
vec to r s  is approximately 90 degrees i n d i c a t i n g  p e r i a p s i s  of the  p lane tary  swingby. 

Near E a r t h  Operat ions.  I n  order  t o  i n s u r e  t he  proper outgoing 
asymptote f o r  t he  e a r t h  escape po r t ion  of t he  mission,  a  launch azimuth and t h e  
ang le  the  v e h i c l e  t r a v e r s e s  i n  t he  parking o r b i t  must be computed. The r e s u l t s  
of t hese  computations a r e  shown a t  t he  bottom of F igure  A-lb. A parking o r b i t  
c o a s t  ang le  of 171.6 degrees  and a  launch azimuth of 69.5 degrees were found t o  
be necessary  t o  o b t a i n  t h e  proper outgoing asymptote.  The launch i s  assumed t o  
t a k e  p lace  a t  t he  Eas t e rn  Tes t  Range. This azimuth and parking o r b i t  angle  do 
n o t  permit t r a c k i n g  of the  v e h i c l e  while  i n  t he  parking o r b i t .  Thus, un l ike  t h e  
J u p i t e r  miss ion ,  no parking o r b i t  updates from ground based r ada r s  a r e  poss ib l e .  

Mission and Subsystem Design Data 

The miss ion  and subsystem des ign  d a t a  shown i n  F igures  A-2a and A-2b 
have been modified from the  va lues  used f o r  t h e  J u p i t e r  mission.  The most 
s i g n i f i c a n t  changes a r e  d iscussed  i n  t he  fol lowing paragraphs. 

S p a c e c r a f t / ~ i s s i o n  Data.  The s p a c e c r a f t  and mission d a t a  shown i n  
S e c t i o n  I have the  most s i g n i f i c a n t  changes from the  J u p i t e r  mission r e s u l t s .  
A l l  t he  parameters d e s c r i b i n g  the  weight.  s i z e s ,  and moments of i n e r t i a  of t he  
s p a c e c r a f t  were changed t o  va lues  corresponding t o  t he  most c u r r e n t  e s t i m a t s  f o r  
t he  Viking s p a c e c r a f t .  Note a l s o  t h a t  a  nominal . r e t ro -de l t a  v e l o c i t y  requirement  
has been added a s  - I t em 17 of Sec t ion  I .  
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Midcourse E n g i n e / ~ n e r g y  Source  Da ta .  The midcourse  d a t a  shown i n  
S e c t i o n  2 have been changed t o  r e f l e c t  t h e  use  of  t h e  p r o p u l s i o n  sys tem f o r  the  
nominal  r e t r o  f i r e  a s  w e l l  a s  midcourse  c o r r e c t i o n s .  On t h e  Viking s p a c e c r a f t  
a  s i n g l e  e n g i n e  w i t h  300 pounds t h r u s t  and 279 second s p e c i f i c  impulse i s  used.  
These d a t a  a r e  a l s o  shown i n  S e c t i o n  2.  

I n e r t i a l  S e n s o r  U n i t  Design D a t a .  The i n e r t i a l  s e n s i n g  u n i t  d e s i g n  
d a t a  shown i n  S e c t i o n  3 a r e  unchanged f rom t h a t  used f o r  t h e  J u p i t e r  a n a l y s i s .  

Thermal and Antenna Design D a t a .  The t h e r m a l  subsystem and a n t e n n a  
d e s i g n  d a t a  shown i n  S e c t i o n  4 a r e  unchanged from t h e  v a l u e s  used f o r  t h e  J u p i t e r  
ana  l y s  i s .  

A t t i t u d e  C o n t r o l  Da ta .  The a t t i t u d e  c o n t r o l  d a t a  shown i n  S e c t i o n  5 
have been changed t o  t h e  v a l u e s  e s t i m a t e d  f o r  t h e  Vik ing  s p a c e c r a f t .  

Cand ida te  Subsys tem Data 

The c a n d i d a t e  subsystem d a t a  shown i n  F i g u r e s  A-3a t h r u  A-3e a r e  unchanged 
from t h e  d a t a  used f o r  t h e  J u p i t e r  a n a l y s i s  w i t h  t h e  e x c e p t i o n  of t h e  a d d i t i o n  o f  
t h e  approach r a d a r  subsys tem t o  t h e  c a n d i d a t e  subsys tem d a t a  bank. 

Approach Radar  Subsystem Data .  The approach  r a d a r  subsystem d a t a  i s  
shown a t  t h e  bot tom of  F i g u r e  A-3d and t h e  t o p  of F i g u r e  A-3e. Three  h y p o t h e t i c a l  
approach r a d a r  subsystems were used i n  t h i s  s t u d y .  The f i r s t  approach  r a d a r ,  APP. 
RADR. measures r a n g e ,  and r a n g e  r a t e  w i t h  t h e  e r r o r s  i n d i c a t e d .  The second 
approach  r a d a r ,  APP. RADR., i s  i d e n t i c a l  t o  t h e  f i r s t  approach  r a d a r  w i t h  t h e  
e x c e p t i o n  t h a t  r ange  i s  n o t  measured.  The t h i r d  approach  r a d a r  approx imates  a  
p e r f e c t  rneasuremenp o f  r ange  and range  r a t e ,  i n d i c a t e d  by e r r o r s  of  1 .0  x 
f e e t  and 1.0 x 10-0 f e e t  pe r  second a s  shown, T h i s  n e a r  p e r f e c t  approach  r a d a r  
was used i n  a  p r e l i m i n a r y  a n a l y s i s  t o  e s t a b l i s h  t h e  most o p t i m i s t i c  measurement 
o f  t h e s e  pa ramete r s  p o s s i b l e  and t h e i r  impact on p e n a l t y .  The f i r s t  approach  
r a d a r ,  which measures  r ange  w i t h  a n  e r r o r  of 300 f e e t  and r a n g e  r a t e  w i t h  a n  e r r o r  
of  40 f e e t  p e r  second ,  is used i n  t h e  e v a l u a t i o n  p resen ted  i n  t h i s  append ix .  

The Communication Geometry 

The geometry d e s c r i b i n g  t h e  v i s i b i l i t y  of t h e  s p a c e c r a f t  from t h e  e a r t h  
i s  shown i n  F i g u r e  A - 4 .  The number of d a y s  i n t o  t h e  m i s s i o n ,  the  range  i n  
a s t r o n o m i c a l  u n i t s ,  t h e  a n g l e  between t h e  s p a c e c r a f t  and t h e  Sun a s  viewed from 
t h e  e a r t h ,  t h e  a n g l e  between t h e  E a r t h  and t h e  Sun a s  viewed from t h e  s p a c e c r a f t ,  
and a  l a b e l  d e s c r i b i n g  t h e  p o r t i o n  of t h e  m i s s i o n  f o r  which t h e  i n f o r m a t i o n  i s  
p r i n t e d  a r e  i n  columns one th rough  f i v e ,  r e s p e c t i v e l y .  A l l  rows i n  F i g u r e  A-4 a r e  

A - 7  
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f o r  t h e  h e l i o c e n t r i c  p o r t i o n  of t h e  m i s s i o n  w i t h  t h e  e x c e p t i o n  of  t h e  l a s t  two 
p o i n t s .  These a r e  w i t h i n  t h e  s p h e r e  of i n f l u e n c e  of  Mars.  A t  t h e  bottom of t h i s  
t a b l e  t h e  maximum r a n g e  needed f o r  communication subsys  tem d e s i g n  c a l c u l a t i o n s  
i s  p r i n t e d .  The maximum range  f o r  t h i s  m i s s i o n  i s  7.138 x  10" f e e t .  Unl ike  
t h e  J u p i t e r  m i s s i o n ,  t h e  maximum range  o c c u r s  a t  p l a n e t  e n c o u n t e r .  

Schedu les  and Subschedu les  

The s c h e d u l e  and s u b s c h e d u l e s  used f o r  t h e  Mars m i s s i o n  a n a l y s i s  a r e  
d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

Schedu le  No. 1. Schedu le  No. 1 is  shown i n  F i g u r e  A - 5 .  T h i s  is t h e  
o n l y  s c h e d u l e  used i n  s t u d y i n g  t h e  Mars m i s s i o n .  'This s c h e d u l e  c o n s i s t s  o f :  
l aunch  o p e r a t i o n s ,  t u r n i n g  on t h e  communications r e c e i v e r ,  t u r n i n g  o f f  t h e  i n e r t i a l  
s e n s i n g  u n i t  and computer and r a i s i n g  t h e  a t t i t u d e  c o n t r o l  dead band t o  20 d e g r e e s  
a t  b o o s t e r  c u t o f f .  Twenty d e c i s i o n  p o i n t s  a r e  t h e n  shown i n  t h e  s c h e d u l e ,  s t a r t i n g  
w i t h  one immediate ly  a f t e r  b o o s t e r  c u t o f f .  The second d e c i s i o n  p o i n t  occurs  10 
days  i n t o  t h e  m i s s i o n  w i t h  a d d i t i o n a l  d e c i s i o n  p o i n t s  e v e r y  10 days  th rough  190 
d a y s .  D e c i s i o n s  p o i n t s ,  i n d i c a t e d  by t h e  o p e r a t i o n  code 90,  pe rmi t  t h e  i n s e r t i o n  
o f  v a r i o u s  s u b s c h e d u l e s  i n t o  t h e  main s c h e d u l e  a s  i n d i c a t e d  by t h e  u s e r  o r  by t h e  
schedu le  o p t i m i z a t i o n  r o u t i n e s  a t  program e x e c u t i o n  t ime .  Fo l lowing  t h e  v a r i a b l e  
20 d e c i s i o n  p o i n t s ,  two f i x e d  d e c i s i o n  p o i n t s  a r e  i n c l u d e d .  These i n d i c a t e  t h a t  
Subschedu le  No. 4 i s  t o  be used.  These two p o i n t s  a r e  a t  196 days  and 198 days  
i n t o  t h e  m i s s i o n .  Subschedu le  4 ,  d e s c r i b e d  i n  a  l a t e r  pa ragraph ,  i s  a n  update  
and c o r r e c t i o n  s u b s c h e d u l e  which u t i l i z e s  p l a n e t a r y  approach  r a d a r .  

Subschedu le  No. 1. Subschedule  No. 1 i s  shown i n  F i g u r e  A-6a. T h i s  
s u b s c h e d u l e  is t h e  b a s i c  u p d a t e  and c o r r e c t i o n  subschedu le  f o r  t h e  h e l i o c e n t r i c  
p o r t i o n  of t h e  m i s s i o n .  The subschedu le  b e g i n s  w i t h  t h e  t u r n i n g  on of  t h e  computer ,  
ISU, Sun s e n s o r ,  s t a r  t r a c k e r ,  a t t i t u d e  c o n t r o l ,  and t r a n s m i t t e r .  Three  minu tes  
l a t e r ,  t h e  s p a c e c r a f t  i s  a l lowed t o  b e g i n  maneuvering t o  a c q u i r e  t h e  Sun and 
Canopus, t h e  s p e c i f i e d  s t a r .  One minute  is  a l lowed f o r  maneuvering t o  t h e  nominal  
o r i e n t a t i o n  of t h e  s p a c e c r a f t  which would p rov ide  t h e  r e q u i r e d  l i n e s  of s i g h t  
t o  t h e s e  c e l e s t i a l  b o d i e s .  One minute  i s  t h e n  a l lowed f o r  s e a r c h i n g  abou t  t h e  
nominal  o r i e n t a t i o n  f o r  f i n a l  a c q u i s i t i o n .  T h i r t y - t w o  minu tes  i n t o  t h e  s u b s c h e d u l e ,  
t h e  dead band i s  dropped t o  0 . 1  d e g r e e .  T h i s  narrow dead band i s  r e q u i r e d  t o  
i n s u r e  p r e c i s e  p o i n t i n g  of  t h e  s p a c e c r a f t  f o r  t h e  midcourse  c o r r e c t i o n  burn .  
T h i r t y - t h r e e  minu tes  i n t o  t h e  s c h e d u l e ,  a n  upda te  t a k e s  p l a c e  w i t h  any DSIF r a d a r  
which c a n  view t h e  s p a c e c r a f t  a t  t h a t  t ime .  T h i r t y - f o u r  minu tes  i n t o  t h e  sub-  
s c h e d u l e ,  t h e  midcourse  c o r r e c t i o n  i s  made. It shou ld  be no ted  t h a t  t h e  midcourse  
c o r r e c t i o n  i s  made t o  z e r o  t h e  computed d e v i a t i o n s  of  p o s i t i o n  a t  t h e  t ime 
i n d i c a t e d  on t h e  r i g h t - h a n d  s i d e  of  Subschedule  No. 1. T h i s  t ime ,  1.6934 x  10  
seconds  i n t o  t h e  m i s s i o n ,  i s  t h e  t ime a t  which t h e  s p a c e c r a f t  w i l l  c r o s s  i n t o  t h e  
Mars s p h e r e  of  i n f l u e n c e .  A l a t e r  midcourse  c o r r e c t i o n  w i l l  t a k e  p lace  a t  t h a t  
t ime t o  z e r o  t h e  v e l o c i t y  d e v i a t i o n s  a s  t h e  s p a c e c r a f t  comes back  o n t o  t h e  nominal  
t r a j e c t o r y  a t  t h e  Mars s p h e r e  of i n f l u e n c e .  A f t e r  t h e  midcourse  c o r r e c t i o n ,  t h e  
dead band i s  r a i s e d  t o  20 d e g r e e s  and t h e  subsystems r e q u i r e d  f o r  making t h e  
c o r r e c t i o n  a r e  t u r n e d  o f f  t o  t e r m i n a t e  t h e  s u b s c h e d u l e .  

A- 14 



(U 
e . . e  ................. D e e . . . .  

C O C O  O C C C C C C G C O C C C C C C C C C C C C C  
8 1  I t  t I l t I I I I t 1 l l l I C l t l t l I I I  

L L L L L C  
v, LC v? :q :.I ?m L? LC cr: 1i: L-, io cc rrt ti, L? G.: !,-I rr cr. :.-: L-I 
C C C ~ C ~ ~ ~ C C C C C C C C C . ~ ~ ~ - L ‘ S C  c .- rc 
O C C  C O G  C-C C O  c C C C z 3 C  C : . , C  C l C  C>C,  I1  
0 6 . .  I C I  . . . . .  * . * * P * * C . t  . 
C C C C C C C t C t C t ~ C C C C C C ~ C ~ .  I- 

n 
~ ~ E ~ ; ~ 5 ~ ~ s T ~ ~ ~ ~ ' a ' "  

-.. ,...,.. X Z 5 7 Z  C 
C C C C C C C C C C C  C C C C C ' C C ~ ~ - ~ ~  



0 a hS 
0 00 + 4 4  
W W 'd 
0 C O  
0 00 
0 6 0  
0 ~ ' 0  
0 r1 0 
0 D U  
0 9 0  
& F+R: 

. . . . * . . * . * *  .......... 
C C G C . C O C C 0  0 O G C C C C C  
1 1 1 1 1 ( 1 1 1 1  1 l l l i l t l  

'1? 
2 
n 
la- 
3 - 

m l n m  V)LCCf  
t roc  C C C  
O O C  O O C  * . *  . . .  
a c c  o c c  

0 3 5  O'I,? 
O C O  G C C  

4 4 
Q O C  0 C . C  
6 B S P  



Subschedu le  No. 2 .  Subschedule  No. 2 is  shown i n  F i g u r e  A-6b and is  a  s imple  
upda te  s u b s c h e d u l e  w i t h  o n l y  one i n s t r u c t i o n ,  upda te  w i t h  any  DSIF r a d a r  which can  
view t h e  s p a c e c r a f t  a t  t h a t  t i m e .  

Subschedu le  No. 3. Subschedu le  No. 3 i s  a  p l a n e t a r y  approach  upda te  w i t h  no - 
midcourse  c o r r e c t i o n .  The s u b s c h e d u l e  b e g i n s  by t u r n i n g  on t h e  approach  r a d a r  and 
t r a n s m i t t e r .  Two minu tes  l a t e r  t h e  upda te  i s  performed. The approach  r a d a r  and 
t h e  t r a n s m i t t e r  a r e  s u b s e q u e n t l y  t u r n e d  o f f .  The t r a n s m i t t e r  i s  used d u r i n g  t h i s  
s u b s c h e d u l e  because  i t  i s  assumed t h a t  t h e  d a t a  o b t a i n e d  from t h e  p l a n e t a r y  approach  
r a d a r  must  be t e l e m e t e r e d  t o  t h e  e a r t h  f o r  p r o c e s s i n g .  Th i s  s u b s c h e d u l e  is  shown 
i n  F i g u r e  A-6c. 

Subschedu le  No. 4 .  Subschedu le  No. 4 i s  shown i n  F i g u r e  A-6d. T h i s  
subschedu le  is a  p l a n e t a r y  approach  update  and midcourse  c o r r e c t i o n  s c h e d u l e .  
The s u b s c h e d u l e  b e g i n s  by t u r n i n g  on t h e  computer ,  t h e  ISU Sun s e n s o r ,  s t a r  
t r a c k e r ,  a t t i t u d e  c o n t r o l  sys tem,  and approach r a d a r .  The s t a r  and Sun a c q u i s i t i o n  
maneuvering and s e a r c h  a r e  performed fol lowed by d ropp ing  t h e  dead band and up- 
d a t e s ,  f i r s t  w i t h  t h e  DSIF, then  t h e  approach  r a d a r ,  p r i o r  t o  making t h e  midcourse  
c o r r e c t i o n .  The dead band i s  then  r a i s e d  back t o  20 d e g r e e s  and t h e  subsystems 
a r e  t u r n e d  o f f  t o  complete  t h e  s u b s c h e d u l e .  

Subschedu le  No. 5 .  Subschedu le  No. 5 i s  shown i n  F i g u r e  A-6e. T h i s  sub-  
s c h e d u l e  i s  i d e n t i c a l  t o  Subschedule  No. 1 w i t h  t h e  e x c e p t i o n  t h a t  t h e  midcourse  
c o r r e c t i o n  i s  made t o  z e r o  t h e  computed d e v i a t i o n s  of  p o s i t i o n  a t  t h e  t a r g e t  time 
(nominal  p e r i a p s i s  o f  p l a n e t a r y  swingby) . 

Subschedu les  No. 3 and 5 were n o t  used i n  t h e  example of  t h e  Mars 
a s t r i o n i c s  a n a l y s i s  p r e s e n t e d  i n  t h i s  append ix .  

Midcourse C o r r e c t i o n  O p t i m i z a t i o n  

The s e a r c h  f o r  an  optimum c o r r e c t i o n  s c h e d u l e  on t h e  Mars t r a j e c t o r y ,  
i s  shown i n  F i g u r e s  A-7a and A-7b. The t i m e s  of  t h e  d e c i s i o n  p o i n t s  a s  s p e c i f i e d  
i n  Schedu le  1 a r e  shown a t  t h e  t o p  o f  F i g u r e  A-7a. Subschedule  No, 2 i s  used f o r  
upda tes  and Subschedu le  No. 1 f o r  c o r r e c t i o n s .  Schedu le  No. 1 i n c l u d e s  two mid- 
c o u r s e  c o r r e c t i o n s  a f t e r  t h e  20 d e c i s i o n  p o i n t s .  Thus ,  t h e  f i n a l  c o r r e c t i o n  which 
i s  always r e q u i r e d  i n  P f e i f f e r ' s  t e c h n i q u e  does  n o t  a p p e a r  i n  t h i s  p r i n t o u t  s i n c e  
it does  n o t  o c c u r  a t  one of  t h e  d e c i s i o n  p o i n t s .  The p e n a l t y  f o r  t h e  optimum 
schedu le  i s  3498.52 pounds w i t h  c o r r e c t i o n s  a t  t h e  f i r s t ,  s e v e n t h ,  and e l e v e n t h  
d e c i s i o n  p o i n t s .  The a l g o r i t h m  e n c o u n t e r s  t h i s  combina t ion  of  c o r r e c t i o n s  on t h e  
f i r s t  l i n e  o f  F i g u r e  A-7b, The remainder  of  F i g u r e  A-7b shows t h a t  a d d i t i o n a l  
midcourse  c o r r e c t i o n s  beyond t h e  e l e v e n t h  d e c i s i o n  p o i n t  do  n o t  d e c r e a s e  t h e  
p e n a l t y  any f u r t h e r .  A complete  optimum s c h e d u l e  i s  shown i n  F i g u r e  A - 8 .  
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D e t a i l e d  R e s u l t s  of t h e  Mars M i s s i o n  
Using t h e  Optimal Midcourse C o r r e c t i o n  S  t r a t e x  

The remainder  o f  t h i s  append ix  p r e s e n t s  t h e  e r r o r  a n a l y s i s  and p e n a l t y  
e v a l u a t i o n  r e s u l t s  f o r  t h e  r e f e r e n c e  a s t r i o n i c s  sys tem on t h e  o p t i m a l  midcourse  
c o r r e c t i o n  s c h e d u l e .  The r e f e r e n c e  sys tem c o n s i s t s  o f  t h r e e  Arma D4-E 
a c c e l e r o m e t e r s ,  t h r e e  GG334A gyroscopes ,  a  des igned  i n e r t i a l  s e n s i n g  u n i t ,  t h e  
SRT Ruk-2 computer,  t h e  ITT Lunar O r b i t e r  s t a r  t r a c k e r ,  t h e  Adcole 1402 Sun s e n s o r ,  
t h e  MCR503X r e c e i v e r ,  a  h y p o t h e t i c a l  approach  r a d a r  named APP. RAD. X and a  
des igned  t r a n s m i t t e r .  

E r r o r  A n a l y s i s  

D e t a i l e d  p r i n t i n g  of  t h e  e r r o r  a n a l y s i s  r e s u l t s  a s  t h e  s c h e d u l e  i s  
e v a l u a t e d  a r e  shown i n  F i g u r e s  A-9a t h r o u g h t  A-9g. The a n a l y s i s  b e g i n s  a t  t h e  
t o p  o f  F i g u r e  A-9a w i t h  t h e  l aunch  v e h i c l e  on t h e  pad a t  t ime e q u a l  t o  z e r o .  It 
shou ld  be noted t h a t  t h e r e  a r e  no i n i t i a l  e r r o r s  i n  p o s i t i o n ,  v e l o c i t y ,  o r  
a t t i t u d e  i n  t h i s  a n a l y s i s .  A f t e r  t h e  i n i t i a l  c o n d i t i o n s ,  t h e  n e x t  b l o c k  o f  
p r i n t i n g  o c c u r s  57 m i n u t e s ,  27 s e c o n d s ,  i n t o  t h e  m i s s i o n .  Between t ime e q u a l s  
z e r o  and t h i s  p o i n t ,  t h e  launch v e h i c l e  burns  f o r  617.7  s e c o n d s ,  t h e  e r r o r s  f o r  
t h a t  burn  a r e  added,  t h e  l a s t  l aunch  v e h i c l e  s t a g e  and s p a c e c r a f t  remains  i n  t h e  
pa rk ing  o r b i t  f o r  4 1  m i n u t e s ,  58 seconds ,  and a  second burn  of 310 seconds  i s  
i n i t i a t e d .  The e r r o r s  f o r  t h e  f i n a l  burn  a r e  added and approx imate ly  one second 
of  c o a s t i n g  o c c u r s  b e f o r e  t h e  p r i n t  p o i n t .  The p r i n t  p o i n t  i s  a p p r o x i m a t e l y  a t  
f i n a l  l aunch  v e h i c l e  c u t o f f .  S i n c e  t h e  l aunch  v e h i c l e  burns  a r e  assumed t o  be 
under p e r f e c t  c l o s e d  l o o p  c o n t r o l ,  t h e  computed d e v i a t i o n s  a r e  z e r o .  The d e v i a t i o n s  
and e r r o r s  a r e  e q u a l  and a r e  a s  shown. The s t rapdown e r r o r  a n a l y s i s  program, SEAP, 
was n o t  r e r u n  f o r  t h e  Mars b o o s t e r  t r a j e c t o r y .  Thus t h e s e  i n j e c t i o n  e r r o r s  a r e  
o n l y  approximate  a s  t h e  s e n s i t i v i t i e s  used a r e  t h o s e  f o r  t h e  J u p i t e r  m i s s i o n .  

The f i r s t  d e c i s i o n  p o i n t  o c c u r s  immediate ly  a f t e r  b o o s t e r  c u t o f f  and 
t h e  s c h e d u l e  o p t i m i z i n g  t echn ique  i n d i c a t e s  a  midcourse  c o r r e c t i o n  should  be  
performed a t  the  f i r s t  d e c i s i o n  p o i n t .  The ISU and t h e  computer a r e  shown t u r n e d  
o f f  b u t  a r e  tu rned  back  on immediate ly  t o  i n i t i a t e  t h e  midcourse  c o r r e c t i o n  sub-  
s c h e d u l e .  I n  a c t u a l  f l i g h t  o p e r a t i o n s ,  t h e  ISU and computer would no t  be  t u r n e d  
o f f  and t h e n  tu rned  back  on a g a i n .  The o p e r a t i o n s  f o r  a  midcourse  c o r r e c t i o n  a s  
i n d i c a t e d  i n  Subschedule  No. 1 a r e  performed a s  shown. A midcourse  c o r r e c t i o n  
w i t h  a n  expec ted  v a l u e  o f  136 f e e t  pe r  second i s  i n d i c a t e d  a t  t h e  t o p  o f  F i g u r e  
A-9b. The subschedu le  conc ludes  w i t h  t h e  t u r n i n g  o f f  o f  t h e  v a r i o u s  subsys tems  
n e c e s s a r y  t o  perform t h e  midcourse  c o r r e c t i o n .  The a n a l y s i s  t h e n  c o n t i n u e s  w i t h  
u p d a t e s  performed a s  i n d i c a t e d  i n  Subschedule  No. 2  f o r  t h o s e  d e c i s i o n  p o i n t s  
where the  o p t i m i z i n g  r o u t i n e  i n d i c a t e d  o n l y  upda tes  shou ld  be performed. The mid- 
c o u r s e  c o r r e c t i o n  sequence i s  t h e n  r e p e a t e d  a t  t h e  s e v e n t h  and t h e  e l e v e n t h  
d e c i s i o n  p o i n t s  a s  s p e c i f i e d  by t h e  midcourse  o p t i m i z a t i o n  t e c h n i q u e .  

The f i n a l  c o r r e c t i o n s  w i t h i n  t h e  Mars s p h e r e  of i n f l u e n c e  a r e  made 
beg inn ing  a t  196 days  i n t o  t h e  m i s s i o n  a s  shown i n  F i g u r e  A-9x. These c o r r e c t i o n s  
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i n c l u d e  t h e  use of  t h e  approach r a d a r  i n  t h e  measurement sequence and ze ro  tL? 

computed d e v i a t i o n s  a t  p e r i a p s i s  of  t h e  swingby t r a j e c t o r y .  The f i r s t  approach  
r a d a r  measurement o c c u r s  i n  F i g u r e  A-9aa. A t  t h i s  t ime t h e  i n e r t i a l  sys tem 
e r r o r s ,  a f t e r  u p d a t i n g  w i t h  t h e  DSIF, show a p r e d i c t e d  range e r r o r  of  310 f e e t  
and range  r a t e  e r r o r  o f  approx imate ly  .0001 f e e t  per  second.  The onboard approach  
r a d a r  e r r o r s  a r e  300 f e e t  and 40 f e e t  per  second r e s p e c t i v e l y .  Thus t h e  measure- 
ment of r ange  t o  a n  a c c u r a c y  of  300 f e e t ,  comparable t o  t h e  i n e r t i a l  sys tem 
a c c u r a c y ,  should  produce some improvement i n  o v e r a l l  sys tem e s t i m a t e  e r r o r s .  How- 
e v e r ,  i t  i s  d o u b t f u l  t h a t  any  b e n e f i t  i s  o b t a i n e d  by t h e  measurement o f  range r a t e  
w i t h  a n  u n c e r t a i n t y  of  40 f e e t  per  second .  The midcourse c o r r e c t i o n  i s  t h e  f i r s t  
approach  c o r r e c t i o n  subschedu le  o p e r a t i o n  which o c c u r s  a t  t h e  t o p  of  F i g u r e  A-9bb, 
w i t h  a n  expec ted  v a l u e  of  186 f e e t  pe r  second .  T h i s  c o r r e c t i o n  h a s  a  l a r g e  
expec ted  v a l u e  because  i t  must remove t h e  v e l o c i t y  d e v i a t i o n s  impar ted  by e a r l i e r  
midcourse  c o r r e c t i o n s  t o  b r i n g  t h e  s p a c e c r a f t  back  t o  t h e  nominal  t r a j e c t o r y  a t  
t h e  Mars s p h e r e  of  i n f l u e n c e .  A second approach  update  i s  performed a p p r o x i m a t e l y  
198 days  i n t o  t h e  m i s s i o n  t o  remove e r r o r s  g e n e r a t e d  i n  performing t h e  l a r g e  f i r s t  
approach update  c o r r e c t i o n  sequence .  T h i s  midcourse  c o r r e c t i o n ,  p r i n t e d  i n  t h e  
c e n t e r  of  F i g u r e  A-9ff has a n  expec ted  v a l u e  of  1 2  f e e t  per  second .  

The nominal  t r a j e c t o r y  p e r i a p s i s  is  i n d i c a t e d  i n  F i g u r e  A-9gg. T h i s  i s  
t h e  p o i n t  i n  t h e  m i s s i o n  f o r  o r b i t e r  and l a n d e r s  where a  r e t r o b u r n  would be 
performed t o  o b t a i n  a n  e l l i p t i c a l  o r b i t  a b o u t  Mars.  The c r o s s  range p o s i t i o n  
e r r o r  a t  t h e  nominal  p e r i a p s i s  i s  1 . 6  x  l o 5  f e e t .  T h i s  i s  t h e  e r r o r  i n  t h e  
p e r i a p s i s  magni tude.  The down range and o u t  o f  p lane  components r e p r e s e n t  e r r o r s  
i n  t h e  p e r i a p s i s  p o s i t i o n  v e c t o r .  They a r e  approx imate ly  3  x  lo6  f e e t .  A t  t h i s  
t ime t h e  nominal  r e t r o  AV is  added.  T h i s  burn  may be a l t e r e d  i n  d i r e c t i o n  and 
magnitude t o  remove e r r o r s  i n  v e l o c i t y  a t  t h e  nominal p e r i a p s i s  p o i n t .  An 
impuls ive  burn is  used i n  t h i s  a n a l y s i s .  However, f o r  t h e  Mars c a p t u r e  phase o f  
t h e  Vik ing  m i s s i o n ,  a  f o r t y - f i v e  minute  r e t r o  burn  has  been proposed.  To s t u d y  
t h e  e f f e c t  of  v a r y i n g  b u r n  t i m e ,  a  s h o r t  e r r o r  a n a l y s i s  program was w r i t t e n  and 
t h e  r e s u l t s  a r e  p resen ted  i n  F i g u r e  A-10. The e r r o r s  shown a r e  t h o s e  t h a t  would 
e x i s t  45 minutes  a f t e r  r e t r o  i g n i t i o n  f o r  a burn t ime  v a r y i n g  from 3  t o  45 minu tes ,  
w i t h  a  AV of 3800 f t / s e c .  The e r r o r  s o u r c e s  cons ide red  a r e :  

(1)  I n i t i a l  Cond i t ions  

(a)  P o s i t i o n  
(b )  V e l o c i t y  
( c )  A t t i t u d e  

(2) Acce le romete r s  

( a )  B i a s ,  KO 
(b)  S c a l e  f a c t o r ,  K l  
( c )  N o n l i n e a r i t y ,  K 

2 (d )  Cross  a x i s  sensitivity, Mo 

( 3 )  Gyroscopes 

( a )  Fixed d r i f t ,  
D~~ 

( b )  G s e n s i t i v e  t e r m s ,  ,Dm 
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I n i t i a l  c o n d i t i o n s  a r e  t h e  p o s i t i o n ,  v e l o c i t y ,  and a t t i t u d e  e r r o r s  a t  p e r i a p s i s  
from t h e  computer r u n s  shown i n  F i g u r e  A-9gg. The a t t i t u d e  e r r o r s  a r e  reduced 
t o  those  t h a t  would e x i s t  i f  a  s t a r  t r a c k e r  and Sun s e n s o r  upda te  were performed 
p r i o r  t o  i g n i t i o n ,  The c a l c u l a t i o n s  a r e  d i r e c t  i n t e g r a t i o n s  o f  t h e  a c c e l e r a t i o n  
u n c e r t a i n t i e s ,  

where 

Aa = sensed  a c c e l e r a t i o n  e r r o r  - 
a = nominal  a c c e l e r a t i o n  - 

Aa = a c c e l e r o m e t e r  e r r o r s  
-a 

A@ = a t t i t u d e  e r r o r  - 
Aw = g y r o  e r r o r s .  
-g 

N e g l e c t i n g  g r a v i t y  feedback ( S c h u l e r  e f f e c t )  , 

I n c r e a s i n g  t h e  burn t ime  from 3 t o  45 minutes  i n c r e a s e s  p o s i t i o n  e r r o r  
1 3  p e r c e n t  and v e l o c i t y  e r r o r  25 p e r c e n t .  T h i s  r e l a t i v e l y  s m a l l  i n c r e a s e  i s  due 
t o  t h e  l a r g e  i n i t i a l  c o n d i t i o n  v a l u e s .  Burn t imes  o f  l e s s  than  3 minutes  were 
n o t  c o n s i d e r e d .  A s  t h e  burn t ime i s  s h o r t e n e d  t o  approach a n  impuls ive  d e l t a - V ,  
t h e  n o n l i n e a r i t y  term w i l l  cause  i n f i n i t e  e r r o r s .  The 3 minute  b u r n  r e q u i r e s  a  
21.1 f t / s e c 2  a c c e l e r a t i o n  o r  4800 l b s  t h r u s t  f o r  a  7553 l b  s p a c e c r a f t .  T h i s  i s  
f e l t  t o  be a  r e a s o n a b l e  upper l i m i t  on a c c e l e r a t i o n .  

More s i g n i f i c a n t  e f f e c t s  on t h e  p e n a l t y  w i l l  be due t o  t h e  r e l i a b i l i t y  
r e q u i r e m e n t s  f o r  l o n g  burn t i m e s .  The e f f e c t  on the  p e n a l t y  c a l c u l a t i o n s  o f  
i n c l u d i n g  t h e  r e l i a b i l i t y  e f f e c t s  f o r  a  3 and 45 minute burn a r e  shown i n  T a b l e  A - I .  

The r e s u l t s  assume t h e  p r o p u l s i o n  sys tem c o n s t a n t  ( n o z l e  w e i g h t ,  e t c . )  
and c o e f f i c i e n t  ( t ankage  f a c t o r ,  e t c . )  would be  t h e  same f o r  t h e  two ex t reme  c a s e s .  

I n  summary, t h e  c h o i c e  o f  a  r e t r o  b u r n  t h r u s t  l e v e l  and r e s u l t i n g  burn  
t ime could  a f f e c t  p o s i t i o n  and v e l o c i t y  e r r o r s  by 10 t o  30 p e r c e n t  and t h e  p e n a l t y  
by 20 t o  40 l b s .  M o d i f i c a t i o n s  t o  t h e  p e n a l t y  c a l c u l a t i o n s  could  be  made t o  r e f l e c t  
c a r r y i n g  s e v e r a l  ( 3  t o  5) i d e n t i c a l  n o z z l e s  w i t h  a  common tankage sys tem.  T h i s  
would p rov ide  a c c u r a t e  midcourse c o r r e c t i o n  c o n t r o l  by u s i n g  on ly  one e n g i n e ,  y e t  
e n a b l e  s h o r t e r  r e t r o  burn t imes  t o  lower t h e  a s t r i o n i c s  r e l i a b i l i t y  e f f e c t s .  AS 
i n  t h e  c a s e  w i t h  a l l  r e s u l t s  shown i n  t h i s  r e p o r t ,  t h e s e  v a l u e s  d e m o n s t r a t e  t h e  
use of  t h e  p e n a l t y  e v a l u a t i o n  t e c h n i q u e  and a r e  no t  t o  be i n t e r p r e t e d  a s  c o n c l u s i v e  

A- G5 



TABLE A- I .  EFFECT OF RETRO BURN TIME ON THE PENALTY 

Parameter 

Ret ro  Burn D ~ r a t i o n  
Not Considered 

I n  Penal ty 3  Minute 45 Minute 

PFA (Spec i f ied)  

AV c a p a b i l i t y  ( f  t / s e c )  4373 4405 

W,, ( l b s )  3120 3  140 

Penal ty  ( l b s )  3499 3519 

f o r  the  Viking o r  any o t h e r  mission. Changes i n  the d i r e c t i o n  of the r e t r o  AV 
do not  a f f e c t  t h e  penal ty .  Changes i n  the magnitude do. Changes i n  the magnitude 
of the  r e t r o  AV n e c e s s i t a t e  burning more f u e l  and thus  r e q u i r e  e i t h e r  ca r ry ing  
more f u e l  f o r  a  given p r o b a b i l i t y  of having s u f f i c i e n t  AV c a p a b i l i t y  o r ,  a s  an  
a l t e r n a t i v e  accep t ing  a  g r e a t e r  p r o b a b i l i t y  of f a i l u r e  i f  the amount of f u e l  
c a r r i e d  i s  he ld  f ixed .  S ince  the  onboard system uses computed dev ia t ions  a s  a  
b a s i s  f o r  making c o r r e c t i o n s ,  the downrange component of computed dev ia t ions  
r e p r e s e n t s  the  s tandard  d e v i a t i o n  of the  u n c e r t a i n t y  of the  r e t r o  AV. Thus, the  
r e t r o  burn s tandard  d e v i a t i o n ,  i nd ica t ed  a s  RMR, i s  240 f e e t  per second. For 
t h e  a n a l y s i s  shown, t h e  t a r g e t  miss requirement was assumed t o  be the  magnitude 
of t he  p e r i a p s i s  v e c t o r  1.6 x  l o5  f e e t .  This  va lue  is used a s  the t a r g e t  miss 
parameter. 

Penal ty  Evalua t ion  

The e v a l u a t i o n  of t he  a s t r i o n i c s  e f f e c t i v e n e s s  us ing  penal ty Mode 3  i s  
shown i n  F igure  A-11.  The f i r s t  l i n e  of t he  penal ty  eva lua t ion  shows the t h r e e  
acce lerometers  (Arma D4E) and three  gyroscopes (GG334-A) s e l e c t e d .  The next  block 
of information i s  the  r e s u l t s  of t he  ISU des ign  c a l c u l a t i o n s  based on the 
s p e c i f i e d  hardware components. The ISU des ign  r o u t i n e  s e l e c t e d  h o r i z o n t a l  des ign  
No. 4  a s  t he  optimum. The va r ious  designs a v a i l a b l e  f o r  s e l e c t i o n  a r e  d iscussed  
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i n  d e t a i l  i n  R e f e r e n c e  4 .  The ISU was cyc led  on and o f f  s i x  t imes  and had a  t o t a l  
o p e r a t i n g  time o f  3.874 h o u r s .  The des igned ISU i s  9 . 3 5  inches  long ,  10 .45  i n c h e s  
wide,  and 5 .45 i n c h e s  h i g h .  A breakdown of t h e  w e i g h t s  f o r  t h e  b l o c k ,  b a s e ,  c o v e r ,  
i n s u l a t i o n ,  e l e c t r o n i c s  snd t h e  s e n s o r  components i s  shown. On t h e  ext reme r i g h t  
of t h i s  b l o c k  o f  i n f o r m a t i o n  a r e  t h e  subsystem parameters  n e c e s s a r y  f o r  p e n a l t y  
c a l c u l a t i o n .  These a r e  t h e  t o t a l  e x c i t a t i o n  e n e r g y ,  168.5  w a t t  h o u r s ,  t h e  
e x c i t a t i o n  power, 43.5 w a t t s ,  t h e  t o t a l  p r o b a b i l i t y  o f  f a i l u r e  f o r  the  ISU, -07037, 
and t h e  t o t a l  ISU w e i g h t  o f  33 ,463  pounds. 

The ISU i s  assumed t o  be  mounted on a  v a r i a b l e  the rmal  conductance  
which r e q u i r e s  a  maximum h e a t e r  power of 97.875 w a t t s  and a  minimum h e a t e r  power 
of z e r o  w a t t s .  To m a i n t a i n  t h e s e  c o n d i t i o n s ,  a  maximum the rmal  conductance  o f  
2.175 and a  minimum t h e r m a l  conductance  o f  1.0875 i s  r e q u i r e d .  The h e a t e r  power 
and energy  n e c e s s a r y  t o  m a i n t a i n  t h e  ISU a t  t h e  d e s i r e d  t empera tu re  a r e  added t o  
t h e  e x c i t a t i o n  e n e r g y  and power t o  de te rmine  t h e  t o t a l  ene rgy  and power r e q u i r e d  
f o r  t h e  ISU. These a r e  271.94 w a t t  hours  and 141.375 w a t t s  r e s p e c t i v e l y .  The 
t r a n s m i t t e r  and a n t e n n a  sys tem is  des igned  a s  d i s c u s s e d  e a r l i e r  i n  t h i s  r e p o r t .  
S i n c e  a  t r a n s m i t t e r  was n o t  s p e c i f i e d ,  a  t r a d e o f  f  o p t i m i z a t i o n  between a n t e n n a  
s i z e  and t r a n s m i t t e r  s i z e  i s  performed and t h e  r e s u l t i n g  an tenna  i s  shown t o  be 
optimum w i t h  a  g a i n  o f  16.7 db ,  t o  g i v e  a n  e f f e c t i v e  r a d i a t e d  power of .26 k i l o w a t t s .  
T h i s  a l l o w s  a  p o i n t i n g  t o l e r a n c e  of  2.409 d e g r e e s .  T h i s  an tenna  i s  e s t i m a t e d  t o  
weigh 5.608 pounds, 

The n e x t  b l o c k  o f  i n f o r m a t i o n  shows t h e  o p e r a t i n g  t ime i n  h o u r s ,  t h e  
number of  on-off  c y c l e s ,  t h e  e x c i t a t i o n  energy  i n  w a t t  h o u r s ,  t h e  power i n  w a t t s ,  
t h e  p r o b a b i l i t y  of  f a i l u r e ,  and t h e  we igh t  i n  pounds f o r  t h e  computer,  s t a r  
t r a c k e r ,  Sun s e n s o r ,  communication r e c e i v e r ,  approach  r a d a r ,  and t r a n s m i t t e r .  It 
shou ld  be noted t h a t  no  ISU/CPS power s u p p l y  i s  c a r r i e d .  I t  i s  assumed t h a t  t h e  
ISU and computer c o n t a i n  t h e i r  own power s u p p l i e s .  A s  mentioned above,  t h e  t r a n s -  
m i t t e r  is des igned  r a t h e r  t h a n  s p e c i f i e d  and t h e  r e s u l t a n t  d e s i g n  uses  24 .53  w a t t  
hours  a t  1 4  w a t t s  w i t h  e s s e n t i a l l y  no p r o b a b i l i t y  o f  f a i l u r e  and a  weight  o f  1 .43  
pounds. The t o t a l  e n e r g y ,  power, p r o b a b i l i t y  of  f a i l u r e ,  and we igh t  f o r  t h e s e  
subsystems a r e  shown a t  t h e  r i g h t  hand s i d e  o f  t h e  r e p o r t .  

The a t t i t u d e  c o n t r o l  sys tem a n a l y s i s  i n d i c a t e s  t h e  sys tem i s  c y c l e d  on 
and o f f  f i v e  t imes  w i t h  a  t o t a l  o p e r a t i n g  t ime of  2.9 h o u r s .  The t h r u s t  s i z i n g  
requ i rements  a r e  shown a t  t h e  l e f t  s i d e  o f  t h e  r e p o r t .  The t h r u s t s  r e q u i r e d  on 
a l l  t h r e e  axes  f o r  s i z i n g  c o n d i t i o n s  of  s o l a r  p r e s s u r e ,  m i c r o - m e t r o r i t e  impac t ,  
t r a j e c t o r y  maneuvers,  and s t e e r i n g  d u r i n g  midcourse  c o r r e c t i o n s  a r e  shown. The 
maximum t h r u s t  r e q u i r e d  on each  a x i s  is  used a s  t h e  d e s i g n  c r i t e r i a .  The maximum 
t h r u s t  is 6.095 pounds and i s  determined by t h e  maneuvering requ i rements  f o r  a l l  
t h r e e  axes .  F u e l  consumpt ion due t o  s e a r c h i n g ,  dead band o p e r a t i o n ,  and maneuvering 
is  c a l c u l a t e d  w i t h  t h e  t h r u s t s  s e t  a t  t h e  v a l u e s  s p e c i f i e d  above.  The t o t a l  impulse  
i n  pound-seconds r e q u i r e d  f o r  t h r u s t i n g  abou t  e a c h  a x i s  is  shown a t  t h e  bot tom o f  
t h i s  b l o c k  o f  i n f o r m a t i o n .  It shou ld  be noted t h a t  dead band o p e r a t i o n  is  dominant 
i n  use  of f u e l  a b o u t  a l l  t h r e e  a x e s .  On the  f o l l o w i n g  l i n e ,  t h e  t o t a l  number of  
t h r u s t e r  f i r i n g s  r e q u i r e d  and t h e  t o t a l  impulse  requ i rement  i n  pound-seconds a r e  
shown. From t h i s  i n f o r m a t i o n ,  the  t o t a l  f u e l  w e i g h t ,  21 .23 pounds, i s  c a l c u l a t e d  
a s  w e l l  a s  t h e  e n e r g y ,  power, probability of t a i l u r e ,  and t o t a l  a t t i t u d e  c o n t r o l  
s  ys tem weight .  



The energy  s o u r c e  subsystem i s  s i z e d  u s i n g  t h e  t o t a l  power and t h e  t o t a l  
ene rgy  r e q u i r e m e n t s  f o r  a l l  o f  t h e  above subsys tems .  S i n c e  i t  i s  assumed t h a t  
r a d i o i s o t o p e  t h e r m o - e l e c t r i c  g e n e r a t o r s  (RTG's) a r e  used f o r  p r o d u c t i o n  of power, 
t h e  power r a t h e r  t h a n  t h e  energy  becomes the  impor tan t  s i z i n g  pa ramete r .  F o r  t h e  
t o t a l  power requ i rement  of 281.894 w a t t s  i t  i s  e s t i m a t e d  t h a t  RTG's t o t a l i n g  
110,454 pounds w i l l  be  r e q u i r e d .  The we igh t  a n a l y s i s  i s  t h e n  concluded w i t h  the  
a d d i t  i o n  o f  110 pounds f o r  i n t e r s u b s y s  tern w i r i n g .  

Under P e n a l t y  Mode 3 ,  t h e  AV eng ine  i s  s i z e d ,  based on t h e  p r o b a b i l i t y  
o f  f a i l u r e  due t o  i n s u f f i c i e n t  f u e l  which c a n  be t o l e r a t e d  w i t h i n  t h e  l i m i t  o f  
s p e c i f i e d  o v e r a l l  a s  t r i o n i c s  t o t a l  p r o b a b i l i t y  of f a i l u r e .  T h i s  c a l c u l a t i o n  i s  
shown under  t h e  head ing  P e n a l t y  Summation. The t o t a l  a s t r i o n i c s  p r o b a b i l i t y  o f  
f a i l u r e  is s p e c i f i e d  a s  .15.  With f a i l u r e  due t o  l a c k  of r e l i a b i l i t y  e q u a l  t o  . I 1 4 3  
and p r o b a b i l i t y  of t a r g e t  miss  e s s e n t i a l l y  z e r o ,  t h e  AV p r o p u l s i o n  subsys tem must 
have a  p r o b a b i l i t y  of  i n s u f f i c i e n t  f u e l  o f  ,0434 o r  l e s s .  The AV c a l c u l a t i o n s  
from t h e  e r r o r  a n a l y s i s  i n d i c a t e  a  s t a n d a r d  d e v i a t i o n  i n  AV of 334.157 f e e t  
p e r  second w i t h  one degree  o f  freedom. T h i s  s t a n d a r d  d e v i a t i o n  i n  c o n j u n c t i o n  
w i t h  t h e  mean s p e c i f i e d  i n  t h e  d a t a  bank,  3800 f e e t  per  second ,  n e c e s s i t a t e s  
c a r r y i n g  a  c a p a b i l i t y  o f  4372.689 f e e t  per  second t o  meet the  requ i rement  o f  a  
p r o b a b i l i t y  of  f a i l u r e  of  .04341 o r  l e s s .  Thus,  i t  i s  e s t i m a t e d  t h a t  t h e  t o t a l  
AV p r o p u l s i o n  subsystem w i l l  weigh 3120.273 pounds. Adding t h e  AV p r o p u l s i o n  
subsys tem t o  t h e  we igh t s  d i s c u s s e d  above y i e l d s  t h e  t o t a l  p e n a l t y  (Mode 3) of 
3498,5167 pounds. A s  a  m a t t e r  of  i n f o r m a t i o n ,  when t h i s  weight  is  s u b t r a c t e d  
from t h e  t o t a l  s p a c e c r a f t  we igh t  of  7335 pounds, a  s p a c e c r a f t  s t r u c t u r e  and pay- 
l o a d  we igh t  of  3836.483 remains .  

When comparing t h e  r e s u l t s  d i s c u s s e d  above t o  those  o b t a i n e d  from t h e  
J u p i t e r  f l y b y  m i s s i o n ,  i t  must be remembered t h a t  t h e  r e t r o  AV f u e l  r e q u i r e m e n t s  
a r e  inc luded  a l o n g  w i t h  midcourse c o r r e c t i o n  AV f u e l  r equ i rements  when s i z i n g  t h e  
e n g i n e .  I f  s e p a r a t e  eng ines  a r e  c a r r i e d  f o r  midcourse c o r r e c t i o n  and r e t r o  AV, 
t h e  p e n a l t y  a n a l y s i s  would be  somewhat d i f f e r e n t .  I n  the  l a t t e r  c a s e ,  t h e  r e t r o  
AV, t he  dominant use  of f u e l ,  would no t  be r e f l e c t e d  i n  t h e  p e n a l t y  a n a l y s i s  and a  
much s m a l l e r  p r o p u l s i o n  sys tem would r e s u l t .  I n  t h e  J u p i t e r  m i s s i o n ,  t h e r e  was 
no r e t r o  AV s o  t h a t  the  eng ine  i s  s i z e d  o n l y  t o  perform the  midcourse c o r r e c t i o n s .  
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THE CUMULATIVE PROBABILITY FUNCTION FOR THE MAGNITUDE OF THE 
TOTAL AV REQUIREMENT FROM THE MEAN AND COVARIANCE OF RETRO BURN OV 

The magnitude of the r e t r o  burn AV i s  found by 

where v,, vy, and vz a r e  the  ze ro  mean random components of covariance Cv, and 
M, is  the  mean o r  nominal AV and i s  assumed t o  be i n  t he  x  d i r e c t i o n .  The two 
extreme cases  (Mv ~ 0 ,  and Mv E ~ J )  a r e  e a s i l y  so lved .  I f  Mv i s  nea r ly  ze ro  
(Mv << Ovx), the  problem reduces t o  f i n d i n g  the  d i s t r i b u t i o n  of the magnitude 
of a  v e c t o r  wi th  ze ro  mean, a s  d i scussed  i n  Reference 1, 4 ,  and 8. If Mv i s  very  
l a r g e ,  t h a t  i s  Mv >> ov , o  o r  a the  approximat ion  

v '  v '  
x Y z  

i s  v a l i d  and AV i s  a  normally d i s t r i b u t e d  v a r i a b l e  w i t h  mean Mv and s tandard  
d e v i a t i o n ,  avx. The gene ra l  problem where Mv i s  n e i t h e r  very l a rge  nor very 
smal l  cannot De solved i n  c losed  form, but  i s  e a s i l y  handled us ing  Monte Car lo  
techniques .  For t y p i c a l  i n t e r p l a n e t a r y  mission r e s u l t s ,  however, the  assumption 
of l a rge  Mv i s  reasonable .  The runs of Appendix A i n d i c a t e  s tandard  dev ia t ions  
a n  o rde r  of magnitude l e s s  than  the  mean, 3800 f t / s e c .  The d i s c u s s i o n  below is  
based on l a rge  Mv. 

PRM (AV, M,, R,, Dv) is the  p r o b a b i l i t y  t h a t  the  magnitude of a  vec tor  
w i th  mean Mv, square r o o t  of the  t r a c e  of t he  covariance Rv, and degree of 
freedom, Dv, exceeds AV. S ince  only one component of the  v e c t o r  i s  s i g n i f i c a n t ,  
t h i s  i s  equal  t o  

where Pr i s  t he  cumulative normal d i s t r i b u t i o n  of a  ze ro  mean, un i ty  var iance  
random v a r i a b l e  . 

REQ (P ,  M,, R,, D,) i s  the  inve r se  func t ion  used when the p r o b a b i l i t y ,  
P,  i s  known and t h e  requi red  OV is t o  be found. 



- 1 
REQ = Mv + RVPr (P) (B-4)  

- 1 
where Pr (P) i s  t h e  inve r se  func t ion  of Pr(X), t he  normal, ze ro  mean, u n i t y  
va r i ance  cumulative d i s t r i b u t i o n .  

It should be noted t h a t  the  argument D i s  unused s i n c e ,  under the  
assumption of l a r g e  Mv, t he  magnitude i s  approximately d i s t r i b u t e d  w i t h  one 
degree of freedom. Fur the r  s tudy  could r e s u l t  i n  an  appropr i a t e  a n a l y t i c a l  B 

o r  Monte Car lo  s o l u t i o n  t o  t he  gene ra l  case  and then  D would be needed. v  
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During the period covered, no new concepts were conceived o r  f i r s t  
reduced t o  p rac t i ce  . 




