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FOREWORD 

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 nine-month Improved Guid- 
anee Harciware Study for the  Scout Launch VehicZe. It i n c l u d e s  a 
s u r v e y  of i n e r t i a l   m e a s u r e m e n t   u n i t s   a n d   c o m p u t e r s ,   c l o s e d - l o o p  
t r a j e c t o r y   e r r o r   a n a l y s i s   r e s u l t s ,   o p e n - l o o p   p e r t u r b a t i o n   a n a l y s i s  
r e s u l t s ,   l u n a r   m i s s i o n   a n a l y s i s   r e s u l t s ,   a n d  a p r e l i m i n a r y   s i z i n g  
of a f o u r t h - s t a g e   r e a c t i o n   c o n t r o l   s y s t e m   a n d   a n   o r b i t a l   c o r r e c t i o n  
s y s t e m   f o r  t h e  S c o u t   l a u n c h   v e h i c l e .  A s  a r e s u l t  of t h i s   e f f o r t ,  
a r e f e r e n c e   g u i d a n c e   s y s t e m   c o n f i g u r a t i o n  was s e l e c t e d   a n d   d e t a i l e d  
f o r  f u r t h e r   a n a l y s i s .  
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IMPROVED GUIDANCE HARDWARE STUDY FOR THE 

SCOUT  LAUNCH VEHICLE 

By Roger T. Schappel l ,   Michael  L. S a l i s ,  Ray Mue l l e r ,  
L l o y d  E. Bes t ,  D r .  A l b e r t  J .  Brad t ,   Rober t   Ha r r i son ,  
and John H. B u r r e l l  

M a r t i n   M a r i e t t a   C o r p o r a t i o n  

T h i s  r e p o r t   d o c u m e n t s   t h e   r e s u l t s   o f  the Inproved  Guidance  Harhare  Study for 
L,'Lu ..;(:out i,trLu1c/1 Vei l ic le ,  C o n t r a c t  NAS1-10504. 

T h e   S c o u t   l a u n c h   v e h i c l e   r e q u i r e m e n t s ,   c o n s t r a i n t s ,   a n d   g o a l s  are summarized. 
They a r e   b a s e d  on t h e  Scou t  D c o n f i g u r a t i o n ,   w h i c h   c o n s i s t s   o f   t h e   A l g o l  I11 
f i r s t  s t a g e ,   C a s t o r  TI s e c o n d   s t a g e ,   A n t a r e s  11 t h i r d   s t a g e   w i t h o u t   t h e   e x i s t i n g  
g u i d a n c e   h a r d w a r e ,   a n d   t h e   f o u r t h   s t a g e   c o n s i s t i n g   o f   t h e  FW-4s m o t o r ,   t h e  i m -  
p r o v e d   g u i d a n c e   s y s t e m ,   t h e   r e a c t i o n   c o n t r o l   s y s t e m   ( R C S ) ,   a n d   t h e   r e q u i r e d  te le-  
m e t r y   s y s t e m   a n d   b a t t e r i e s .  

Nine ty-e ight   g imbaled   and   s t rapdown  guidance   sys tems were i n v e s t i g a t e d   f o r  
p o s s i b l e   a p p l i c a t i o n   t o   t h e   S c o u t   v e h i c l e .  T h i s  i n c l u d e d   i n e r t i a l   p l a t f o r m s   a n d  
a t t i  t u d e   r e f e r e n c e   u n i t s .  Also the   n ine   p roposed   V ik ing  A R U s ,  IMUs, and  V R U s  
were cons idered   and   a re   summar ized .  A s  a r e s u l t  of t h i s   e v a l u a t i o n ,  8 s y s t e m s  
were s e l e c t e d   f o r   f u r t h e r   e v a l u a t i o n   a n d  are summarized i n   m a t r i x   f o r m a t   a n d   i n -  
d i v i d u a l l y .   ( S e e   s e c t i o n   e n t i t l e d  Guidance Hardware Survey and Candidate   Select ion.  ) 
A s  a f u n c t i o n   o f   p e r f o r m a n c e ,   c o s t ,   r i s k ,   a n d   w e i g h t ,   t h r e e   s y s t e m s  were s e l e c t e d  
f o r   f u r t h e r   e v a l u a t i o n   a n d   t h e i r   r e l a t i v e  merits are d i s c u s s e d .   T h e y   c o n s i s t   o f  
the strapdown D I G S ,  the   g imbaled  KT-70 missile sys t em,   and   t he  LN-30 n a v i g a t i o n  
sys t em.  Due t o  the emphas i s   on   cos t   and   we igh t   s av ings ,   t he  KT-70 missile sys t em 
was s e l e c t e d   a s  tlle r e f e r e n c e   g u i d a n c e   p l a t f o r m   f o r   t h e   i m p r o v e d   S c o u t   c o n f i g u r a -  
t i o n .  

O E  100 computers   surveyed ,  35 were s e l e c t e d   f o r   f u r t h e r   e v a l u a t i o n .  A com- 
p u t e r   s i z i n g   e f f o r t  was t h e n   i n i t i a t e d   f o r   c o n t r o l l i n g   t h e   r e f e r e n c e   c l o s e d - l o o p  
g u i d a n c e   a n d   c o n t r o l   c o n f i g u r a t i o n .  A s  a r e s u l t   o f   t h i s   s i z i n g   e f f o r t ,   s e v e r a l  
computers  were s e l e c t e d  as c a n d i d a t e s   f o r   i n t e g r a t i o n   w i t h   t h e   r e f e r e n c e   g u i d a n c e  
p l a t f o r m s .  I t  s h o u l d   b e   n o t e d   t h a t   s i n c e   t h e   g u i d a n c e   a n d   c o n t r o l   l o g i c   h a s   n o t  
b e e n   d e s i g n e d ,   t h e   c o m p u t e r   s i z i n g   r e s u l t s   r e p r e s e n t   w o r s t  case r e q u i r e m e n t s ,   b u t  
d o   n o t   c o n s t i t u t e   t h e   f i n a l   c o m p u t e r   r e q u i r e m e n t s .  



T h e   f o u r t h - s t a g e   r e a c t i o n   c o n t r o l   s y s t e m   h a s   b e e n   s i z e d   f o r   t h r e e   t y p e s  of 
f u e l  -- h y d r a z i n e ,   h y d r o g e n   p e r o x i d e ,   a n d   n i t r o g e n .   T h e   t o r q u e   d i s t u r b a n c e s  were 
c a l c u l a t e d   a n d   t h e   t h r u s t  levels were e s t a b l i s h e d   f o r  a b i l e v e l   s y s t e m   r e s u l t i n g  
i n  a 26-pound h y d r a z i n e   r e a c t i o n   c o n t r o l   s y s t e m ,  a 27-pound  hydrogen  peroxide  sys-  
tem, o r  a 42-pound n i t r o g e n   s y s t e m .   T h r o u g h   s u b s e q u e n t   w e i g h t   t r a d e o f f s ,  a 
20 -pound   hydrogen   pe rox ide   b i l eve l   sys t em was u l t i m a t e l y   s e l e c t e d .  An o r b i t a l  
c o r r e c t i o n   s y s t e m   r e q u i r i n g  4 . 3  e x t r a   p o u n d s   w a s   a l s o   s i z e d   u s i n g   t h e  RCS je t s  
t o  add o r   s u b t r a c t   v e l o c i t y   a f t e r   f o u r t h - s t a g e   b u r n .  This s i z i n g  was based  on 
p r o v i d i n g  a l a  p o s t - b o o s t   v e l o c i t y  vernier c a p a b i l i t y   o f   5 3   f p s   f o r  a 322-pound 
f o u r t h   s t a g e .  The t o t a l  RCS w e i g h t   r e q u i r e d   f o r   a t t i t u d e   s t a b i l i z a t i o n   a n d  
p o s t b o o s t   v e l o c i t y   c o r r e c t i o n  i s  t h e r e f o r e   2 4 . 3   p o u n d s .  

F o u r   M a r t i n   M a r i e t t a   s i m u l a t i o n   p r o g r a m s  were u s e d   f o r   e r r o r   a n a l y s i s   s t u d i e s :  

The t r a j e c t o r y   e r r o r   a n a l y s i s   p r o g r a m  (TEAP) was c h e c k e d   o u t   f o r   b o t h  
gimbaled  and  s t rapdown s y s  tems , and was m o d i f i e d   t o   a c c e p t   t h e  NASA- 
f u r n i s h e d   S c o u t   t r a j e c t o r y   d a t a .   B o t h   g i m b a l e d   a n d   s t r a p d o w n  i n e r t i a l  
s y s t e m s   a s  w e l l  as a t t i t u d e   r e f e r e n c e   s y s t e m s   h a v e   b e e n   f l o w n   f o r  
h a r d w a r e   p e r f o r m a n c e   e v a l u a t i o n .   T h e   s e l e c t e d   h a r d w a r e   r e s u l t e d   i n  
l o  d i s p e r s i o n s  on t h e   o r d e r   o f  16 f p s   a n d   4 5 0 0 - f o o t   p o s i t i o n   u n c e r -  
t a i n t i e s .   T h e s e   e r r o r s  are due t o   g u i d a n c e   h a r d w a r e   o n l y ;  

The s i m u l a t e d   t r a j e c t o r y   e r r o r   a n a l y s i s   p r o g r a m  ( S T E M )  was u s e d   t o  
t a r g e t   f i v e   l u n a r   t r a j e c t o r i e s   a n d   t o   c a l c u l a t e   t h e  AV maneuvers   for  
m i d c o u r s e   a n d   l u n a r   o r b i t   i n s e r t i o n .   T h e   r e s u l t s   i n d i c a t e   t h a t ,  
b a s e d   o n   t h e   a s s u m p t i o n s   i n   t h e   s e c t i o n   e n t i t l e d  Lunar i?l-ission Anal-  
y s i s ,  t h e   S c o u t   v e h i c l e  i s  p o t e n t i a l l y   c a p a b l e   o f   p l a c i n g  80% of i t s  
p a y l o a d   w e i g h t   a f t e r   t r a n s l u n a r   i n j e c t i o n   i n t o   l u n a r   o r b i t ;  

The UD213 t r a j e c t o r y   s i m u l a t i o n   p r o g r a m ,  a p o i n t  mass, 3-degree-of-  
freedom  program, was u s e d   t o   r u n   p e r t u r b a t i o n   a n a l y s i s   f o r   t h e   o p e n -  
l o o p   a t t i t u d e - s t a b i l i z e d   S c o u t   v e h i c l e .   T h e   r e s u l t s   o f   t h i s  simula- 
t i o n   i n d i c a t e   t h a t   t h e   s p i n - s t a b i l i z e d   f o u r t h - s t a g e   t i p o f f   e r r o r s   a r e  
t h e   p r i m a r y   s o u r c e   o f   m i s s i o n   e r r o r   f o r   o p e n - l o o p   g u i d a n c e .  By u s i n g  
a 3 -ax i s  ra te  package  mounted  on a n o n s p i n n i n g   f o u r t h   s t a g e ,   t h e  er-  
r o r s  w i l l  be   r educed   by  a € a c t o r   g r e a t e r   t h a n   2 ;  

An i s o p r o b a b i l i t y   c o n t o u r i n g   p r o g r a m   w r i t t e n   f o r   t h i s   s t u d y  ~ 2 . 1  i m -  
p lemented on the   1130   compute r   w i th  a Cal Comp p l o t t e r .  T h e s e  i s o -  
p r o b a b i l i t y   c o n t o u r s  show t h e   d i s t r i b u t i o n   o f   p o s s i b l e   c o m b i n a t i o n s  
o f   a p o g e e / p e r i g e e   d e v i a t i o n s   c o n s i s t e n t   w i t h  a s p e c i f i e d   p r o b a b i l i t y  
v a l u e .   C o n f i d e n c e   r e g i o n s  were t h u s   c o n t o u r e d  f o r  each   ca r id ida t e  
g u i d a n c e   s y s  t e m  f o r   t h e   p r e s e n t   S c o u t   c o n f i g u r a t i o n ,  f2T t h e  gyrJ-  
a t t i t u d e - s t a b i l i z e d   f o u r t h - s t a g e   c o n f i g u r a t i - o n ,   a n d  ~ J L ,  the c l o s d -  
l o o p   g u i d a n c e   c o n f i g u r a t i o n .  When suver impuszd ,  as shown i n  Eigure 
1, i t  i s  a p p a r e n t   t h a t   t h e   c l o s e d - l o o p   g u i d a n c e   c o n f i g u r a t i o n  is. cp- 
timum f rom  the   pe r fo rmance   po in t  of view.  
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Based on t h e   r e s u l t s  of  t h i s   s t u d y ,   M a r t i n   M a r i e t t a  recommends t h a t :  

S t a t e - o f - t h e - a r t   g u i d a n c e   a n d   c o n t r o l   t e c h n o l o g y   b e   a p p l i e d   t o   t h e  
S c o u t   l a u n c h   v e h i c l e .   T h i s   w o u l d   r e s u l t   i n  a s i g n i f i c a n t   i m p r o v e m e n t  
i n   p e r f o r m a n c e   a n d   m i s s i o n   f l e x i b i l i t y .   A v a i l a b l e   m i n i a t u r e   g u i d a n c e  
h a r d w a r e   c a n   b e   a d a p t e d   t o   t h e   S c o u t   v e h i c l e   a s  sho;\rn i n   t h i s   r e p o r t ;  

A fo rm  o f   c lo sed - loop   gu idance   be   imp lemen ted   i n   t he   fou r th   s t age ,  
a l o n g   w i t h  a h o t   g a s   a t t i t u d e   c o n t r o l   s y s t e m   w i t h  a p o s t b o o s t   v e l o c -  
i t y   c o r r e c t i o n   c a p a b i l i t y ;  

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

I n v e s t i g a t i n g   f u t u r e   m i s s i o n   r e q u i r e m e n t s   f o r   t h e   n e x t  10 y e a r s ,  

S e l e c t i n g  a g u i d a n c e   a n d   c o n t r o l   l o g i c   f o r   S c o u t ,  

I n v e s t i g a t i n g   r e d u n d a n c y   a n d   r e l i a b i l i t y   r e q u i r e m e n t s ,  

I n v e s t i g a t i n g   t h e   r e l a t i v e  merits of  a d i g i t a l   a u t o p i l o t   f o r  
s c o u t  , 

Conduct ing a d e t a i l e d   c o m p u t e r   t i m i n g  and s i z i n g   s t u d y ,  

I n v e s t i g a t i n g   g r o u n d   s u p p o r t   e l e c t r o n i c s   r c q u - i r ~ l n e n t s  , 

P r e p a r i n g   a n  I M U  and  computer RFQ, 

U l t i m a t e l y   p e r f o r m i n g  a g u i d a n c e   h a r d w a r e   l a b o r a t o r y   e v a l u a t i o n .  

An approach   fo r   ach iev ing   improved   gu idance   fo r   Scou t  i s  surmnarized i n   t h e  
Guidmce In tegrat ion  Program Sununary s e c t i o n .   A l t h o u g h   g u i d a n c e   l o g i c   s e l e c t i o n  
was b e y o n d   t h e   s c o p e   o f   t h i s   s t u d y ,   t h e   c o n s i d e r a t i o n s   a n d   t r a d e o f f s   a r e   d i s -  
c u s s e d   i n   t h e  Guidmee Sofbdare s e c t i o n   o f  t h i s  r e p o r t .  

4 



r -  . . . . . . - 

INTRODUCTION 

T h e   p r i m a r y   o b j e c t i v e   o f   t h i s   s t u d y  was t o   i n v e s t i g a . t e   t h e   u s e  of  improved 
g u i d a n c e   a n d   c o n t r o l   h a r d w a r e   i n   t h e   S c o u t   l a u n c h   v e h i c l e   t h a t   w o u l d   p r o v i d e  
improved   pe r fo rmance   and   fu tu re   g rowth .   Th i s  w a s  accompl ished   th rough  hardware  
s u r v e y s ,   c o m p u t e r   s i m u l a t i o n ,   a n d   n u m e r o u s   t e c h n i c a l   d i s c u s s i o n s   w i t h  NASA, 
LTV-MSD, a n d   t h e   i n e r t i a l   c o m p o n e n t s   m a n u f a c t u r e r s .  

T h i s   r e p o r t   c o n t a i n s   t h e   r e s u l t s   o f  a m u l t i t u d e   o f   s u r v e y s ,   s i z i n g ,   a n d  
a n a l y s i s   t a s k s   p e r f o r m e d   i n   t h e   e v a l u a t i o n  of i m p r o v e d   g u i d a n c e   f o r   t h e   S c o u t  
l a u n c h   v e h i c l e .  To a i d   i n   g a i n i n g  a b e t t e r   u n d e r s t a n d i n g   o f   t h e   r e p o r t   c o n t e n t  
and t o   p l a c e   t h e   v a r i o u s   t a s k s   i n   p e r s p e c t i v e ,  a summary of t h e   s e q u e n t i a l   s e c -  
t i o n s   f o l l o w s .  

The Summary s e c t i o n   s u m m a r i z e s   t h e   r e s u l t s   o f   t h e   i n d i v i d u a l   t a s k s   a n d   i n -  
c ludes   t he   s tudy   r ecommenda t ions .  

A s  a p o i n t  of r e f e r e n c e ,  t h i s  In t roduc t ion  d e s c r i b e s   t h e   c u r r e n t   S c o u t  
l a u n c h   v e h i c l e  and i t s  open- loop   gu idance   sys tem.   This  is fo l lowed  by  a  sum- 
mary of t h e   s t u d y   a p p r o a c h   a n d   u l t i m a t e   g o a l s .  

The Scout Launch Vehic le   Character i s t ics  and Cons tra in ts  s e c t i o n   e s t a b l i s h e s  
t h e   v e h i c l e   p h y s i c a l  and e n v i r o n m e n t a l   c h a r a c t e r i s t i c s   a n d   g u i d a n c e   s y s t e m   c o n -  
s t r a i n t s   a s   p r o v i d e d  by NASA a n d   b a s e d   o n   t h e   c u r r e n t   S c o u t   v e h i c l e .  

T h e   n e x t   s e c t i o n ,  Guidance  Hardbare  Survey and Candidate   Select ion summarizes 
t h e   c a n d i d a t e   g u i d a n c e   h a r d w a r e   c o n s i d e r e d   i n   t h i s   s t u d y .  The p h y s i c a l   a n d  per- 
f o r m a n c e   c h a r a c t e r i s t i c s  are t a b u l a t e d   a n d   t h e   s e l e c t i o n   r a t i o n a l e  i s  p r e s e n t e d .  

The Computer Sizing  Survey and S e l e c t i o n  s e c t i o n   p r o v i d e s  t h e  da t a   and   r a -  
t i o n a l e   f o r   e s t a b l i s h i n g   t h e   c o m p u t e r   r e q u i r e m e n t s .  The r e s u l t s  of a marke t   su r -  
vey are g iven   and  a c a n d i d a t e   s e l e c t i o n  i s  p r e s e n t e d   b a s e d   o n   t h e   e s t a b l i s h e d  
r e q u i r e m e n t s .  

T h e  Instrumentat ion  System s e c t i o n   s u m m a r i z e s   t h e   p r e l i m i n a r y   c h a r a c t e r i s -  
t i c s  of a  new PCM i n s t r u m e n t a t i o n   s y s t e m   f o r   S c o u t .  

S i n c e   t h e   p r e s e n t   S c o u t   v e h i c l e   e m p l o y s   s p i n   s t a b i l i z a t i o n   f o r   t h e   f o u r t h  
s t a g e ,  a new c o n t r o l   s y s t e m  is r e q u i r e d .   T h e   n e x t  two s e c t i o n s ,  Reaction Con- 
t r o l  S y s t e m  S i z i n g  and Orbital   Correction  System, c o n s i s t  of s i z i n g   a n a l y s i s  of 
a c o n t r o l   s y s t e m   f o r   f o u r t h - s t a g e   a t t i t u d e   c o n t r o l  and f o r   p o s t b o o s t   o r b i t a l  
c o r r e c t i o n   c a p a b i l i t y .  

T h e   t h r e e   a n a l y s i s   s e c t i o n s   p r e s e n t   e r r o r   a n a l y s i s   r e s u l t s   f o r  (1) a c l o s e d -  
l o o p   e v a l u a t i o n  of t h e   c a n d i d a t e   g u i d a n c e   s y s t e m   e r r o r s ,  ( 2 )  m i s s i o n   e r r o r s   a s -  
s o c i a t e d   w i t h   a n   o p e n - l o o p   g u i d a n c e   a p p r o a c h   ( p r e s e n t   S c o u t  as well a s   a n  i m -  
p r o v e d   v e r s i o n   f e a t u r i n g   a n   a t t i t u t d e   r e f e r e n c e   p a c k a g e  on a n o n s p i n n i n g   f o u r t h  
s t a g e )  , and ( 3 )  a n a l y t i c a l   r e s u l t s  of a d e e p - s p a c e   e r r o r   a n a l y s i s   d e s c r i b i n g   t h e  
l u n a r   m i s s i o n   c a p a b i l i t i e s  o f  an   improved   Scou t   veh ic l e   i n   t e rns  of  t h e   t r a j e c -  
t o r i e s   i n v o l v e d ,   t a r g e t i n g   t h a t   c a n   b e   a c h i e v e d ,   a n d   a d d i t i o n a l   f u e l   r e q u i r e d .  
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T h e s e   s e c t i o n s   c o n s i s t  of t h e  CZosed-Loop Error Analysis, Open-Loop Error A m Z -  
y s i s ,  and Lunar Mission  Analysis. 

T h e   n e x t   s e c t i o n   s u m m a r i z e s   t h e  Reconanended Guidance and ControZ System. 
A l t h o u g h   g u i d a x c c   l o g i c   d e s i g n  w a s  beyond t h e   s c o p e   o f   t h i s   s t u d y ,   t h e  Guidance 
SoftFL)me s e c t i o n   d i s c u s s e a   g u i d a n c e   l o g i c   c o n s i d e r a t i o n s   a n d   t r a d e o f f s   t o   b e  
c o n s i d e r e d   i n   s u b s e q u e n t   s t u d i e s .   T h i s   s e c t i o n   i n c l u d e s  a d i s c u s s i o n  of  system 
r e q u i r e m e n t s ,   t h e   g u i d a n c e   c o n c e p t s   a n d   l o g i c   t h a t   r e q u i r e   a n a l y s i s ,   a n d  a sum- 
mary   o f   ? r e sen t   c lo sed - loop   gu idance   t echn iques .  

H a v i n g   s e l e c t e d  a r e f e r e n c e   c o n f i g u r a t i o n ,   t h e   s y s t e m   m o d i f i c a t i o n s ,   a l o n g  
w i t h  a p r e l i m i n a r y   i x t e r f a c i n g   d e f i n i t i o n ,  are o u t l i n e d   i n   t h e  Guidance Hard- 
ware/Scout  Vehicle  Interfacing s e c t i o n .  

The   next  two s e c t i o n s   i n c l u d e  a d e f i n i t i v e  Guidance Integrat ion Program Sum- 
mary t h a t   c o n s i s t s   o f   a n   o v e r a l l   p l a n   f o r   a r r i v i n g  a t  improved   gu idance   fo r  
S c o u t .   T h i s  i s  f o l l o w e d   b y   t h e   s t u d y  Recommendations s e c t i o n .  

The f i r s t   f o u r   a p p e n d i x e s   i n c l u d e  a d e t a i l e d   d e s c r i p t i o n  of the computer  
s i m u l a t i o n   p r o g r a m s   u s e d   i n   t h e   p e r f o r m a n c e  of t h i s   s t u d y .   A p p e n d i x  E p r e s e n t s  
a c r o s s - s e c t i o n   s u r v e y   o f   g u i d a n c e   e q u a t i o n s   f o r   v a r i o u s   l a u n c h   v e h i c l e s .  Appen- 
d i x  F d i s c u s s e s  a c e n t r a l i z e d   e x e c u t i v e   s y s t e m  as  a f u t u r e   c o n s i d e r a t i o n .  

Scout  Launch  Vehicle 

The   Scou t   l aunch   veh ic l e  w a s  deve loped   by   t he   Na t iona l   Aeronau t i c s   and   Space  
A d m i n i s t r a t i o n  t o  p r o v i d e   a n   e f f i c i e n t   m e a n s   o f   b o o s t i n g  a p a y l o a d   i n t o   s p a c e   o n  
a p l a n n e d   t r a j e c t o r y .   S c o u t   b e c a m e   o p e r a t i o n a l   i n   J u l y  1960 and has been   used  
f o r  l aunch ing  a v a r i e t y  o f   p a y l o a d s ,   i n c l u d i n g   o r b i t a l ,   p r o b e ,   a n d   r e e n t r y  m i s -  
s i o n s   t h a t   e n c o m p a s s e d   i n c l i n e d ,   e q u a t o r i a l ,   a n d   p o l a r   o r b i t s .  I t  i s  a f o u r -  
o r   f i v e - s t a g e   s o l i d - p r o p e l l a n t   b o o s t e r   s y s t e m ,  7 2  f e e t   l o n g   w i t h  a l aunch   we igh t  
of 4 6 , 0 0 0  pounds  and a l i f t o f f   t h r u s t  of 1 4 1 , 9 0 0  p o u n d s .   T h e   f i f t h   s t a g e ,  
though n o t   c c n s i d e r e d   i n   t h i s   s t u d y ,  i s  u s e d   f o r   h i g h l y   e l l i p t i c a l  and s o l a r   o r -  
b i t   m i s s i o n s .   T h e   r e f e r e n c e   v e h i c l e   u s e d   i n   t h i s   s t u d y  i s  t h e   S c o u t  D ( A l g o l  
I I I / C a s t o r   I I A / A n t a r e s  II/Alair 1 1 1 )   w i t h  a 3 4 - i n c h - d i a m e t e r   h e a t   s h i e l d   a n d   e n -  
l a r g e d  j e t  v a l v e s   a n d   f i n  t i p s .  The S c o u t   c o n f i g u r a t i o n s  are  summarized i n  
Table  1, w i t h   c o n f i g u r a t i o n s  B ,  C ,  D,  and E i n   c u r r e n t   u s e .   T h e   S c o u t   v e h i c l e  
i s  equ ipped   w i th  a preprogramed  open- loop   gu idance   sys tem  where   each   expended 
s t a g e   s e p a r a t e s   o n  a t imed   s equence .   The   fou r th   s t age  i s  s p i n - s t a b i l i z e d   w i t h  
n o   p r o v i s i o n s   f o r   t h r u s t .   t e r m i n a t i o n   o r   v e r n i e r   c o n t r o l .   T h i s  is a l i m i t i n g  
f s c t o r   i n  terms vf p e r f o r m a n c e   2 n d   f l e x i b i l i t y .  A t w o - p i e c e   h e a t   s h i e l d  i s  used 
i.3 p r o t e c t   t h e   p a y l o a d   f r o m   h i g h   t e m p e r a t u r e s   d u r i n g   a s c e n t   a n d  is e j e c t e d   j u s t  
L e f o r e   t h i r d - s t a g e   i g n i t i o n .  

Launch f a c i l i t i e s   € o r   S c o u t  are p r e s e n t l y   a v a i l a b l e   a t   W a l l o p s   I s l a n d ,  
Vi rg in ia ;   Vandenberg  A i r  Force  Base, Cal i forn ia ;   and   Formosa   Bay ,   Afr ica .   The  
l a t t e r   l a ~ l n c h  s i t e  i s  l o c a t e d  on p l a t f o r m s   i n   t h e   I n d i a n   O c e a n   a b o u t   t h r e e  miles 
o f f   t h e   c o a s t  o f   Kenya ,   Af r i ca .   Wal lops   S t a t ion  i s  u s e d   p r i m a r i l y   f o r   e a s t e r l y  
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l aunches ,   the   Vandenberg  AFEi f o r   p o l a r   a n d   h i g h - i n c l i n a t i o n   o r b i t a l   l a u n c h e s ,  
and t h e   S a n   M a r c o   e q u a t o r i a l   r a n g e   f o r   l o w - i n c l i n a t i o n   o r b i t a l   l a u n c h e s .   T h e  
launch  s i t e  c o o r d i n a t e s   u s e d   i n   t h i s   s t u d y  are: 

1) W a l l o p s   I s l a n d ,   V i r g i n i a  - 37.8479' N o r t h   l a t i t u d e ,  
75.4739"  West l o n g i t u d e ;  

2 )  Vandenberg Air Force  Base, C a l i f o r n i a  - 34,6081' N o r t h   l a t i t u d e ,  
120.6233"  West l o n g i t u d e ;  

3 )  San  Marco  Tower  (off-shore,  Kenya) - 2.2057"  S o u t h   l a t i t u d e ,  
40.2128 " East l o n g i t u d e .  

TABLE 1 .- DESIGIVATION OF SCOUT  CONFIGURATIONS* 
_____" __ 
:ONFIGURATION 
- ." 

X 
x -1  
X -  1 A  
x -2 

X - 2 B  
X-2M 
x-3 
X -  3A 
X-3C  X-3A 
X-3M 
x-4 
X - 4 A  
A 
B 

C 

0 

E 
" 

"_ 
" 

L 

" 

FI RST-STAGE 
- 

Algol I 
Algol I 
Algol I 
Algol I 
Algol I 
Algol I 

Algol  I1 
Algol I I  
Algol  I1 
Algol  I1 
Algol  I1 
Algol  I1 
Algol  I1 
Algol  I1 
Algol  I1 
Algol  I11 
Algol  I11 

- ~~ ~- 
SECOND-STAGE 

~ 

Dummy 

Castor I 
Castor  I 
Castor I 
Castor I 
Castor I 
Castor I 
Castor I 
Castor  1 
Castor I 
Castor I 
Castor I 
Castor   I1  
Castor   I1  
Castor   I1  
Castor  I  I 
Castor   I1  
" 

~ ~ 

THI  RD-STAGE 
. _" 

An t a r e s  I 
Antares I 
Antares I 
Antares  I1 
Antares   I1  
Antares  I1 
Antares   I1  
Antares   I1  
Antares   I1  
Antares   I1  
Antares  I1 
Antares  I1 
Antares   I1  
Antares   I1  
Antares   I1  
Antares  I1 
Antares  I1 

- - . . . " . - . . . 

FOURTH-STAGE 

None 
A l t a i r  I 
A l t a i r  I 
A l t a i r  I 
A l t a i r   I 1  
M-2 
A l t a i r  I 
A l t a i r  I 
None 
M-2 
A l t a i r   I 1  
A l t a i r   I 1  
A l t a i r   I 1  
A l t a i r  111 
Al t a i r   I11  
A l t a i r   I 1 1  
A l t a i r   I 1 1  
" - ...____ 

FI FTH -STAGE 

None 
None 
NOTs-17 
None 
None 
None 
None 
NOTS-17 
None 
None 
None 
NOTS-17 
None 
None 
B E  -3 
None 
BE-3 

* 
O T H E R  R E F E R E N C E  DESIGNATIONS: 
Algol I - Aeroje t   Senior ,  33KS-120,000 A l t a i r  I - X248, XM-69, 40DS-3100 
Algol  I1 - 45KS-100,000 A1 t a i r  I  I - X258, XM-94, 24DS-5850 

A1 t a i r  I I1 - FW4S , XSR-57-UT 
Castor I - XM33E5, XM-75 , 27KS-55,000 
Castor  I 1  - TX354 NOTS-17, XM-78, NOTS100-17, 43K-882 

Antares I - X254, XM-70, 38DS-14,000  BE-3,  9.15-DS-5770 
Antares I 1  - X259, 33DS-21,540 __- __ " "" ~- - ". . . .. . . 
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S i n c e   t h i s   s t u d y  is conce rned  w i t h  i m p r o v e d   g u i d a n c e   h a r d w a r e   f o r   t h e   S c o u t  
v e h i c l e ,   t h e   c u r r e n t   g u i d a n c e   a n d   c o n t r o i   c o n c e p t  i s  b r i e f l y  d- :cri.?,els 

T h e   S c o u t   l a u n c h   v e h i c l e   h a s   b e e n   f l y i n g  a t r a j e c t o r y   d e f i n e d   b y  2 p rep ro -  
grammed t i m e l a t t i t u d e   p r o f i l e .   S i n c e   t h e   g u i d a n c e   s y s t e m  i s  i n   e f f e c t   a n  a t -  
t i t u d e   c o n t r o l   s y s t e m ,   t h e   t i m e l a t t i t u d e   p r o f i l e  i s  a c h i e v e d   b y   t o r q u i n g   t h e  
a p p r o p r i a t e  rate i n t e g r a t i n g   g y r o s   i n   d i s c r e t e   s t e p s .   T h e   g y r o s  are opera:ed 
i n  a rate f e e d b a c k   l o o p   a n d   f u n c t i o n  as a n   a t t i t u d e   r e f e r e n c e   s y s t e m .  They re- 
spond t o   v e h i c l e  rates and are a l s o   t o r q u e d   i n   r e s p o n s e   t o   s i g n a l s   f r o m   t h o  
programmer.   The  guidance  hardware i s  l o c a t e d   i n   t h e   t h i r d   s t a g e  as shown i n  
f i g u r e  2 a n d   c o n s i s t s  of a n o n c o m p u t a t i o n a l   t h r e e - g y r o   s t r a p p e d - d o w n   a t t i t u d e  
r e f e r e n c e   u n i t  ( I R P ) ,  a r a t e  g y r o   p a c k a g e   f o r   s e n s i n g   v e h i c l e  r a t e s ,  a relz:J 
u n i t   f o r  power  and i g n i t i o n   s w i c c h i n g ,   a n   i n t e r v a l o m e t e r   t o  ; ~ r c - i l d l ~  p rec i ??  
s c h e d u l i n g   o f   e v e n t s   d u r i n g   f l i g h t ,  a progr2mwl;~r t o   p r o v i d e   v o l c a g e s  f o r  cor-  
q u i n g   t h e   p i t c h   a n d  yaw g y r o s   f o r   c h a n g i n g   v e h i c l e   o r i e n t a t i o n   i n   f l i g h t ,  and 
t h e   a s s o c i a t e d   i n v e r t e r   a n d   b a t t e r y  power s u p p l i e s .  An e l e c i r o n i c   s w i t c h i n g  
u n i t  ( W E )  i s  i n c l u d e d   f o r   c o n t r o l l i n g   t h e  v a l v e s  of t h e  r e a c t f o x  j e t  sysLern 
a c c o r d i n g   t o   t h e   e r r o r   s i g n a l s   r e c e i v e d   f r o m   t h e   a t t i t u d e   r e f e r e n c e  u n i t .  

A p r o p o r t i o n a l   c o n t r o l   s y s t e m   c o n s i s t i n g   o f  j e t  vanes  and  aerodynamic  con- 
t r o l   s u r f a c e s  i s  u s e d   t o   c o n t r o l   t h e   v e h i c l e   d u r i n g   t h e   f i r s t - s t a g e   b u r n .   T h e  
j e t  v a n e s   p r o v i d e   t h e   m a j o r   p o r t i o n  of t h e   c o n t r o l   f o r c e   d u r i n g   t h e  t h r u s t  
p u l s e ,   w h e r e a s   t h e   a e r o d y n a m i c   t i p   c o n t r o l s   p r o v i d e  a l l  t h e   c o n t r o l  fcrce 2.0-r- 
i n g   t n e   c o a s t   p h a s e   f o l l o w i n g   f i r s t - s t a g e   b u r n o u t .   S e c o n d -   a n d   t h i r d - : ; + a g e  
c o n t r o l   f o r c e s  are p r o v i d e d   b y   h y d r o g e n   p e r o x i d e   r e a c t i o n  j e t  moto r s .  1he 
f o u r t h   s t a g e ,   i n c l u d i n g   t h e   p a y l o a d ,  i s  s p i n - s t a b i l i z e d ,   w i t h   s p i n n i n g   b e i n g  
i n i t i a t e d   a p p r o x i m a t e l y  6 s e c o n d s   b e f o r e   f o u r t h - s t a g e   i g n i t i o n .  

Study  Approach  and  Goals 

The   gu idance   ha rdware   s tudy   approach  was t o  (1) e s t a b l i s h   t h e   i m p r o v e d  
S c o u t   v e h i c l e   g o a l s ,  ( 2 )  d e t e r m i n e   t h e   e x i s t i n g   v e h i c l e   c o n s t r a i n t s ,  ( 3 )  con- 
d u c t  a s u r v e y  of g u i d a n c e   a n d   c o n t r o l   s y s t e m   h a r d w a r e   a n d   m i n i a t u r e   a i r b o r n e  
computers,   and ( 4 )  conduc t  a h a r d w a r e   e v a l u a t i o n   b y   p e r l o r m a n c e   a n a l y s i s  crcd 
c o m p u t e r   s i m u l a t i o n .   A l t h o u g h   g u i d a n c e   l o g i c   s e l e c t i o a  was beyond t h e   s c o p  o f  
t h i s   s t u d y ,   g u i d a n c e   l o g i c   c o n s i d e r a t i o n s  are d i s c u s s e d   i n   t h e   s e c t i o n  en t<- : .L- i  
Guidance Sof tware.  A d e s c r i p t i o n  of t h e   s i m u l a t i o n   p r o g r a m s   u s e d   i n   t h i s  si:.ldy 
f o r   p e r f o r m a n c e   a n a l y s i s   c a n   b e   f o u n d   i n   A p p e n d i c e s  A t h r u  D. 

AS a g u i d e l i n e ,   t h e   g u i d a n c e   a n d   c o n t r o l   s y s  tem g o a l s  were e s t a b l i s h e d  as 
d i s c u s s e d   i n   t h e   f o l l o w i n g   p a r a g r a p h s .  
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Performance.- T h e   p r e s e n t   S c o u t   l a u n c h  vehicle is  s u f f i c i e n t l y   a c c u r a t e   t o  
pe r fo rm i t s  a s s i g n e d   m i s s i o n s .  It employs a s p i n - s t a b i l i z e d   f o u r t h   s t a g e  that  
makes f i n a l   i n s e r t i o n   a c c u r a c y  a f u n c t i o n   o f   t i p o f f  rates, t o t a l  FW-4S i m p u l s e  
d e v i a t i o n ,   u n b a l a n c e ,   a n d   o t h e r   e r r o r s  character is t ic  of a s o l i d - m o t o r   s p i n -  
s t a b i l i z e d   v e h i c l e .   T y p i c a l   p e r f o r m a n c e   d e v i a t i o n s  are shown i n  f i g u r e  3 .  How- 
e v e r ,   t o   p r o v i d e   f o r   f u t u r e   m i s s i o n   r e q u i r e m e n t s   a n d   g r e a t e r   f l e x i b i l i t y ,  a 
p e r f o r m a n c e   c a p a b i l i t y   i n   l i n e   w i t h   c u r r e n t   t e c h n o l o g y  i s  d e s i r a b l e  as w e l l  as 
a c h i e v a b l e ,  as shown i n   f i g u r e  1. T h e r e f o r e   t h e   f o l l o w i n g   p e r f o r m a n c e   g o a l s  
were e s t a b l i s h e d :  

1) V e l o c i t y  - 1 2  f p s ,  1 0 a l l  a x e s ;  

2) P o s i t i o n  - 10 000 f t ,  1 u a l l  axes; 

3) A . t t i t ude  - <0.5 deg ,  1 u a l l  axes  a t  end   o f   coas t .  

It must   be  remembered  that   these  accuracy  numbers  are g o a l s   a n d   d i d   n o t  
n e g a t e   t h e   e v a l u a t i o n  of lower   per formance   gu idance   hardware .  An o r d e r   o f  mag- 
n i tude   improvemen t   i n   Scou t   pe r fo rmance  i s  d e s i r a b l e   t o   p r o v i d e   f o r   i m p r o v e d  
m i s s i o n   c a p a b i l i t y ,   a d d e d   p a y l o a d   l i f e ,   a n d  a h i g h e r   p r o b a b i l i t y  o f  m i s s i o n  
s u c c e s s .   E x p a n d e d   m i s s i o n   c a p a b i l i t y   c a n   b e   a c h i e v e d   b y   l o w e r i n g   v e l o c i t y   a n d  
p o s i t i o n   u n c e r t a i n t i e s ,   b y   p r o v i d i n g   a n   a t t i t u d e - s t a b i l i z e d   f o u r t h   s t a g e   a n d  
pay load ,   by   p rov id ing  a v e r n i e r   c o n t r o l   f o r   c o r r e c t i n g   v e l o c i t y . e r r o r s   a f t e r   i n -  
s e r t i o n ,   a n d   b y   b e i n g   a b l e   t o   o r i e n t   a n d   p o i n t   t h e   p a y l o a d   a f t e r   c u t o f f .   E r r o r  
a n a l y s i s   r e s u l t s   h a v e  shown t h e s e   g o a l s   t o   b e   a c h i e v a b l e .  

R a t e   c a p a b i l i t y . -  The maximum rate  c a p a b i l i t y  i s :  

1) P i t c h   a n d  yaw - 10  deg/s ;  

2)  R o l l  - 30 d e g / s .  

Checkout  and s t a b i l i z a t i o n  ___ time. -  Although warmup time is n o t  a c r i t i c a l  
pa rame te r ,   mos t   cand ida te   gu idance   sys t ems  w i l l  b e   s t a b i l i z e d   w i t h i n  20 t o  60 - 
m i n u t e s   a f t e r   t u r n - o n   f r o m   a m b i e n t .  Ready time, w h i c h   i n c l u d e s  warmup, a l i g n -  
ment ,   and  checkout ,  may r e q u i r e  as much as 60 t o  90  minu tes .  

C a l i   b r a t i o n   f r e q u e n c y . -  Although a c a l i b r a t i o n   c y c l e   o f  90 days  i s  a d e s i r e d  
g o a l ,   t h e   p o t e n t i a l   f o r   c o s t   r e d u c t i o n   a n d / o r   a c c u r a c y   i m p r o v e m e n t   w i t h   a u t o -  
matic o n p a d   p r e l a u n c h   c a l i b r a t i o n   c a n   b e   s i g n i f i c a n t .  

Weight.- S i n c e   t h e   i m p r o v e d   g u i d a n c e   a n d   r e a c t i o n   c o n t r o l   s y s t e m s  w i l l  b e  
l o c a t e d   i n   t h e   f o u r t h   s t a g e ,   w e i g h t   m u s t   b e   m i n i m i z e d   t o   m a x i m i z e   t h e   p a y l o a d  
c a p a b i l i t y .   T h e   e n t i r e   g u i d a n c e   a n d   c o n t r o l   s y s t e m   w e i g h t   g o a l  is 75 pounds. 

Volume.- T h e   a v a i l a b l e   v o l u m e   f o r   t h e   g u i d a n c e   s y s t e m ,   t e l e m e t r y   s y s t e m ,  
a n d   b a t t e r i e s  is  as  shown i n   t h e   E - s e c t i o n   i n   f i g u r e  4 .  However ,   ins tead  of  a 
c o n i c a l   E - s e c t i o n ,  i t  w i l l  b e   c y l i n d r i c a l   w i t h   a n   1 8 - i n c h   d i a m e t e r   a n d  a l e n g t h  
of 9 t o  12  i n c h e s .  A l a y o u t  of t h e   f o u r t h   s t a g e   w i t h   t h e   i m p r o v e d   g u i d a n c e   a n d  
e o n t r o l   h a r d w a r e   c a n   b e   f o u n d   i n   c h e   s e c t i o n   e n t i t l e d  Guidunce  Hur&are/Scout 
Vehicle  Interf’ctcing. 
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SCOUT  LAUNCH VEHICLE  CHARACTERISTICS AND CONSTRAINTS 

S i n c e   t h e   S c o u t   l a u n c h   v e h i c l e   h a s   b e e n   f l y i n g   f o r   o v e r  a decade ,  i t s  pe r -  
f o r m a n c e   a n d   p h y s i c a l   c h a r a c t e r i s t i c s   f o r   t h e   c u r r e n t - c o n f i g u r a t i o n  are w e l l  
de f ined .   However ,   upon   r emov ing   t he   cu r ren t   gu idance   and   con t ro l   sys t em  ha rd -  
ware f r o m   t h e   t h i r d   s t a g e   a n d   t h e   s p i n   s t a b i l i z a t i o n   h a r d w a r e   f r o m   t h e   t h i r d  
a n d   f o u r t h   s t a g e s ,   a n d   t h e n   i n s t a l l i n g   t h e   i m p r o v e d   g u i d a n c e   a n d   c o n t r o l   s y s t e m  
h a r d w a r e   i n   t h e   f o u r t h   s t a g e ,  a number   o f   parameters   mus t   be   redef ined   and  es- 
t i m a t e d .   T y p i c a l l y ,  a t e m p e r a t u r e   p r o f i l e  is r e q u i r e d   f o r   t h e   f o u r t h   s t a g e  
guidance   sys tem  compar tment ,  a new veh ic l e   we igh t   b reakdown w i l l  r e s u l t   p r o v i d -  
i n g   d i f f e r e n t   f o u r t h   s t a g e   i n e r t i a s ,   p r e l a u n c h   v e h i c l e   e n v i r o n m e n t a l   c h a r a c t e r -  
i s t i c s   m u s t  b e  de t e rmined ,   and   boos t   env i ronmen ta l   r equ i r emen t s   mus t   be   de -  
f i n e d .   S e v e r a l   o f   t h e s e   p e r t i n e n t   v e h i c l e   c h a r a c t e r i s t i c s   a n d   c o n s t r a i n t s  are  
summarized i n   t h i s   s e c t i o n .   T h e s e   d a t a  were used i n   e s t a b l i s h i n g  a r e f e r e n c e  
f o r   h a r d w a r e   e v a l u a t i o n   a n d   b u d g e t a r y   p r i c i n g   f o r   t h e   i m p r o v e d   f o u r t h   s t a g e  
g u i d a n c e   c o n f i g u r a t i o n .  

Reference Trajectories 

The f o l l o w i n g   t r a j e c t o r i e s   p r o v i d e d  b y  NASA were used i n   M a r t i n  Marietta's 
t r a j e c t o r y   e r r o r   a n a l y s i s   p r o g r a m s   f o r   g u i d a n c e   s y s t e m   p e r f o r m a n c e   c o m p a r i s o n  
and v e h i c l e   a c c u r a c y   p r e d i c t i o n :  

C i r c u l a r   o r b i t  176C, 

a )  Apogee = 630  n .  m i .  , 

b) P e r i g e e  = 580 n .  m i . ,  

c )   I n c l i n a t i o n  = 89.9   deg;  

E l l i p t i c a l   o r b i t  169C, 

a )  Apogee = 1742 .98   n .  m i . ,  

b )   Pe r igee  = 2 1 1 . 1  n .  m i . ,  

c )   I n c l i n a t i o n  = 102 .67  deg ;  

I n j e c t i o n   c o n d i t i o n s   f o r   d i r e c t   l u n a r   i n j e c t i o n   t r a j e c t o r y  
from  San  Marco, 

a )   V e l o c i t y  = 3 5 , 8 8 0   f p s ,  

b )   P o s i t i o n  = 2 1 , 5 3 5 , 1 9 8   f t ,  

c )   E c c e n t r i c i t y  = 0.9695. 
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T y p i c a l   p e r f o r m a n c e   c u r v e s   f o r   r h e   S c o u t  D c o n f i g u r a t i o n   w i t h  a 34- inch -  
d i a m e t e r   h e a t   s h i e l d  are shown in figure 5.  T h e s e   c u r v e s  i l l r~scr : i te  ;)lyloac! 
w e i g h t   c a p a b i l i t y   f o r   c i r c u l a r   o r b i t s .  

T h e   c u r r e n t   S c o u t   o r b i t a l   i n j e c t i o n   d e v i a t i o n s   i n   a l c i i u . i e ,   v e l o c i t y ,   a n d  
f l i g h t p a t h   a n g l e  a t  four th-s tage   b t t r r lou t  are shown i n   f i g u r e  3 as a f>,,r.ction 
of i n j e c t i o n   a l t i t u d e .   T h e s e   d e v i a c i o n s   c a n  b e  e i t h e r   p l u s  C J f  minaF: m d  Ehus 
d e f i n e   t h e   d e v i a t i o n   o n   e a c h   s i d e  of t h e   n o m i n a l   v a l u c s  h e  s t a r d a d  d e v i a t i o n  
i n   a z i m u t h  a t  i n j e c t i o n  is + o r  -0.625 degrees   and  i s  independen t  of i n j e c t i o n  
a l t i t u d e .  

50 100 150 200 250 300 350 400 
Payload  weight, 1 b 

Note:  These  curves  only  valid  for  34-inch-diameter  heat  shields. 
- 42-inch-diameter  heat  shield  reduces  payload  weight  capa- 

bility 25 l b  for a 400 n.  mi.  circular 

FIGURE 5.- PAYLOAD  WEIGHT  CAPABILITY, SCOUT D 
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Cooling  and  Thermal  Control 

P r e l a u n c h   e n v i r o n m e n t a l   c o n t r o l  i s  p r o v i d e d   b y   p u r g i n g   t h e   f o u r t h   s t a g e  
payload  and  guidance  compartment   (Sect ion E ,  f i g u r e  4 )  w i t h   c o o l e d ,   o r   h e a t e d ,  
o i l - f r e e   a i r   t h a t   h a s   b e e n   f i l t e r e d   a n d   d r i e d   b y   t h e   l a u n c h e r   e n v i r o n m e n t a l   s y s -  
t e m .  T h i s   s y s t e m   c a n   s u p p l y  a i r  w i t h  a maximum humid i ty  of 20 p e r c e n t .   T h e  
h e a t i n g   a n d   c o o l i n g   c a p a b i l i t y   o f   t h e   e n v i r o n m e n t a l   s y s t e m ,   b a s e d   o n  a s t a n d a r d  
t e m p e r a t u r e  of 70°F a n d   p r e s s u r e   o f  14.7 p s i a ,  i s  de f ined   by   t he   shaded  areas 
o f   f i g u r e  6 .  T h e s e   c o n d i t i o n s   a p p l y   t o   t h e  a i r  as i t  i s  s u p p l i e d   t o   t h e   h e a t  
s h i e l d .  
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Temperature  Change  from  Launcher  Ambient - O F  

FIGURE 6 . -  LAUNCHER AIR-COOLING AND HEATING 

P r e f l i g h t   H e a t e r  Power 

S i n c e   g u i d a n c e   s y s t e m  warmup w i l l  occu r   on   t he   l aunch   pad ,   ex t e rna l   power  
f rom  the  AGE power   supp l i e s  w i l l  b e   u s e d   d u r i n g   t h i s   p r e l a u n c h   p e r i o d .  

S t o r a g e   L i f e  

A s t o r a g e   l i f e   o f   f i v e   y e a r s  is  r e q u i r e d .  
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Cooling and Thermal Control 

P r e l a u n c h   e n v i r o n m e n t a l   c o n t r o l  i s  p r o v i d e d   b y   p u r g i n g   t h e   f o u r t h   s t a g e  
payload  and  guidance  compartment   (Sect ion E ,  f i g u r e  4) w i t h   c o o l e d ,   o r   h e a t e d ,  
o i l - f r e e   a i r   t h a t   h a s   b e e n   f i l t e r e d   a n d   d r i e d   b y   t h e   l a u n c h e r   e n v i r o n m e n t a l   s y s -  
tem. T h i s   s y s t e m   c a n   s u p p l y   a i r   w i t h  a maximum humid i ty  of 20 pe rcen t .   The  
h e a t i n g   a n d   c o o l i n g   c a p a b i l i t y   o f   t h e   e n v i r o n m e n t a l   s y s t e m ,   b a s e d  on a s t a n d a r d  
t e m p e r a t u r e  of 70°F   and   p re s su re  of 1 4 . 7   p s i a ,  i s  d e f i n e d   b y   t h e   s h a d e d   a r e a s  
of f i g u r e  6.  T h e s e   c o n d i t i o n s   a p p l y   t o   t h e   a i r   a s  i t  i s  s u p p l i e d   t o   t h e   h e a t  
s h i e l d .  
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S i n c e   g u i d a n c e   s y s t e m   armu up will o c c u r   o n   t h e   l a u n c h   p a d ,   e x t e r n a l  power 
f rom  the  AGE power   supp l i e s  will b e   u s e d   d u r i n g   t h i s   p r e l a u n c h   p e r i o d .  

Storage  Life 

A s t o r a g e   l i f e  of five y e a r s  is  r e q u i r e d .  
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Environmental 

The  fol lowing  environmental   requirements   represent   the minimum test levels 
f o r  a system i n  a v e h i c l e   t r a n s i t i o n   s e c t i o n  and   do   no t   necessar i ly   represent  
t h e  improved  guidance  hardware  qualification levels. 

Pressure characteristics.- The pressure   wi th in   the   payload   hea t   sh ie ld  and 
therefore  the  guidance  compartment is as shown i n   f i g u r e  7 .  

Longitudinal  accelerations.- The   Scou t   acce l e ra t ion   p ro f i l e   fo r   t he   fou r th -  
s t a g e  i s  shown i n   f i g u r e  8. Only t h e   f o u r t h - s   t a g e   p r o f i l e  i s  shown s i n c e  i t  
is  the  most  severe.   These  data are based  on a payload of approximately 45 
pounds  and r ep resen t   t he  m a x i m u m  acce le ra t ion   expe r i enced   t h roughou t   t he   f l i gh t .  
Figlz-,  shows t h e   e f f e c t s  of  various  payload  weights.  

ShOCn.- The shock  requirement  for  the  payload  which is l o c a t e d   d i r e c t l y  
above  the  guidance  compartment, is th ree   ha l f - s ine   pu l se s  of 30 g peak  ampli- 
tude  and 7 t o  13 m i l l i s e c o n d s   t o t a l   d u r a t i o n .   T h i s   r e p r e s e n t s   t h e   i n p u t   t o   t h e  
supporting  structure  where  the  guidance  hardware w i l l  b e   l o c a t e d .  

Vibration.- The   requi red   v ibra t ion  test levels are ,shown i n   f i g u r e s   1 0 ,  11, 
and  12.  These are system  operating tes t  levels and  apply a t  t h e   i n t e r f a c e  of 
the  forward  shoulder  of  the  fourth-stage  motor,   which is where the   gu idance  
hardware w i l l  be   l oca t ed .   The   s inuso ida l   v ib ra t ion  tests and  the  required 
l e v e l s  are as follows: 

1) Qua l i f i ca t ion  test - Apply one  sweep i n  each of t h ree   axes  a t  a 
logarithmic  sweep rate no t   g rea t e r   t han  2 octaves  per  minute;  

2) Fl ight   acceptance test - Apply  one  sweep i n  each of t h r e e  axes a t  
a logarithmic  sweep rate no t   g rea t e r   t han  4 octaves  per  minute.  

The random v i b r a t i o n  test  and the   r equ i r ed   l eve l s  are as fol lows:  

1 )   Qua l i f i ca t ion  test - Apply gauss ian  random i n  each of t h ree   axes  
f o r  2 minutes; 

2) Fl ight   acceptance  test - Apply gaussian random i n  each of t h r e e  
axes  for   one  minute .  

Temperature  environment.- The temperature  environment w i l l  be  based on t h e  
curves shown i n   f i g u r e s  13, 14,  and 15.  These  curves  represent  time-varying 
temperature  extremes a t  t h e   i n d i c a t e d   p o i n t s   i n   t h e   f o u r t h   s t a g e .  The guidance 
hardware will be   l oca t ed   j u s t   fo rward  of s t a t i o n  49 s h a m   i n   f i g u r e  14.  The 
typical   external   temperature   curves   of   the   fozr th-s tage  motor   due  to   motor   cper-  
a t i o n  are shown i n   f i g u r e  15, and represent  FW4S t w p c r a t u r e s  on the  forward 
dome, motor case middle,   and  aft   motor case from time of i g n i t i o n   t o  700 sec- 
onds.   These  curves  represent case rad ia l   loca t ions   where   the   mos t   severe   hea t -  
ing  occurs .  
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FIGURE 8.- SCOUT VEHICLE 5-131 LONGITUDIllAL ACCELERATION VS T I I K ,  FOURin STAGE 
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Design qua l i f i ca t ion   t e s t   l eve l  - - - Flight   acceptance  tes t   level  

20 30 40 60 80 100 200 300 500 1000 2000 

Frequency, Hz 

Note: During  sinusoidal  vibration test  i n  the l a t e ra l   ax i s ,   t he   acce le ra t ion   a t   t he   spacec ra f t  
center   of   gravi ty   shal l  be limited t o  +3 g from one-half  the f i r s t  resonant  frequency o f  
the spacecraf t  t o  one-and-one-half  the  frequency when vibrated i n  e i t h e r  of t he   l a t e ra l  
axes. 

FIGURE 10.- SINUSOIDAL  VIBRATION, LATEUL AXIS 
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Frequency, Hz 

FIGURE 11.- SINUSOIDAL  VIBRATION, THRUST AXIS 
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Frequency, Hz 

FIGURE 12.- RANDOM  VIBRATION,  ALL  AXES 
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T i m e ,  s 

F IGURE 13.- SCOUT  OUTSIDE AND I N S I D E  TEMPERATURES 
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FW-4s r o c k e t  m o t o r  

F IGURE 14.- FOURTH-STAGE  ROCKET MOTOR P E A K   S K I N  
TEMPERATURES VS T I M E   A F T E R   I G N I T I O N  
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3 FIGURE 15.- SCOUT 5-131 FW-4s MOTOR TEMPERATURE N0.2 VS FLIGHT  TIME,  E-SECTION 



Wind R e s t r i c t i o n s  

Wind r e s t r i c t i o n s   i m p o s e d  on t h e   S c o u t   l a u n c h   v e h i c l e   . c o n s i s t   o f   s u r f a c e  
w i n d s   d u r i n g   r a i s i n g   a n d   l a u n c h i n g   t h e   v e h i c l e ,   w i n d s  a t  9 000 t o  1 2  000-foot 
a l t i t u d e s   b a s e d  on c o n t r o l   a u t h o r i t y   l i m i t a t i o n s ,   a n d   w i n d s   f r o m  27  000 t o  
45 000 f e e t   b a s e d  on m a x i m u m  al lowable  bending  moments .   The maximum a l l o w a b l e  
l e v e l s   f o r   e r e c t i o n   a n d   l a u n c h  are 43 .5   and   35   kno t s   r e spec t ive ly ,  

F1 i g h t  Time 

A n o m i n a l   f l i g h t  time of  760  seconds of boos t   and   45   minutes   o f   coas t  was 
u s e d   i n   t h i s   s t u d y .   D e g r a d e d   p e r f o r m a n c e   d u r i n g   c o a s t   d u e   t o   t h e r m a l   c o n d i t i o n s  
was cons idered   and  w i l l  u l t i m a t e l y   b e  a func t ion   o f   pay load   r equ i r emen t s .  

Appl i c a b l e  Documents 

The  fol lowing  documents  were u s e d   t o   e s t a b l i s h  a r e f e r e n c e   f o r   b u d g e t a r y  
p r i c i n g .  

S p e c i f i c a t i o n s . -  

M i l i t a r y :  

MIL-P-llGE( 3) 
18 August 1 9 6 7  

MIL-E-4158C(2) 
9 J u l y   1 9 6 4  

MIL-I-6181D 
1 June  1962 

P rese rva t ion ,   Me thods   o f  

Elec t ronic   Equipment ,   Ground,   Genera l  
Requi rements   €or  

I n t e r f e r e n c e   C o n t r o l   R e q u i r e m e n t s  

MIL-P-7936A Chg 1 Parts and   Equipment ,   Aeronaut ica l ,  
7 M a r c h   1 9 6 6   P r e p a r a t i o n   f o r   D e l i v e r y   f o r  

MIL-D- 70 32 7 ( 2 )  
2 7  March  1962 

Drawings ,   Engineer ing ,   and   Assoc ia ted  
Lists 
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Standards : 

MIL-STD-129D 
28 December  1964 

MIL-STD-130B C/N 1 
7 February  1964 

MIL-STD-143A 
14 May  1963 

MS33586A 
16 December  1958 

Pub1 i c a t i o n s  : 

NASA : - 

NPC 200-4 
August 1964 

Marking  for  Shipment  and  Storage 

Identification  Marking of U.S. Military 
Property 

Specification and Standards,  Order of 
Procedure  for  Selection of 

Metals,  Definition of Dissimilar 

Hand-Soldering of Electrical  Connections, 
Quality  Requirements  for 
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GUIDANCE HARDWARE SUR.VEY i\ND SELECTION 

T h i s   s e c t i o n   s u m m a r i z e s   t h e   r e s u l t s  of t h e   i n e r t i a l   h a r d w a r e   s u r v e y   a n d  
p r o v i d e s   t h e   r a t i o n a l e   € o r   s e l e c t i n g  a r e f e r e n c e   c o n f i g u r a t i o n .   T h r e e   c a t e g o r i e s  
o f   i n e r t i a l   h a r d w a r e  were c o n s i d e r e d   a n d   i n c l u d e   t h e   f o l l o w i n g :  

I n e r t i a l   m e a s u r e m e n t   u n i t s  (IMUs) were s u r v e y e d   f o r   u s e   i n  a c l o s e d -  
l o o p   g u i d a n c e   c o n f i g u r a t i o n ;  

A t t i t u d e   r e f e r e n c e   u n i t s  (ARU) were s u r v e y e d   f o r   u s e   i n   a n   o p e n - l o o p  
guidance  scheme similar i n   c o n c e p t   t o   t h e   p r e s e n t   S c o u t   g u i d a n c e   s y s -  
t e m  w i t h   t h e   e x c e p t i o n   t h a t   t h i s   h a r d w a r e   w o u l d   b e   l o c a t e d   i n   t h e  
f o u r t h   s t a g e   o f   S c o u t ,   a l o n g   w i t h  a r e a c t i o n   c o n t r o l   s y s t e m  as opposed 
t o   s p i n   s t a b i l i z a t i o n ;  

Developmental   systems,  i . e . ,  nex t -gene ra t ion   gu idance   ha rdware  i s  sum- 
m a r i z e d   f o r   i n f o r m a t i o n   o n l y .  It  s h o u l d   a l s o   b e   n o t e d   t h a t   f o r  com- 
p l e t e n e s s ,   t h e   c a n d i d a t e   V i k i n g   i n e r t i a l   h a r d w a r e  i s  i n c l u d e d .  

IMUs, as d i s c u s s e d   i n   t h i s   r e p o r t ,  are d i f f e r e n t i a t e d   f r o m  ARUs by t h e   f a c t  
t h a t   t h e y   a r e   c a p a b l e   o f   p r o v i d i n g   v e l o c i t y   d a t a  as w e l l  as a t t i t u d e   d a t a ,   w h e r e a s  
A R U s  p r o v i d e   a t t i t u d e   d a t a   o n l y .   A l s o ,  when d i s c u s s i n g   t h e   g e n e r i c   t y p e  of IMUs, 
p l a t f o r m  w i l l  b e   u s e d   t h r o u g h o u t   t o   d e n o t e   g i m b a l e d   s y s t e m s   i n   c o n t r a s t   t o   s t r a p -  
down s y s  tems . 

Approach 

T h i s   e f f o r t  was i n i t i a t e d   b y   f i r s t   p r e p a r i n g   a n  IMIJ q u e s t i o n n a i r e   w i t h   a p p r o x -  
i m a t e l y  150 d a t a   r e q u i r e m e n t s .   T h i s  was t h e n   t r a n s m i t t e d   t o   t h e   i n e r t i a l   h a r d w a r e  
m a n u f a c t u r e r s   f o r  them t o   s u m m a r i z e ,   i n  a c o n s i s t e n t   f o r m a t ,   t h e   c h a r a c t e r i s t i c s  
o f   t h e i r   S c o u t - a p p l i c a b l e   c a n d i d a t e  IMUs. T h e   n e x t   s t e p  w a s  t o   c o n t a c t   t h e s e  manu- 
f a c t u r e r s   a n d   d i s c u s s   t h e   a p p l i c a b i l i t y  and p r o j e c t e d   m o d i f i c a t i o n s   o f   t h e i r   h a r d -  
ware f o r   t h e   S c o u t   b o o s t e r .  A s  a r e s u l t   o f   t h i s   s t u d y   a n d   p r e v i o u s   s t u d i e s ,  a 
l i b r a r y   c o n t a i n i n g   d a t a   o n  135 i n e r t i a l   s y s t e m s   h a s   b e e n   e s t a b l i s h e d  a t  t h e   M a r t i n  
Marietta C o r p o r a t i o n .   T h i s  is p a r t   o f  a guidance   sys tem,   a i rborne   computer ,   and  
i n e r t i a l  c o m p o n e n t s   d a t a   b a n k   c o n t a i n i n g   d e t a i l e d   d a t a   c o n c e r n i n g  a l l  c u r r e n t   a n d  
next -genera t ion   gu idance   hardware   t echnology.  The e v a l u a t i o n   a n d   f i n a l   s e l e c -  
t i o n  was b a s e d   o n   t h e   l o w e s t   e s t i m a t e d   c o s  t ,  minimum m o d i f i c a t i o n s  and r i s k ,  
minimum weight   and  power,   and  performance.  
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I n  p e r f o r m i n g   t h i s   s t a t e - o f - t h e - a r t   s u r v e y  of g u i d a n c e   s y s t e m  11ardware., a num- 
b e r  of items were c o n s i d e r e d .   T h e   f o l l o w i n g  a r e  common t o   a l l   s u b s y s t e m s :  

1) c o s t ;  10)  F l e x i b i l i t y ;  

2 )  Weigh t ;  11) D e v e l o p m e n t   s t a t u s ;  

3 )  Power; 1 2 )  I n t e r f a c e   r e q u i r e m e n t s :  

4 )  S i z e ;  13) M a n u f a c t u r e r ' s   p r e v i o u s   p e r f o r n l ; l n c c ;  

5)  C o o l i n g   r e q u i r e m e n t s ;  1 4 )  Requ i red   g round   suppor t   eq"  i p n c . n t ;  

6 )  T e c h n i c a l   r i s k ;  15) S t o r a g e   r e q u i r c n l e n t s ;  

7 )  R e l i a b i l i t y ; .  1 6 )  S h e l f   l i t e ;  

8 )  G r o w t h   p o t e n t i a l ;  1 7 )  0 J a I i r i c a L i o 1 1   I I i s L o r v ;  

9 )  L i m i t a t i o n s  ; 18) Checkout  . 

The c r i t e r i a   p e c u l i a r   t o   i n e r t i a l   m e a s u r i n g   u n i t s  a r e :  

A l l  of t h e s e  items a r e   s i g n i f i c a n t   i n   c h o o s i n g   a n  IETLI and werc! used i n  Llle 
t r a d e o f f   a n d   c o s t   a n a l y s e s .   F u r t h e r m o r e ,   t e s t   d a t a  Cram p r o d u c t i o n  pro):rams ; ~ n t l  
t e s t  r e p o r t s   f r o m   o r g a n i z a t i o n s   s u c h  as  llolloman AFI;,  J P L ,  NASA, CLC,   were  I-;](.- 

t o r e d   i n t o   t h e   e v a l u a t i o n   t o   a s s e s s   t h e   a c t u a l  IllU p e r f o r m a n c e  c n p a h i l i t y .  I ; o L I I  
IMU a n d   i n e r t i a l   c o m p o n e n t   d a t a  were r e v i e w e d .  

Ground r u l e s . -  T h e   g r o u n d   r u l e s   a n d   g u i d e l i n e s  usclcI i n  t l l c ~  s e l e c , L i o n  or r ; ~ n c l i -  
d a t e   g u i d a n c e   h a r d w a r e   f o r   t h e   S c o u t   l a u n c l l   v e l l i c l e   a r c  C I S  To1low.C;: 

1) 1 9 7 1  s t a t e - o f - t h e - a r t   h a r d w a r e ;  

2 )  E s t a b l i s h e d   p r o d u c t i o n   b a s e   p r e f e r r e d ;  

3)  No i n e r t i a l   c o m p o n e n t   ( g y r o   a n d   a c c e l e r o m e t e r )   d e v e l o p m e n t ;  

4 )  Minimum p l a t f o r m   a n d   c o m p u t e r   m o d i f i c a t i o n s ;  

5)  F l i g h t   o p e r a t i n g  time - 760 s e c o n d s   d u r i n g   b o o s t   a n d   4 5 - m i n u t e   c o a s t  
p h a s e  (maximum); 
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W e i g h t   g o a l   f o r   c x n p l e t e   g u i d a n c e   s y s t e m  - 50 pounds;  

Volume g o a l  - must f i t   w i t h i n   1 8 - i n c h - d i a m e t e r   c y l i n d e r ,  9 t o  1 2  
i n c h e s   l o n g  ; 

C a l i b r a t i o n   c y c l e  - 90 d a y s   o r   l o n g e r   p r e f e r r e d ;  

L o c a t i o n  - i n   n o n s p i n n i n g   f o u r t h   s t a g e ;  

L i n e a r   a c c e l e r a t i o n   c a p a b i l i t y  - 30 g a l o n g   v e h i c l e   t h r u s t   a x i s ;  

Aximuth  alignment - <60  a rc - seconds ;  

Vert ical  a l ignmen t  - s e l f - l e v e l i n g ;  

Accuracy a t  bu rnou t  ( IMU e r r o r s ) ,  

a )   V e l o c i t y  - 1 2   f p s ,  l a  a l l  a x e s ,  

b )   P o s i t i o n  - 10,000 f t ,   l o  a l l  a x e s ,  

c )   A t t i t u d e  - <0.5", 10 a l l  a x e s ;  

S t o r a g e   L i f e  - f i v e   y e a r s  minimum; 

R e l i a b i l i t y  - 1500 h r  MTBF 

Strapdown Versus Girnbaled 

A m a j o r   c o n s i d e r a t i o n  when a t t e m p t i n g   t o  se lec t  a n   i n e r t i a l   s y s t e m  is s t r a p -  
down ve r sus   g imba led   and   t he   cand ida te  IMUs i nc lude   g imba led ,   s t r apdown,   and  
f l o a t e d   s p h e r e - t y p e   s y s t e m s .   E a c h   t y p e   o f   s y s t e m   h a s   c e r t a i n   a d v a n t a g e s   a n d   d i s -  
advantages ;   however ,  i t  a p p e a r s   t h a t   t h e  more s i g n i f i c a n t   i n e r t i a l   s e n s o r   l i m i t -  
a t i o n s   a p p l y   t o   s t r a p d o w n   s y s t e m s .  The f l o a t e d   s p h e r e   s y s t e m  i s  o p e r a t i o n a l l y  a 
gimbaled  system. A s h o r t   d i s c u s s i o n   o f   t h e   a d v a n t a g e s ,   d i s a d v a n t a g e s ,   a n d   p r o b -  
lem areas a s s o c i a t e d   w i t h   t h e  two t y p e s  of s y s t e m s   f o l l o w s .  
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Strapdown  Advantages. - ' r l~e  i m p o r t a n t   a d v a n t a g e s  O F  a s t r a p d o w n   s y s  ten1 are : 

2) ( ;y ro  s c a l e  i;lctc,l- ~ ' r r o r s  become i m p o r t a n t   d u e   t o   t h e   a n g u l a r  r a t e  e n -  
v i ronmc'n t ; 

3)  , \ n g u l a r   v i h r ; l t i o n  LiffecLs o n  tlle s e n s o r   l o o p   d y n a m i c s ;  

4 )  C o o r d i n a t e   t r a n s f o r m a t i o n   c o m p u t a t i o n a l   e r r o r s ;  

5 )  I ' r c I a u n c l I   c a l i b r a t i o n   a n d   a l i g n m e n t ;  

6) I n e r t i a l  s e n s o r  i n f l i g l l t   p e r f o r m a n c e .  

Coltlputer requireliients and e r r o r s  . -  'rile c o m p u t a t i o n a l  errors  i n  1) a n d  4 )  
p r e s e n t  no I ) n s i c  I i m i t a t i o n s   s i n c e   t h e   p r e s e n t   s t a t e  o f  t h e  a r t  f o r   d i g i t a l  com- 
p t ~ t r r s  p e r m i t s  s u l ~ l ~ i ( : i e n t   c o m p u t a t i o n   c o m p l e x i t y ,   r e p e t i t i o n  r a t e s ,  a n d   w o r d   l e n g t h  
t o  1 1 1 , r i n t ; l i n   ( , o m p u t a t i o n   c = r r o r s  b e l o w  a n y   r e q u i r e d   l e v e l .  

Gyro s c a l e   f a c t o r . -  'This c r i t i c a l  p r o b l e m  is  d u e  t o  t h e   f a c t   t h a t   s t r a p -  
d o w  g y r o s   m u s t   m e a s u r e   t h e   t o t a l   a n g u l a r   e n v i r o n m e n t ,   w h e r e a s   p l a t f o r m   g y r o s  are 
1tsc.d as n u l  1 s e n s o r s ,  

Ca l ib ra t ion . -  P r e l a u n c h   c a l i b r a t i o n  is n o t   p r a c t i c a l   w i t h  a s t r a p d o w n   s y s -  
t e m  I > e c a u s r ~  tlle s e n s o r s   c a n n o t   b e   c a l i b r a t e d  v i a  g i m b a l   r o t a t i o n  as w i t h  a p l a t -  
1 o r m .  ' I ' h e r c . f o r e ,   s t r a p d o w n   g y r o s   m u s t   d e m o n s t r a t e   b e t t e r   l o n g - t e r m   s t a b i l i t y  
tllnn tlle e q u i v a l e n t   p l a t f o r m   g y r o s .  

A1iqnment.- I ' r e f l i g h t   a l i g n m e n t  of a s t r a p d o w n   s y s t e m  i s  t e c h n i c a l l y  more 
t l i f l i c l l l t .  'l'lle g y r o s   m u s t   c o m p u t a t i o n a l l y   r e m o v e   t h e   e f f e c t s  o f  v e h i c l e   s w a y  
( a n g u l a r   r o t a t i o n )   i n   w i n d   g u s t s   a n d   d y n a m i c a l l y   d e t e r m i n e   t h e   t i m e - v a r y i n g   o r i e n -  
 ati ion o r  tlle accelerometer t r i a d   w i t h   r e s p e c t   t o   v e r t i c a l .   G y r o c o m p a s s   a z i m u t h  
a 1  lgnnlL11t is l i k e w i s c   t l i f f i c u l t   a n d  hi211 a c c u r a c y  is d i f f i c u l t   b e c a o s e   o n - p a d  
c:aJ i h r a t i o n  of t h e  1:yros is n o t   f e a s i b l e .  
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Examples of s t r a p d o w n   h a r d w a r e  d i f  Ficul t i e s .  - The bas ic   hardware   p roblems 
a s s o c i a t e d  w i t h  a s t rapdown  sys tem sriss f r m  t h e   f a c t   t h a t   t h e   g y r o   p o r t i o n   o f  a 
s t rapdown  system is an  angular :  rate se? . s ing   device   and ,  as s u c h ,  i s  s u b j e c t e d   t o  
t h e   a c t u a l  missile body   r aces .   These  Tat?.?, o r  n o i s e s ,  may be   caused  by wind 
g u s t s ,   a u t o p i l o t   c o r r e c t i o n s ,   a n i s o e l a s t i c   t o r q u e s   d u e   t o   v i b r z i . t i o r l s ,   s t e p   i n n u t  
commands, e t c ,  and   consequen t ly  may h a v e   e x t r e m e l y   h i g h   i n s t a n t a n e o u s   v a l u e s .  
T h i s   h i g h   i n s t a n t a n e o u s  rate envircnmc::t d i c t a t e s   w i d e   d y n a m i c   r a n g e s   i n   t h e   g y r o  
t o r q u e   t o   b a l a n c e  loops  to   p reven t   s a t71 ra t io r .   on   t he   peak   va lue   and   even tua l  loss 
of ra te  i n f o r m a t i o n .  

S i n c e   t h e  time i n t e g r a l  o f  missile a n g u l a r   r a t e  is  r e q u i r e d   t o   y i e l d   a c c e l -  
e r o m e t e r   o r i e n t a t i o n ,   i n t e g r a t o r s  are  p r o v i d e d   t o   d e t e r m i n e   t h e  missile,  and  hence,  
a c c e l e r o m e t e r   o r i e n t a t i o n .   T h e   r e s o l u t i o n  of a n g u l a r   o r i e n t a t i o n  i s  e s s e n t i a l l y  
t h e  same as f o r  a g imba led   p l a t fo rm,   even   t hough   t h i s   r e so lu t ion   nus t   be   ob ta ined  
i n  a h i g h - r a t e   ( n o i s e )   e n v i r o n m e n t .  

A h i g h   g y r o   t o r q u e r  ra te  c a p a b i l i t y  i,: an   abso lu t e   r equ i r emen t   o f  a s t r a p -  
down system. To a c h i e v e   t h i s   r a t e   c a p a b i l i t y ,   s t r o n g   m a g n e t i c   f i e l d s   o r  low-H 
( a n g u l a r  momentum) w h e e l s   o r  a combina t ion   of   bo th  are r e q u i r e d .  Low-H whee l s   a r e  
g e n e r a l l y   a s s o c i a t e d   w i t h   r e l a t i v e l y   h i g h   . v a l u e , s  of r e s t r i a n t ,   r e s t r a i n t   i n s t a b i l -  
i t i e s ,  a n d   g - s e n s i t i v e   c o e f f i c i e n t s   a n d   t h e s e   c h a r a c t e r i s t i c s   a r e   i n d e p e n d e n t  o f  
t h e   t y p e   o f   g y r o   i n c o r p o r a t e d   i n   t h e   s y s t e m .   A n o t h e r   t y p e   o f   h a r d w a r e   p r o b l e m  
o c c u r s  when s i n g l e - d e g r e e - o f - f r e e d o m   f l o a t e d   b a l l   b e a r i n g   g y r o s   t h a t   h a v e  low-H 
whee l s  are used .   This   type   o f   p roblem  appears  as n o i s e   g e n e r a t e d   i n s i d e   t h e   c l o s e d  
loop ,   and  are m o d u l a t i o n s   o f   t h e   o u t p u t   a x i s   c a u s e d   b y   r o t o r   i m b a l a n c e   ( a t   f u n d a -  
m e n t a l   w h e e l   s p e e d   f r e q u e n c y ) ,   b a l l b e a r i n g   r e t a i n e r   m o d u l a t i o n s   ( a p p r o x i m a t e l y  
11/16 o f   t h e   f u n d a m e n t a l ) ,   a n d   b e a t   f r e q u e n c i e s   b e t w e e n   t h e   r e t a i n e r s   ( u s u a l l y  a 
f r a c t i o n   o f  a c y c l e   p e r   s e c o n d ) .   T h e s e   g y r o   c h a r a c t e r i s t i c s   a r e   a l s o   f o u n d   i n  a 
g imba led   p l a t fo rm,   t hough   t o  a lesser e x t e n t .  

Any n o i s e ,   w h e t h e r   a p p l i e d   t o   t h e   c l o s e d  loop  as a f o r c i n g   f u n c t i o n   o r  
g e n e r a t e d   i n t e r n a l l y   w i t h i n   t h e  l o o p  ( a s  i s  t h e  case o f   o u t p u t   a x i s   m o d u l a t i o n s ) ,  
s u b t r a c t s   f r o m   t h e   d y n a m i c   r a n g e   o f  a to rque - to -ba lance   l oop .  

G i m b a l e d   p l a t f o r m   a d v a n t a g e s . -  The   advantages   o f   the   g imbaled   sys tem  a re :  

1) T h e   g i m b a l   s y s t e m   i s o l a t e s   t h e   i n e r t i a l   s e n s o r s   f r o m   v e h i c l e  rates 
(ben ign   env i ronmen t ) ;  

2 )  Less system  computat ion is  r e q u i r e d ;  

3 )  On-pad c a l i b r a t i o n  of g y r o   a n d   a c c e l e r o m e t e r   c o e f f i c i e n t s  i s  p o s s i b l e  
to e l i m i n a t e   d a y - t o - d a y   a n d   o n - o f f   i n s t a b i l i t i - e s ;  

4 )  The func t ion   o f   p l a t fo rm  g imba l s  i s  t o   i s o l a t e   t h e   i n e r t i a l   s e n s o r s  
f r o m   v e h i c l e   b o d y   r a t e s  -- i n   f a c t ,   t h e   s e n s o r s  are a f f o r d e d  a n e a r -  
i d e a l   e n v i r o n m e n t   o f   b e i n g   n o n r o t a t i n g   i n   i n e r t i a l   s p a c e .  
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G i m b a l e d   p l a t f o l m   d i s a d v a n t a g e s . -  The gimbaled  system  disadvantages  include: 

1) Greater   complexi ty   requi res   g imbals ,   se rvoloops ,   angle   t ransducers ,  
and a four th   redundant   g imbal   for  all a t t i t u d e   s y s t e m s ;  

2) Requ i re s   h ighe r   we igh t ,   l a rge r   s i ze ,  more  power; 

3 )  R e s u l t s   i n   l o w e r   r e l i a b i l i t y   b e c a u s e   o f   i n c r e a s e d   p a r t s   c o u n t .  

G i m b a l e d   p l a t f o r m   h a r d w a r e   d i f f i c u l t i e s . -  The gimbaled  platforms  have  error 
sources   no t   found  in   s t rapdown  sys tems.  One type of e r r o r  is caused by t h e  
gimbal   servoloops.   Posi t ion  and  fol lowing  constants   a l low  considerable   platform 
hangoff   during  high  accelerat ion  because of gimbal  imbalance and v i b r a t i o n   ( r e c t i -  
f i c a t i o n   t o r q u e s )  . 

Another   error   source is p la t fo rm  head ing   s ens i t i v i ty   ( appa ren t   b i a s  and 
scale f a c t o r   s h i f t s   a s  a func t ion  of platform  azimuth  to   case  angle) .   Several  
mechanisms  can  cause t h i s   s e n s i t i v i t y :  

1) Temperature   gradients ;  

2) Magne t i c   s ens i t i v i ty  of t h e   i n e r t i a l   s e n s o r s  and t h e i r   p r o x i m i t y   t o  
wound components ; 

3) Rect i f ica t ion   of   synchronous   v ibra t ions   appl ied   to   the   p la t form 
through  the   g imbal   to rquers .   This   re fe rs   to   v ibra t ions   o f   the  same 
f requency   as   the   gyro   wheel   speed .   Di f fe rences   in   loop   ga ins   and  
g i m b a l   t r a n s m i s s i b i l i t i e s  a t  the  gyro 1.7heel speed   cause   th i s   sens i -  
t i v i t y ,   e . g . ,  g2 e f fec t .   A l though   t hese   e r ro r s  exist  i n  a gimbaled 
platform,  they  can  be  reduced  to an accep tab le   l eve l .  

The  two-degree-of-freedom,  dry, f l ex  p ivot   gyro   a l so   has   unJes i rab le  
c h a r a c t e r i s t i c s .  By the   na tu re   o f   cons t ruc t ion ,   t he   p i ckof f s  are modulated by 
wheel  rotation,  torque-magnet  anomalies,  and the  motor 's   rotat ing  magnet ic   vec-  
to r .   This   vec tor  is  u s u a l l y   p h a s e   s e n s i t i v e   w i t h   r e s p e c t   t o   t h e   t o r q u e r  magnet 
and  thereby  causes   vheel   on-off   bias   shif ts .   Adequate   shielding,   balancing,   e tc ,  
are requi red .   These   undes i rab le   modula t ions   a l so   cause  an apprec iab le   redui t ion  
i n  dynamic  range. I n  some cases i t  i s  n e c e s s a r y   t o   i n c o r p o r a t e   e x o t i c   f i l t e r i n g  
to   reduce   these   modula t ions   to  an a c c e p t a b l e   l e v e l .  

In   e s sence ,   t he re  are obvious  advantages  for  both I E I U  approaches; how- 
ever,  both  gimbaled  and  strapdown  systems  appear  to  be  adaptable  to  the  Scout 
boos te r .  A d i scuss ion   of   each   of   the   candida te  IElUs fol lows.  
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Inertial Measurement  Units 

Many types  of i n e r t i a l  measurement u n i t s  (TKUs) are i n   v a r i o u s   s t a g e s   o f  dev- 
elopment. The Martin Marietta Corporation  has  conducted a con t inuous   e f fo r t   t o  
eva lua te   t hese  IFlUs f o r   t h e   f u l l   r a n g e  of   appl ica t ions  -- ICBM, short-range  bal-  
l i s t i c  missile, tactical  a i r c r a f t ,   n a v i g a t i o n ,   b a l l i s t i c   r e e n t r y ,   l a n d   n a v i g a t i o n ,  
p l ane ta ry   r een t ry ,   and   i n t e rp l ane ta ry   nav iga t ion .   The re fo re   t he  INS evaluated 
include  gimbaled,  strapdotm, stellar i n e r t i a l ,   r a d i o   i n e r t i a l ,  and   f loa ted   sphere .  

The i n e r t i a l  measurement u n i t s   l i s t e d   i n   t a b l e  2 were e l imina ted   fo r   r ea sons  
of   miss ion   appl icabi l i ty ,   weight ,   power ,   cos t  , performance,  development  status , 
obsol-escence,   or  because  they are no  longer in   product ion.   These  systems  have 
a l l  been  evaluated a t  Martin  Marietta  for  such  programs as Ti tan ,   Pe r sh ing ,  SRAM, 
Phalanx,  Viking/Voyager, Off-Road Mobile, MOL, LPTV, ATP, and in  var ious  MMC R&D 
technology  studies  such as TOS-843, Advmced G&C H a r d w a r e .  Many of  them have 
also  been  "flown"  in  Plart in Marietta's t r a j ec to ry   e r ro r   ana lys i s   p rog rams   fo r  
va r ious   veh ic l e s  and t r a j e c t o r i e s .  

The I b l U s  l i s t e d   i n   t a b l e  3 are t h e  cand2da-Les se l ec t ed   fo r   fu r the r   cons ide ra -  
t i o n .  It should  be  noted  that   several   of   these " U s  weigh  more  than  the  estab- 
l i s h e d   g o a l s  and s l so   s eveya l   o f  them are currenrly  under  development;  however, 
the   d i scuss ion   the t -   fo l loxs  will prov ide   t he   r ac iona le   fo r   hav ing   i nc luded  them 
i n   t h e   t a b l e  of ca-.didates. 

KT-70 f4SL.- The KT-70 missile system is a candidate   because  of  i ts produc- 
t ion   base ,   p ro jec ted  low c o s t ,  and low weight .  The KT-70 c o n s i s t s  of t h r e e  
major   subassembl ies :   the   iner t ia l   p la t form,   the  1:uidance and   con t ro l   e l ec t ron ic s ,  
and a guidance  computer. The four-gimbal  platform is mounted i n  a v i b r a t i o n   i s o -  
l a t o r   c o n t a i n i n g  two 2-degree-of-freedom  gyros,  two-axis  accelerometer, a s ing le -  
axis accelerometer ,   in tergirrbal   angle   t ransducers ,  a reso lver   cha in ,   and  accel- 
erometer  and  redundant  gyro  input axis capture   loop   e lec t ronics .  The guidance 
and   con t ro l   e l ec t ron ic s   con ta lns   t he   p l a t fo rm  e l e l t ron ic s ,   t he  missile autopiJ .ot ,  
and  an ac vol tage   supply   sec t ion .  The guidance cclmputer is t h e  Magic 301 who1.e- 
number d i g i t a l  computer  with a memory capac i ty  of 1792  8-bit  words,  which can be  
expanded t o  2048  words.  This  computer  would  not  be  used in   the   Scout   conf igura-  
t ion   due   to  i ts  l imi t ed  memory and  speed. 

It is  s i g n i f i c a n t   t o   n o t e   t h a t   t h e  KT-70 family  of  platforms are used i n   t h e  
P3C, A7, and the  F-105 aircraft .  It is a l s o   p a r t  of  the  Collins  commercial  navi- 
ga t ion   sys tem  for   the  L-1011. The system  under  consideration  for  Scout is t h e  
Kr-70 missile sys t em  wi th   t he   mod i f i ca t ions   d i scussed   i n   t he   s ec t ion   en t i t l ed  
Guidance Har&are/Scout Vehicle   Interfaeiq.  Another   s ign i f icant   aspec t  of t h i s  
system is i ts  environmental   capabili ty,   which is c r i t i ca l  for   the   Scout   appl ica-  
t i on .  It has   been   t e s t ed   t o   l eve l s   i n   excess   o f  25 g ' s   ( l i n e a r   a c c e l e r a t i o n ) .  
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"ABLE 2.- INERTIAL MEASUREMENT UNIT SUMMARY 

Gimbaled Strapdown 

IMU 

N10 
N16 
N16M 
N17 
N17Z 
N40B 
ST- 120 
ST-124 
ST-124M 
ST-323-M1 
LN- 12 
LN-14 
LN- 15 
LN-15s 
LTN-51 
LCGS 
MKI 
MKI I 
Gemini 
Dyna-Soar 
Centaur 
ESG INS 
HI-G MINS 
LC I 
P-3C  INS 
SUBROC 
SGN- 10 
Titan  I1 
Titan I11 
Carousel IV 
Carousel VA 

S IGS 
SABRE 

AN/ASN-82 

TINI-1 
C5-A( IDNE) 
NAS-15 
AN/USD-5 

Design application 

Mi nuteman I 
F l l l  
SINS 
Mi nu teman I I 
Mi nuteman I  I I 
Conceptual 
Pershing 
Saturn 
Saturn 
Improved Pershi ng 
F-4 
F-111 
O V - l D ,  P-3A 
B-52 G/H 
Commerci a1 ai   rcraf  t 
Tact ical   missi les  
Polaris 
Polaris A-2 and A-3 
Gemini 
Dyna-Soar/X-EO 
Centaur vehicle 
Aircraft   navigation 
Reentry  vehicles 
Aircraft   navigation 
P-3C a i r c r a f t  
SUBROC 
Commercial a i r c r a f t  
Titan I1 
Titan I11 
A i  rcraf  t navi gat i  on 
Aircraft   navigation 
Aircraft   navigation 
Tactical   missile 
Ba l l i s t i c   mi s s i l e s  
Aircraft   navigation 
C5A a i r c r a f t  
Aircraft   navigation 
Army drone 

IMU 

LM/ASA 
SIGN I (H-394) 
SIGN I1 (H-404) 
SIGN 111 (H-429) 
ESG IMU (H-413) 

H-408 
NASA- ERC ( H  -434) 
H-419 
NUWS (H-439) 

LASER  IMU 

DARS 
IRAD 
IRA 
Lunar Orbiter IRU 
TG-166 
TG-266 
SIRU 
MICRON 
662200 

Design application 

Lunar module 
Reentry  vehicle 
PRIME vehicle 
Missile and spacecraft  
Spacecraft 
Tactical  missile 
Tactical   missile 
VSTOL 
NASA-MSC lab u n i t  
Torpedo 
Spacecraft 
Spacecraft 
Spacecraft 
Lunar Orbiter 
Spacecraft 
Spacecraft 
Space Shut t le  
Aircraft  navigation 
Spacecraft 

S t e l   l a r  i nerti a1 

ST1 NGS MMRBM 
UNISTAR 
NAS-14 Aircraft  navigation 
LN- 16A Aircraft   navigation 

Radio i n e r t i a l  

RIFC 
SRGS 
Radi o - TARS 

ICBM 
ICBM 
Titan I11 
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TABLE 3.- CANDIDATE  INERTIAL  MEASUREMENT  UNITS  FOR  SCOUT 
Tradeoff 
parameter 

Type system 
Design 
app l i ca t i on  

Status 
Risk 
cost, 
t ecu r r i ng  
Weight (II.lU) 
Performance: 

Ve loc i t y  
Posi t ion 
Atti tude 

design 
accel- 
e ra t i on  

I.laximum 

Candidate If4U s 

KT-70 LN-30 H-478 DIGS 

4-gimbal 

Preproduction  Prototype Production Production 

m iss i l e  
A i r c r a f t  Tac t i ca l  Delta Short-range 
4-gimbal Strapdown Strapdown 

vehic le  
launch nav igat ion m iss i l es  

LON Medium High LOW 

LOW 

15.1 Ib 

16.4 fps 
4  511 ft 

0.079O 

Medi um 
11.5 l b  5.0 l b  20.0 l b  
Low  Low* 

7.26 fps  

O.01Zo 0.167O 0.045O 
5 806 ft 10 240 f t  2 258 ft 
14.4 fps 33.2 fps 

Roll   10 g; 
P i t ch  20 g; 
Yaw 20 g 

40  9 169 12 9 

tems 
TDS-2 

Strapdown 
" 

Developmental 
Hiqh 

Medi urn* 
6.5 l b  

13.5 fps 
0 017 f t  

0.031° 

Carousel 
4-gimbal 
T i tan  IIIC 

Production 
LOW 

High 
57.0 l b  

Not flOk1n 
on TEAP. 
h igh  
performance 

1 

H-448 
Strapdown 
Aqena launch 
vehic le  

Production 
Loa 

High 

38.0 l b t  

Not flown 
on TEAP, 
h igh 
performance 

15 9 

* Development required. 

i Includes power supply. 

- DIGS.- The Delta iner t ia l   gu idance   sys tem (DIGS) is a candidate  because of 
i t s  development s t a t u s  and  planned  use i n   t h e  Delta launch  vehicle .  DIGS i s  a 
high-performance  system  very similar to   the  s t rapdown LT.I/ASA system. It incorpor- 
ates t h r e e  R I  1139E single-degree-of-freedom rate integrat ing  gyros  and  three 
C702401030 single-&s  pendulous  accelerometers. The DIGS INU weight was o r ig i -  
nal ly   quoted a t  48.16  pounds  and  consumes  65 watts of  power.  This  weight  has 
s ince  been  reduced  to  20 pounds for   the   Scout   appl ica t ion  by removing  the Delta- 
p e c u l i a r   c r a d l e  and i s o l a t o r s  as well as the  phase-change  heat  sink.  This wax 
heat  exchanger  has  since  been removed f o r   t h e  Delta app l i ca t ion .  The DIGS i s  
a l s o   s p a c e   q u a l i f i e d .  Twenty-seven LMIASA systems were de l ivered  i n  1969,  one 
DIGS system was r ecen t ly   de l ive red ,  and E systems are scheduled  for  delivery.  by 
March 1972. Of g rea t e r   s ign i f i cance  is the   f ac t   t ha t   t he   Un i t ed   A i rc ra f t   s t r ap -  
down system was chosen for   the   Vik ing   lander   appl ica t ion .  The Viking IRU i s  
summarized i n   t a b l e  4 .  

For  the  Scout   appl icat ions,   several   modif icat ions  to   the DIGS u n i t  are re- 
quired.   This   includes  repackaging,   e l iminat ion  of   the  Del ta   shock r,:ount and 
cradle  assembly, and cool ing   dur ing   ex tended   orb i ta l   opera t ions .  

E r r o r   a n a l y s i s   r e s u l t s  were be t te r   for   the   "modi f ied"  DIGS than  for  any o t h e r  
system  (see TEAP summary s h e e t   i n   s e c t i o n   e n t i t l e d  /,'Zossci-Loo~ LPPGP ~ h a 2 ~ ~ i . s . )  
However, some degradat ion may be  expected  due  to  hardmounting of the  sensors  
(g2   e f fec ts ) .  The gyro test data  from  Hamilton  Standard  in-house  testing, a n d  
D. T. Brown l a b o r a t o r i e s   t e s t i n g  is a good indicat ion  of   environmeI?ts l   capabi l i ty  
and  performance.  Therefore,  the DIGS s y s  tem i s  a primary candida:i: a d  should 
rece ive   fur ther   cons idera t ion   for   the   Scout   appl ica t ion .  
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I 

Parameter 
Size  (cu 

Wei h t  

Porter 

ft 1 

( l b 7  

( W )  

Rel ia-  
b i l i t y  

meter 
Accel  ero- 

type 
models 

~ 

Gyro 
type 
models 
*NA = Not 

TABLE 4.- VIKING LANDER  CANDIDATE ! 

L 
a 

ATTITUDE  REFERENCE UNIT 

0.151 

16.44 

IO6 h r  l o6  h r  

pp l i cab le .   %e lec ted   f o r   V i k  

VELOCITY  REFERENCE UNIT (VRU) 

Singer 
General - 

0.072 

16.92 11.6 4.97 5.0 
I I I 

up I OOF I 1 t i n q  

100 warm- 8.5 a t  

60  opera- 10 a t  
125OF 10 nom 6.5 nom 

1 5.49 1 ::78 1 210:0 106 h r  l o6  h r  l o6  h r  

SAP F-F SAP F-F SAP F-F 
GG177-P3 Bel  1 ModI) 

SDF-F 

10 
GG334A- 1 NA 1 NA 1 NA 

I I I 
1g Lander,  Redundant/IRU +Redundant/ARU 

'STEI-IS 

U.A.C. 
Hami 1 ton 

0.212 0.362 

22.0 18.9 20.26  24.48  24.58 
I I I I :io;; I I 1;; warm- I I I 

125OF 69 max 7o nom 65  nom  92  max 

7.47 
IO6 h r  106 h r  IO6 hr 

10.75 2.79 

SAP F-F 1 ::rF-F 1 GG177P3 1 NA 1 IX I 2401 
Model IX SAP F-F 

I I I I 
I I 

SDF-F 1 SDF-F 1 SDF-F 1 2DF Dry I SDF-F 1 Hod Alpha RI1139-S GG334A10  SDG-2 RI1139-S 
111 

W 
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H-478.- The H-478 s t rapdorm  iner t ia l   sensor   assembly  is a candidate   because 
i t  is  a very  l ightweight  system.  Although i t  is  c u r r e n t l y   i n   t h e   p r o t o t y p e   s t a g e  
and  undergoing van tests, c o n t r a c t s  are being  negotiated  with  Honeywell   for a tor -  
pedo app l i ca t ion   and   fo r   t he   s imp l i f i ed   he lme t   s igh t   a i r - to -a i r   gu idance  (SHAG) 
appl ica t ion .   For   the   Scout   appl ica t ion ,  i t  was sugges t ed   t ha t   t h i s   sys t em  be  
in t eg ra t ed   w i th   t he  HDC-250s d i g i t a l  computer  containing a p l a t ed  wire memory. 
This  system is the re fo re  a p r ime  candida te  i n  terms of  cost ,   weight,   and  environ- 
men ta l   capab i l i t y .  However i t  r ep resen t s  a h i g h e r   r i s k   d u e   t o  i t s  cur ren t   p ro to-  
t y p e   s t a t u s .  

The proposed  Scout  improved  guidance  package  from  Honeywell is  des igna ted   the  
H-487 system. It retains t h e  same bas i c   l eve l ing   acce le romete r s  and loops as t h e  
H-478 system. 

S t a b i l i t y  numbers  (30-day  and  run-to-run) f o r   b i a s  and  mass  unbalance are no t  
comparable t o   t h e   o t h e r   l e a d i n g   c a n d i d a t e s .  The performance  from TEAP ind ica t ed  
typical ly   33  fps   and 2 miles, only  one-fourth as good as the  leading  strapdown 
system.  For   reasonable   Performance,   prelaunch  cal ibrat ion  and  t ransfer   to  missile 
without  power shutdown  should  be  considered. 

The GG-326 s ingle-axis   accelerometer  is .not  backed  by  performance  history, 
b e i n g   j u s t   o u t  of  the  development  stage.  The GG-177 accelerometer  has  been 
recommended f o r   t h e   t h r u s t  axis fo r   t he   Scou t   app l i ca t ion .   S ince   t h i s   un i t  i s  
l a r g e r  and heavier   than   the  GG-326, some upward adjustment of t h e   s i z e  and weight  
estimates would  be  required. 

The H-487 IPKJ is  a development  system.  Because l i t t l e  is known about   the 
acce lerometers   o r   gyros ,  i t  is  therefore   cons idered  a re la t ive ly   h igh- r i sk   sys tem.  
Conversely, i t s  pro jec ted   weight ,   power ,   and   cos t   charac te r i s t ics  are a t t r a c t i v e  
f o r   t h e   S c o u t   a p p l i c a t i o n .  

LN-30 .- The gimbaled LN-30 system i s  a high-performance  low-weight  and  highly 
ma in ta inab le   a i r c ra f t   nav iga to r .  It inc ludes   t he  P-1000 cantilevered  four-gimbal 
platform.  The cant i levered  mechanizat ion  reduces  the number, o f   s l ip r ings   normal ly  
required  and  provides   for  ease of  maintenance. It i s  c u r r e n t l y  a t  Holloman AFB 
undergoing tests and will u l t ima te ly   be   f l i gh t - t e s t ed  i n  the  F-4 and the  C-131 
a i r c r a f t .  A product ion  order   has   been  placed  for   28  systems  for  a t a c t i c a l  air- 
c r a f t  program. An LN-30 sys tem  has   a l so   been   f ly ing  a t  Holloman AFB a s   p a r t   o f  
t h e   d o p p l e r   i n e r t i a l   l o r a n  (DIL) system. The e n v i r o n m e n t a l   e f f e c t s   f o r  a launch 
v e h i c l e   a p p l i c a t i o n   r e q u i r e   c o n s i d e r a t i o n   i n   l i g h t  of  the LN-30’s intended air- 
craf t   environment .  Also a t a c t i c a l   a i r c r a f t   a p p l i c a t i o n   g e n e r a l l y  employs  high- 
performance  gyros  and  accelerometers  optimized  for a low-acceleration  range , with  
emphasis   on  long-term  bias   s tabi l i ty ,   which i s  n o t   c o n s i s t e n t   w i t h   b o o s t   v e h i c l e  
requi rements .   Converse ly ,   the   acce le rometer   has   recent ly   been   tes ted   in  a high-g 
environment   and  has   exibi ted  remarkable   s tabi l i ty .  

The G-1200 third-generat ion  gyro is  a two-degree-of-freedom,  dry,  gimbaled 
flexure  gyro.  The A-1000 a c c e l e r o m e t e r   c o n t r i b u t e d   t h e   l a r g e s t   e r r o r   i n   t h e  TEAP 
f l i gh t .   Th i s   p ropaga ted   e r ro r  was primari ly   caused by acce le romete r   s ca l e   f ac to r .  
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The e l e c t r o n i c   c i r c u i t s ,  i . e .  , gimbal  loops , capture   loops  , and  gyro  pulse 
torquing,  a l l  employ  good standard  techniques.  Gain  and  compensation numbers 
a r e   n o t   a v a i l a b l e   f o r   a n a l y s i s  of  platform  hangoff.  

The LN-30 is bas i ca l ly   des igned   a s  a 2 n.   mi . /hr   naviga tor  and is p resen t ly  
being flovm a s  part  of a DIL system at  Holloman AFB. S ince  i t  is n o t  i n  produc- 
t i on  a t  the   p resent  time, and t h e   h i s t o r i c a l   d a t a   a v a i l a b l e  on the  G-1200 in-  
e r t i a l   s e n s o r s  are n o t   s u f f i c i e n t ,  i t  is  considered a medium-risk  system. 

TDS-2. - Ike TDS-2 is currently  under  development a t  Teledyne. I t  inco rpora t e s  
two 2-degree-of-freedom SDG-2 strapdo1.m  gyros  and  three FP-1 force   reba lance  
accelerometers .  The p r o j e c t e d   u n i t   c o s t  is  moderate  and  predicted  performance is  
lligll. A t  the  same time i t  is cons idered   to   be  a h igh- r i sk   sys tem  because  of t h e  
s t a t e  of development  of  the  2-degree-of-freedom  gyro. 

TLAP results f o r  the TDS-2 look  very  good.  This is due  to  the  use  of  "design 
goal" v a l u e s   r a t h e r  than test r e s u l t  numbers. I t  is f e l t  a t  t h i s  time t h a t   t h e  
development  costs and t!le concur ren t   r i sks  would not   be   acceptab le   for   the   Scout  
program. 

LCP-111. - Tlle LCP-111 system  (al though nor. i n c l u d e d   i n   t a b l e  3) was consid- 
ered  because of i t s  low weight and  OW cost .   This   system was developed  by  the 
Roytheon Company f o r   p o t e n t i a l   t a c t i c a l  missile a p p l i c a t i o n s .  An earlier ve r s ion ,  
the LCP-I11 , completed Holloman tests i n  December 1970. It is a three-gimbal 
lov-performance  sys tem employing  the SIG-30 2-degree-of-freedom  gyros and the  
United  Control  4167  accelerometers. I t  is  cur ren t ly   undergoing  a c o s t  and s i z e  
reduct ion  with an 18-p0uL1d we igh t   goa l .   I n   eva lua t ing   t h i s   sys t em i t  vas elimi- 
na ted   as  a prime  candidate  because  of  projected  performance. 

H-448. - Tlle H-448 strapdown  guidance  system  vas  developed  for  the Agena vehi- 
cle. I t  p rov ides   gu idance ,   nav iga t ion ,   s t ee r ing ,   a t t i t ude   con t ro l ,   t e l eme t ry ,  
and issuance of d i s c r e t e s   d u r i n g   a s c e n t  and i n   o r b i t .  It is  a modi f ica t ion   of  
the H-429 sys tem  tha t   comple ted   ex tens ive   l abora tory   and   f l igh t  tests a t  Holloman 
AFLS. The H-448 sys t em  r ecen t ly   f l ew   ve ry   success fu l ly   w i th   t he  Agena veh ic l e .  
Although this system is fu l ly   deve loped   and   in   p roduct ion ,   the   un i t   cos t s  are 
q u i t e   h i g h .  

Carousel VB.- The Carousel VI3 vas inc luded   pr imar i ly   for   compar ison  since i t  
is in product ion   for  a l aunch   veh ic l e   app l i ca t ion   (T i t an   I I IC) .  I t  is  charac te r -  
i zed  by high  performance and h i g h   r e l i a b i l i t y   a s   d e m o n s t r a t e d  by  the  commercial 
Carousel VA vers ion .  On t he   o the r   hand ,   s ince   t he  IPlLJ weighs 58 pounds, when 
in t eg ra t ed  with a computer,  the CVA would  be well in   excess   o f   the   Scout   weight  
goa l s ,  
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Atti tude Referace Ur!i t s  (ARU) 

TABLE 5.- CANDIDATE  ATTITIJDE REFERENCE SYSTEMS 

Manufacturer 
Type Sys tern 
\.lei gh t 
Power 
Acceleration  capabi 1 i t y  
Gyro 
Technical risk 
S t a t u s  

HSSC A R U  
Hami 1 ton  Standard 
S trapdown 
16.44 l b  
58 GI 

15 9 
RI 1139 
Low 

Developmen t a l  . 

0 DNA R 

General  Eleztri  c 
Gimbal ed 
24.2 l b  
55 w 
75 9 
GG49D23 
Low 

Production 

!-!oneywell 
Strapdown 
4 l b  

25 GI 
40 9 
661009 
Medi um 
Conceptual 
(mod t o  H-478) 

The ARU would be  used on S c o u t   i n  a s i m i l a r  "open-loop"  manner a s  is p resen t ly  
u s e d   f o r   t h e   f i r s t   t h r e e   s t a g e s  of f l i gh t .   Th i s   mechan iza t ion  was d e s c r i b e d   i n  
t h e   s e c t i o n   e n t i t l e d  Introduction. 

The ARUs considered  include  strapdown  pulse  rebalance  gyros,   strapdokm  wide 
angle  gyros,   and  gimbaled  gyros.  

HSSC-ARU.- The HSSC a t t i t u d e   r e f e r e n c e   s y s t e m  was configured  to   provide  ve-  
h i c l e   a t t i t u d e   i n f o r m a t i o n   d u r i n g   b o o s t .  It i s  the  same b a s i c   i n e r t i a l  package 
proposed  for  the Viking ARU w i t h   t h r e e  RI1139  gyros. 

In a previous HSSC a n a l y s i s   u s e d   t o   f o r m u l a t e   t h e   d e t a i l e d   e r r o r   b u d g e t s ,  a l l  
i n e r t i a l   s e n s o r   p e r f o r m a n c e   c o e f f i c i e n t s ,   w i t h   t h e   e x c e p t i o n   o f   p i t c h  and yaw gyro 
b i a s ,  were based on 120-day 30 s t a b i l i t y   v a l u e s .  The p i t c h  and yaw gyros  would 
r equ i r e   p re l aunch   ca l ib ra t ion   and   t he re fo re  are assumed to   have  2- t o  3-day 30 
s t a b i l i t y   c o e f f i c i e n t s .  The gyro  dynamic  errors   induced by the   Scout  random vib- 
ra t ion  environment  are n o t   e x p e c t e d   t o   b e   m a j o r   e r r o r   s o u r c e s   s i n c e   t h e  dynamic 
e r r o r   c o e f f i c i e n t s   h a v e   b e e n   e x p e r i m e n t a l l y   p r o v e n   i n  a series of  shake tests 
simu1atir.g a similar environment a t   a l l  frequencies  from 0 t o  2 kHz. There was 
an except ion  a t  the   cha rac t e r i s t i c   gy ro   whee l   bea r ing   f r equency ,  which  produced 
a neg l ig ib l e   r e sonance   sp ike .  The HSSC ARU was the   bes t   pe r fo rming   sys t em  in   t he  
open-loop e r r o r   a n a l y s i s .  
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0DMAR.- The G e n e r a l   E l e c t r i c  ODbiAR system was o r i g i n a l l y   d e s i g n e d   f o r   r e e n t r y  
v e h i c l e   a t t i t u d e   r e f e r e n c e   a p p l i c a t i o n s   a n d  is cu r ren t ly   be ing   supp l i ed   t o   Ph i l co -  
Ford f o r   t h e  Army’s FAIR program. The ODbKR system is a th ree -g imba l   a t t i t ude  
r e fe rence  unit. Four  systems  have  been  buil t   and two have f1oL.m i n  the  FAIR pro- 
gram. It is a Scout   candidate   because of i ts  l i n e a r   a c c e l e r a t i o n   c a p a b i l i t y  (75 
g)  and l i g h t   w e i g h t .  It con ta ins  three HonepJel l  GG49D23 f l o a t e d   r a t e - i n t e g r a t i n g  
gyroscopes.  The three   gyros  are mounted t o   t h e   s t a b l e  member by a s i n g l e   a l i g n -  
ment frame, s o  the   gy ro   t r i ad   can   be   p rea l igned  and t e s t e d  as a subassembly. 

An impor t an t   f ea tu re   o f   t h i s   p l a t fo rm is  the  matched set o f   v i b r a t i o n   i s o l a -  
to rs   tha t   suppor t   the   g imbal   sys tem  wi th in   the   case .  They have a frequency of 70 
cps   and   p rov ide   a t t enua t ion   and /o r   i so l a t ion  a t  a11 frequencies  above 9 8  cps.  
T h i s   c a n   p r o v i d e   l o v - d r i f t   i n e r t i a l   s t a b i l i t y   i n   t h e   f a c e   o f   s e v e r e  random  and 
s i n u s o i d a l   v i b r a t i o n   i n p u t s .  

H-478 A R U . -  The Honeywell ARU i s  a modi f ica t ion   of   the   p ro to type  H-478 system. 
I t  inco rpora t e s   t he  GG1009 gyros   and   e l ec t ron ic s   i n  a miniature  strapd0r.m  config- 
u r a t i o n .   P o t e n t i a l l y  i t  is a lov  cos t   sys t em  bu t  would r e q u i r e  a12 ex tens ive  dev- 
elopment  and q u a l i f i c a t i o n  program. 

There are a number o f   o t h e r   p o t e n t i a l  ARUs such   as   the  GG2200, Teledyne 
Viking ARU, the  Honeywell ARU,  and the  Singer-GPI  Viking ARU. The la t ter  th ree  
are summarized i n   t a b l e  4.  The Viking  systems shovm i n   t a b l e  4 are p e c u l i a r  t o  
the  Viking  program  and  therefore do no t   ca r ry   t he   conven t iona l   p l a t fo rm  no ta t ion  
s u c h   a s  DIGS,  LX-30, etc. 

Advanced  Techno1 ogy Sys terns 

This ca tegory   inc ludes   next -genera t ion   sys tems  as  well as  advanced  technology 
s y s  terns. These systems are in  various  stages  of  development;   however , the  empha- 
sis i n  a l l  cases  is on weight  and  cost .  They are gene ra l ly   cha rac t e r i zed  by low- 
to-moderate  performance  and will probab ly   no t   be   su f f i c i en t ly   deve loped   no r  will 
a n   i n e r t i a l  components h i s to ry   be   e s t ab l i shed   fo r   t he   Scou t  time frame. However, 
t o   enhance   t he   u se fu lness   o f   t h i s   r epor t ,   t hese   sys t ems  are summarized i n  Table 6.  
It should   be   no ted   tha t   the  H-478 system is i n c l u d e d   s i n c e   i n  terms of   weight ,  
c o s t ,  and  development s t a t u s ,  i t  a l s o   f a l l s   i n   t h e   n e x t - g e n e r a t i o n  IbKJ category.  
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TABLE 6 .- MINIATURE AND ADVANCED TECHNOLOGY INERTIAL SYSTEMS 

Sys tern 
NIP-140 
H-478 
P-4 
Mi cron 

MIT S/D 
INU 73 
Sperry 1 aser 
Au tone ti cs 
1 aser 
Honeywell 
1 aser 
HSSC laser 
*Does n o t  i n  

Manufacturer 
Nortroni cs 
Honeywe 
L i  t t o n  
Au tone t 

MI T 

11 

i cs 

Singer-GPI 
Sperry 
Au tone t i  cs 

Honeywell 

HSSC 
ude computer 

TY Pe 
Floated  sphere 
S trapdown 
Gimbaled 
S trapdown 
electrostat ic  
S trapdown 
Gimbal  ed 
Strapdown 
S trapdown 

S trapdown 

1 aser 
1 ase r 

1 aser 

S trapdown 1  aser 

Sys  tem 
\lei g h t  , 1 b* 

6.5 
5 .O 
4.5 
3.0i 

12.1 
15 .O 
35 .O 

10 .o 

28.0 

" 

Comments 
Two sys tems a t  Holl omal 
Prototype  stage 
Pro totype s tage 
Prototype  stage 

Conceptual 
Developmental 
Prototype  (3-axis) 
Developmental (3-axis) 

Prototype  (3-axis) 

Developmental 

2.  includes iner t ia l  sensors , computer, electronics , power supply, and batteries.  

Closed-Loop  Versus Open-Loop Guidance  System Selection 

One of  the areas inves t iga t ed   i n   t he   s tudy  was the  comparison  of  performance 
between  the  var ious  overal l   approaches.   Specif ical ly ,   the   mechanizat ions con- 
s idered  include  the  present   open-loop  Scout   system on t h e   t h i r d   s t a g e   ( w i t h  a 
spin-s tabi l ized  fourth  s tage) ,   an  improved  open-loop  system on the   fou r th   s t age ,  
and a closed-loop  fourth-stage  guidance. The s e c t i o n  on the  Open-Loop Error 
Analysis developed  errors   due  to   nonguidance  and  guidance  per turbat ions  f rom 
which  covariance matrices were generated. A similar output  was ob ta ined   fo r   t he  
closed-loop  guidance  and  can b e  found i n   t h e  CZosed-Loop Error AnuZysis sec t ion .  
The r e s u l t s  were presented   in   F igure  1 i n   i s o p r o b a b i l i t y   c o n t o u r  form. The 
i sop ro tab i l i t y   con tour ing   t echn ique   d i scussed   i n  Appendix D descr ibes  how the  
system  parameters are generated  from  the  system  covariances  and  the way i n  which 
the   contours   a re   a r r ived  at .  Figure 1 i s  a composite  of a number of   contours   that  
Elartin Marietta has  generated  and a NASA contour  extracted  from  the  Scout Users' 
b1anuaZ for   comparison.   This   f igure  graphical ly   demonstrates   the  difference  in  
o rb i t a l   e r ro r   expec ta t ion   fo r   d i f f e ren t   gu idance   equ ipmen t   fo r  a nea r -c i r cu la r  
e a r t h   o r b i t a l   m i s s i o n .  An in te res t ing   per formance   fac tor   to   be  dravm from t h i s  
graph is t h e   v i r t u a l l y   i d e n t i c a l   r e s u l t s   f o r   t h e   o r i g i n a l   S c o u t   e q u i p m e n t  mounted 
i n  an  open-loop  configuration on the   fou r th   s t age  (which  of  course  implies an RCS 
sys  tem) and t h a t  of a inore accura te  TARS package ( i  .e. , t he  DIGS ARU) . This 
occur s   s ince   t he   e r ro r s   due   t o   a t t i t ude   r e fe rence  s y s t e m  hardware are very  small  
i n  comparison t o   t h e   o t h e r   e r r o r s .  
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Another  meaningful  observation is i n  the difference  between  the  third-s tage 
open-loop  guidance  and  the  fourth-stage  open-loop  guidance.  This  occurs  due  to 
the   e l imina t ion   o f  a m a j o r   s o u r c e   o f   e r r o r ,   t h a t   o f   t h e   t i p o f f   d i s t u r b a n c e s   f o r  
the   sp inning   four th   s tage .  

The r e s u l t s   o f   t h e   c l o s e d - l o o p  IMU system are s i g n i f i c a n t l y   b e t t e r  as was 
expected  due  to   the  e l iminat ion  of   the  nonguidance  errors ,   which are the most 
s i g n i f i c a n t .  The e l imina t ion  of the  nonguidance  errors  i s  based  on  the assump- 
t i on   t ha t   t hey  are less than  10%  of  the  guidance  hardware  errors.   This is  t r u e  
f o r  a properly  designed  closed-loop  system. 

Q u a l i t a t i v e l y   t h e r e  is  no  quest ion of the   increased   per formance   to   be   ga ined  
using  the  closed-loop  guidance  approach.  Virtually a l l  nonguidance   e r ror   para-  
meters are e l imina ted   excep t   fo r   t he   unce r t a in ty  i n  t h e  F[J-4S engine  burn  charac- 
teristics. The g r e a t l y  improved  accuracy  of  the  Scout  orbit   plus  the  increased 
f l e x i b i l i t y  of t h e   v e h i c l e  makes the  c losed-loop  guidance  the recommended approach 
s i n c e  i t  is most   consis tent  with t h e   d e s i r e s   o f  NASA f o r   t h e   f u t u r e   o f   t h e   S c o u t  
launch  vehicle .  

IMU Selection 

The IMU s e l e c t i o n  was made on   the   bas i s   o f   the   p re l iminary   goa ls  set  f o r t h  
e a r l i e r   i n   t h i s   r e p o r t .   A l t h o u g h   a l l   c a n d i d a t e s   i n   t a b l e  7 a r e   a d a p t a b l e   t o   t h e  
Scout   appl icat ion,   wi th   the  emphasis  on c o s t ,   r i s k ,  and  weight,   the KT-70 sys-  
tem is most adaptable   to   the  Scout   vehicle   and is t h e r e f o r e   t h e   p r e f e r r e d  sys-  
tem for  Scout.   This  has  been a f i r s t  round  evaluat ion  and  should  not   preclude 
f u r t h e r   e v a l u a t i o n  of t he   a l t e rna t ive   sys t ems  as the   requi rements  become f i rm.  
A Phase I t y p e   a c t i v i t y   a s   d e s c r i b e d   i n   t h e  Guidance Integration Program Sum- 
mi-9 sec t ion   i nc ludes   t he   gene ra t ion  of a d e t a i l e d  RFP and the  enumerated  Phase 
I t a sks  will t h e r e f o r e  form t h e   b a s i s   f o r   t h e   f i n a l  IMJ s e l e c t i o n .  However, i n  
o r d e r   t o   i n v e s t i g a t e   t h e   f e a s i b i l i t y  of  improved  guidance  hardware  for  Scout, 
i t  was necessary  to   perform a prel iminary  comparison  and  select ion.  

P r imary   cand ida te .  - The gimbaled KT-70 missile system was s e l e c t e d  as t h e  
p re fe r r ed  IMU. Th i s   s ec t ion   p rov ides   t he   s e l ec ton   r a t iona le  and a more  de- 
t a i l ed   desc r ip t ion   o f   t he   ex i s t ing   sys t em.  

The KT-70 missile system  vas   selected as t h e   r e f e r e n c e   i n e r t i a l   s y s t e m   f o r  
the  fol lowing  reasons : 

1 )  Low c o s t ;  

2 )  I.Jeight--IMJ,  power supply ,  G&C e l e c t r o n i c s ,  3 r a t e   g y r o s  
(e30 l b  combined) ;$e 

... 
Coes not  include  computer.  
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TABLE 7 . -  IMU SELECTION  MATRIX 

1 CANDIDATE I MU SYSTEMS 
T r -r P -r KT-70 78 LN 30 H-448 CAROUSEL TDS -2 DI H- 

Grade 
- TRADEOFF 

PARAMETER 
Risk,  
development 
cos t ,  
r e c u r r i n g  

Wei gh t 
Accuracy 
Power 
En v i  rotmen t a1 
Capabi 1 i ty 

Qual  i f i  c a t i  on 
Sta tus  

A v a i l a b l e  GSE 

TOTAL 

+ - 
XR 

8 

14 

18 
10 
8 

- 

6 

2 

1 

67 
- - 
- 

- 
XR - 
24 

14 

6 

15 
4 

6 

6 

3 

78 
- - 
- 

- 
XR 

24 

7 

6 
15 
4 

- 

6 

6 

3 

7 1  
- - 
- 

c 

XR 

24 

2 1  

12 
10 
8 

- 

9 

6 

2 
92 
- - 

Grade XR X R  i rade Grade' 

3 

3 

2 
2 
2 

3 

3 

2 
= 

Grade 

3 

- 

1 

1 
3 
1 

2 

3 

3 - 
- 

Grade 

3 

3 

2 
2 
2 

2 

, 2  

2 

Grade 

3 

2 

1 
3 
1 

2 

3 

3 

- 

24 

14 

12 
15 
8 

6 

6 

3 

88 
- - 

8 

21 

18 
5 

12 

9 

2 

1 
78 
- - 

24 

2 1  

12 
10 
8 

6 

4 

2 
87 
- - 

*Grade 3 E x c e l   l e n t  
2 Accep  tab1 e 
1 Does Not  Meet  Goals 



Power--<120 wat t s  combined  system;" 

Size--600  in .3   combined  system  volume;"  

P r o d u c t i o n   s t a t u s - - M o r e   t h a n   6 0   u n i t s   d e l i v e r e d ;   a n t i c i p a t e d   h i g h  
q u a n t i t y   p r o d u c t i o n   f o r   f o r e s e e a b l e   f u t u r e ;   t h e r e f o r e ,  i t  is  a 
l o w  r i s k   s y s t e m ;  

I n e r t i a l  components--Proven  with  extensive test  d a t a   a v a i l a b l e ;  

E n v i r o n m e n t a l   c a p a b i l i t y - - T e s t e d   t o   2 5  g l i n e a r   a c c e l e r a t i o n   a l o n g  
two axes, 1 2 . 5  g o n   t h i r d   a x i s   ( f r e e f l i g h t   m o d e ) ;  

Angular ra te  c a p a b i l i t y - - 4 0 0   d e g / s   r o l l  ax is ,  2 4 0   d e g / s   p i t c h   a x i s ,  
450 d e g / s   a z i m u t h  ax is .  

t h e  key f a c t o r s   c o n s i d e r e d   i n   t h e   s e l e c t i o n   o f   t h e  KT-70 sys t em i s  
t h a t  i t  h a s  a s o l i d   p r o d u c t i o n   b a s e .  The KT-70 series sys t ems  a re  c u r r e n t l y  
b e i n g   s h i p p e d   f o r  a wide   r ange  of a p p l i c a t i o n s   i n c l u d i n g  t a c t i c a l  missiles 
(SRAM), f i g h t e r   a i r c r a f t  (A-7 and F-105), p a t r o l   a i r c r a f t  (P-3C),  and f o r  
c o m m e r c i a l   a p p l i c a t i o n s   i n   t h e  L-1011  and DC-10 as  p a r t  of t h e   C o l l i n s   R a d i o  
INS-60 s y s t e m .   T h e s e   s y s t e m s   h a v e   t h e   f o l l o w i n g   m i l i t a r y   d e s i g n a t i o n s :  
AN/ASN-90 f o r  A-7D and E, AN/ASN-84 f o r  P-3C, a n d   t h e  AN/ASN-100 f o r   t h e  F-105. 
A l l  sys t ems   i nco rpora t e   t he   two-degree -o f - f r eedom,   d ry ,   f l exu re - jo in t - suspended ,  
f r e e - r o t o r   g y r o s c o p e .   T h e  KT-70 p r o d u c t i o n   p r e d i c t i o n  i s  as shown i n   f i g u r e  1 6 .  

SRAM CONTRACT 

1MU SUPPORT 

P3C CONTRACT 

IMU SUPPORT 

A-7  CONTRACT 

1MU SUPPORT 

CALENDAR I 1 9 7 2  I 1 9 7 3  I 1 9 7 4  

(SPARES) 

[SPARES) 

(SPARES) 

FOLLOW 011 

FDLLOU 01 

I "~ I I I 

F I G U R E  16 . -  KT-70 P R O J E C T E D   P R O D U C T I O N  

* 
Does no t   i nc lude   compute r .  
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The KT-70 missile s y s t e m   p r o d u c t i o n  w i l l  u l t i m a t e l y   e x c e e d  2000 sys t ems ;  
a p p r o x i m a t e l y   1 5 0 0   u n i t s  were d e l i v e r e d   f o r   a i r c r a f t   p r o g r a m s .  

I t  s h o u l d   a l s o   b e   n o t e d   t h a t   t h e   n e x t   g e n e r a t i o n  SKN2400 m i n i a t u r e   p l a t -  
form i s  b e i n g   d e v e l o p e d   t o   b e   i n t e r c h a n g e a b l e   w i t h   t h e   c u r r e n t  KT-70 sys t ems .  
I n   t h e   f u t u r e ,   t h i s   c o u l d   r e s u l t   i n   e v e n   m o r e   s i g n i f i c a n t   w e i g h t   r e d u c t i o n s .  

The KT-70 missile guidance   sys tem was d e s i g n e d   t o   p r o v i d e   t h e   f o l l o w i n g  
f u n c t i o n s :  

1) Erec t ion   and   a l ignmen t :  5) T r a j e c t o r y   s h a p i n g ;  

2 )  A t t i t u d e   r e f e r e n c e ;  6 )  Missile s t e e r i n g ;  

3) I n e r t i a l   s e n s i n g ;  7 )   D i s c r e t e   g e n e r a t i o n .  

4 )  N a v i g a t i o n ;  

The c u r r e n t   a p p l i c a t i o n  i s  a t a c t i c a l  missile program  with  emphasis   on 
r e l i a b i l i t y   a n d  a h i g h   e n v i r o n m e n t a l   c a p a b i l i t y .  

System C 0 n f i g U r a t i O n . -  The   sys t em  cons i s t s   o f   an  i r .er t ia1 p l a t f o r m ,   g u i d -  
a n c e   a n d   c o n t r o l   e l e c t r o n i c s ,  a gu idance   compute r ,   power   cond i t ione r ,   and   t h ree  
f l i g h t   c o n t r o l  r a t e  g y r o s .  

The i n e r t i a l   p l a t f o r m   h a s   f o u r   g i m b a l s ,   a z i m u t h ,   i n n e r   r o l l ,   p i t c h   a n d  
o u t e r   r o l l ,   f r o m   i n n e r   t o   o u t e r ,   r e s p e c t i v e l y .  The   four   g imbals  are  mounted 
on v i b r a t i o n   i s o l a t o r s ,  a l l  of  which are  h o u s e d   w i t h i n   a n   o u t e r   c a s e .  The 
p l a t f o r m   c l u s t e r   h o u s e s   t h e  two two-degree-of-freedom GYROFLEX* gyroscopes   and  
a two-axis  and a s i n g l e - a x i s   a c c e l e r o m e t e r .   I n   a d d i t i o n ,   t h e   p l a t f o r m   c o n t a i n s  
i n t e r g i m b a l   a n g l e   r e s o l v e r   r e a d o u t s   f o r   a z i m u t h ,   p i t c h ,   a n d   r o l l  as w e l l  as t h e  
g i m b a l   t o r q u e r s ,   h e a t e r s ,   a n d   c o o r d i n a t e   r e s o l v e r .  

T h e   g u i d a n c e   a n d   c o n t r o l   e l e c t r p n i c s   p a c k a g e   i n c l u d e s   t h e   g i m b a l   d r i v e   a n d  
i s o l a t i o n   e l e c t r o n i c s ,   t h e   d i g i t a l   a c c e l e r o m e t e r   l o o p s  ( D A L )  and   t hE   au top i lo t  
e l e c t r o n i c   f u n c t i o n s .   I n   a d d i t i o n ,   s y s t e m   s w i t c h i n g   a n d   r e f e r e n c e   s u p p l y  
v o l t a g e   g e n e r a t i o n   f o r m  a p a r t  o f   t h e   e l e c t r o n i c s   b o x .  A second   func t ion  of 
t h i s   p a c k a g e  i s  to   house  a l l  t h e   a u t o p i l o t   d r i v e   e l e c t r o n i c s .  

The  power c o n d i t i o n e r   a c c e p t s   a n   i n p u t   o f  28 Vdc a n d   p r o v i d e s   o u t p u t   v o l t -  
a g e s   t o   b o t h   t h e   e l e c t r o n i c s   a n d   c o m p u t e r   s u b s y s t e m s .   T h e   v o l t a g e s  are nom- 
i n a l l y  +15  Vdc, +16  Vdc and  +5  Vdc. 

The d i g i t a l   c o m p u t e r  i s  a whole  number  machine  with a memory c a p a c i t y  of 
2 0 4 8 ,  8-bi t   words .  I t  c o n t r o l s   t h e   e r e c t i o n   a n d   a l i g n m e n t  of t h e  s y s t e m   a s  wel l  
as c o m p u t i n g   p r e s e n t   p o s i t i o n ,   d e s i r e d   t r a j e c t o r y ,   a n d   m i s s i l e   s t e e r i n g   s i g -  
na l s .   Fu r the rmore ,  i t  p r o v i d e s   t h e   r e q u i r e d   s y s t e m   s w i t c h i n g   d i s s r e t e s   a n d  
t h e   a u t o p i l o t   g a i n   c o m p u t a t i o n   a n d   n e t w o r k   s e l e c t i o n   l o g i c .  

*Trademark,   Singer  Company 
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The three rate gyros  provide  damping  for  the missile steering  signals. 
The individually  packaged rate gyros are spring-restrained  single-degree-of- 
freedom rate gyros. The performance  characteristics  follow. 

Nonlinearity 0.1 V rms/deg/sec +6.5% including  repeatability 
and  day-to-day stability 

Threshold <0.02 deg/sec 

Resolution <0.01 dsg/sec 

Hysteresis < 0 .3  deg/sec 

Acceleration  sensitive 
drift rate < 0 . 0 3  deg/sec/g 

Rate  sensitivity ~ 4 %  of full scale 

Angular  acceleration 
sensitivity  about OA 0.05 deg/sec/rad/sec2 (max) 

Full scale rate  2100  deg/sec 

A 1  i gnmen t <0.1 deg IA to mounting  plane 

Table 8 summarizes the physical  characteristics of the  respective sub- 
assemblies. 

TABLE 8.- KT-70 MISSILE  SYSTEM CHARACTERISTICS 

CHARACTERISTICS 
S i z e ,  i n .  

k l e i g h t ,   l b  

Vol  ume , i n. 3 

C o n s t r u c t i o n  

Power, w 

INERTIAL PLATFORM 

7 d i a  x 7 . 6   l o n g  

15 .1  

345 

A1 umi num cas ti ngs 
h e r m e t i c a l l y   s e a l e d  

9.7 

COMPUTER 

h i g h  
10.4 x 3 x 5 . 4  

5.2 

130 
A luminum  cas t -  
i n g ,   b o x  re- 
p l a c e a b l e  
c a r d s ,   i n t e -  
g r a t e d   c i  r- 
c u i  t s  

40.0 

FLATFORM AND 
AUTOP I LOT 

ELECTRONICS 
~~ ~ 

10.6 x 4.6 x 5.2 
h i g h  

7.7 

200 

A1 umi num c a s t -  

p l a c e a b l e  
i n g ,   b o x   r e -  

c a r d s ,   i n t e -  
g r a t e d   c i  r- 
c u i   t s  

25.6 

RATE 
GYROS 

P i t c h  & Yaw: 
4 x 2  x 1 3 1 4  
R o l l  : 
4 .2  x 1 x 2 . 3  
1.8 
33 

T h r e e   i n d i -  
v i d u a l   r a t e  
gyro  packages 

6 . 8  

CONDITIONER 
F OvlE R 

9 x 4 x 4 i n  

5.5 

75 
A1 umi num 
c a s t i n g  

75.6 

I 
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Functional  description.- The  platform-mounted  accelerometers  are  m a i n t a i n e d  
i n   t h e   c o m p u t a t i o n a l   r e f e r e n c e   f r a m e  by t h e   t o r q u e d   g y r o s   t h r o u g h   t h e   p l a t f o r m  
i s o l a t i o n   l o o p s .   T h e   a c c e l e r o m e t e r   o u t p u t s  are d o u b l e - i n t e g r a t e d   i n   t h e  missile 
compute r   p r io r  t o  l a u n c h .   A f t e r   b e i n g   r e s o l v e d   t h r o u g h   t h e   a p p r o p r i a t e   p l a t -  
f o r m   i n t e r g i m b a l   a n g l e s ,   t h e s e   s i g n a l s  are used   t o   deve lop  missile f i n  steer- 
i n g  commands.  The missile compute r   p rov ides  t he  n e c e s s a r y   a u t o p i l o t   n e t w o r k  
a n d   g a i n   c h a n g i n g   c o n t r o l   t o   s t a b i l i z e   t h e  missile i n   f l i g h t   a n d   g e n e r a t e   v a r i -  
ous s a f e t y   a n d   a c t i o n   d i s c r e t e s .   P r i o r   t o   l a u n c h ,   t h e   s y s t e m  i s  a l i g n e d   t o   t h e  
r e f e r e n c e   f r a m e  by t h e   c a r r i e r   c o m p u t e r   o p e r a t i n g   t h r o u g h   t h e  missile computer .  

Operation.- T h e   o p e r a t i o n a l   r e q u i r e m e n t s   o f   t h e  missile guidance   subsys tem 
are s a t i s f i e d  by f o u r  modes   o f   opera t ion .   The   purpose   and   conten t   o f   each  of 
t h e   r e q u i r e d   o p e r a t i o n a l  modes i s  d e t a i l e d  as f o l l o w s :  

Alignment  mode.-  The  system i s  powered ,   t empera tu re - s t ab i l i zed ,   and  
a l i g n e d .   A l i g n m e n t   c o n s i s t s  of s e q u e n t i a l l y   p e r f o r m i n g   c o a r s e   a n d  
f i n e  modes  of o p e r a t i o n   w i t h   t h e   a i d   o f   t h e   c a r r i e r   c o m p u t e r ;  

Load  mode.-  The missile s y s t e m   a c c e p t s   f r o m   t h e   a i r c r a f t   n a v i g a t i o n  
sys t em a l l  d a t a   r e q u i r e d   f o r   f r e e f l i g h t   n a v i g a t i o n ,   d i r e c t i o n  
c o s i n e   c o m p u t a t i o n ,   s t e e r i n g ,   a n d   d i s c r e t e   g e n e r a t i o n ;  

Verify  mode.-   The missile s y s t e m   p r o v i d e s   v e r i f i c a t i o n   o f  a l l  d a t a  
t r a n s f e r r e d   d u r i n g   t h e   l o a d  mode; 

F l i g h t  compute  mode.-  This mode commences o n   s e p a r a t i o n   o f   t h e  
missile f r o m   t h e  carr ier .  I t  c o n s i s t s   o f  

a )   V e l o c i t y   c o m p u t a t i o n ,   p o s i t i o n   c o m p u t a t i o n ,   a n d   g y r o   t o r q u i n g  
t o   m a i n t a i n   t h e   i n e r t i a l   p l a t f o r m   i n   t h e   t a n g e n t   p l a n e   c o o r -  
d i n a t e   s y s t e m ;  

b )   T r a j e c t o r y   s h a p i n g   u s i n g  a p r e l o a d e d  series o f   c o n s t a n t s ;  

c )   G e n e r a t i o n   o f   s t e e r i n g   s i g n a l s   t o   c o n t r o l   f i n   p o s i t i o n   b a s e d   o n  
i n e r t i a l l y   d e r i v e d   d i r e c t i o n   c o s i n e s ;  

d )   G e n e r a t i o n   o f   d i s c r e t e s   t o   c o n t r o l  a l l  f l i g h t  compute mode 
e v e n t s .  

Two g y r o s  are mounted   on   the   az imuth   c lus te r .   Each   gyro   has  two o r t h o g o n a l  
a x e s   s e n s i t i v e   t o   a n g u l a r   m o t i o n .   S i n c e   o n l y   t h r e e   s e n s i t i v e   a x e s  are r e q u i r e d  
t o   s t a b i l i z e   t h e   g y r o   c l u s t e r ,   o n e  axis  of   one  gyro i s  redundant   and  i s  cap- 
t u r e d   i n  a r a t e  mode i n s t e a d  of b e i n g   u s e d   f o r   s t a b i l i z a t i o n .  One gy ro  i s  used 
t o   p r o v i d e   s t a b i l i z a t i o n   a b o u t   t h e   n o r t h   a n d  east  a x e s   a n d   t h e   o t h e r  i s  u s e d   t o  
p r o v i d e   s t a b i l i z a t i o n   a b o u t   a z i m u t h ,   w i t h   t h e   r e d u n d a n t   a x i s  r a t e  captured .   The  
g y r o   r e d u n d a n t   a x i s   a n d   a c c e l e r o m e t e r   c a p t u r i n g   e l e c t r o n i c s  are c o n t a i n e d   w i t h i n  
t h e   i n e r t i a l   p l a t f o r m .  The o u t p u t s   o f   t h e   t h r e e   s t a b i l i z a t i o n   a x e s  a r e  p r e -  
a m p l i f i e d   i n   t h e   i n e r t i a l   p l a t f o r m   a n d   t r a n s m i t t e d   t o   t h e   p l a t f o r m   a n d   a u t o p i l o t  
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e l e c t r o n i c s   w h e r e   t h e   i s o l a t i o n   l o o p   e l e c t r o n i c s  is l o c a t e d .  The i s o l a t i o n  
l o o p   p o s t a m p l i f i e r   o u t p u t s   p r o v i d e   d c   p o w e r   t o   t h e   g i m b a l   t o r q u e r s   t o   c a n c e l  
o u t   d i s t u r b i n g   t o r q u e s   a b o u t   t h e   i n e r t i a l   p l a t f o r m   g i m b a l  axes. 

An o r t h o g o n a l   t r i a d   o f   a c c e l e r o m e t e r s ,   m o u n t e d   o n   t h e   s t a b i l i z e d   c l u s t e r ,  
p r o v i d e s   d c   v o l t a g e s   r e p r e s e n t i n g   s e n s e d   a c c e l e r a t i o n   a l o n g   t h r e e   a x e s .   P r i o r  
t o   l a u n c h ,   t o r q u i n g   s i g n a l s   t o   t h e   g y r o  axes are p r o v i d e d   f r o m   t h e   g y r o   p u l s e  
t o r q u e   e l e c t r o n i c s   o n  command f rom  the   gu idance   compute r .   These   t o rqu ing  
s i g n a l s   m a i n t a i n   t h e   a c c e l e r o m e t e r   t r i a d   a l i g n e d   t o  a p r e l a u n c h   c o o r d i n a t e  
f r ame .  

I n i t i a l   v e l o c i t y   a n d   p o s i t i o n   i n f o r m a t i o n ,   t r a j e c t o r y - s h a p i n g   i n f o r m a t i o n ,  
a n d   d i s c r e t e   d a t a  are t r a n s f e r r e d   f r o m   t h e   a i r c r a f t   n a v i g a t i o n   s y s t e m   t o   t h e  
missile g u i d a n c e   c o m p u t e r   a n d ,   i n   t u r n ,  are v e r i f i e d  by t h e  missile computer .  

F o l l o w i n g   t h e  missile launch, t h e  i n e r t i a l  p l a t f o r m  is  m a i n t a i n e d   i n  a 
r e f e r e n c e   t a n g e n t   p l a n e   c o o r d i n a t e   s y s t e m ,  as i n d i c a t e d   i n   f i g u r e  1 7  w i t h   f i x e d  
g y r o   t o r q u i n g  ra tes ,  b a s e d   o n   i n i t i a l   l a u n c h   l a t i t u d e   a n d   c o m p u t e d   g y r o   b i a s e s .  

we t 

,/ [Note: x = Launch la t i tude .  1 
FIGURE 17. -  TANGENT PLANE  COORDINATE  SYSTEM 
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I n   t h i s   c o o r d i n a t e   f r a m e ,   t h e   i n e r t i a l   p l a t f o r m   m e a s u r e s  missile a c c e l e r a -  
t i o n   a l o n g   t h r e e   a x e s   a n d   t r a n s m i t s   t h i s   i n f o r m a t i o n   t o   t h e   g u i d a n c e   c o m p u t e r  
t h r o u g h   t h e   c a p a c i t i v e  reset i n t e g r a t o r s .   D u r i n g  missile f l i g h t ,   t h e  missile 
gu idance   subsys t em  ope ra t e s   i ndependen t ly   o f   any   ex te rna l   s igna l s .  

The missile guidance  subsystem is  c a p a b l e   o f   g e n e r a t i n g   a u t o p i l o t  command 
s i g n a l s   t o  steer t h e  missile a long  a number of d i f f e r e n t   t r a j e c t o r i e s   s u c h  as 
l o w - a l t i t u d e   s k i p ,   l o w - l e v e l   f l i g h t   o r   s e m i b a l l i s t i c ,   d e p e n d i n g   o n   t h e   p r e -  
s e l e c t e d   t y p e   o f   t r a j e c t o r y   i n s e r t e d   i n   t h e   g u i d a n c e   c o m p u t e r   p r i o r   t o   l a u n c h .  

The g u i d a n c e   s u b s y s t e m   g e n e r a t e s   t h e   a u t o p i l o t  command s i g n a l s   i n   r o l l ,  
p i t c h ,   a n d  yaw t o  steer t h e  missile t o   t h e   i n t e n d e d   t a r g e t  by u t i l i z i n g   t h e  
computer   d i s tances- to-go- to- ta rge t   in   the   fo l lowing   manner .  The guidance  com- 
p u t e r   d e t e r m i n e s   t h e   d i r e c t i o n   c o s i n e s   o f   t h e   l i n e - o f - s i g h t  (LOS) to t h e   t a r g e t  
i n   i n e r t i a l   p l a t f o r m   c o o r d i n a t e s .  The d i r e c t i o n   c o s i n e s  are  t h e   d i s t a n c e - t o -  
go d i v i d e d  by t h e   r a n g e   t o   t h e   t a r g e t .   T h e s e   s i g n a l s  are  t r ans fo rmed   t o  m i s -  
s i l e  body c o o r d i n a t e s  by r e s o l v i n g   t h r o u g h   t h e   i n e r t i a l   p l a t f o r m   a n g l e   t r a n s -  
d u c e r s   i n t o  roll, p i t c h ,   a n d  yaw,   demodulated,   and  then  sent   to   the  computer  
f o r   r o u t i n g   t o   t h e   a u t o p i l o t .  

The s t e e r i n g  commands from  the  guidance  subsystem are t h e   e r r o r s   b e t w e e n  
LOS f rom  the missile t o   t h e   t a r g e t  and t h e  missile c e n t e r l i n e   ( r o l l   a x i s )   f o r  
t h e   p i t c h   a n d  yaw c h a n n e l s .   F o r   t h e   r o l l   c h a n n e l ,   t h e   s t e e r i n g   i n p u t  i s  t h e  
e r r o r   b e t w e e n   t h e   r e f e r e n c e   f i n   a n d   t h e   v e r t i c a l   p l a n e .  

A s igna l   f low  d iagram  of   the  IMU r e s o l v e r   c h a i n  is shown  below. 

J, e 

f -".*I 

Steering F1 atform gimbal angles t 
coarnands Resolver 
f r om missile chain  outputs 
cuxputer t o  autopilot  

48 



The  yaw, p i t c h   a n d   r o l l   s t e e r i n g  commands are g e n e r a t e d  i n  t h e   f o l l o w i n g  
manner.  

Yaw steering command.- Assume r o l l  ( 4 )  a n d   P i t c h  ( e )  = 0 

A X i  

cos 6 = - AX 
R 

s i n  = - AY 
R 

R = V e c t o r   t o   t a r g e t  

$ = V e c t o r   a l o n g  missile c e n t e r l i n e  

Q = Vec to r   no rma l   t o  $ 

'$ = Axirnuth a n g l e  

L3 = T a r g e t   a n g l e  

X ,  Y = p o s i t i o n   i n   i n e r t i a l   ( p l a t f o r m )   c o o r d i n a t e s  

I t  i s  r e q u i r e d  t o  g e n e r a t e  a yaw s t e e r i n g   s i g n a l   t h a t  w i l l  d r i v e   v e c t o r  Q t o  
z e r o ,  i . e . ,  v e c t o r s  R and Q a re  c o i n c i d e n t  when s t e e r i n g   s i g n a l  i s  z e r o .  

s i n  ( o - @ )  = - Q 
R 

Q = R s i n  (c$) = 0 

Q will b e   z e r o  when s i n  ( B - ~ I )  = 0 

S i n c e   p i t c h  ( 0 )  a n d   R o l l  (@)  = 0 

2 '  
L\ z 
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S u b s t i t u t i n g   i n  terms of B 

Y 1  = s i n  B cos  J, -. cos  8 s i n  J, 

= s i n  ( B - $ )  = yaw s t e e r i n g   s i g n a l  

Pitch  steering command.- Assume yaw ($) and r o l l  ($ )  = 0 

cos B = - A x  
R 

s i n  B = - AZ 
R 

I t  i s  r e q u i r e d   t o   g e n e r a t e  a p i t c h   s t e e r i n g   s i g n a l   t h a t  w i l l  d r i v e   v e c t o r  Q t o  
zero .  

Q = R s i n  (B-e) - 0 

Q w i l l  b e   z e r o  when s i n  (B-e )  = 0 

S i n c e  yaw ($) and r o l l  ($) = 0,  f rom  the   s igna l   f l ow  d i ag ram:  

X1 = cos  6 + - s i n  0 AZ 
R R 

Y l  = Y 

The r e q u i r e d   p i t c h   s t e e r i n g   s i g n a l   h a s   t h e   f o r m   o f   s i n  ( 0 - 0 )  

AX 
21 = s i n  e - - cos e AZ 

R 

50 



S u b s t i t u t i n g   i n  terms of B 

21 = c o s  B s i n  e - s i n  B c o s  ~3 

= s i n  (B-e) = p i t c h   s t e e r i n g   s i g n a l  

Roll steering command.- S i n c e   r o l l  i s  t h e   o u t e r m o s t   g i m b a l ,   t h e   d c   p o t e n t i -  
o m e t e r   g e n e r a t e s   t h e   r o l l   s t e e r i n g   s i g n a l   d i r e c t l y .  No c o o r d i n a t e   t r a n s f o r m a -  
t i o n  is r e q u i r e d .  

For  a l l  t h r e e  body   axes ,   t he   gu idance   subsys t em  ou tpu t s   p rov ide  missile a t -  
t i t u d e   f e e d b a c k   f o r   t h e   a u t o p i l o t ,   a n d   t h e   l e a d   r e q u i r e d   f o r   s t a b i l i z a t i o n  in 
p i t c h  and yaw i s  p r o v i d e d  by  body-mounted ra te  gyros .   Fo r  a l l  a x e s ,   c o n t i n u -  
o u s l y   v a r y i n g   a u t o p i l o t   g a i n  i s  n e c e s s a r y   t o  meet t h e   s t a b i l i t y   a n d   p e r f o r -  
m a n c e   r e q u i r e m e n t s .   T h e   g a i n   p r o f i l e  is l o a d e d   i n t o  t h e  guidance  computer  a t  
t h e  same time as t h e   t r a j e c t o r y - s h a p i n g   c o n s t a n t s .  

The g u i d a n c e   c o m p u t e r   g e n e r a t e s   d i s c r e t e  commands a s  a f u n c t i o n  of t ime ,  
r a n g e   t o   g o ,   a l t i t u d e   a n d / o r   a t t i t u d e .   T h e s e  commands i n i t i a t e  a n d   c o n t r o l  
o t h e r  missile s u b s y s t e m   f u n c t i o n s .   T y p i c a l l y ,   t h e y   c o n t r o l   t h e   f o l l o w i n g :  

F l i g h t   c o n t r o l   s u b s y s t e m   e n a b l e ;  

F l i g h t   c o n t r o l   s u b s y s t e m   g a i n   s e t t i n g s ;  

F l i g h t   c o n t r o l   s u b s y s t e m   c o m p e n s a t i o n   c o n t r o l ;  

Propuls ion   subsys tem  a rming;  

P r o p u l s i o n   s u b s y s t e m   i g n i t i o n ;  

Te rmina l   gu idance   s enso r   enab le ;  

A i r b u r s t   f u z i n g .  

M o d i f i c a t i o n s  Required 

To a d a p t   t h e  KT-70 missile s y s t e m   t o   t h e   S c o u t   l a u n c h   v e h i c l e ,   s e v e r a l  modi- 
f i c a t i o n s  are r e q u i r e d .  They   inc lude :  

A d d i t i o n   o f   p o r r o   p r i s m   t o   f i x e d   g i m b a l   a n d   v i e w i n g   p o r t  t o  case; 

R e s c a l i n g   a c c e l e r o m e t e r   l o o p s ;  

S e l e c t i n g  a d i g i t a l   c o m p u t e r   w i t h   i n c r e a s e d   c a p a b i l i t y ;  

M o d i f y i n g   c o n t r o l   e l e c t r o n i c s   t o   i n t e r f a c e  w i t h  S c o u t   c o n t r o l   a n d  
i g n i t i o n   s y s t e m .  
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T h e s e   m o d i f i c a t i o n s  are  d i s c u s s e d   i n   d e t a i l   i n   t h e   s e c t i o n   e n t i t l e d  Guidance 
Har&are/Scout VeehicZe Interfacing.  

KT-70 Performance 

I n   t h i s   s t u d y   e a c h   v e n d o r  was c o n t a c t e d   r e l a t i v e   t o   p r e v i o u s l y   q u o t e d   p e r -  
formance  numbers.   In many i n s t a n c e s   s p e c i f i c a t i o n   p e r f o r m a n c e   n u m b e r s   w i t h  
b r o a d   t o l e r a n c e s   h a v e   b e e n   z s t a b l i s h r d  by the  m a n u f a c t u r e r s   f o r   n o n c r i t i c a l  
p a r a m e t e r s   s i m p l y   t o   i n c r e a s e   p r o d u c t i o n   y i e l d .   F r e q u e n t l y   t h e   h a r d w a r e   p e r -  
forms much b e t t e r   t h a n   t h e   n u m b e r s   i m p l y .  On t h e   o t h e r   h a n d ,   t h e   i n t e n s e  com- 
p e t i t i o n   w i t h i n   t h e   i n e r t i a l   e q u i p m e n t   f i e l d   h a s   c a u s e d  some m a n u f a c t u r e r s  to 
become o v e r l y   o p t i m i s t i c   ( i n   o u r   o p i n i o n )   a n d   j u d g m e n t s   h a d   t o   b e  made  on  what 
can   be   economica l ly   ach ieved .  

The i n i t i a l   d e s c r i p t i v e   d a t a   r e c e i v e d   f r o m   K e a r f o t t   i n   r e s p o n s e   t o   t h e   d a t a  
fo rma t  was i n f o r m a t i v e   b u t   f l a g g e d  some s h o r t c o m i n g s .   ( T h e   d a t a   r e f l e c t e d   t h e  
B o e i n g   r e q u i r e m e n t s   a n d   s y s t e m   m e c h a n i z a t i o n   r a t h e r   t h a n   t h e   e q u i p m e n t ' s   p e r -  
formance.)  I t  was r e c o g n i z e d   t h a t   i n  some i n s t a n c e s ,   a c c e p t a n c e  test  t o l e r a n c e  
bands were g i v e n   a n d   t h e s e   b a n d s   d i d   n o t   r e p r e s e n t   t h e   p e r f o r m a n c e   c a p a b i l i t y  
o f   t he   equ ipmen t .   Fu r the rmore ,   an   app l i ca t ion   t a sk  was n e c e s s a r y  t o  p e r m i t  a 
v a l i d   e v a l u a t i o n   € o r   S c o u t   ( e . g . ,   s p i n   a x i s  mass unba lance  w a s  quo ted  as 2 deg/  
h r / g )  a On i n ; - e s t i g a t i o n ,   t h i s  was d e t e r m i n e d   t o   b e   t h e  trim J.::ve! u e q u i r e d   i n  
t h e  missile, C o n s u l t a t i o n   w i t h   t h e   r e s p o n s i b l e   g y r o   e n g i n e e r   r e v c a l e d   t h a t   t h e  
low s t R h i l i t y   f r o m  a la rge-volume  product ion  was approxirflnte1.;{ 0.08 d a g / h r / g .  
A f t e r  a t h i r d   i t e r a t i o n ,  a new s e t  of  numbers was de r ived   t ha . t  i s  crrn,s;i.:;tent 
w i t h  a r e a s o n a b l y   h i g h   y i e l d   o f   g y r o s .  

The e r r o r   b u d g e t  shown i n   t a b l e  9 i l l u s t r a t e s   t h e   i t e r a t i o n s   r e r : ~ u i r e d   b e f o r e  
a r r i v i n g  a t  an  agreement   on  the KT-70 missile sys t em/Scou t  La~!.rt~:'n .vehicle s p e c i -  
f i c a t i o n  limits. The l a s t  co lumn  con ta ins  t h e  v a l u e s   u s e d  i n  C' ,E  M t t c i l n  Mari- 
e t t a  e r r o r   a n a l y s i s   p r o g r a m .  

A1 t e r n a t i v e   c a n d i d a t e  No. 1. - The .strapdown Delta iraeri . lnl  gci?-m:e sys t em 
(DIGS) was s e l e c t e d  as a p r i m e   c a n d i d a t e  f o r  tfrc foi1owirl.g rcxmns: 

1) P r o d u c t i o n   s t a t u s  - I n  p ; d u c t i . o n  f o r  Delta l a u n c h   v e h i c l e ,   m o d i f i e d  
redundant   vers icn .   se l .?c te ! l  f o r  V i k i n g  l a n d e r ;  

2 )  Inertial cDmponerI%s - P z c . . / e r ~  ~ 7 f t h   e x t e n s i v e   h i s t o r l c a l  t es t  d a t a  
a v a i l - b l s ;  

3) Pexfa~,:esnce - E x c e l I ~ n t ,  b s s a d  on p r o d u c t i o n   u n i t  test  d a t a   a n d  
CPTOI' r : , r .a lysis   resul t r , .  

T h i s  s y s t m ~  i s  c a p a b l e  o f   m e e c i n g   t h e   S c o u t   r e q u i r e m e n t s   a n d   c a n   b e   i n t e g r a t e d  
i n t o   t h e  vehicle! i.gjth minimum m o d i f i c a t i o n s   s i n c e  i t  h a s   a l r e a d y   b e e n   m a r r i e d   t o  
a d i g i t a l  C G : : + J ~ ~ ' E C ~  f o r  a b o o s t   v e h i c l e   a p p l i c a t i o n .  
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TABLE 9. -  K T - 7 0   M I S S I L E  SYSTEM ERROR BUDGET 

Parameter 
. -. ~~~ - 

I (U/hr) Z 
Gyro r e s t r a i n t  X&Y 

Gyro mass spin  axis  imbalance X&Y 
7Vr7s) z 
G ro i n  u t  axis  imbalance X&Y 

Quadrature g X & Y  
P / h r / g )  Z 
Aoisoelast ic i ty  X & Y  
7O/hr/s) 
G ro  torquer  scale  factor X & Y  

a )  z 

+& 

Z-axis  accelerometer  bias ( v g )  
SF ( u g / g )  
K2 u g / g 2 )  
K3 1 u g / g 3 )  

Cross bias ( u g / g )  
Crosscoupling  sensit ivity ( u g / g )  
1-axis  accelerometer  bias ( u g )  

.. . -~ ~ 

SF fPPM)  

. .  

Accelerometer  alignment/orthogon r x - Y  i - - 

a l i t y  

I Y - z  
X - Z  (arc-s)  

"~ 

issi  l e  
pplication 
pecif icat iol  
max values) 

5.0 
5.0 

3.5 
1.5 

0 .6  
0.6 

1.2 
1.2 

0.2 
0.2 

4.5 
4.5 
" - " 

100.0 ( 1 b )  

600.0 
7.5 

27.0 
5.0 

250.0 
3 0 0 . 0 ~ 1 0 )  
500. u 

20.0 
5 .0  

15.0 

~ 

206.0 

103.0 
103.0 

1 Platform,alignment 
Vertical 1 t v  X 
(a rc-s )  Y 
Azimuth 1 I " ___  

" 

" 

- 
" 

'1 atform 

:5 sample 
data 

ylatforms) 
0.191 
0.135 
0.0794 
0.111 

0.041 
0.0536 
0.0281 
0.0691 

- ~- 

" 

" 

0.222 
0.682 

52.8 
122.6 
" 

" 

" 

" 

~~ 

106.7 
255.1 
" 

" 

" 

34.2 
17.3 
41.8 

o data 
vai lable  

-~ 
" 

ictual 
ner t ia l  
:omponent 
lata 

0.5 
0.5 
0.08 
0.08 

0.035 
0.035 
" 

" 

0.03 
0.03 
0.2 
0.2 

67.0 
50.0 

10.0 
1 .o 
7.5 
" 

~~ 

60.0 
70.0 

10.0 

15.0 
1.5 

" 

" 

" 

" 

" 

" 

tchievablc 
ner t i  a1 
:omponent 
lata 

0.1 
0.1 
0.08 
0.08 

0.035 
0.035 
0.05 
0.05 

0.03 
0.03 

0.2 
0.2 

50.0 
50.0 
10.0 

1 .o 
250.0 

7.5 

70.0 
70.0 
10.0 

1.5 
15.0 

40.0 
40.0 
40.0 

T 

IMC supplied 
icout  budget 

0.05 
0.05 
0.08 
0.08 
0.01 
0 .01  
" 

" 

0.02 
0.02 
0.1 
0 . 1  

50.0 
50.0 

7.5 

7.5 
5.0 

" 

70.0 
70.0 

10.0 
7.5 

7.5 

iinger-GPI 
wovi ded 
icout  acceptabll 
ipec l imi t s  

0.2 
0.2 
0.1 
0.1 

0.05 
0.05 
0.07 
0.07 
0.03 
0.03 
0.25 
0.70 

100.0 
50.0 

10.0 
1 . o  

250.0 
7.5 

100.0 
100.0 

10.0 

15.0 
1.5 

The DIGS c o n s i s t s   o f  a s t r a p d o w n   i n e r t i a l   m e a s u r e m e n t   u n i t  ( I M U )  and a 
guidance  computer  ( G C ) .  A f u n c t i o n a l  f l o w  b lock   d iagram of  t h i s   s y s t e m  i s  
shown i n   f i g u r e  18. I t  i s  used   t o   s ense   angu la r   and   l i nea r   mo t ions   o f   t he  
Delta v e h i c l e   d u r i n g   f l i g h t .  The   gy ro   and   acce le romete r   da t a  i s  p r o c e s s e d   i n  
the   gu idance   compute r   and   gu ides   t he   veh ic l e   a long  a p r e d e t e r m i n e d   p a t h  by 
i s s u i n g   a n a l o g   a n d   d i s c r e t e  commands t o   p e r f o r m   v a r i o u s   s t e e r i n g   a n d   s t a g i n g  
f u n c t i o n s   i n   o r d e r   t o   a c h i e v e   a c c u r a t e   i n j e c t i o n   i n t o  a s p e c i f i e d   o r b i t a l  t ra- 
j e c   t o r y .  

Wi th in   t he  IMU, t h e   t h r e e  ra te  i n t e g r a t i n g   g y r o s   a n d   t h e   t h r e e   a c c e l e r o m -  
eters e a c h   f o r m   a n   o r t h o g o n a l   t r i a d .   T h e   d i g i t a l   p u l s e   o u t p u t s   o f   t h e   t h r e e  
g y r o s ,   a f t e r   c o m p e n s a t i o n   f o r   d e t e r m i n i s t i c   e r r o r s ,  are employed i n   t h e  numer- 
i c a l  i n t e g r a t i o n  of t h e   a n g u l a r   e q u a t i o n s   o f   m o t i o n ,   t h u s   p r o v i d i n g   v e h i c l e  
a t t i t u d e   r e l a t i v e   t o   t h e   i n e r t i a l   c o m p u t a t i o n a l   f r a m e   i n  terms o f   n i n e   d i r e c -  
t i o n   c o s i n e s .   T h e   d i g i t a l   o u t p u t   o f   t h e   g y r o s   ( i n   t h e   v e h i c l e   f r a m e )  are a l s o  
a v a i l a b l e   a f t e r   l a u n c h   f o r   b o t h   t h e   a t t i t u d e   e r r o r   c o m p u t a t i o n s   a n d   c o n t r o l   s i g -  
n a l   s h a p i n g   f u n c t i o n s .   T h e   a c c e l e r o m e t e r   o u t p u t s ,   a l s o   a f t e r   c o m p e n s a t i o n ,  a re  
r e s o l v e d   i n t o   t h e   c o m p u t a t i o n a l  frame f o r   f u r t h e r   p r o c e s s i n g .  
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F I G U R E  18.- D I G S   F U N C T I O N A L  BLOCK DIAGRAM 

P r i o r   t o   l a u n c h ,   t h e   a c c e l e r o m e t e r s   l e v e l   t h e   c o m p u t a t i o n a l   f r a m e   w i t h  re- 
s p e c t   t o   t h e   l o c a l   g e o d e t i c   f r a m e .   A f t e r   l a u n c h ,   t h e   a c c e l e r o m e t e r   o u t p u t s   a r e  
used ,   a long   w i th  a m a t h e m a t i c a l   m o d e l   o f   t h e   E a r t h ' s   g r a v i t a t i o n a l   p o t e n t i a l  
t h r o u g h   i n t e g r a t i o n ,   t o   d e t e r m i n e   t h e  missile's v e l o c i t y   a n d   p o s i t i o n .  DIGS 
p a r t i c i p a t e s   i n   t h e   p r e l a u n c h   c h e c k o u t   o p e r a t i o n s   t h r o u g h   s e l f - t e s t ,   a n d  by 
e x e r c i s i n g   t h e   v e h i c l e   s u b s y s t e m s .  

A f t e r   l a u n c h ,   d u r i n g   t h e   c l o s e d   l o o p   g u i d a n c e   p h a s e s   o f   f l i g h t   a n d   b a s e d  
upon i n d i c a t e d   v e l o c i t y   a n d   p o s i t i o n   o b t a i n e d   f r o m   t h e   p o s i t i o n   t r a c k i n g   e q u a -  
t i o n s   ( n a v i g a t i o n ) ,   t h e   g u i d a n c e   c o m p u t a t i o n s   d e t e r m i n e   t h e   d e s i r e d   a t t i t u d e  
e x p r e s s e d   i n  terms of d e s i r e d   o r  commanded v e h i c l e   a t t i t u d e  ra tes .  The  guid- 
a n c e   c o m p u t a t i o n s   e i t h e r   e s t i m a t e   v e l o c i t y   a n d   p o s i t i o n  a t  the   end  of each 
c l o s e d  l o o p  phase  of   guidance  and  compare  this   to   desired  but   computed  terminal  
c o n d i t i o n s   t o   d e t e r m i n e   p r e s e n t   a t t i t u d e  commands ( e x p l i c i t   g u i d a n c e ) ,   o r   c o m p a r e  
p r e s e n t   v e l o c i t y   t o   d e s i r e d   v e l o c i t y   t o   d e t e r m i n e   a t t i t u d e  commands ( i m p l i c i t  
gu idance ) .  The  computer i s  capab le   o f   so lv ing   e i the r   gu idance   s cheme .   In   ad -  
d i t i on ,   t he   gu idance   computa t ions   pe r fo rm  the   func t ions   o f   t iming   and   s t ag ing ,  
as w e l l  as issuing  preprogrammed command a t t i t u d e  rates dur ing   t he   open   l oop  
a n d   c o a s t   g u i d a n c e   p h a s e s .   T h e   a t t i t u d e   e r r o r   o f   t h e   v e h i c l e  i s  computed  from 
t h e   i n t e g r a l  of t h e   d i f f e r e n c e   b e t w e e n   t h e  command a t t i t u d e  rates and   the   vehi -  
c le  body rates,  as de termined   f rom  the   gu idance   computa t ions   and   the   s t rapdown 
g y r o s ,   r e s p e c t i v e l y .  

The b a s i c   i n p u t s   t o   t h e   a l i g n m e n t   s c h e m e ,  as shown i n   f i g u r e  1 9 ,  are t h e  
compensa ted   s enso r   ou tpu t s   ( i n  terms o f   i n c r e m e n t s   o f   a n g l e   a n d   v e l o c i t y   i n   t h e  
body f r a m e ) ,   a n d   a n   o p t i c a l l y   d e r i v e d   a z i m u t h   m e a s u r e m e n t .   I n i t i a l   c o n d i t i o n s  
f o r   t h e   a t t i t u d e   m a t r i x   c o m p u t a t i o n   a r e   a v a i l a b l e  as f l i g h t   C o n s t a I l t s   t o   a n  
a c c u r a c y   b e t t e r   t h a n   o n e   d e g r e e .  
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Upon i n i t i a t i o n  of t h e   a l i g n m e n t  mode, t h e   c o m p u t a t i o n   o f  two  body-to- 
e a r t h   f i x e d   g e o c e n t r i c   a t t i t u d e  matrices will commence.  One ( t h e   g y r o   m a t r i x )  
is d e r i v e d   f r o m   t h e   c o m p e n s a t e d   g y r o   d a t a ,   w h i c h   h a s   b e e n   f u r t h e r   c o m p e n s a t e d  
f o r   e a r t h  rate.  It t r a c k s   i n s t a n t a n e o u s   m o t i o n  a t  a f i n e   g r a n u l a r i t y  of 3 . 6  
arc-seconds a t  50 times p e r   s e c o n d ,   b u t  i s  c o r r u p t e d   b y   t h e   g y r o   d r i f t s .  

The  e lements  of t h e   o t h e r   ( a c c e l e r o r a e t e r   l e v e l i n g )   m a t r i x  are  computed, 
b a s e d   o n   d e f i n e d   g e o m e t r i c   r e l a t i o n s   b e t w e e n   b o d y ,   l o c a l   l e v e l ,   a n d   e a r t h -  
f i x e d   g e o c e n t r i c   c o o r d i n a t e s   i n   c o n j u n c t i o n   w i t h   a n   o p t i c a l l y   d e r i v e d   a z i m u t h  
a n d   c o m p e n s a t e d   a c c e l e r o m e t e r   d a t a .   T h i s   m a t r i x  i s  computed a t  a r a t e  of   once 
eve ry  TA s e c o n d s ,  s o  as  t o   e s t a b l i s h   a n   a c c u r a t e   v a l u e  o f   t h e   v e h i c l e  t i l t  

a n g l e s   w i t h   r e s p e c t  t o  l o c a l   l e v e l ,   i n   l i e u  of a c c e l e r o m e t e r   p u l s e  moding  and 
i n   t h e   p r e s e n c e   o f   v e h i c l e  sway mot ion .  

The s e l e c t i o n  of T w i l l  b e   b a s e d   p r i m a r i l y   o n   t h e   e x p e c t e d   v e h i c l e  s w a y  A 
a m p l i t u d e   a n d   f r e q u e n c y   a n d   t h e   a c c e l e r o m e t e r   p u l s e   m o d i n g .   N o t e   t h a t   t h e   a c -  
c e l e r o m e t e r   l e v e l i n g   m a t r i x   e l e m e n t s  a re  updated   on ly   once   every  TA s e c o n d s .  

Comparison  of   the two a t t i t u d e   m a t r i c e s   p r o v i d e s   i n d i c a t e d   a l i g n m e n t  
e r r o r s ,   d e f i n e d   i n  terms of small a n g u l a r   d i s p l a c e m e n t s   a b o u t   t h e  body a x e s .  
T h e   a l i g n m e n t   e r r o r s  are  f u r t h e r   f i l t e r e d ,  s o  a s  t o   a l l o w   o n l y   t h e  mean o f f s e t  
a n g l e s   a n d   g y r o   d r i f t   a n g l e s   t o   p a s s   t h r o u g h  as a f e e d b a c k   c o r r e c t i o n .   A f t e r  
f i r s t   e n t e r i n g   i n t o   a l i g n m e n t ,   t h e   f i l t e r e d   a l i g n m e n t   e r r o r s  a re  n u l t i p l i e d  by 
a c o n s t a n t   f e e d b a c k   a l i g n m e n t   g a i n ,  KA, t o   y i e l d   t h e   a l i g n m e n t   c o r r e c t i o n s .  

The g a i n  i s  p rede te rmined ,   based   on  estimates of t h e   m e a s u r e d   n o i s e  a n d  smsor  
q u a n t i z a t i o n  s t a t i s t i c s ,  a n d   c o n s i d e r a t i o n s  of t h e   e x p e c t e d   v e h i c l e  sway cha r -  
a c t e r i s t i c s ,   a n d   t h e   d e s i r e d   i n s t a n t a n e o u s   a l i g n m e n t   a c c u r n c y .  The a l i g n n e n t  
e r r o r   c o r r e c t i o n s  are f e d   b a c k   a n d   a p p l i e d  to t:he  compensat.ec1 gy ro  o u t p u ~ s  i n  
t h e  body  frame.  Whenever  the sum s q u a r e  of t h e  X ,  Y ,  a n d  Z a l ignmen t  error 
c o r r e c t i o n s  i s  less t h a n  a p r e s e l e c t e d   v a l u e ,  ESW, t h e  fi.Li.er:d all;;r:ment e r r o r  
s i g n a l s  are a d d i t i o n a l l y   m u l t i p l i e d  by a d i f f e r e n t   g a i n ,  K., ( b i a s  .feedback 

g a i n ) ,  summed and f e d   b a c k  as g y r o   d r i f t   c o r r e c t i o n   s i g n a l s  i n  th;. body f r ame .  
The b i a s   f e e d b a c k   g a i n  i s  p r e d e t e r m i n e d ,   b a s e d   o n   b i a s   u p d a t e   s e t t l i n g  times 
a n d   a n t i c i p a t e d   w o r s t   c a s e   s t e a d y - s t a t e   e r r o r s .  

CY 

The IMU i s  a s e l f - c o n t a i n e d   a s s e m b l y   t h a t   s e n s e s   i n c r e m e n t a l   a n g u l a r   d i s -  
p l a c e m e n t s   a b o u t   t h e   v e h i c l e   a x e s   a n d   v e l o c i t y   i n c r e m e n t s   a l o n g   t h e   v e h i c l e ' s  
o r t h o g o n a l  axes. T h e s e   d a t a  a re  f e d   t o   t h e   c o m p u t e r   i n   t h e   f o r m  of d i s c r e t e  
p u l s e   t r a i n s   w h i c h   i n d i c a t e   c h a n g e s   o f   a n g l e  o d / o r  v e l o c i t y .  

The d e s i g n   c o n f i g u r a t i o n   o f   t h e  D I G S  IMLJ i s  b a s i c a l l y   t h a t  of t h e  LM/ASA 
w i t h   m o d i f i c a t i o n s .   T h e s e   p r i n c i p a l l y   c o n s i s t   o f   i n c o r p o r a t i n g  a new hous ing  
and  repackaged LPl/ASA e l e c t r o n i c s .  

T l ~ c  IMIl c o r l t a i n s   t h r e e  HSSC RL-1139 g y r o s ,   t h r e e   K e a r f o t t  2 4 0 1  accelerom- 
e te rs  ~ s i x   p u l s e   t o r q u i n g  ser7.v a n p l i f i e r s ,   f r s q u o n c y  countciows! u n i t ,  warr11p 
and i: i.t\e t e m p e r a t u r e   c o n t r o l   a r l p l - i f   i e r s ,   i n t e r  €ace  e l e c t r o n i c s ,  power s ~ ; ; . : > l y ,  
and boll:: ing subassenlb ly .   The   . iner t ia l   ins t runler l t s   a re   mounted  i n  a n  a l ~ ~ ~ i n u ? ! ~  
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hous ing   wh ich   p rov ides  a s t a b l e ,   r i g i d   o r i e n t a t i o n  o f   t h e   i n e r t i a l   i n s t r u m e n t  
t r i a d s ,  as well as a m o u n t i n g   b a s e   a n d   t h e r m a l   p a t h   f o r   t h e  IMU e l e c t r o n i c s .  

The TDY-300 guidance   computer  (GC) is  the   advanced   Cen tau r   compute r   t ha t  
was deve loped  f o r  NASA/Lewis by the   Te ledyne   Sys tems Company. The G C  is a 
g e n e r a l   p u r p o s e ,   s t o r e d   p r o g r a m   m a c h i n e   d e s i g n e d   s p e c i f i c a l l y   f o r   s p a c e   a n d  
b o o s t   v e h i c l e   e n v i r o n m e n t s .   T h e   d e s i g n  is based  upon a s i n g l e   p a c k a g e   h o u s i n g  
w i t h   t h r e e   m a j o r   s u b a s s e m b l i e s   m o u n t e d   f o r   p r o p o r t i o n a t e   t h e r m a l  power d i s -  
t r i b u t i o n  a n d   i n t e r c o n n e c t   h a r n e s s   s i m p l i c i t y .  A f u n c t i o n a l   m o d u l a r i t y   c o n c e p t  
is  u s e d   f o r   s u b a s s e m b l y   d e s i g n .   T h e s e   s u b a s s e m b l i e s   c o n s i s t   o f  memory a s sembly ,  
power   supp ly   a s sembly ,   and   l og ic   s ec t ion   a s sembly .  The u n i t   i n t e r c o n n e c t  
h a r n e s s   i n c l u d e s  a l l  s u b a s s e m b l y   i n t e r f a c e   c o n n e c t i o n s   a n d   e x t e r n a l   s y s t e m  
i n t e r f a c e   c o n n e c t o r s .  The DIGS s y s t e m   c h a r a c t e r i s t i c s  a re  as shown i n   t a b l e  
10. 

TABLE 10.- D I G S  GUIDANCE SYSTEM CHARACTERISTICS 

STRAPDOWN 
INERTIAL 

UNIT 
PARAMETER 
"" ( s D I M U 1  

Weight  ( 1  b )  3 2 . 1  

Power ( w a t t s )   ( a v e r a g e )   6 1 . 9  
( 8  W f o r  
h e a t e r s )  

Volume ( c u   f t )   0 . 4 6  

F l i g h t  MTBF ( h r )  

F l i q h t   o p e r a t i o n a l   t i m e  

M i s s i o n   p e r f o r m a n c e  
(3a 90 d a y   s t a b i l i t y )  

A1 1 a x e s   l e s s   t h a n  "" 

0.66 1.29 
4581 

Cont i   nuous , 90 mi n 

V e l o c i t y  20 f t j s e c  

Atti tude   0 .5   deg  

P o s i t i o n  1 n .  mi. 

The e l e c t r i c a l  i n t e r f a c e ,  as shown i n  f i g o r c .  2 0 ,  be tween  the   sys tem  and  
t h e   v e h i c l e   c o n s i s t s  o f  t h r e e   a n a l o g   s t e e r i n g   s i g n a l s   ( 1 1 0  V d c ) ,   s i x   d i s c r e t e  
s i g n a l s   t o   p u l s e   a t t i t u d e   g a s  j e t s ,  and 35 d i s c r e t e  commands t o   s p e c i f i c   v e -  
h i c l e   e l e m e n t s   s u c h  as r e l a y s  a n d   s o l e n o i d   v a l v e s .  All d i s c r e t e s   a r e  a t  a 2 8  
V l e v e l   a n d  are  c a p a b l e  of d r i v i n g   t h e   r e q u i r e d   l o a d .  I n  a d d i t i o n ,   a n a l o g   a n d  
d i g i t a l   d a t a  are  o u t p u t   t o   t h e   t e l e m e t r y   s y s t e m .  The s y s t e m  a l s o   a c c e p t s  
d i s c r e t e  commands f r o m   t h e   v e h i c l e .  
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The  launch   checkout   equipment  (LCE) w h i c h   c o n s t i t u t e s   t h e  AGE, c o n s i s t s  
o f  a d i g i t a l   c o m p u t e r ,   t e l e p r i n t e r ,  a h i g h   s p e e d   t a p e   r e a d e r ,  a d a t a   a c q u i s i -  
t i o n   s y s t e m ,   p o w e r   s u p p l y   a n d   c o n t r o l   s y s t e m s ,  a s i g n a l   c o n d i t i o n i n g   u n i t ,  an 
I/O e x t e n d e r   f o r   t h e   c o m p u t e r ,   c o o l i n g   f a n s ,  a c o n s o l e ,   d a t a   m o n i t o r i n g   d e -  
v i c e s ,   i n t e r f a c e   s i m u l a t o r s   a n d   s o f t w a r e .  A b l o c k   d i a g r a m   o f   t h e  LCE is shown 
i n   f i g u r e  2 1 .  

The LCE f e a t u r e s   s o f t w a r e   c o n t r o l   o f  a l l  r e q u i r e d   f u n c t i o n s   a n d   p r o v i d e s  
f o r  test e x p a n s i o n   c a p a b i l i t i e s  w i th  minimum hardware changes .  The f u n c t i o n s  
o f   t h e  LCE a re  t o   p e r f o r m   h a n g a r   i n t e g r a t i o n  tests on t h e  DIGS a n d   t h e   v e h i c l e  
t o   i n s u r e   p r o p e r   h o o k u p   a n d   c o n t i n u i t y   o f  e l e c t r i c a l  c o n n e c t i o n s  by p e r f o r m i n g  
G C  d i s c r e t e   o u t p u t   t e s t s ,   e n g i n e  slew tests a n d   f l i g h t   s i m u l a t i o n ;   p e r f o r m  
f a u l t   i s o l a t i o n   a u t o m a t i c a l l y   u s i n g   t h e   d i a g n o s t i c   s o f t w a r e   r o u t i n e s ,   p r o d u c e  
h a r d   c o p y   o u t p u t s   o f   t h e  DIGS v o l t a g e   a n d   f r e q u e n c y   s i g n a l s   m o n i t o r e d   f o r   t h e  
l a u n c h   s t a t u s  c r i t e r i a ;  g e n e r a t e  a g o / n o - g o   s i g n a l   b a s e d   o n   t h i s   c r i t e r i a   b y  
m o n i t o r i n g  the d o w n l i n k   d i s c r e t e   a n d   a n a l o g   s i g n a l s   v i a   t h e   r e a d   s c a n n e r   a n d  
i n t e g r a t i n g   d i g i t a l   v o l t m e t e r   a n d   d e c o d i n g  the GC s t a t u s   w o r d s   d e r i v e d   d u r i n g  
t h e   s e l f   c h e c k   t e s t i n g ;   l o a d   t h e  G C  f l i g h t   s o f t w a r e   a u t o m a t i c a l l y   f r o m   p a p e r  
t a p e   v i a   t h e   u m b i l i c a l   a n d   v e r i f y   t h e   p r o p e r   l o a d i n g ;   c o m p u t e   a n d   p e r f o r m   t h e  
l o a d / v e r i f ,  of f l i g h t   p a r a m e t e r   ( a z i m u t h )   u p d a t e s ;   a n d ,   i n t e r f a c e   t h e  DIGS 
with t h e   o p e r a t o r   o v e r   t h e   1 0 0 0 - f o o t   u m b i l i c a l .  T h e  v o l t a g e   a n d   f r e q u e n c y  
s i g n a l s   u s e d   i n   t h e   g o l n o - g o   s t a t u s   d e t e r m i n a t i o n  are t h e   t h r e e   g y r o   s p i n  
m o t o r   r o t a t i o n   d e t e c t i o n  (SMRD) f r e q u e n c i e s ,   t h e  I M U  b l o c k   t e m p e r a t u r e ,  I M U  dc  
v o l t a g e ,  I M U  a c   v o l t a g e ,  G C  l o g i c   v o l t a g e ,  G C  memory v o l t a g e ,   a n d   t h e   r e s u l t  
of the s o f t w a r e  GC c h e c k .  

__ A l t e r n a t i v e   c a n d i d a t e  ~ NO. 2 . -  The LN-30 i n e r t i a l   n a v i g a t i o n   s y s t e m  i s  a 
p r i m e  c a n d i d a t e   € o r   S c o u t   f o r   t h e   f o l l o w i n g   r e a s o n s :  

1) P r o j e c t e d   p r o d u c t i o n   s t a t u s ;  2 4  p r e p r o d u c t i o n  sets h a v e   b e e n  
b u i l t ;  

2 )  Pe r fo rmance ;  

3)  Low weight   and   power .  

The LN-30 i n e r t i a l   n a v i g a t i o n   u n i t  (INU) i s  a s e l f - c o n t a i n e d   i n e r t i a l   n a v i g a t o r  
with b u i l t - i n   g y r o c o m p a s s - a l i g n   c a p a b i l i t y .   T h e  I N U  c o n s i s t s   o f  a p l a t f o r m ,  
c o n v e r t e r   c a r d ,   d i g i t a l   c o m p u t e r   a n d   p o w e r   s u p p l y .  

The LN-30 i n e r t i a l   n a v i g a t i o n   u n i t   f e a t u r e s  (1) c o m p l e t e l y   m o d u l a r i z e d  
c o n f i g u r a t i o n ,  ( 2 )  c a n t i l e v e r e d   p l a t f o r m   c o n s t r u c t i o n   f o r   a c c e s s i b i l i t y   t o  
s t a b l e   e l e m e n t ,  ( 3 )  n o n f l o a t e d   i n s t r u m e n t s ,  ( 4 )  e x t e n s i v e   u s e   o f   L S I   a n d  MSI 
c i r c u i t r y ,   a n d  (5) h i g h   r e l i a b i l i t y   w i t h  a p r e d i c t e d  MTBF = 3000 h o u r s  (P-1000 
o n l y )  . 
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The LN-30 h a s   s e v e r a l   m o d e s   o f   o p e r a t i o n .   T h e s e  a r e :  

1) Align   (normal   gyrocompass   and   heading   memury) ;  

2 )  N a v i g a t e ;  

3) GP; 

4 )  Backup; 

5) Ground t e s t ;  

6 )  G y r o   b i a s  1 and 2 .  

When t h e  I N U  i s  o p e r a t e d   i n   t h e   n o r m a l   g y r o c o m p a s s   a l i g n   m o d e ,   t h e   p l a t E o r m  
a u t o m a t i c a l l y   l e v e l s   t o   t h e   l o c a l   v e r t i c a l   a n d   t h e   c o m p u t e r   d e t e r m i n e s  t!le 
h e a d i n g   w i t h   r e s p e c t   t o   n o r t h .   I n   t h i s  mode t h e   p l a t f o r m  i s  i n i t i a l l y   c a g e d  i n  
a z i m u t h   t o   t h e   h e a d i n g   o f   t h e   p l a t f o r m ' s   c a s e   [ g e n e r a l l y   m o u n t e d   a l o n g   t h e  
a i r c r a f t ' s   c e c t e r l i n e ) .   T h e   c o m p u t e r   d e t e r m i n e s   t h e   p l a t f o r m   h e a d i n g   u s i n g  a 
w i d e - a n g l e   g y r o c o m p a s s   m e c h a n i z a t i o n .  An estimate o f   t r u e   h e a d i n g   ( a  mag llead- 
i n g   a n d  mag v a r )   m u s t   b e   i n s e r t e d   i n t o   t h e   c o m p u t e r   t o   r e d u c e   t h e   a l i g n m e n t  
time r e q u i r e d .  The a l i g n   p e r i o d  i s  n o r m a l l y   a b o u t   1 0   m i n u t e s ,   a n d   c o m p l e t i o n  
i s  s e n s e d  by a b u i l t - i n   c i r c u i t   w h i c h   o u t p u t s  a r e a d y - t o - n a v i g a t e   s i g n a l .  

T h e   n a v i g a t e  mode u s e s  a w a n d e r - a z i m u t h   m e c h a n i z a t i o n ,   t h a t   p r o v i d e s   l a t i -  
t u d e   a n d   l o n g i t u d e   o u t p u t s   w i t h o u t   r e q u i r i n g   s p e c i a l   p o l a r - n a v i g a t i o n a l   p r o -  
c e d u r e s .   T h e   c o m p u t e r  may b e   u p d a t e d   a t   a n y   t i m e   i n   t h i s  mode with p o s i t i o n ,  
v e l o c i t y ,   a n d   d i r e c t i o n - c o s i n e   u p d a t e s ,   a n d   w i t h  t i l t  ( t o r q u i n g )   c o r r e c t i o n s ,  
p e r m i t t i n g   t i e - i n   t o  a c e n t r a l   c o m p u t e r   w i t h  a n  o p t i m a l   f i l t e r .  

I n   t h e  GP m a d e ,   t h e   p l a t f o r m   c a n   b e   o p e r a t e d   d i r e c t l y   f r o m  a c e n t r a l  com- 
p u t e r ,   w i t h   t h e  I N U ' s  own c o m p u t e r   c o n t i n u i n g   t o   o p e r a t e   b u t  n o t  p r o v i d i n g  
t o r q u i n g   i n p u t s   t o   t h e   g y r o s .  I n  c a s e   o f   c e n t r a l   c o m p u t e r   f a i l u r e   t h e  INU 
c o m p u t e r   c a n   b e   s w i t c h e d   b a c k   i n t o   c o n t r o l ,   t h e r e b y   p r o v i d i n g   a n   e f f e c t i v e  
r e d u n d a n c y   f e a t u r e .  

The  backup mode i s  u s e d   i n   c a s e   o f   a n   i n - f l i g h t   c o n d i t i o n   t h a t   c a u s e s   t h e  
INU t o   b e   d i s a b l e d .   T h e   p l a t f o r m  is p e n d u l o u s l y   e r e c t e d   a n d   c a n   b e   s l a v e d   i n  
a z i m u t h   t o   a n   e x t e r n a l   r e f e r e n c e .   T h e   c i r c u i t r y   f o r   t o r q u i n g   m u s t   b e   p r o v i d e d  
e x t e r n a l l y .  

The   ground test  mode is u s e d   f o r   p r e f l i g h t   s e l f - t e s t .  I n  t h i s  mode t h e  
p l a t f o r m  i s  f i r s t   a l i g n e d   a n d   t h e n   " f a s t - S c h u l e r "   t e s t e d .   T h e   E a r t h ' s   r a d i u s  
term i n   t h e   c o m p u t e r  i s  s h o r t e n e d   a n d   v e l o c i t y   s t i m u l i i  a r e  i n s e r t e d ,   c a u s i n g  
r a p i d   S c h u l e r - t y p e   o s c i l l a t i o n s   w i t h  a p e r i o d  of a p p r o x i m a t e l y  1 0  m i n u t e s .   T h e  
z e r o - c r o s s i n g  time of t h e   v e l o c i t y   d a t a  i s  m o n i t o r e d   a n d   p r o p e r   o p e r a t i o n  i s  
i n d i c a t e d   i f   t h e  time is  w i t h i n  a s p e c i f i e d   i n t e r v a l .   T h i s   c h e c k   v e r i f i e s   p l a t -  
f o r m   a n d   c o m p u t e r   o p e r a t i o n ,  as well  as p o w e r   s u p p l y   a n d   c i r c u i t   p e r f o r m a n c e .  
T o t a l  test t i m e  is a p p r o x i m a t e l y  10 m i n u t e s .  
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... .. 

The  gyro  bias   modes are  u s e d   f o r   p e r i o d i c   r e b i a s i n g   o f   t h e   g y r o s ,   w h i c h  is  
normal ly   per formed a t  5 0 0 - o p e r a t i n g - h o u r   i n t e r v a l s .  The I N U  i s  f i r s t   o p e r -  
a t e d   i n   t h e   g y r o   b i a s - 1  mode a n d   t h e  Y- and  Z-gyro b i a s e s   d e t e r m i n e d .  If t h e  
o p e r a t o r   d e c i d e s   t o   c o r r e c t   t h e   s t o r e d   b i a s   d a t a ,   t h e  new v a l u e s  are i n s e r t e d  
( u s i n g   t h e   c o n t r o l   p a n e l   d a t a   e n t r y   c o n t r o l s )   a n d  are n o n v o l a t i l y   s t o r e d   i n  
t h e   b i a s  memory.  The  gyro  bias-2 mode i s  u s e d   f o r  X-gyro b i a s i n g .  

The LN-30 p h y s i c a l   c h a r a c t e r i s t i c s  a re  shown i n   t a b l e  11. 

TABLE 11.- LN-30 PHYSICAL CHARACTERISTICS 
I -. 

I NU C I U  RACK 

N a v i g a t i o n   a c c u r a c y ,  

Dimensions, i n .  

n. mi . / h r  

Volume, cu  i n .  

Weigh t ,  l b  

Power , warmup 

r u n  

Cool i ng a i  r 

P r e d i c t e d  s,ystem 
MTBF, h r  

i ded) 

13.6 

1 .5  CEP (una 

14.9 x 8.8 x 

1783 

39.5 

500 w a t t s *  -400 Hz, 3@ 

310   wa t t s  -400 Hz, 36 

1 . 5   l b / m i n   a t  l O O F  

1568 

5 . 7 5  x 7 . 5  
x 6.0  
258 

7 . 1  

40 wa t t s i  
400 Hz, 3@ 

none 

2 . 1  

* I n c l u d i n g   h e a t e r s   f o r   b o t h   p l a t f o r m   a n d   b a t t e r y .  
?Plus 1 5 - w a t t   e d g e   l i g h t i n g   p o w e r .  - -I--_ ._ 

The INU c o n s i s t s  of t h e   b a s i c   i n e r t i a l   s e n s o r s   a n d   t h e  LC-4516 d i .g i t a l .  
computer .  I t  m e a s u r e s   a t t i t u d e   a n d  i s  s t a b i l i z e d   i n   i n e r t i a l   s p a c e  by two 
G-1200 V i b r a g i m b a l   g y r o s c o p e s .   T h e   s t a b i l i z e d   p l a t f o r m   p r o v i d e s  an e a r t , h -  
bound r e f e r e n c e   f o r   t h e  two a c c e l e r o m e t e r s .   T h e   a c c e l e r o m e t e r s  are main- 
t a i n e d   l o c a l l y   l e v e l   a n d   t h e i r   r e l a t i o n s h i p   ( w a n d e r   a n g l e )   t o   n o r t h  is s o l v e d  
by t h e   c o m p u t e r .  

The P-1000 p l a t f o r m   i n c o r p o r a t e s  a h i g h   l e v e l   o f   m a i n t a i n a b i l i t y   i n h e r e n t  
i n  a c a n t i l e v e r e d   d e s i g n .  The s t a b l e   e l e m e n t ,   c o n s i s t i n g   o f   t h e   g y r o s  and 
a c c e l e r o m e t e r s ,  is renovab le   w i thou t   g imba l   d i sa s sembly .  

The   p l a t fo rm  g imba l   o rde r  i s  c o n v e n t i o n a l   w i t h   t h e   i n n e r m o s t   g i m b a l   b e i n g  
a z i m u t h   s u r r o u n d e d   b y   t h e   i n n e r - r o l l ,   p i t c h ,   a n d   o u t e r - r o l l   g i m b a l s .  The  ap- 
p e a r a n c e  a €  t h e   p l a t f o r m ,   h o w a v e r ,  is n o t   c o n v e n t i o n a l ,   b e c a u s e   o f   t h e   a p p l i c a -  
t i o n  o f  c a n t i l e v e r e d   g i m b a l s .  The c a n t i l e v e r e d   o u t e r   r o l l   g i m b a l  ac t s  as a 
m o u n t i n g   s u r f a c e   f o r   t h e   p l a t f o r m   s e r v o   e l e c t r o n i c s ,   p e r m i t t i n g   t h e   u s e  of a 
l a r g e   c i r c a i t   b o a r d   r a t h e r   t h a n  a se t  of small c a r d s .  By m o u n t i n g   t h e   e l e c -  
t r o n i c s  on t h e   o u t e r   r o l l   g i m b a l   t h e   n e c e s s i t y   f o r   r o u t i n g   s e r v o   s i g n a l s   b a c k  
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a n d   f o r t h   t h r o u g h   t h e   o u t e r   r o l l   s l i p r i n g  i s  e l i m i n a t e d .   I n c l u d e d   o n  the s e r v o  
e l e c t r o n i c s   c a r d s  ;re a l l  t h e   n e c e s s a r y   p o w e r   a m p l i f i e r s   f o r   o p e r a t i o n  of t h e  
f o u r   p l a t f o r m   g i m b a l s .  

T h e   p l a t f o r m   s u b u n i t  i s  c o o l e d   b y   i n t e r n a l l y   c i r c u l a t i n g   d r y   n i t r o g e n   o v e r  
t h e   p l a t f o r m   a n d  e lec t ronics  w i t h  a small b l o w e r .   T h e   h e a t  i s  t r a n s f e r r e d  by 
c o n v e c t i o n   t o   t h e   n i t r o g e n   t h a t   f l o w s   t h r o u g h   t h e   h e a t   e x c h a n g e r .   T h e   h e a t  i s  
t h e n   t r a n s f e r r e d  by c o n v e c t i o n s   t o   t h e   e x c h a n g e r   w h e r e  i t  i s  t r a n s m i t t e d   t o  
t h e   a i r c r a f t   c o o l i n g  a i r .  T h i s   c o o l i n g   s y s t e m   m a i n t a i n s   t h e   p l a t f o r m   a m b i e n t  
t e m p e r a t u r e  a t  148F  (64C) maximum a n d   m a i n t a i n s   t h e   g y r o s  a t  a t e m p e r a t u r e   t h a t  
does   no t   exceed   178F   (81C) .  

The LC-4516 i s  a g e n e r a l - p u r p o s e ,   1 6 - b i t   p a r a l l e l ,   f r a c t i o n a l   a r i t h m e t i c  
computer .   The LC-4516 p r o v i d e s   f u n c t i o n a l   a n d   p a c k a g i n g   m o d u l a r i t y   t h r o u g h   u s e  
of a d a t a   b u s   s t r u c t u r e ,  TTL b i p o l a r  MSI c i r c u i t r y   a n d   s i m p l e ,   f i n e - l i n e ,  
e t c h e d   c i r c u i t   b o a r d   c o m p o n e n t   p a c k a g i n g .   T h e  CPU u s   m e c h a n i z e d   o n   f o u r  
2 - s i d e d   p r i n t e d   c i r c u i t   b o a r d s .   T h i s  CPU o f f e r s  4 3  b a s i c   i n s t r u c t i o n s   a n d  a 
i h r o u g h p u t   o f   1 7 2 , 0 0 0   o p e r a t i o n s  p e r  second  on  a t y p i c a l   m i x .  

A l though   t he  LN-30 was d e s i g n e d   a n d   d e v e l o p e d   f o r   a i r c r a f t   n a v i g a t i o n ,  
i t  c a n   b e   m o d i f i e d   f o r   u s e   i n  a b o o s t   v e h i c l e   a p p l i c a t i o n .   T h i s   i m p l i e s  a 
c o m p l e t e   q u a l i f i c a t i o n   p r o g r a m   f o r   t h e   b o o s t   E 2 v i r o n m e n t .  To f u r t h e r  demon- 
s t r a t e   t h e   c a p a b i l i t y  o f  t h e  LN-30 s y s t e m  i n  a h i g h  g e n v i r o n m e n t ,   L i t t o n   r a n  
c e n t r i f u g e  t es t s  o n  t h e  A-1000 a c c e l e r o m e t e r .  

A t o t a l  o f  s e v e n  A-1000 a n a l o g   r e s t o r e d   a c c e l e r o m e t e r s  were c e n t r i f u g e d  
a t  two l e v e l s   o f  maximum a c c e l e r a t i o n  t o  d e t e r m i n e   e x p e r i m e n t a l l y ,   t h e   s e c o n d  
o r d e r   n o n l i n e a r i t y  of t h e   i n s t r u m e n t .   T h e   a v e r a g e   s e c o n d   o r d e r   c o e f f i c i e n t   o f  
t h e   s e v e n   i n s   t r u m e n t s   t e s t e d  is 4 5 . 9  ug /g ' '   w i th  a minimum a b s o l u t e   v a l u e   o f  
9 . 8  ug/g  and a maximum a b s o l u t e   v a l u e   o f  113 u g / g 2 .  

Tile f i r s t   f o u r  samples w e r e   c e n t r i f u g e d  a t  a maximum a c c e l e r a t i o n   o f  7 g 
w l~ i l e  t h e   l a s t   t h r e e  were c e n t r i f u g e d  up t o  26 g .   D a t a   t a k e n   o n   t h e  l as t  t h r e e  
samples   were   r educed   fo r  a 7-g l e v e l   a n d  a 20-g l e v e l   t o   v e r i f y   t h a t   t h e   c o e f -  
f i c i e n t s   a r e   v a l i d   o v e r   t h e   e n t i r e   r a n g e   a n d  a r e  t r u e   s e c o n d   o r d e r   c o e f f i c i e n t s .  
T a b l e  1 2  shows t h e  r e s u l t s  o f   t h i s   d a t a   r e d u c t i o n   a n d   v e r i f i e s   t h e   v a l i d i t y   o f  
e x t r a p o l a t i o n  of t h e  f i r s t  f o u r   s a m p l e   c o e f f i c i e n t s   t o   h i g h e r  g l e v e l s .  

TABLE 12 . -  CORRELATION BETWEEN LOW AND H I G H  ACCELERATION 

SAMPLE 
NO. 

5 

2 n d  ORDER N O N L I N E A R I T Y   C O E F F I C I E N T ,  ug/g2 

% CHANGE 
. _ _ ~  

7 2 - E X 2  +74 +4.2 
6 I 96-L33 I +60 I + 7 8  I +30 I 
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I n  summary, i n   o r d e r   t o  meet t h e   h i g h  l inear  a c c e l e r a t i o n   r e q u i i - e m e n t   f o r  
S c o u t ,   t h e   f o l l o w i n g   m o a i f i c a s i o n s  to c h e  i n e r t i a l   c o m p o n e n t s   a n d   g i m b a l  se t  
were s u g g e s t e d  by L i t t o n .  

G- 1200 gyro 

1) B e a r i n g s   c u r r e n t l y   p r e l o a d e d   f o r  20 g ;   c a n   b e   i n c r e a s e d   w i t h o u t  
des ign   change ;  

2)  Balance   o f   gy ro   and   l oops   capab le   o f   sus t a inee  30-g environment;  

3) Gyro s u c c e s s f u l l y   t e s t e d   t o  30 g ,  11 msec  shock.  

- 8-1000 accelerometer 

1) R e p l a c e   a n a l o g   r e s t o r i n g   l o o p   w i t h   p u l s e   r e b a l a n c e   c i r c u i t s ;  

2 )  Test a n d   c a l i b r a t e   r e s i d u a l  g ,  g2 a n d   b i a s ;  

3) P u t   g ,   g 2   a n d   b i a s  terms i n   c o m p u t e r ;  

4 )  A c c e l e r o m t e r   s u c c e s s f u l l y   t e s t e d   t o  50 g ,  11 msec  shock. 

P-1000 gimbal s e t  

1) R e d u n d a n t   i n n e r   g i m b a l   i n   e x i s t i n g   d e s i g n  w i l l  b e   l o c k e d   i n   p l a c e ;  

2 )  B e a r i n g   p r e l o a d   o n   o u t e r   g i m b a l   c a n   b e   i n c r e a s e d   w i t h o u t   r e d e s i g n ;  

3 )  B a s i c   g i m b a l   s t r u c t u r e   c a p a b l e  of s u s t a i n e d  30 g f i e l d .  

Two m e t h o d s   o f   a l i g n i n g   t h e  LN-30 f o r  a b o o s t   v e h i c l e   a p p l i c a t i o n  were i n -  
vest igtLed.   The  gyrocompass  a l ignment   technique  would  employ a Kalman ( 7  s t a t e )  
a l i g n m e n t   m e c h a n i z a t i o n .  An a z i m u t h   a l i g n m e n t   a c c u r a c y   o f   b e t t e r   t h a n  60 a r c -  
s e c   ( l u )  is p r e d i c t e d .   O p t i c a l   a l i g n m e n t  i s  a l s o  p r a c t i c a l  w i t h  t h e  LN-30 
s y s t e m   s i n c e  i t  i s  p o s s i b l e   t o  mount a p o r r o   p r i s m   o n   t h e   i n e r t i a l   c o m p o n e n t s  
c l u s t e r   a n d  a window t o   t h e   p l a t f o r m  case. 
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The proposed Smut LN-30  inerial  navigation  system  characteristics  are  as 
follows : 

. .  

Navigation  accuracy 
Dimensions 

Volume 
Weight 
Computer  memory  capacity 
Power consumption  warmup 

run 
Cooling  air 

Heat  sink  (flights  exceeding 
800 sec) 

Calculated MTBF prediction 

Computer  memory  capacity 

1.5  n.  mi./hr  CEP 
14.3  x 10.6 x 13.6  in. 
2062 in. 
43.5 lb 
4K x 16 bit  words 
500 watts 

310  watts 

1.5  lb/min 100°F 

100°F with 310 watt  input 

1568 hr 

4K x  16  bit  words 
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COMPUTER S I Z I N G ,  SURVEY & SELECTION 

This section provides  the data and  rationale for establishing  requirements 
on the  computer. The results of a market survey for airborne computers is given 
and a  selection of  the  best candidates is  presented  using  the  noted  require- 
ments in this section. 

Computer  Selection  Process 

The major obstacle in  computer selection is  obtaining sufficient computa- 
tional  requirement definition so that  bounding  conditions can be placed on 
memory size, computational speed, and  word  length. Additional difficulty  lies 
in that a  given  computational problem, memory size, speed, and  word  length can 
be traded against each other. Also, computer architecture will allow a given 
problem  to dictate  bounding  conditions for one  computer  different from that for 
another. An ideal  computer selection process follows. 

1) Define the  bounding  computational  problem. 

2) Translate this  to minimum requirements for  a baseline computer. 

3 )  Translate all candidate  computers to  this baseline  computer such 
that architectural differences  can  be  translated to  time and size 
margins. 

4 )  Eliminate  those  that will not  meet  the  minimum  requirements of the 
baseline. 

5) Select the final  computer on the  basis  of how it meets the critical 
criteria of cost, weight, power, sizing margin, timing margin, and 
risk. 

This  report  attempts to illustrate how this process will work for selection 
of the final Scout  computer. However, sufficient data  is not now available to 
select the final candidate. The data is incomplete  in two general areas: 

1) Complete  definition of the  computational problem; 

2) Accurate  data  from the manufacturers. 
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More  work i s  r e q u i r e d   t o   d e f i n e   t h e   g u i d a n c e   l o g i c   b o u n d s   a n d   m i s s i o n   f l e x -  
i b i l i t y   b o u n d s   t h a t   d i r e c t l y   a f f e c t   c o m p u t e r   r e q u i r e m e n t s .  The u s u a l   a p p r o a c h  
fo r   l aunch   veh ic l e   compute r   p rocuremen t  is t o  buy  considerably  more  computer  
t h a n   c a n   b e   j u s t i f i e d ,   o r   t o  se lec t  a s i m p l e ,   r e s t r i c t e d   m i s s i o n   d e f i n i t i o n   a n d  
wor ry   t he   p rob lem  l - a t e r .   App l i ca t ions   w i th   s e r ious   we igh t   and /o r   power  re- 
s t r i c t i o n s   s i m p l y   c . . + : o t   a f f o r d   t h i s   l u x u r y   a n d   e f f o r t   s h o u l d   b e   e x p e n d e d   t o  
de t e rmine   t he   op t imwl  1::rades. A l s o ,   t h e   p r o p e r   d a t a   f o r   f i n a l   s e l e c t i o n   p r o b -  
a b l y   c a n n o t   b e  made i ,< . t i~ou t   fo rma l  RFP a c t i v i t y   w i t h   t h e   m a n u f a c t u r e r s .  It 
s h o u l d   b e  made c1ea:c ,.h.;.t enough  da ta  is a v a i l a b l e   t o   r e d u c e   t h e  number  of 
c a n d i d a t e s   a n d   t o   i l l u s t r a t e   t h e   s e l e c t i o n   p r o c e s s .  

Any a i rbo rne   compute r   p rocure inen t   shou ld   con ta in  a planned  amount  of  t iming 
and s i z i n g   m a r g i n   f o r   t h e   f o l l o w i n g   r e a s o n s :  

1) E r r o r s   a n d   o v e r s i g h t s   i n   d e f i n i n g   t h e   c o m p u t a t i o n a l   p r o b l e m ;  

2 )  S y s t e m   p r o b l e m s   t h a t   o c c u r   l a t e   i n   t h e   d e v e l o p m e n t   c y c l e   t h a t   m u s t  
be   so lved   w i th   so f tware   because   o f   t he   cos t   and   s chedu le   impac t   t o  
modi fy   the   hardware ;  

3) A d d i t i o n a l   f l e x i b i l i t y   r e f i n e m e n t s  become d e s i r a b l e  l a te r  on  and are 
j u s t i f i e d   o n   t h e   b a s i s   o f   r e d u c i n g   f o r e s e e a b l e   r e c u r r i n g   c o s t s .  

The exact  amount  of  margin  needed a t   t h e  time o f  p rocur ing   ha rdware  is a 
matter   of   judgment   based on the   degree   o f   conf idence   and   knowledge   of   the   above  
items a s  w e l l  a s   t h e   r e s t r i c t i o n s  on power  and  weight.  I t  i s  recommended t h a t  
a minimum of 25% p l a n n e d   m a r g i n   f o r   t i m i n g   a n d   s i z i n g   b e   e s t a b l i s h e d  a t  t h e  t i m e  
of  computer  procurement. 

h s i  c Assumptions 

A f e w  b a s i c   d e f i n i t i o n s   a n d   a s s u m p t i o n s   h a v e   b e e n  made so t h a t   t h e   c o m p u t e r  
s e l e c t i o n   p r o c e s s   c a n   b e   c a r r i e d   f a r   e n o u g h   t o   g i v e  a number  of   leading  candi-  
d a t e s  . 

S i n c e   t h e   g u i d a n c e   e q u a t i o n s   a n d   l o g i c   a r e   p r e s e n t l y   u n d e f i n e d ,  a t e c h n i q u e  
adop ted   t o   e s t ab l i sh   an   uppe r   bound   on   computa t iona l   p rob lems   fo l lows .  

1 )   E l i m i n a t e   t h e   l u n a r   m i s s i o n   a s  a c o n s i d e r a t i o n  on t h e   b a s i s   t h a t  
a d d i t i o n a l   r e q u i r e m e n t s   r e f l e c t   p r i m a r i l y   o n  memory space   and   add i -  
t i o n a l  memory can   be   p rocured  a t  t h e  t i m e  o t h e r   r e q u i r e d   h a r d w a r e  is  
p rocured  (command d a t a   u p l i n k ,   e t c ) .  

2) Select a p p l i c a b l e   p o r t i o n s   f r o m   t h e   g u i d a n c e   e q u a t i o n s  of Titan IIIc 
p r o v i d i n g   a n   e x p l i c i t   g u i d a n c e   s c h e m e   t h a t   c a n   b e   c o n s i d e r e d  as 
r ep resen t ing   t he   uppe r   bound  of f l e x i b i l i t y   f o r   S c o u t .  
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3) Use modified Titan guidance logic plus other Titan sizing  data as 
baseline for interfacing with a gimbal IMU. 

4 )  Use modified Titan guidance logic plus available Delta launch  ve- 
hicle sizing data as baseline for  interfacing with a  strapdown IMU. 

A certain  amount  of additional confidence exists in  this  method. The esti- 
mates are based on scaling down existing  computer  programs  rather  than  building 
up from scratch with the risk of overlooking significant problem  areas.  During 
the  scaling down process, only  items  definitely  unnecessary are eliminated, thus 
leaving  uncertain or overlooked  areas within the estimates. 

In summary, the  guidance  portion of  the computational problem  can  be  consid- 
ered  to be a worst case  example  for the mission capability to be used on Scout. 

Additional guidance logic investigation will certainly  optimize and further 
reduce the magnitude of  the  computational  problem because the given definition 
is  sufficient for achieving  a  synchronous  equatorial orbit. The time  for  this 
type mission requires six hours, which makes the  power  requirements on the  com- 
puter very  critical. The present  battery  technology  provides 30 watt-hours/lb 
which will translate to an increase of 15 pound for a  100-watt  system when mis- 
sion requirements increase from one hour  to six hours. The power  requirements 
are  derived  assuming  a  one-hour  mission  even  though  the  guidance  logic is funda- 
mentally  capable of handling more than  this. The criteria for  establishing  the 
weight requirements  has been simply to pick a weight limit that allows  a  reason- 
able  number of candidates to be selected. The selected  limit is  based  on  the 
actual weight plus the  battery  weight  required  to operate for  one  hour. 

A modification to  the ideal  selection  process  has  been made at  this  time to 
allow for incomplete and somewhat unreliable data from the  manufacturers.  This 
modification  ignores  the  differences of translating  the  candidate  computers to 
the  two baseline  computers although the  techniques  involved will be  discussed. 

Computer Requirements 

General. 

Interfaces.- The computer requires, as a minimum, the following interfaces: 

Digital (GSE, telemetry) 

Accelerometer (x, y, z inertial  velocities) 

Attitude data (gimbal  angles  or  direction  cosines) 
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Analog 

1) A u t o p i l o t   v a r i a b l e   g a i n  

2 )  Yaw,  p i t c h ,   r o l l   d i s p l a c e m e n t  commands 

Discretes 

Telemetry  Requirements . - The  cons t ra in ts   imposed   on  a gene ra l -pu rpose  com- 
p u t e r  by t h e   t e l e m e t r y   r e q u i r e m e n t   c a n   b e   c o s t l y   i n   b o t h  memory r equ i r emen t   and  
t i m i n g .   T h e r e  are t e c h n i q u e s   t o   e f f e c t i v e l y  manage  memory, b u t   t i m i n g  is  a more 
s e r i o u s   p r o b l e m   u n l e s s  a d i r e c t  memory access channel   (DM) is  a v a i l a b l e   f o r   u s e .  
The a s s u m p t i o n   f o r   t h i s   e x e r c i s e  i s  t h a t  a n o r m a l   d i g i t a l   d a t a   c h a n n e l  w i l l  be  
u s e d   i n s t e a d  of a DMA a l t h o u g h   f i r m   r e q u i r e m e n t s   i n  terms of  t e l e m e t r y   d a t a   c a n -  
n o t   b e   s t a t e d  a t  t h i s   p o i n t .  

The t r a d i t i o n a l  l i s t  below w i l l  be   a s sumed   i n   o rde r   t o   work  the t iming  and 
s i z i n g   a s p e c t s   n e c e s s a r y   f o r   c o m p u t e r   s e l e c t i o n .  

Gyro   compensa t ion ,   x ,   y ,   z ;  

Acce le romete r   compensa t ion   x ,   y ,  z ;  

Minor   cyc le   coun te r ;  

C o m p u t a t i o n   s t a t u s ;  

D i s c r e t e s ;  

Veloci ty- to-be-gained;  

S t a g e   c o n d i t i o n s ;  

D i r e c t i o n   c o s i n e s ;  

I n e r t i a l   v e l o c i t y ,  Vx, Vy,  Vz; 

S t e e r i n g  commands - yaw, p i t c h ,   r o l l  

A t t i t u d e   e r r o r s ;  

R a d i u s   v e c t o r  x, y ,  z components;  

Y a w ,  p i t c h ,   r o l l   a n g l e  rates.  

” Mode  Switching  Requirements.- Mode s w i t c h i n g   a n d   d i s c r e t e   g e n e r a t i o n   r e q u i r e -  
ments are d i r e c t l y   r e l a t e d   t o  a s e q u e n c e   o f   e v e n t s   i n   o b t a i n i n g   m i s s i o n   o b j e c -  
t i v e s .   T h e   t a s k  of mode c o n t r o l   a n d   i s s u i n g   d i s c r e t e s  i s  d e d i c a t e d   t o   t h e   e x e c u -  
t i v e   s y s t e m .   T h i s   a ‘ l l o w s   f o r   a n   e f f i c i e n t   m a n n e r  of execut ing  programs  depen-  
d e n t   o n   t h e   s e q u e n c e   o f   e v e n t s .   F o l l o w i n g  is a l i s t  of o u t p u t   d i s c r e t e s   t h a t  
are u n d e r   s o f t w a r e   c o n t r o l :  
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L i f t o f f  ; 

S t a g e  I1 i g n i t i o n ;  

A c t i v a t e   S t a g e  I1 c o n t r o l   s y s t e m ;  

S e p a r a t e   f i r s t   s t a g e ;  

Remove f i r s t - s t a g e   c o n t r o l s ;  

S w i t c h   i n   b o d y - b e n d i n g   f i l t e r ;  

S e p a r a t e   p a y l o a d   h e a t   s h i e l d ;  

A c t i v a t e   S t a g e  I11 c o n t r o l   s y s t e m ;  

S t a g e  I11 i g n i t i o n ;  

S t a g e  111 s e p a r a t i o n ;  

A c t i v a t e   f o u r t h - s t a g e   c o n t r o l   s y s t e m ;  

S t a g e  I V  i g n i t i o n  

F o u r t h - s t a g e   s e p a r a t i o n ;  

Pay load   func t ion ;  

P a y l o a d   s e p a r a t i o n .  

The p rocedure   u sed   i n   s i z ing   t he   Scou t   mi s s ion   gu idance   compute r  i s  to   form 
subprogram  modules   f rom  the  computer   processing  funct ions.   Each  module i s  ana- 
l y z e d   f o r   s t o r a g e   r e q u i r e m e n t s   a n d   e x e c u t i o n  times. Tab le  1 4  shows a p re l im-  
inary  module l i s t  a n d   t h e  memory r e q u i r e m e n t s   w i t h i n   t h e   c o m p u t a t i o n a l   c y c l e s .  

T im ing   and   D isc re te   Genera t i on   Requ i remen ts  . -  The  Scout  guidance  computer 
w i l l  employ a r e a l - t i m e   i n t e r r u p t   t o   d e v e l o p   t h e   t i m i n g   i n t e r v a l .  T h i s  time 
i n t e r v a l  is the   bas i s   fo r   e s t ab l i sh ing   t he   compute r   p rog ram  minor   cyc le   o r   t he  
s m a l l e s t  time s t e p   f o r   d a t a   s a m p l i n g   a n d   a s s o c i a t e d   c o m p u t a t i o n a l   s o l u t i o n s .  
The e x e c u t i v e   r o u t i n e  w i l l  r espond  to   the   rea l - t ime  in te r rupt   (RTI)   and   con-  
t r o l   t h e   e x e c u t i o n  of b o t h   m i n o r   c y c l e   a n d   m a j o r   c y c l e   r o u t i n e s .  The e x e c u t i v e  
w i l l  a l so   deve lop   f rom  the  RTI  a l l  c o u n t e r s  o r  timers u s e d   f o r   m i s s i o n   c o n t r o l .  
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I t  is  t h e   f u n c t i o n  of t h e   e x e c u t i v e  t o  manage  t he  d i s c r e t e s  t h a t  p r o v i d e  
f o r   u l t i m a t e  vehic le  control  from c o m p u t e r   m e m o r y   l o a d  t o  p a y l o a d   s e p a r a t i o n .  
T h e   b a s e l i n e   d i s c r e t e s  l i s t  a s s u m e d  f o r  S c o u t  f o l l o w s .  

x ,   y ,  z t o r q u e r   p o l a r i t y   c o m m a n d s ;  

B o d y   b e n d i n g   f i l t e r   s w i t c h ;  

A u t o p i l o t  c o n t r o l  1, 2 ( g a i n   s e l e c t ) ;  

A u t o p i l o t   c o n t r o l   e n a b l e ;  

A l i g n   d i s c r e t e s  1, 2, 3 ,  4 ,  5 ;  

S e c o n d - ,   t h i r d - ,   f o u r t h - s t a g e  KCS v a l v e   c o m m a n d s ;  

S e c o n d - ,   t h i r d - ,   f o u r t h - s t a g e   a c t i v a t e   c o n t r o l   s y s t e m ;  

S e c u n d - ,   t h i r d - ,   f o u r t h - s t a g e   m o t o r   i g n i t i o n   c o m m a n d s ;  

T h i r d - s t a g e   t h r u s t   r e d u c t i o n   c o m m a n d ;  

F o u r t h - s t a g e   s e p a r a t i o n ;  

F o u r t h - s t a g e  OCS a c t i v a t e  commands; 

P a y l o a d   s e p a r a t i o n  command; 

P a y l o a d   f u n c t i o n s ;  

F o u r t h - s t a g e   t h r u s t   r e d u c t i o n ;  

GSL f u n c t i o n s .  

N i t h i n   t h e   d i s c u s s i o n   o n   t i m i n g ,  i t  is  p e r t i n e n t  t o  p o i n t   o u t   t h e   b a s i c   d i f -  
E e r e n c e   i n   r e q u i r e m e n t s   p l a c e d   u p o n   c o m p u t e r s   u s e d   f o r   c o n t r o l l i n g  a g i m b a l e d  IMU 
s y s t e m   v e r s u s  a s t r a p d o w n  IMU s y s t e m .  T h e   g i m b a l e d  IPlU c o n t a i n s   t h e   b o d y  a t t i -  
t u d e   w i t h  respec t  t o   i n e r t i a l   s p a c e   i n  a d i r e c t   r e a d o u t   o f   t h e   g i m b a l   a n g l e  re- 
s o l v e r s .  

I n   t h e   c a s e  of t h e   s t r a p d o w n  I M U ,  t h e r e  is no g i m b a l   i n   w h i c h   a t t i t u d e  i s  
a u t o m a t i c a l l y   s t o r e d .   T h e   c o m p u t e r   m u s t ,   t h e r e f o r e ,   d e r i v e   a t t i t u d e   b y   r e a d i n g  
t h e   g y r o   i n p u t s  a t  a h i g h   f r e q u e n c y   a n d   u p d a t e   b o d y   a L t i t u d 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   b y   s o l v i n g  a s e t  o f   d i f f e r e n t i a l   e q u a t i o n s .   T h e s e   e q u a t i o n s   c a n  
v a r y   g r e a t l y  in t h e i r   d e g r e e   o f   c o m p l e x i t y .   T h e   e q u a t i o n s  w i l l  b e  of  h i g h e r  
o r d e r   a n d ,   t h e r e f o r e ,   m o r e   c o m p l e x   a n d   d i f f i c u l t   t o   j m l > l e m e n t   i n  a d i g i t a l  corn- 
p u t e r  as s y s t e m   r e q u i r e m e n t s   f o r   a c c u r a c y  a re  i n c r e s s c d .   W h a t e v e r   t h e   d e g r e e   o f  
c o m p l e x i t y ,  i t  i s  i m p o r t a n t  t o  n o t e   t h a t  t hese  e q u s t i o n s   m u s t   b e   s o l v e d  on t h e  
m i n o r   c y c l e .  When t h i s  s e t  o f   d i f f e r e n t i a l   e q u a t i u n s  i s  s o l v e d   e v e r y  2 0  t o  40 
m i l l i s e c o n d s ,  i t  is e a s i l y  s e e n   t h a t   t h e   m i n o r   c y c l e   c o n l p u t a t i o n a l   l o a d   g e t s  
e x t r e m e l y   l l e a v y .   T h e r e f o r e ,   s p e e d   r e q u i r e m e n t s   o n  a d i g i t a l   c o m p u t e r  t o  h a n d l e  
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the computational  problem  for a strapdown IMU are  significantly  greater  than 
speed  requirements  for  the  gimbaled IMU problem. To a lesser degree, but s ~ l l l  
significant,  increased  memory space requirements are placed  on a computer to 
handle the strapdown IMU problem. The reason, of course, has  just  been de- 
scribed;  the  calculations of  body attitude  with  respect to  inertial space  arc 
an  additional load upon the  computer when using a strapdown IMU, 

GSE.- Digital  computer  requirements in interfacing  with the GSE are  at a 
minimum -- IMU alignment  support and  memory  load/verify  capability. 

The  Scout  digital  computer  will  provide  assistance  for IMU alignlnent t o  
establish  the  initial  inertial  reference.  For  the  purpose of  clcter~~lining re- 
quirements  upon  the  digital  computer,  limited  activity  is  assumed. 

For  most  efficient  utilization of memory, the  computer  and GSE w i l l  exercise 
a digital  interface  for  loading  and  verifying  the  computer  memory  at  the launcll 
site.  This will allow  the  capability  of  using  the  computer  in  prelaunch  testing 
and  later  loading  the  flight  program  over  it.  This  means  that  liberal  prelaunch 
calibration and  testing  can  be  done  at no expense  of  memory t o  contain  it. 

General Computer Characteristics. 

The general  characteristics  required in the Scout  digital  computer  are 
rather  traditional  for  most  airborne  applications.  They  are: 

1) Binary; 

2 )  2 ' s  complement  arithmetic; 

3) Fixed  point  arithmetic; 

4 )  Fractional  data word; 

5) Two  accumulators  (upper, lower); 

6) Expandable  memory. 

Variables  Affecting Computer Characteristics. 

There  are  three  areas  that  affect  basic  computer  characteristics in  speed 
requirements  or  memory size. These  are  index registers, memory  addressing tecll- 
niques, and  instruction set. Proper  selection in each  area  can  minimize  both 
speed  and  memory  requirements. 

Index regis ters . -  The use of index  registers  allow for  the  optimization  of 
computer  memory  versus  execution  time,  handling  tabulated data, etc. It has  been 
determined  empirically  that  there  is a relationship  between  a./ailability  and use  
of  index  registers  and  memory and/or speed requirements. These relationships 
are  included. 
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1) Memory.- I n   p e r f o r m i n g   t h e   g u i d a n c e   a n d   c o n t r o l  class problem, 
o n e   o r  two i n d e x   r e g i s t e r s   r e d u c e   t h e  amount  of memory r e q u i r e d  
by 5%. T h r e e   i n d e x   r e g i s t e r s   r e d u c e   t h e  memory r e q u i r e d  by 10% 
when  comparing  the  job as b e i n g   d o n e   w i t h   n o   i n d e x   r e g i s t e r s .  

2 )  T ime . -  The  computer t i m e  r e q u i r e d   t o   p e r f o r m  a GCC-type t a s k   w i t h o u t  
i n d e x   r e g i s t e r s   c a n   b e   r e d u c e d  somewhat i f   i n d e x   r e g i s t e r s   a r e  em- 
p loyed .  One o r  two i n d e x   r e g i s t e r s   a l l o w   t h e   r e q u i r e d  time t o   b e  
reduced  by 6%;  t h r e e   i n d e x   r e g i s t e r s   a l l o w   r e q u i r e d  time t o   b e  re- 
duced  by 13%. T h e s e   f i g u r e s   m u s t   b e   a l t e r e d  downward i f   t h e  com- 
p u t e r   r e q u i r e s   e x t r a  memory c y c l e s   f o r   i n d e x e d   o p e r a t i o n s .  To 
r e v i s e   t h e s e   f i g u r e s   o n   t h a t   b a s i s   r e q u i r e s   k n o w l e d g e   o f  how many 
i n d e x   o p e r a t i o n s  p e r  s e c o n d   t h e r e  w i l l  b e   f o r   t h e   t o t a l   p r o b l e i n .  

A d d r e s s i n g   c a p a b i l i t i e s . -  The addres s ing   t echn ique   employed   i n  a computer 
a l so   has   an   impac t   upon   t he  memory r e q u i r e d   t o   p e r f o r m  a g i v e n   t a s k .  A seg-  
mented  memory, i . e . ,  one   wh ich   canno t   be   t o t a l ly   add res sed   w i th in   t he   r ange  of 
t h e   i n s t r u c t i o n ' s   o p e r a n d ,   r e q u i r e s   e x t r a   m a n i p u l a t i o n   t o   a c c e s s   d a t a ,   s u b -  
r o u t i n e s ,   e t c .   T h i s ,   i n   t u r n ,  i s  a r e q u i r e m e n t   f o r   a d d i t i o n a l   i n s t r u c t i o n s   a n d  
i n d i r e c t   a d d r e s s   t a b l e s .  The   fo l lowing   t abu la t ion   shows  how memory r e q u i r e d   t o  
do  a t a s k   i n c r e a s e s  as t h e   o p e r a n d   f i e l d  i s  r educed :  

Operand  Size  Mernor l  "_ __L" I n c r e a s e   R e q u i r e d  

>9  0% 
9 5% i n c r e a s e  i n   i n s t r u c t i o n s  
8 10% i n c r e a s e  i n   i n s t r u c t i o n s  
7 25% i n c r e a s e  i n   i n s t r u c t i o n s  
6 50% i n c r e a s e  i n   i n s t r u c t i o n s  

-" "___- I n s t r u c t i o n   S e t . -  The a v a i l a b i l i t y  of   more   powerfu l   ins t ruc t ion  s e t  obv ious ly  
has   advan tages .  I t  can  reduce  the  amount of memory r e q u i r e d   f o r  a t a s k   a s  wel l  
a s   t h e  time r e q u i r e d   f o r   t h e   e x e c u t i o n   o f   t h e   t a s k .   I n c l u d e d   h e r e   a r e   f o r m u l a s  
t h a t   a s s i s t   i n   t h e   c o m p a r i s o n  a n d   e v a l u a t i o n   o f   i n s t r u c t i o n   s e t s .  

1) Memory s i z e .  - I f  by u s i n g   t h e   b a s i c  2 6  i n s t r u c t i o n s ,  the b a s i c  
memory r e q u i r e m e n t ,  M I ,  can   be   de te rmined  by i n s t r u c t i o n   c o u n t ,  i t  
i s  t h e n   p o s s i b l e  t o  compute  the  impact   of   an  improved  instruct ion 
set on the   p rob lem.  

log, 26 

M2 = log, N M 1  

M1 = t o t a l  memory r equ i r emen t   u s ing   bas i c  26 i n s t r u c t i o n s  of Tab le  
13. 

M2 = computed memory r e q u i r e m e n t   f o r   i m p r o v e d   i n s t r u c t i o n  s e t .  

N = number  of i n s t r u c t i o n s   i n   i m p r o v e d  s e t .  
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TABLE 13.- RECOMMENDED INSTRUCTION  REPERTOIRE 

"1. 

*2. 

*3. 

"4. 

5 .  

"6.  

*7.  

* 8 .  

9. 

* l o .  

"11. 

*12. 

*13. 

"14. 

ADD 

SUBTRACT 

MULTIPLY 

D I V I D E  

ROTATE ( r i g h t ,   l e f t ,  
s i  ngl e , doubl  e 

S H I F T  ( r i g h t ,   l e f t ,  
s i  n g l  e ,  double) 

Logical AND 

Logical OR 

Excl usi ve O R  

LOAD index 

LOAD A 

LOAD B 

STORE index 

STORE A 

*15. STORE B 

*16. TRANSFER and SAVE 

*17, TRANSFER i n d i r e c t  

*18. TRANSFER and INCREMENT 
index 

) *19. TRANSFER 

*20.  TRANSFER on a negative 

*21. TRANSFER on a zero 

2 2 .  NEGATE A 

*23. Input/Output (A/D,  D/A 
discretes  , incremental 
interrupt  control 
i nternal ) 

24. NORMAL I ZE 

2 5 .  ADD DOUBLET 

2 6 .  SUBTRACT  DOUBLET 

' Needed for  cmpui:i ny a t - t i   t u d e   r e f e r w ~ c  or1 str.apd0.w T M U  p rob l  em 
( m i  nor cyc le) .  

Giinbaled s y s t m  has  only 24  double  precision adds in major cycle-- 
hardware docLlr  precisiori  instructions n o t  necessary. 
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2)   T iming . -   I f  a p r o b l e m   h a s   b e e n   s i z e d   a n d   t i m i n g   m a r g i n s ,  T I ,  cal-  
c u l a t e d ,   u s i n g   b a s i c  26 i n s t r u c t i o n s ,  i t  i s  t h e n   p o s s i b l e   t o   p r e -  
d i c t   t h e   t i m i n g   m a r g i n ,  T 2 ,  i n   s e c o n d s / s e c o n d   i f   t h e   i m p r o v e d   i n -  
s t r u c t i o n  s e t  were u s e d .  

T I  = t i m i n g   m a r g i n   a s s o c i a t e d   w i t h   b a s i c   i n s t r u c t i o n  set 

T 2  = p r e d i c t e d   t i m i n g   m a r g i n   f o r   i m p r o v e d   i n s t r u c t i o n  set  

N = nunher  of i n s t r u c t i o n s   i n   i r n p r o v e d  s e t .  

Memory -.- Size 

General .- One o f  t h e   m a j o r   c o n s i d e r a t i o n s   f o r   d e t e r m i n i n g  memory s i z e  i s  t o  
s e l e c t   a n   e x e c u t i v e   r o u t i n e   d e s i g n   t h a t   a l l o w s   f o r   s i g n i f i c a n t   c h a n g e s   i n   t h e  
m i s s i o n   r e q u i r e m e n t s   w i t h o u t   c a u s i n g   c h a n g e s   t o   t h e   p r o g r a m m i n g .   T h i s   i m p l i e s  
tllat a l l  changes  be made by parame te r  m o d i f i c a t i o n .  The   t echn ique   has   been  
d e m o n s t r a t e d   i n  the d i g i t a l   f l i g h t   c o n t r o l s   p r o g r a m m i n g   f o r   T i t a n  I I I C ,  b u t  i t  
llas b e e n   c o s t l y   i n  terms of memory usage .  A c o n c e r t e d   e f f o r t   h a s   b e e n  made t o  
do the S c o u t   g u i d a n c e   w i t h  4 K  of memory w o r d s ,   a n d   t h e   s i z i n g   d a t a   p r e c l u d e s  
u s i n g   a n y t h i n g   b u t  minimum e x e c u t i v e   d e s i g n .   T h e r e f o r e ,   f u t u r e   c h a n g e s  w i l l  
c e r t a i n l y   c a u s e   r e c u r r i n g   s o f t w a r e   e x p e n s e .  A d i s c u s s i o n   o f  a C e n t r a l i z e d  Ex- 
e c u t i v e   S y s t e m   h a s   b e e n   i n c l u d e d   i n   A p p e n d i x  F o f   t h i s   r e p o r t .   T h e  estimate 
f o r  t h i s  t y p e   e x e c u t i v e  i s  1200   words ,   and   t h i s   shou ld  b e  c o n s i d e r e d   o n l y   i f  
t h e  memory s i z e  i s  more  than 4 K .  I t  s h o u l d   b e   p o i n t e d   o u t   h e r e   t h a t   l a r g e r  
memory s i z e   m a r g i n s   a l s o   c o n t r i b u t e   t o   r e d u c e d   c o s t s   f o r   s o f t w a r e   c h a n g e   a c -  
t i v i   t y  . 

- Girnbalxstern "" basel ine.-  ___ T h e  m o d i f i e d   T i t a n  I I IC g u i d a n c e   l o g i c   t o  b e  used  as  
the S c o u t   b a s e l i n e  is  d e s c r i b e d  by t h e   f o l l o w i n g   g e n e r a l   f u n c t i o n s :  

1 )   Ma jo r   Cyc le s :  

a )   I n i t i a l i z a t i o n ;  

b )   A c c e l e r o m e t e r   c o m p e n s a t i o n   f o r   s c a l e   f a c t o r ,   b i a s ,   m i s a l i g n m e n t ;  

c )   N a v i g a t i o n ;  

d )   T h r u s t   a c c e l e r a t i o n   c a l c u l a t i o n s ;  

e )  Booster s t e e r i n g   c a l c u l a t i o n s ;  

f )  T i m e - t o - g o   c a l c u l a t i o n s ;  

g )   E x p l i c i t   s t e e r i n g   c a l c u l a t i o n s ;  
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C o e s t   s t e e r i E g   c a l c u l a t i o n s   ( r e d u c e d   t o  k ) ;  

V a r i a b l c  AI?; 

IMU g i m b a l   a n g l e  commands c a l c u l a t i o n ;  

M a j o r   c y c l e   o u t p u t  con;;.ands c a l c u l a t i o n ;  

S t a g e  I g u i d a n c e   i n i t i a l i z a t i o n ;  

S t a g e  I1 g u i d a n c e   i n i t i a l i z a t i o n ;  

S t a g e  I11 gu-idance i n i t i a l i z a t i o n   ( r e d u c e d   t o  %); 

S t a g e  I I / I I I  s e p a r a t i o n   s e q u e n c e   d i s c r e t e s ;  

Time d e p e n d e n t   d i s c r e t e s   ( r e d u c e d   t o  $); 

Pay load  e jec t  d i s c r e t e s   ( r e d u c e d   t o  113); 

I n i t i a l   S t a g e  0 r o l l  maneuver; 

S t a g e  0 b u r n o u t   d e t e c t i o n   a n d   S t a g e  I i g n i t i o n ;  

S t a g e  O / I  s e p a r a t i o n   s e q u e n c e ;  

S t a g e  I11 I g n i t i o n   i n i t i a l i z a t i o n ;  

T o a s t i n g   a n d   T e l e m e t r y   o r i e n t a t i o n   l o g i c ;  

V e r n i e r   c o m p u t a t i o n s   ( i n c r e a s e d   t o  2 )  ; 

I n i t i a l i z e   r e f e r e n c e   p i t c h   a x i s ;  

L i f t o f f   d e t e c t i o n .  

T i t a n   f u n c t i o n s   t h a t  were e l i m i n a t e d  a r e :  

E r r o r  command ra tes  computat ion;  

S t a g e  I1 shutdown  enable  t e s t ;  

Backup  Stage I11 shutdown command; 

S t a g e  1/11 s e p a r a t i o n   d e t e c t i o n ;  

Backup  and  primary  Stage I1 shutdown  sequence;  

S t a g e  I11 r e o r i e n t a t i o n  tests;  

All l o g i c   t o   i n t e r f a c e   w i t h   d i g i t a l   f l i g h t   c o n t r o l s .  
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I -  

2 )  Minor  Cycles: 

a)  Telemetry w a s  r e d u c e d   b e c a u s e  of t h e   r e d u c e d   S c o u t   r e q u i r e m e n t s .  

b )   E x e c u t i v e   r o u t i n e  w a s  r e d u c e d   t o   e l i m i n a t e   r e q u i r e m e n t s   a s s o -  
c i a t e d   w i t h   f l i g h t   c o n t r o l s .  

The a c t u a l   T i t a n   s i z i n g   n u m b e r s  are shown i n   t a b l e  1 4 .  T h e   m o d i f i e d   T i t a n  
s i z i n g   n u m b e r s  a re  shown as t h e   S c o u t   r e q u i r e m e n t s   f o r  a g imbal   sys tem.  

The   s e l f - check   r equ i r emen t s  are  shown as o p t i o n a l   s i n c e   t h i s   r o u t i n e  i s  n o t  
a r e q u i r e m e n t   f o r   f l i g h t .  It  p r o v i d e s   t h e   a b i l i t y   t o   i s o l a t e   m o s t   c o m p u t e r  mal- 
f u n c t i o n s   d u r i n g   s o f t w a r e   c h e c k o u t ,   p r e l a u n c h ,   a n d   f l i g h t   p h a s e s ,   b u t   t h e   o n l y  
v a l u e   i n   f l i g h t  i s  to   have   pos t f l i gh t   knowledge   o f  a compute r   ma l func t ion   v i a  
t e l e m e t r y .  

St rapdown  sys tem  base l i ne . -  The Delta s i z i n g  numbers were t a k e n   d i r e c t l y  
f r o m   a v a i l a b l e   t i m i n g   d a t a .   T h e   m a j o r   c y c l e   d a t a   f o r   t h e   S c o u t   s t r a p d o w n   b a s e -  
l i n e  w a s  t a k e n   t o   b e   t h e  same as  t h e   g i m b a l   b a s e l i n e  by i g n o r i n g   d i f f e r e n c e s   i n  
t h e   a r c h i t e c t u r e  of t h e  two machines .   The  minor   cycle  TM r o u t i n e  w a s  reduced 
i n   t h e   S c o u t   b a s e l i n e   b e c a u s e   o f   r e d u c e d ' t e l e m e t r y   r e q u i r e m e n t s .  

M a i n s . -  - The memory s i z e   m a r g i n s   f o r   t h e  two s y s t e m s   ( i g n o r i n g   a r c h i t e c t u r e )  
are : 

Sys t e m  4 K  Margin 

G imba 1 291 = 7 . 1 %  
S trapdown -831 = -21% 

The c o n c l u s i o n  i s  tha t   the   s t rapdown  sys tem  must   be   worked   in   more   than  4K mem- 
o ry   and   the   gu idance   log ic   mus t   be   worked   harder   to   ga in   the   des i red  25% margin 
i f   t h e   g i m b a l   s y s t e m  is  t o   f i t .  

Computer  Speed 

Gimbal  system - The estimates for   computer   speed  a re  based on r e d o i n g  
t h e   T i t a n   s y s t e m   t o   r e f l e c t   a n   a t t i t u d e   s a m p l e  r a t e  of 50 s p s .   T h i s  
was d o n e   t o   c o v e r   t h e  unknown s t a b i l i t y   m a r g i n s   o n   S c o u t   f o r  a 25 
sps   sys tem.   This   increased   sample   f requency   amounts   to   an   increased  
t i m e  usage  of 3% f o r  a t o t a l  of 20% (80% margin) . .   The   des i red   Scout  
margin i s  2 5 2 ,  m e a n i n g   t h a t   t h e  time u s a g e   c a n   i n c r e a s e   t o  75%.  
T h e r e f o r e ,   t h e   i n s t r u c t i o n   e x e c u t i o n  times c a n   s a f e l y   b e   i n c r e a s e d  
by a f a c t o r  of t h r e e   f o r   t h e   g i m b a l   s y s t e m .  

2 )  Strapdown  system - T h e   a v a i l a b l e   t i m i n g   d a t a   o n  Delta i n d i c a t e d  a 
34% time m a r g i n .   D i s c u s s i o n s   w i t h   p e o p l e   c l o s e   t o   t h e  Delta program- 
ming i n d i c a t e s   t h a t   t h e   s y s t e m   h a s   c o n s i d e r a b l y  less margin a t  t h e  
p r e s e n t  time. I t  i s  a r e a s o n a b l e   a s s u m p t i o n   L h a t   t h e  25% margin 
c o u l d   b e   a c h i e v e d  by r ework ing   equa t ions   and   s ample   f r equenc ie s   t o  
r e f l e c t   S c o u t   a c c u r a c y   r e q u i r e m e n t s .  
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TABLE 1 4 . -  COMPUTER SIZING AND TIMING ESTIMATES 

Major cyc le  
Navigation 
Guidance 
Executive 
Orthonormalization 
( s  trapdown only)  

Mi nor  cycle 
Telemetry 
Executive 
Att i   tude  control  
Ine r t i a l   r e f e rence  
(strapdown  only) 

Math subrout ines  
Ground 

Alignment 
Check o u t  & c a l i b r a t e  

TOTAL 
Se l f   check   (op t iona l )  

- L 

GIMBAL SYSTEM 
TITA 
I n s t  
- 

442 
2480 

267 
" 

245 
339 
109 
" 

131 

105 
1548 

195 
- L 

IIIC - 
Data - 

127 
480 

44 
" 

27 
21 
13  
" 

10 

16 
258 

41  
- 

T 

Add time 
Mu1 t i   p ly   t ime  
Divide  time 
Margin 

S( 

Ins t 
- 
- 

442 
1836 
240 
" 

200 
160 
109 
" 

131 

105 
" 

3223 
195 
- 

UT 
" 

Data 

127 
350 

36 

20 
10 
13  
" 

10 

16 
" 

582 
41 

GIMBAL 
TITAN IIIC 

25 sps  
8 psec 

92 usec 
138 psec 
80% 

T 
Total 

1805 

VSTEM 
SCOUT 

50 sps 
24 usec 

250 usec 
300 usec 
25% 

STRA 
DELTA 

Ins t __ 

889 

345 
94 

230 
34  5 
372 
156 

200 

210 
" 

2841 
230 
- 
STRAPDOW 

DELTA 
50 sps  
6 psec 

22 usec 
IO psec 
I e s s  
than 
14% 

Da t 3  

411 

57 
1 3  

23 
57 
21 

121 

47 

40 
" 

790 
115 

L 

OWN SYSTEM 
~ 

SCOUT 
I n s t  

442 
1836 
240 

94 

200 
345 
372 
156 

200 

210 
" 

4095 
195 

SYSTEM 
SCOUT 

- 

50 sps  
6 psec 

22 usec 
40 Vsec 
25% 

D a t a  - 

127 
350 

36 
13  

20 
57 
21 

121 

47 

40 
" 

832 
41  
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Market Survey 

The f i n a l   t a s k   p r i o r   t o   s e l e c t i n g   c a n d i d a t e s   f o r   t h e   S c o u t   g u i d a n c e  com- 
p u t e r  i s  t h a t   o f   e x a m i n i n g   t h e   e x i s t i n g   m a r k e t .  A f i e l d   o f   a p p r o x i m a t e l y  100 
computers was examined. From t h i s   f i e l d ,   t h o s e   m a c h i n e s   t h a t  were deemed  pos- 
s i b l e   c a n d i d a t e s   h a v e   b e e n   c a t a l o g u e d   i n t o  a m a t r i x   w i t h   p e r t i n e n t   c h a r a c t e r -  
i s t i c s   l i s t e d   f o r   e a c h   c a n d i d a t e .   I n   c o m p i l i n g   t h e   d a t a ,   a n   e f f o r t   h a s   b e e n  
made t o   i n c l u d e  a l l  m a c h i n e s   e x h i b i t i n g   c h a r a c t e r i s t i c s   t h a t   c o u l d   q u a l i f y  them 
f o r   t h e   S c o u t   p r o b l e m .   T h i s   m a t r i x ,   i n c l u d e d  as  t a b l e  1 5 ,  l i s t s  t h e  35 com- 
p u t e r s   t h a t  are c o n s i d e r e d   p o s s i b l e   m a c h i n e s   f o r   u s e   o n   S c o u t .  

L e a d i n g   C a n d i d a t e   S e l e c t i o n  

The l e a d i n g   c a n d i d a t e s  were s e l e c t e d   f r o m  a l i s t  of 35 computers .   Table  16  
l i s t s  s e v e n   l e a d i n g   c a n d i d a t e s  f o r  t he   g imba led   sys t em  app l i ca t ion .   Tab le  1 7  
l i s t s  s e v e n   l e a d i n g   c a n d i d a t e s  f o r  t h e   s t r a p d o w n   s y s t e m   a p p l i c a t i o n .   I t   s h o u l d  
b e   n o t e d   t h a t   a l l   s t r a p d o w n   c a n d i d a t e s   c a n   a l s o   q u a l i f y   f o r   t h e   g i m b a l e d   s y s t e m  
a p p l i c a t i o n .  

A number of c o m p u t e r s   a r e   i n   p r o d u c t i o n   s t a t u s   a n d   t h e s e   c a n  b e  a d a p t e d   t o  
S c o u t   w i t h   s p e c i a l   c o n s i d e r a t i o n s   f o r   p o w e r ,   i n p u t / o u t p u t ,   q u a l i f i c a t i o n   e n -  
v i ronments ,   and   exac t  memory s i z e .   F i n a l   c o m p u t e r   s e l e c t i o n   f r o m   t h i s  l i s t  
s h o u l d   b e  made from a c o m p e t i t i v e  RFP a c t i v i t y .  
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Computer  Word  Length 

I n  a l l  b u t  a f e w   p l a c e s ,   t h e   2 4 - b i t   s i n g l e   p r e c i s i o n   d a t a   w o r d  meets accuracy  
and   r ange   r equ i r emen t s   fo r   bo th   t he   g imba led  IMU and  the   s t rapdown IMU problem. 

The c h o i c e   o f  a computer  word  length of 1 6  b i t s  w i l l  r e q u i r e   a n   i n c r e a s e  of 
200 t o  300 d a t a   w o r d s   t o   h a n d l e   t h e   g i m b a l e d  IMU problem.   This  is  due t o  a 
l a r g e  number   o f   pa rame te r s   and   va r i ab le s   t ha t   wou ld   r equ i r e   more   t han  16 b i t s  
f o r   a c c u r a c y   a n d   r a n g e .  A r e d u c e d   i n s t r u c t i o n  word   would   shor ten   the   operand  
f i e l d  a n d   t h e r e b y   c a u s e   t h z   i n s t r u c t i o n   c o u n t   t o   b e   i n c r e a s e d .   ( S e e   p a r a g r a p h s  
on T i m i n g .  An i n c r e a s e  of 200" w o r d s   w o u l d   j e o p a r d i z e   t h e   p o s s i b i l i t y  of u s i n g  
a 4K memory f o r   t h e   g i m b a l e d  IMU approach as  t h e  memory s i z e  is a l r e a d y  a t  3800 
w o r d s .   T h e   d o u b l e   p r e c i s i o n   a r i t h m e t i c   c a p a b i l i t y   b e c o m e s  a f i r m   r e q u i r e m e n t  
when t h e  word l e n g t h  i s  r e d u c e d   t o  16  b i t s .  

In   the  case  of   the   s t rapdown  approach,   t iming  margins   become a s e r i o u s   p r o b -  
lem. T h i s   c a s e   a l r e a d y  has  a l a rge   computa t iona l   l oad   and   any   i nc rease   wou ld  
f o r c e   t h e   u s e  of a f a s t e r   m a c h i n e   t h a n   t h e   o n e   s p e c i f i e d   i n   t h e   p a r a g r a p h   o n  Com- 
pu ter  Speed.  T h i s   c o m p u t a t i o n a l   l o a d   i n c r e a s e  is d u e   t o   t h e   i n c r e a s e   i n   t h e  
number  of r e q u i r e d   i n s t r u c t i o n s  as d e s c r i b e d  by pa rag raphs   on  T i m i n g  s i n c e   t h e  
1 6 - b i t   c o m p u t e r ,   w i t h   i n d e x   r e g i s t e r s ,  w i l l  t r a d i t i o n a l l y  employ  an  8-bi t  
operand.  

Computer  Requirements Summary 

I n s t r u c t  

Add 

Mu1 t 

GIMBAL SYSTEM 

i o n   e x e c u t i o n  

-i P lY  
D i v i d e  

Memory s i  ze 

I n s t r u c t i o n s  

Weight 

STRAPDOWN - SYSTEM " 

24  psec 6 psec 

250  usec  22 pscc 
300  psec 40 ~ S C C  

24 b i t s   o r  16 b i t s   w i t h   a n  24. b.i t s  
i n c r e a s e  o f  200 t o  300 words 
a n d   d o u b l e   p r e c i s i o n  

3805  words  4927  words 

20 minimum  26  minimum 

28  pounds  ( inc ludes  0.033 1 b / w a t t  28 pounds 
p o w e r   c o n v e r s i o n )   ( i   n c l   u d e s   0 . 0 3 3  

I b / w a t t   p o w e r  
c o n v e r s i o n )  
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TABLE 15.- UATRIX OF CANDIDATE COMPUTERS 
" 

T 1 
~ 

Magic 

P a r a l l e l  
f i x e d  

Carousel 
Carousel 

1970 

6 1  

~ 

manufacturer  
Computer  and A C ~ E l e c t r o n i c s  

" 

S e r i a l .  

1801 
AMBAC I s t r i e s  

1808 
~. 

Magic 3 0 1  _ _ ~  
S e r i a l ,  

S W  
KT-70 
1967 
200 
11 

f i x e d   p o i n  

" 

Magic 311- 

S e r i a l ,  

707, 747 
Carousel I V  

670 
1967 

28 

-~ 

f i x e d   p o i "  

" . ~ 

O e s c r i p t i o n  

A p p l i c a t i o n  

Date  of working hardware 
I n t e g r a t e d   w i t h  IMU 

Number o f   i n s t r u c t i o n s  
Number o f   u n i t s   b u i l t  

S e r i a l ,  
f i x e d   p a i r  

1966 
400 
18 

P a r a l l e l .  
f l x e d   p o i n t  

1969 

56 

U o r d   l e n g t h .   b i t s  

Para 
I n s t r u c t i o n  

16 

8 

19 

19 

18 

I8 

18 

18 

31 + p a r i t y  1 3 1  t + a r i t y  I 2 4  + 2 
p a r i t y  

12 + p a r i t y  15 + p a r i   t Y  1 15 + p a r i t y  I 16 

I n s t r u c t i o n s   t i m e s .  *I  
24 
96 

280 
"" . 

To 2K 
Transfer 
NO 
NO 

19 
104 
332 

6 
2 4  
3 0  

Yes 
Yes 
Yes 
Yes 
8 1ncl  

IR. PC 

OR0 core 

4Y. 
19 

321: 
3 

8 

. ..  

22 
0 . 4 4  
4.875x?x  

TTL  MSI 
120 

Air 

1 6 K .  CPU 
I i O  Cdl 

MIL -E-541  
c las s  

Double 
p r e c i s  
I "5 t l ' "  

342 IZOO) 
18 12p; 

342 
26.4 
6.6 

2 6 . 4  
20 18 

5 3  

1 2 0  18 

Add 
M u l t i p l y  
D i v i d e  

121 
15 

323 
-. . 

TO 512 

OR0 core  

4 K  
32 

32K 

-~~ 

I 
3 

-~ ." 

23 
0 . 4 4  

120 
IC 

~ 

8Kr32 , 
CPU 
- 

I To 2K TO 21 
Address ing 

D i r e c t  
R e l a t i v e  
I n d i r e c t  

- 

To 4K 
NO 
Yes .  m u l t i p l e  
Ye5 
3 (15 b i t )  

Indexed 
!"der r e g l r t e r r .  

notes 

I OR0 MOS 

- 

OR0 core 

8 

I R O  core  

18 
4K 
321. 
3.3 
~ ~- 

7 

1 

OR0 core OR0 core 

13 
bK 

2.6 " _ ~  
I 
I 

18 
4K 
32K 
1.1 

2K 
4 

3 
I 

5.75 
1.07 

5 
0.08 
4 . 9 1 3 . 2 ~ 8 . 8  

TTL IC 
45 

Co ld   p la te  

22 
0 . 4 4  

110 
TTL IC 
Forced d l r  

1 . 2  
7.5X5X5.875 
95 
I T L  I t  

30 
ITL IC 

" 

21.18. CPU, 
I i O  

CPU 4K. CPU. PS, 
l i 0  card 

MIL-E-5400 
Class 2 

TIL-r-iaoo MIL-E-5400  
c ia55 2 

, l lL- i -5400 

'comments (see l a s t  page 
o f  t a b l e )  

-~ . .. ." I opt1onr  
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TABLE 15.- HRTRlX OF CANDIDATE COMPUTERS - Cont inued 

1 T -1 
" - 
Bunker-Raw 

BR-1018 - " 
P a r a l l e l ,  

f i x e d   p a i r  

NIP-140 

levelopment 
13 
56 

~ 

Con t ro l   Data  

469 -_  ~ _ _  
P a r a l l e l .  

f i x e d   m i n t  

0200-10 
Autont 

BDX 820 
Be? , c5 

0200-15 

P a r a l l e l ,  
f i x e d  pain 

Computer  and 
manufacturer  .___ 0200-1 

P a r a l l e l ,  
f i x e d   p a i n  

D e s c r i p t i o n  

Application 
I n t e g r a t e d   w t h  I M U  

Date   o f   work ing  

l i m b e r   o f   u n i t s   b u i l t  
llumber O f  i n S t r u C t i o n r  

nardware 

P a r a l l e l ,  
f i x e d   p o i n i  

P a r a l l e l ,  

P e r r h i n g  
Yes 

f i x e d   p o i n t  
P a r a l l e l  

Lockheed 53A 
f i x e d   p o i n t  

Stmodown 14K3 
t o b e d o  

1969 

3; 

Development 

35  

Development 

66 

Development 

42 108 70 

UOrd l e n g t h .   b i t s  
D a t a  
Inrrructlon 

16 16 

". 

16 
16.  32 

2 4  

2 
8 

28 

~~ 

2 
9.5 
9.5 

I n s t r u c t i o n   t i m e s .  L S  

Add 
53 (21)  
6 12)  

86 ( 2 9 )  

8 
108 
112 

2 
I 1  
19 

2.4 
10.4 
30.4 -~ 
To 400 
N O  
Ye5 

Yes 
16 

Addresr lng 
D i r e c t  
R e l a t i v e  
I n d i r e c t  

To 32k 

Yes 
3 

To 32K ro 512 
YO 
f er ,  mu1 ti: 

l e w l  

I n d e x   r e g i r   t e n ,  
Indexed 

notes 

l e s  
10 GP 

Accumulator 

140s 

16 
4K 
32K 

1 

MOS 

16 
4K 
32K 

MOS 

24 

1 

Core NOR0 ROE IDRO p l a t e d  
u1 r e  
8 
I; 
31K (121. 
mainframe) 

- 

:ore NOR0 P l a t e d   w i r e  

4K 2K 64 
16 16 16 

161: 

16 16 
II. 256 
12K 

512 
16 

651; 

2 1 1  1 3 ( 1 )  

" 

I0 bus .  DMA 

.xpand t o  256 
' e5  

1.6  read. 
2 . 4   w r i t e  

2 
3 
Yes - - . - . . - 

I"p"t/O"tpbt 
Number O f  channels 

limber o f  i n t e r r u p t s  
AID.  DIA 

64 1 

-. . . . . - 
Physical c h a r a c t e r i s t i c !  

Weight .   Ib  
size. C" f t  
S i z e ,   i n . x i n . r i n .  
Power. u 
Hardware 
Cooling 

4 
1.05 

15 
405 

0.5 
0.0046 
2 X 2 X 2  
10 

0.56 
0.026 0.166 

12 

7 . 5 ~ 9 . 1 ~ 7 . 5  
40 

'.5 
1.064 
,.6x6.75x2.5 
5 

.04 

.5x5.5xi.i5 
n 

2.5 
4i cu i n  1.074 

I D  
405 

15 
PMOS LSI  
Conduction. 

r d d l a t i o n  

8K. CPU 

Til 10s. Til o s  LSI 

We igh t .   s i ze .   pwer  
inc ludes 

Q u a l l f i c a t l o n  

1K. CPU.  PS CPU, P S  . 
coo1 1ng 

CPU, memory I:. CPU 

IL-E-5400 
Class 2 
.. 

MIL-E-5400 
Class 2 
" " i 

C m e n t s  l r e e  I d s t  page 
o f  t a b l e )  

Dimensions 
v a r y   v i   t h  
nemoy s i ze 

3 p t i a n r  14 and 32 b l t  
word a v a i l -  
ab le 
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lABLE 15.- MATRIX OF CANDIDATE COMPUTERS - Cont inued 

HOC-201 

P a r a l l e l ,  
f i x e d  

DC9. F4 
p o i n t  

1969 

100 

33 

12 

~ . ~. 

9 
100 

ROM ROIl 
IC IC LSI 

12 12 12 
1K 256 32 
4K 

3.9  0.9  0.9 

5.5 
1.217 

25 

TIL 

T 
"" ~ 

General 
E l e c t r i c  

CP24A 

P a r a l l e l ,  
f i x e d  
p o i n t  

Proposed f( 
V i k i n g  

Developmenl 

53 
- 

24 + p a r i  t: 
24 

~" 

3 .75  

44.75 
30.5 

- 

To 16K 
N O  

Ye5 
'ier 

6 of 8 
hardware 
r e g i s t e r s  
" " 

P l a t e d  w r t  

25 
8K 
321: 

0.5 redd.  
1.0 *rip 

Serial, 

120, 
parallel 

p r i o r l t y  

~~ - 

20 
0.55 
9.5x10.5 

99.55 
36 (100% 

d u t y )  
PMOS LSI .  

TTL 

- -. . 

~ . .  
30 g shock. 

c e l e r a t i o  
19.5 ac 

v i b r a t i o n  
7 . 5  g 

5 U. 5P. dot  
Cyc le.  
m i c r o -  
programme 
OMA 

. 
Programed 

watchdog 
counter .  

t i m e r  

~~ 

HI 

HOC-250 

we1 1- 
HOC-301 

a r a l l e l ,  

p o i n t  
f i x e d  

1 a 32 
6 

5 
1 
5 

K e a r f o t t  
SKC-2000 

II 
471SP1 

~ 

HOC-501 
~ 

HOC-401 4-ISPI01 

Parallel, 

D o i n t  
f i x e d  

P a r a l l e l ,  
f i x e d  
p o i n t  

ATS 

Develop- 
ment 

16 
16 

~ 

90 
10 

160 

P a r a l l e l  
f i x e d  
p o i n t  

Agena 

1966 

17 

53 
~ 

20 
20 

~ ~~~ 

4 
24 
24 

' a r a l l e l ,   f i x e ,  
p o i n t  

' roposed  for  
Preshing 

levelopment 

' a r a l l e l .  
f i x e d  
p o i n t  

V i k i n g  
' roposed  fo l  

P a r a l l e l ,  
f i x e d .  
p o i n t  

A i r c r a f t  A p p l i c a t i o n  

I n t e g r a t e d   w i t h  

Date of u o r k i n a  
ll4U H478 

Brassboard 
1970 

Development 

5-10 w i t h i n  
6 months 

113 

hardware 

b u i l t  
Number of u n i t s  

15 

Word length.  
b i  tr 
Data 
I n s t r u c t i o n  

32 
16 1. 32 

24 
16 

6 
6 

I n s t r u c t i o n   T i m e r  
us 

>.7.  4.7 OP 
3.7 
1.0 

2.62 
5.32 
8.12 

2.9 
12.5 
37.6 

( s o f t w a r e )  

'0 2K 

e s  

10s Plate 
V I  rc 

6 16 
6 4 K  

16K 

0.9 

3 

.56x4.85  
x6.5 

OW V T  
PMOS ; 
LSlC 

- 

1L-E-540 
Class 2 

Yes 
161: 

Ye5 

NOR0 
p l a t e d  
w i r e  

16 
2K 

1.65 

I 

1 

I3  
1.17 

'0 512 
' e5  

To 131K 

Yes 
Ye5 

Ye5 
88 

'e5 
'e5 

(bare 
r e g i s t e r )  
T a l l y  

Indexed 
I n d e x   r e g i s t e r s  

notes 

~. 

OR0 C o n  

20 
2 K  
16K 

2 
~~ 

5 

1 

28 
0.49 
92 

OTL IC 

~~~ 

ore OR0 core 

16/32 
4 Y  
1311: 

1 . 9  

IRO core 

24 24 24 
256 64 2K 
2 K  t o t a l  

bank) 
(expand  by 

0.9  0.75  1 

6 
K 
6K 

.33 
" 

d r d l l e l  
Only 

64 

16 

Ye5 

Special f o r  
m i s s i l e  G&C 

a r a l  le1 , M A .  
buf fered 110 
hard or  s o f t  

1.6 

7,2513,512 

LP  TTL 

8.1.  21.7(16R: 
.35 
.1xIO. lx3.6 

2  (100% d u t y )  

TL , 1481 

0.32 
19.7 

7.5x4.88 
x15.33  

245 0 

P TTL 

11 5 

Caol lng i r .  Cold  p la te A i r .   c o l d  
P1 I t e  

d e i g h t .   s i z e .  
power i n c l u d e s  CPU. 1 I/O. 

memory. 
motherboard 

. "~ 

PU. 4K. PS PU. 16K. PI  8K. 3 c a r d  
I10 

IL-E-5400 
class  2 

MIL-E-5400 
Class 2 

nv i ranmenta l  
t e s t  1971 
30 g dc- 
c e l e r a t l o n  
no problem 

P v e r s i o n  
O f  SP1 
t d i l o v e d  
f o r  
V i k i n g  

NO Space 
q u a l i f i -  
c a t i o n  
p lanned 

-~ 
LSI 

s c r a t c h  

Y i der 
pad pro- 

add. 4 .0  
0.75 U S  

PlY 
US mu1 t i  - 

A1 t e r n a t i v e  
package. 
c y l i n d e r  

d i d  x 2.5 
13 i n .  

i n .  

Comnents 

l o t l o n r  
. 
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ATRlX OF CAllOlDATE 
~~ ___ PUTERS - __ 

Northrc __ 

NOC-lOi 

P a r a l l e l  
f i x e d  
p o i n t  

" 

31 

l t i n u e d  

7 - s t r i e s  

LC-x 

~ 

Uestinahouse 1 Lear   S ieg le r  

LS-51 .  LS-52 

'ne 
~ 

TOY-3C 

L l t t O "  1" __- 

-~ - SPIRIT 1 

P a r a l l e l .  
f i x e d  
p o i n t  

oc 10 

20 
1971 

40 

Raythen, 

F!AC-25 

Para1 l e 1  
f i r e d  

A i r  Forc, 
p o i n t  

1970 

123 

manufacturer 
Computer  and 

LS-50 

DeScr lp t lon 

A p p l i c a t i o n  

P a r a l l e l ,  
f i x e d  

1nStr"menta- 
p o i n t  

t i o n  
747, TAT 

P a r a l l e l .   f i x e d   p o i n t  

A4H a i r c r a f t  

Para1 le 
f i x e d  
p o i n t  

Centaur 
Del t d  

1970 
4 
42 - 
24 
24 
" 

6 
22.5 
40 - 

To 1: 

Yes 
3 

- 

OR0 , 
24 
4K 
651: 
3 
- 

fes 
" 

'5 
1.27 

110 
l y b r i  

LSI 

.. - 

- .. 

- 

- 

" 

P a r a l l e l  
f i x e d  

O r b i t l n g  
m i n t  

Asrro 
observ 
a t o r y  

1968 
2 
55 ~- 

18 
18 

__ 
6.25 

35  
90 - " 

NO 
T O  64K 

Yes 
res 
1 

- .~__ 

OR0 core 

18 
4K 
64K 
2 

P a r a l l e l  

p a i n t  
A i rborne 

Date  of  working  hardwar 
l n t e g r a t e d   w i t h  IMU 

llurnber of  u n i t   b u l l t  
Number o f  i n s t r u c t l a n s  

K e a r f o t t  

40 
44:  exoand t o  64 

200 
1969 

32 

nere1or 
l e n t  

1967 

29 __ 

20 

~ 

8 
32 
41 

Oeveloment  
E 
16 - 

16 
16 - 

~~ 

Uord   l eng th .   b l t s  
Data 
I n s t r u c t i o n  

l n r t r u c t l o "  times. i.8 

- 
Add 
M u l t i p l y  
D l v i d e  

24 
16 t o  24 
__- 

4 
16 
16.5 

16 

" 

3 
20 
50 

16 24 32 
16 16 16 

16 8 32 
16 

184 
34 

184 

32 
16 & 32 

2.8 
14 
26.4 

__ 

20 
3.5 6 

13 17 2 1  
6.4  6.8 

29 

3 t o  6 
17 
17 

Addressing 

R e l a t l v e  
01rect  

l n d l r e c t  
Indexed 
lndex   reg i s te r ,  

notes 

TO  16K 
16K 
NO 

Yes .  m u l t i l e v e l  
Yes 
Any of 32 f i l e   r e g i s t e r  

To  1K 

Yes 
Software 

TC 256 
256. 8 - b l t  

110 
Ye5 
1 

b lock  reg 

TO 651: 

Yes 
Yes 

3 
3 of   the 

4 ac-  
curnula- 
t o r s  
serve 
as 

r e g i s t -  
index 

erS 

OR0 c o r e  

32 
4K 
641: 
l . E  

118 
Ye5 
Any of 64 

f l  le 

Yes 
3 

r e g i s t e r r  

[ 64K 

lOM RAM Core 
16 16 16 
16 16 16 
!K 1K  4K 

1 1 1  
-~ " 

lany  cards 
available 

MOS OR0 MOS 
ROM core  

2K  1K 64 
16  16 16 

2 2 0.0 
16K 8K 

I R O  cor 

I 

OR0 core 

16 
I K  
16K 
1 

OR0 core 

20 
1K 
8K 
4 

4emory 
Type 

Mln s12e,  words 
Uord   s ize .   b i ts  

MIX s l z e .  words 
Cycle  t ine.  U S  

I n p u t l o u t p u t  
Number o f  channels 

Number o f   i n t e r r u p t s  

MOS ROM OR0 core MOS 

1K  1K 8 
16/24/32  16/24/32 16124, 

2 2 0.05 
8K MOO 37 

16 SER. 32 d l s c r e t e  I / O  

Mu1 t l  l e v e l ,   s o f t  mask 

I R O  core 

24 
ZK 
55K 
2 

'arallel, 

3 
OMA 

f es 

15 
1.39 
I -7 /8 

x7-5/8 
x 14 

11s 
ITL IC 

\ i r  

I 

" 

16 
1.27 

150 
IC 

" 

IK. CPU 

1 4 

0.18 
12 

70 
IC 

3 p r i o v -  

hardwar 
i t y ;  8 

or 256 
sof twar  

- _" Yes 

0.23 
40 

165 
B i p o l a r  

LS I 
Wdx p l a t e  

~ 

4K. CPU. 

Wax 
P S .  I10 

p l a t e  - 

~~. es 
" 

AID. D/A 

' h y s i c a l   c h a r a c t e r i l t i c ~  
U e i g h t ,   I b  
S ize.  cu f t  
S i z e .   i n . x i n . x i n .  

Yes 

10 

7.6x3.6r l2 .5 

~ 

I8 
).27 

150 
10s LSl  

~ 

I K .  CPU 

11 

8 d i d  x 1 

Power. U 
Hardware 

Cool ing 

50 50 
TTL 

h i  r 
TL M S l  

t o  12 

o l d  p l a t e ,  
150'F 20 m l n  

I: ROM, 1 i: RAII , 
CPU 

l e i g h t .  51ze.  power 
Inclues 

1K core .  
CPU. I10 

4K. CPU 

" - 
N A S A ~  

-" ." 

o t h i r d   s t a g e  
scout 
r e q u i r e m e 5  - 

b a l i f r c a t i o n  IIL-E-5400 
c lass 2 

~~ 

louble 
p r e c i -  
slon add, 
s u b t r a c t  

YlL-E-540 
Class 2 

Micropro-  
gramed 

" 

P l a t e d  

mmol'y, 

mem0ry 
d l r e c t  

access 

w1 re 

I lL-E-5400 
Class 2 

leq t o   r e g  

______- 
LS-52 i s  l a rge r   ve rs ion  

LS-51 
lardwar 

by en 
1971 

1ne O f  a 
s e r i e s  

Oouble 
prec I - 
510"  

:ornments ( see   l as t  page 
of  t a b l e 1  1croprogranmed. 

p o r r i b l e '  
20, 24 b i t s  

and 
d i v i d e  

In t ions U S  L 

memory , 
0.5 U S  

p a r i t y  

l o a t l n g  

hard-  
p o i n t  

ware 
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TABLE 15.- MATRIX OF CANDIDATE  COMPUTERS - Concluded 
. .  -. .. 

COMHENTS: 

a 
Microprogramed  inst ruct ions  avai labe.   Standard 110 s igna l   cond i t i on ing   modu les   ava i l ab le .  Can be s p a c e - q u a l i f i e d  
10  months a f te r   rece ip t   o f   o rde r .  

b 
I n s t r u c t i o n   t i m e s   i n   p a r e n t h e s e s   a c h i e v e d   w i t h   o p t i o n a l   f a s t   c l o c k .  

C 
AI0  and D I A  c a r d s   a v a i l a b l e .   b u t   n o t   q u a l i f i e d   t o  same level as computer. 

d 
Four i n s t r u c t i o n  codes a v a i l a b l e   f o r   s p e c i a l   f u n c t i o n s .  

e 
I n t e r r u p t   p r i o r i t y   s o f t u a r e   c o n t r o l l e d .   O j r e c t  memory access  provided. Computer rubar rembl ies   tes ted   to   100 g .  

D e l i v e r y   o f   f i r s t   u n i t   s c h e d u l e d   f o r  June 1971. Double  precis ion add  time. 3.6 " 5 .  Must remove a l l  C-MOS and 
p l a s t i c  for space q u a l i f i c a t i o n :  12 t o  15 months r e q u i r e d .  110 s t r u c t u r e   s i m i l a r   t o   H o n e p e l l  ODP-516. 

f 

'Weight, s i z e   f o r  5.2K MOS memory. For 4 K  p l a t e d   w i r e  = 7.56 x 3.25  x 12.56. 4 l b .  Has d o u b l e   p r e c i s i o n   i n s t r u c t i o n s .  
add t ime 10 "s. 

h 
Rea l - t ime  s imu la to r   ava i lab le  on DDP-516. Memory power a t  5 ,.I c y c l e   t i n e  = 30 W .  

1 

Contract  soon. I f  received.  no One-time  development  Charge w i l l  be necessary 
Reg is te r - to - reg i s te r   add  - 1.8 US, m u l t i p l y  - 13.3 us, d l v i d e  - 2 5 . 9  - 5 .  RaytheDn erpectlng space q u d l 1 f i c a t l o n  

1 
Weigh t   g i ven   f o r   rad ia t i on   coo l l ng .   L igh te r  models p o s s i b l y   a v a i l a b l e .  

k 
Q u a l i f i c a t i o n   r p e c i f i c a t l o n r :  

1 )  NASA SO-5345-1. 

2)  llemory ( core )  Ell! TA902020269 (Electronic Memories I n c . ) ;  

3 )  OBP func t iona l   tes t   p rocedure :  
4) S inusoida l  vlbrdtlorl - I oc:aver/minute a l l  axes, 

5 t o  20 Hz. 5 in .   double amplitude, 

20 t o  100  Hz. 10 9. 

5 )  Random shock - 2 m i n u t e r l a x i r .  
110 t o  2000 HI. 59; 

0 t o  15 Hz. 0.01 g2/Hz. 
15 t o  70 HI. 0 . 3 1  Hz q2/H2 l i n e a r l y   i n c r e a s i n g .  

70 t o  100 Hz, f l a t .  
100 t o  400 Hz.  0.02 g'/Hz l i n e a r l y  decreasing. 

400 t o  2000 h z .  f l a t :  

6) Shock-axis. 
X 

2 shocks 30 9. 6 m s .  

Y .  z 
2 shock 30 4, 12 mr, 

2 shocks  15 g ,  6 mr, 

2 shocks  15 g, 12 ms; 
D 

Some v e r s i o n s   o f   H i l l i   d e l i v e r e d .  Lo#-power vers ion i n  product ion.  

- -~ 
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TABLE 16.- LEADING CANDIDATE COMPUTERS  FOR  GIMBALEO I M U  APPLICATION 

JORD LENGTH 
PRODUCTION 

( u n i t s )  
APPLICATION STATUS 

707,  747 
--  

670 

43 " 

200 747, TAT 

400 

ATS 

V i k i n g  

Persh ing  

" 

MK30 Torpedo 
- -  Lockheed 53A 

" 

" 

SPEED 

YULTIPLY 

104 

200 

184 

33 

90 

97 

9.5 

63 

TOTAL 
WEIGHT* NAME WEIGHT 

22 

5.75 

11 

4 . 5  

13 

2 1  

12 

2.5 

POWER - 
ADD 

19 

12 

34 

5 

10 

10 

2 

6 

- 

- 

D I V I D E  

332 

342 

184 

43 

160 

142 

9.5 

86 

Delco,   Magic   311 

Arma, 1801 

L e a r - S i e g l e r ,  LS-50 

Bunker-Ramo,  BR1018 

Honeywell  , HDC-401 

Honeywel l ,  HOC-402 

Bendi x ,  820 

Bendix,   900 

24 

18 

16/32 

18 

16 

24 

16 

16 

25.7 

6.75 

12.7 

5.8 

13.38 

22 

13.3 

3.0 

110 

30 

50 

40 

11.5 

30 
40 

15 

* 
T o t a l   w e i g h t   i n c l u d e s   c o m p u t e r   w e i g h t   p l u s   b a t t e r y   w e i g h t   t o   s u p p o r t   a   o n e - h o u r   m i s s i o n .  

TABLE 17.-  LEADING CANDIDATE COMPUTERS FOR STRAPDOWN APPLICATION 

r PRODUCTION 
STATUS 
( u n i   t s )  

4 

20 

" 

5-  10 

" 

- 

I 

- 

24 
( a v a i l a b l e )  

24 
( a v a i l a b l e )  

24 

T 
$OR0  LENGTH WE I GHT TOTAL 

WEIGHT* 

28.7 
" 

19 

11.5 

27.7 

26 

4.5 

22 

SPEED 

MULTIPLY 

22.5 

16 

17 

5.3 

24 

11 

30 .5  

COMPUTER 

Teledyne, TDY-300 

L i t t o n ,   S p i r i t  I 

L e a r   S i e g l e r ,   L S - 5 1  

K e a r f o t t ,  SKC-2000 

Delco,   Magic   351 

A u t o n e t i c s ,  D200-10 

GE, CP24A 

.L 

APPLICATION 

D e l t a  
Centaur  

D C l O  

A4H 

A i r c r a f t  

Carousel  IV 

Development 

Development 

POWER 

110 

113 

50 

245 

120 

15 

36 

ADD 

6 
- 

4 

6.4  

2 .6  

6 

2 

3.75 

D I V I D E  

40 

16.5 

8 . 1  

30 

19 

44.7 

24 

24 

24 

32 

25 

15 

10 

19.7 

22 

4 

20 

" 

" 

T o t a l   w e i g h t   i n c l u d e s   c o m p u t e r   w e i g h t   p l u s   b a t t e r y   w e i g h t  t o  suppor t   a   one -hour   m iss ion .  



INSTRUMENTATION SYSTEM 

T h i s   s e c t i o n   s u m m a r i z e s   t h e   p r e l i m i n a r y   c h a r a c t e r i s t i c s   o f  a new i n s t r u m e n t a -  
t i o n   s y s t e m   f o r   S c o u t .  On t h e   p r e s e n t   S c o u t ,   v e h i c l e   o p e r a t i o n s  are m o n i t o r e d  by 
an  18-channel I R I G  PAM/FM/FM s y s t e m .   T h i s   s y s t e m   c a n n o t   t r a n s f e r   t h e  40 a n a l o g ,  
3 8   b i l e v e l ,   a n d   1 0   d i g i t a l   s i g n a l s   ( s u m m a r i z e d   i n   t a b l e  18) n e c e s s a r y   t o   i n s t r u m e n t  
the   improved   gu idance   sys tem.   The  PCM/FM s y s t e m   d e s c r i b e d  here is more  appro- 
p r i a t e .  

The   t e l eme t ry   sys t em w i l l  c o n s i s t  of an a i r b o r n e   s y s t e m   t h a t  i s  c o m p a t i b l e  w i t h  
t h e   g r o u n d   s t a t i o n s   a v a i l a b l e  a t  t h e   l a u n c h  si tes.  It w i l l  b e   i n   a c c o r d a n c e   w i t h  
t h e  r e q u i r e m e n t s   o f   t h e  IRIG Telemetry Standards 106-69. I ts  purpose  is t o   t r a n s -  
m i t  d a t a   c o n c e r n i n g   t h e   p e r f o r m a n c e   o f   t h e   v e h i c l e ' s   s y s t e m s   a n d   s u b s y s t e m s   t o  
t h e  g r o u n d   f o r   m o n i t o r i n g   a n d   a n a l y s i s .  

Airborne system.- The a i r b o r n e   s y s t e m   c o n s i s t s   p f  a m u l t i p l e x e r - c o n v e r t e r ,  a 
t r ansmi t t e r ,   and   an   an tenna   sys t em.  T h e  m u l t i p l e x e r - c o n v e r t e r ' s   f u n c t i o n  i s  t o  
pe r fo rm a time d i v i s i o n   m u l t i p l e x   o f   t h e   a n a l o g ,   b i l e v e l ,   a n d   d i g i t a l   s i g n a l s ;  
t o   c o n v e r t   t h e   a n a l o g   s i g n a l s   a n d   t h e   b i l e v e l   s i g n a l s   t o   d i g i t a l   w o r d s ;   a n d   t o  
a s semble   t hese   words   i n to  a p u l s e   c o d e   m o d u l a t i o n  (PCM) s e r i a l  d a t a  stream. The 
t r a n s m i t t e r  i s  a 5-watt  S-band FM t r a n s m i t t e r   t h a t   p r o d u c e s   a n  FM s i g n a l   i n  re- 
s p o n s e   t o   t h e   f i l t e r e d  PCM i n p u t   s i g n a l .   T h e   a n t e n n a   s y s t e m   p r o v i d e s   t h e   p r o p e r  
p a t t e r n   f o r   t r a n s m i s s i o n   o f   t h e   d a t a   t o   t h e   g r o u n d .  

Data fo r   t r ansmiss ion . -  Tab le  18 i s  a p r e l i m i n a r y  list o f   d a t a   t o   b e  tele- 
m e t e r e d .   T h e   a n a l o g   a n d   b i l e v e l   d a t a  are sampled a t  a ra te  commensurate   with 
the  bandwidth of  t h e   s i g n a l s ,   a n d   t h e   d i g i t a l   s i g n a l s  w i l l  b e   t r a n s f e r r e d   i n t o  
t h e   s y s t e m  a t  an  adequate  r a t e  f o r   m o n i t o r i n g   t h e  IMU and  computer   performance.  

- Data condi t ioning.-  The m u l t i p l e x e r - c o n v e r t e r  i s  t h e   d a t a   c o n d i t i o n i n g  
equipment .  I t  i n c l u d e s  tlle c i r c u i t r y   f o r   s a m p l i n g   t h e   a n a l o g   a n d   b i l e v e l   s i g n a l s ,  
f o r   a n a l o g - t o - d i g i t a l   c o n v e r s i o n ,   f o r   f o r m a t i n g ,   f o r   i n t e r l e a v i n g   t h e   c o n v e r t e d  
s i g n a l s ,  and f o r   f i l t e r i n g   t h e  PCM o u t p u t .  

The f o r m a t   g e n e r a t o r   d e t e r m i n e s   t h e   s a m p l i n g  rates o f   t h e   v a r i o u s   s i g n a l s .  
I t  can b e  synchron ized   t o   t he   compute r   c lock   and   t he   compute r   minor   and   ma jo r  
c y c l e s .   T h i s   p r o v i d e s   e f f i c i e n t   t r a n s m i s s i o n   t o   t h e   g r o u n d   o f   t h e   c o m p u t e r ' s  
i n f o r m a t i o n   i n p u t s ,  i t s  command c u t p u t s ,   a n d   o t h e r   p e r t i n e n t   d a t a   r e g a r d i n g   t h e  
computer 's   performance.  

The s i g n a l   m u l t i p l e x i n g   p o r t i o n   o f   t h e   m u l t i p l e x e r - c o n v e r t e r   s h o u l d   b e  
low--powered and s p e c i f i c a l l y   d e s i g n e d   f o r   t h e   r e q u i r e m e n t s .  T h e   r e a s o n   f o r  a 
custom  design is to   canse rve   we igh t   and   power .  

The a n a l o g - t o - d i g i t a l  ( A / D )  c o n v e r t e r   c o n v e r t s   t h e   s a m p l e d   a n a l o g   s i g n a l s  
t o  a r e p r e s e n t a t i v e   d i g i t a l   c o d e .  The A I D  c o n v e r t e r  w i l l  b e  low  power  consuming 
a b o u t   1 0 0   m i l l i w a t t s .  
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TABLE 18 .- TELEMETRY SIGNAL  LISTING  (PRELIMINARY) 

I tem 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Quanti t y  

2 
3 
3 
2 
1 
1 
1 
1 
1 
1 
1 
1 
4 
4 
2 
3 
4 
2 
1 
1 
4 
1 
1 
2 
1 
1 
3 
3 
1 
8 
3 
6 
1 
1 
2 
2 
2 
6 
1 
3 

F 

Bi 1 evel 
B i  level 
Bi level 
B i  level 
Bi level 
B i  level 
Bi level 1 Analog 

TY Pe 

Analog 
Analog 
Analog 
Bi 1 evel 
Bi 1 evel 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
B i  level 
Bi level 
Digital 
Bi level 
Digital 
Digital 
Digital 
Digital 
Bi level 
B i  level 
B i  level 

Note: Total  analog = 40,  

Description 
I 

C / D  receiver  signal  strength 
H202 pressure 
N2 pressure 
C/D receiver channel 4 
Heat sh i e ld   e j ec t  
Base A hydraulic  pressure 
FW-4s nozzle  shield  temperature 
Castor  nozzle  pressure 
Base A ambient  temperature 
Upper B ambient  temperature 
Lower D-section  ambient  temperature 
Guiaance, 400 Hz ac power 
F i n  p o s i t i o n  
Roll motors 
Yaw motors 
Pitch motors 
Headcap pressure 
I g n i t i o n  current  
IMU temperature  monitor 
IMU TCA o u t p u t  
IMU power supply  voltages 
SMRD d i s c r e t e  
IMU overtemperature 
Iner t ia l   data  
Computer clock 
Computer s e r i a l  o u t p u t  
Steering  angles 
Steer ing  ra tes  
Computer event word 
Valve commands 
Staging arm control 
Motor i g n i t i o n  
F i  1 ter   switching 
Third-stage thrust reduction 
Fourth-stage  separation 
Fourth-stage  velocity  vernier 
Pay1 sad  separati.on 
Payload functions 
Fourth-stage thrust reduction 
Accelerometer  outputs 

t o t a l  bilevel = 38, 
t o t a l  d i g i t a l  = 10. - 
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The f o r m a t t e r ' s   f u n c t i o n  i s  t o   c o n t r o l .   t h e   o u t p u t   d a t a i s e q u e n c e .  I t  con- 
t r o l s   w h i c h ,   a n d  a t  what ra te ,  t h e   a n a l o g   a n d   b i l e v e l   d a t a  are sampled,  and when 
t h e   d i g i t a l   d a t a  are accep ted .   The   fo rma te r  will b e   c a p a b l e   o f   b e i n g   s y n c h r o n i z e d  
t o   t h e   c o m p u t e r ' s   c l o c k   a n d   m a j o r   a n d   m i n o r   c y c l e s .  

The f u n c t i o n   o f   t h e   f i l t e r   f o r   t h e  PCM o u t p u t  is t o   r e d u c e   t h e   b a n d w i d t h  
t o   t h e   g r e a t e s t   e x t e n t   p o s s i b l e   a n d   t o   p r o v i d e  a s i g n a l   t h a t  is  ba lanced   a round  
z e r o   v o l t s .  The f i l t e r  w i l l  b e   d e s i g n e d  s o  t h a t   i f   t h e  PCM b i t  stream c o n s i s t s  
o f   a l t e r n a t e  ONES and ZEROS, t h e   o u t p u t   o f   t h e  f i l t e r  d i l l  b e  a s i n e  wave.  Thus, 
t h e   h i g h e s t   f r e q u e n c y   c o n t e n t  w i l l  b e   o n e - h a l f   t h e   b i t  ra te .  The b a l a n c e  i s  nec- 
e s s a r y   f o r   e q u a l   f r e q u e n c y   e x c u r s i o n s   o n   e i t h e r   s i d e   o f   t h e   c e n t e r   f r e q u e n c y  of 
t h e   t r a n s m i t t e r .  

The e s t i m a t e d   s i z e   o f   t h e   d a t a   c o n d i t i o n e r  i s  8 x 4 ~ 4   i n c h e s  and i t  w i l l  
consume approx ima te ly  1 wat t .  The  approximate  weight w i l l  b e  1 0  pounds.  

T r a n s m i t t e r . -  The t r a n s m i t t e r  w i l l  be   an  S-band FM t r a n s m i t t e r   w i t h  a 
minimum RF o u t p u t  of 5 w a t t s .   S e v e r a l   o f   t h e s e   a r e   a v a i l a b l e   o f f - t h e - s h e l f  from 
v a r i o u s   m a n u f a c t u r e r s .  An example i s  the  Tele-Dynamics  Type  1080A. I t  is s m a l l  
and   has   been   des igned   for   space   and  missile env i ronmen t s .  I t  i s  1 25/32   inches  
h i g h ,  3 9/32  inches  wide,   and 3 27/32   inches   deep .  I t  weighs   approximate ly  20 
ounces  and w i l l  o p e r a t e   o v e r   t h e   t e m p e r a t u r e   r a n g e   o f  -40 t o  +85"C. Maximum 
power  consumption i s  2 amps a t  28 2 4 v o l t s .  

A n t e n n a . -  The  antenna  system w i l l  be   des igned   t o   p roduce   t he   des i r ed  p a t -  
t e r n  and t o   b e   c a p a b l e   o f   b e i n g   i n s t a l l e d   i n   t h e   s p a c e   a v a i l a b l e .  

G r o u n d  system.- The   g round   sys t em  fo r   t e l eme t ry  w i l l  h e   t h e   e x i s t i n g   g r o u n d  
s t a t i o n s .   S i n c e   t h e   a i r b o r n e   s y s t e m  w i l l  b e   d e s i g n e d   t o  meet the   r equ i r emen t s  of 
IRIG 1 0 6 - 6 9 ,   t h e r e   s h o u l d   b e   n o   d i f f i c u l t y   i n   o b t a i n i n g   b o t h   r e a l - t i m e   m o n i t o r i n g  
o f   v a r i o u s   t e l e m e t e r e d   p a r a m e t e r s   a n d   r e c o r d i n g   o f   t h e   t o t a l  telemetered d a t a   f o r  
l a t e r   d a t a   r e d u c t i o n .  
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REACTION CONTROL SYSTEM  SIZING 

Background 

The p r e s e n t   S c o u t   v e h i c l e   e m p l o y s   s p i n   s t a b i l i z a t i o n   f o r   a t t i t u d e   c o n t r o l  of 
t h e   f o u r t h   s t a g e   d u r i n g   t h e   f i n a l   b u r n   a n d   c o a s t   p h a s e   o f   t h e   m i s s i o n .   T h i s  
study  of a p r o p o s e d   a t t i t u d e   r e f e r e n c e   u n i t   o r   i n e r t i a l   m e a s u r e m e n t   u n i t   g u i d a n c e  
package  mounted  on t h e   f o u r t h   s t a g e  wou ld   p rec lude   t he   sp inn ing  mode, n e c e s s i t a t -  
ing  a r e a c t i o n   c o n t r o l   s y s t e m   f o r   a t t i t u d e   s t a b i l i z a t i o n .  The  system i s  des igned  
t o   o v e r r i d e   t h e  maximum t o r q u e   d i s t u r b a n c e s   a n t i c i p a t e d .  It must have t h i s  
heavy-duty  capabi l i ty  as well as a low- leve l   e f f i c i en t   me thod   o f   con t ro l   u sed  
du r ing   t he   ccas t   phase  t o  s i m p l y   e f f e c t  a t t j t u d e  cor . t ro1.  f\nortlqcr f u n c t i o n  is 
t h e   a d a p t a t i o n  of t h i s   s y s t e m   t o   c o r r e c t   t h e   p a y l o a d   v e l o c i t y  a f te r  f o u r t h - s t a g e  
burn.  The approach is d i s c u s s e d   i n  m o r e   d e C a i l   i n   t h e  fo l lowing  s e c t i o n .  

90 



D i  s tu rbance  Torques  

T h e   m a j o r   d i s t u r b i n g   t o r q u e s  are:  

S e p a r a t i o n   t o r q u e s ;  

I g n i t i o n   i m p u l s e   t o r q u e s ;  

M o t o r   c h a r a c   t e r i s t i c s - g e n e r a t e d   t o r q u e s ,  

a )   T h r u s t   m i s a l i g n m e n t ,  

b )  T h r u s t   o f f s e t ;  

C e n t e r - o f - g r a v i t y   o f f s e t   t o r q u e s ;  

T h o s e   n e e d e d   t o   m a i n t a i n  a c o a s t / l i m i t   c y c l e ;  

T h o s e   n e e d e d   t o   e f f e c t  a c o a s t   m a n e u v e r .  

S e p a r a t i o n   t o r q u e s . -  S e p a r a t i o n   t o r q u e s  a r e  c a u s e d   b y   i m p e r f e c t i o n s  i n  t h e  
m e c t l a n i s m s   u s e d   t o   j e t t i s o n   t h e   t h i r d   s t a g e .   T h e   a n g u l a r   i m p u l s e   i m p a r t e d   t o   t h e  
f o u r t h   s t a g e   c a n   b e   e x p r e s s e d   v i a  a t i p o f  f a n g l e ,   o r i g i n a l l y   o b t a i n e d   f r o m   t h e  
s p i n - s t a b i l i z e d   s y s t e m   a n d   d e f i n e d  a s  follows: 

T i p o f f   a n g l e   ( r a d )  = -~ ~. . . .  a n g u l a r  .- i m p u l s e   ( f t - l b  _ _  s )  
s p i n  r a t e  ( r a d / s )   r o l l   i n e r t i a   ( s l u g   f t ' )  

w h e r e   t h e   s p i n  r a t e  was t h e   r o t a t i o n   o f   t h e   f o u r t h   s t a g e  (150 rpm)  and the  r o l l  
i n e r t i a  was 1 2   f t - l b  s2. T i p o f f   a n g l e s   o f   2 . 2 5 "   h a v e   b e e n   m e a s u r e d   f o r   s e p a r a -  
t i o n ,   w h i c h   y i e l d s   a n   a n g u l a r   i m p u l s e   e q u a l  t o  7 f t - l b  s .  

I g n i t i o n  "I_ impulse t o r q u e s . -  A n o t h e r   p r e t h r u s t   t o r q u e   d i s t u r b a n c e  is  c a u s e d   b y  
i g n i t i o n   i m p u l s e ,   t h e  l a t e r a l  t h r u s t   d e v e l o p e d  as t h e   m o t o r  is i g n i t i n g .  I t  a l s o  
i s  d e f i n e d  i n  terms o f   t i p o f f   e r r o r   a n d  is a b o u t   3 . 5 " ,   w h i c h   r e f l e c t s   i n t o   a n  
11 E t - l b  s a n g u l a r   i m p u l s e .   T h e   h i g h - l e v e l   r e a c t i o n   c o n t r o l s   h a v e  a 6 5   f t - l b  
t o r q u e   c a p a b i l i t y   t h a t  w i l l  h a n d l e   t h e s e   p r e t h r u s t   i m p u l s e s   i f   t h e y  are on  
p e r i o d   o f  0 . 2  s e c o n d   o r   m o r e :  

11 f t - l b  s 
0 .2  s 

= 55 f t - l b .  

I f   t h e y   o c c u r r e d   i n  a s h o r t e r  time, t h e   t o r q u e   w o u l d   b e   g r e a t e r   t h a n   c o u l d  
b u c k e d   o u t   b u t   t h e  maximum e x c u r s i o n   w o u l d   b e  smal l  ( i . e . ,   f o r  0 . 1  s e c o n d ,  
t o r q u e  = 11.0 f t - l b ,   a s s u m i n g   n o   c a n c e l l a t i o n ) .   T h e n  

f o r  a 

b e  
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CI - - 1 1 0  f t - l b  
f o u r t h   s t a g e  68 f t - l b  s = 1 . 6 2   r a d / s 2  

1 
' f o u r t h .   s t a g e  2 = - a t 2  = C.81 (0.01) = 0.0081  rad  

8 = 0.0081 .rad - 57 '3"  - - 0.465".  
r a d  

T h e r e f o r e ,   t h e   t o r q u e s   d u e   t o   t h e s e   a n g u l a r   i m p u l s e s  are small and are n o t   t h e  
d e t e r m i n i n g   f a c t o r   i n   s i z i n g   t h e   v e h i c l e   t o r q u e   d i s t u r b a n c e s .  

Attitude hold torque  requirements,- The t o r q u e s   n e e d e d   t o   e f f e c t   a n   a t t i t u d e  
maneuver   o r  a nominal   deadband  wi th in   which  t h e  v e h i c l e   w o u l d   l i m i t - c y c l e   d u r i n g  
t h e   c o a s t   p h a s e s   o f   f l i g h t  are n e g l i g i b l e  as are t h e   f u e l   r e q u i r e m e n t s   f o r   t h e s e  
f u n c t i o n s .  The a n a l y s i s   s u p p o r t i n g   t h i s   f o l l o w s .  

The i m p u l s e   n e e d e d   t o   r o t a t e   a n   i n e r t i a  of 4 4  f t - l b  s ( a p p r o x i m a t e   f o u r t h  
s t a g e   b u r n o u t   i n e r t i a )   9 0 "   i n   6 0   s e c o n d s   w o u l d   b e  

TAt = I A W  = (44 f t - l b  S 2 )  (1 '50/s) = 1.15 f t - l b  s .  
57 .3 ' j r ad  

Assuming a p u l s i n g  time of 1 second ,   1 .15   f t - l b   o f   t o rque  i s  n e e d e d   p l u s   a n o t h e r  
p u l s e   o f   t h e  same m a g n i t u d e   t o   c a n c e l   t h e   r o t a t i o n  a t  t h e   p r o p e r  time. 

T h e   a n g u l a r   i m p u l s e   r e q u i r e d   t o   m a i n t a i n  a ?lo d e a d b a n d   d u r i n g   c o a s t   u s i n g  
a l i m i t  c y c l e  rate o f   0 .125" / s  i s  

T A t  = I A W  = ( 4 4   f t - l b  P') (0'1250's) = 0 . 0 9 6   f t - l b  s .  
57 .3 ' / r ad  

Assuming a 5-pound j e t  a t  a moment arm of  0 . 7 5   f o o t   ( t h i s  Gill be shown t o  
b e   p a r t   o f   t h e   r e f e r e n c e   d e s i g n ) ,   t h e n  

0.096 f t - l b  s = (5  l b )  (0.75) f t  A t  

and 

A t  -. 0.025 s o  

T h i s   c o r r e s p o n d s   t o   a p p r o x i m a t e l y   t h e  minimum p u l s i n g  time availab3.2 arid rc.pi^e- 
s e n t s   a n   i m p u l s e  of ( 5   l b )   ( 0 . 0 2 5   s e c o n d s )  = 0 , 1 2 5  pound s e c o n d s  :l!ai -is: ncuded 
t w i c e   e v e r y  1 6  seconds  of c o a s t .  T h i s  i m p l i e s  an hourly  i rnp) . i lse  o i  

0 '25 Ib x 3600 s / h r  = 5 1  l b  s /kr ,  16 s 

which i s  no  more  than a f r a c t i o n   o f  a pound  of f u e l  and c e r r ? j . z l y  docs n o t  - im?ly  
a l a r g e   t o r q u e   c a p a b i l i t y .  
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.b3 

This is presented to show that  the  major  disturbances  that will size the  RCS 
thrusters are the motor  characteristics and vehicle cg  offset. Figure 22 de- 
scribes these  torques. 

Cg o f f s e t  due t o   i m b a l a n c e  

- 
l i  gnment 

LNomina l   th rus t  
(6700 l b )  

Moment arm S 

L E n g i n e   t h r o a t  
( S t a t i o n  83) 

FIGURE 22.- TORQUE DISTURBANCES DUE TO FOURTH-STAGE MOTOR BURN 

Motor -genera ted   to rques . -  Values  for  errors  induced  by  motor  characteristics 
were  obtained  from  United  Technology  Center  (manufacturer  of  the FW-4s). The 
following  numbers were quoted: 0.02" ( 3 0 )  of thrust  misalignment  and  0.007  inches 
of thrust  offset (30). The cg offset  torque  is  primarily  a  function  of how well 
the  cg  can be maintained  along  the  thrust  axis  during  burn. The value of 0.1 
inch was selected  in  light  of  previous experience. 

The values used for  4th stage motor  thrust  misalignments and offsets  agreed 
with  those  Convair  used  in  their  RCS  design for OW-1 which  featured  a  non- 
spinning  FW-4s. 

Torque due to misalignment of  the  thrust  vector  is  equal to  thrust (lb) mul- 
tiplied  by S, the moment  arm due to  the misalignment  angle (0.02'): 

S = re 

where r is the  distance between the  engine  throat  and  the cg., 

Using  the  largest value of  r when the  cg  is forward, 

r = 33  in., 

s =  33  in. 0 .02" 
12 in./ft 57.3'/rad 

"" = 0.00096 ft, 
and 

torque = 6700 (lb) (0.00096) ft = 6.4 ft-lb, 

where 6700 lb represents an average  thrust. 
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i;g Q ~ T ' S I ~  &?qu%.- The torque   due   to  a t h r u s t   o f f s e t  

6700 Ib 12 i n . / f t  
0ac07 in* = 3 .9  f t - l b .  

The torque dlie t o  a cg o f f s e t  of 0 .1  inch is: 

6700 (9.1/12) =: 56 f t - l b .  

of 0.007 inch is: 

RCS Je t  Selection 
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i n  t h e  nex t  sectioll a n d   d e s i g n   c o m m o n a l i t y  is f e l t  t o  b e   d e s i r e d  i f  t h e  cost i n  
o t h e r  areas is of l o w   i m p a c t ;  (2 )  the 5-pound jets are no more c o s t l y  i n  terms of  
w e i g h t   a n d  s i z e  t h a n  a smaller I t o  2-pound j e t ;  a n d  ( 3 )  there is  some ease i n  
m o u n t i n g   g a i n e d   b y   n o t   c o n s t r a i n i n g  a l l  t he  p i t c h   a n d   y a w  j e t s  t o  b e   f i r i n g   a l o n g  
t h e  same d i r e c t i o n .  

J e t   p l a c e m e n t   a t   s t a t i o n  97 " I  

r 
Thrust 

\ I  J7 

55 
6R 3 i n .  

55 

Side view I End view 

F I G U R E  23.- H I G H - L E V E L   A N D   L O W - L E V E L  P I T C H  AND YAW L O C A T I O N   A N D   O R I E N T A T I O N  

Fuel Considerations 

T h i s   a p p r o a c h   a p p e a r s   t o   b e   m o r e   c o s t l y   i n   f u e l   s i n c e   i f   t h e   t o r q u e   d i s t u r -  
b a n c e s  a r e  much l o w e r   t h a n   e x p e c t e d   t h e y   c a n   b e   h a n d l e d   f o r   t h e   m o s t   p a r t   b y   t h e  
l o w - l e v e l   t h r u s t e r s .   T h i s   w o u l d   i m p l y  a f i v e  t imes m o r e   i n e f f i c i e n t   f u e l   u s a g e  
s i n c e   t o   o b t a i n   t h e  same t o r q u e   t h e   5 - p o u n d  j e t  w o u l d   b e   o n  a l l  t h e  t ime v e r s u s  
t h e   1 - p o u n d  j e t  c a u s i n g   t h e   i m p u l s e   t o   b e   f i v e  times g r e a t e r .  

The l o g i c   b e h i n d   t h i s   c h o i c e  is as f o l l o w s .   T h e   l a r g e   a m o u n t   o f   f u e l   s i z e d  
f o r  this m i s s i o n ,   w h i c h  i s  q u i t e   m e a n i n g f u l   b o t h   i n  terms o f  i t s  own w e i g h t   a n d  
t h a t  o f  t h e   t a n k s   n e c e s s a r y   t o   c o n t a i n  i t ,  is  d e t e r m i n e d   b y   t h e   h i g h - l e v e l  j e t s  
b e i n g   e x e r c i s e d   f o r  a s u b s t a n t i a l  time ( h i g h - d u t y   c y c l e ) .  A s  a n   e x a m p l e ,   s u p p o s e  
o n e   h i g h - l e v e l  j e t  i s  o n  a l l  t h e  time. ( I t  i s  r e m o t e l y   p o s s i b l e   t h a t  two j e t s  
w i l l  b e   o n   i n   t h e  case w h e r e   t h e   t o r q u e   d i s t u r b a n c e  is  d i s t r i b u t e d   b e t w e e n  two 
a x e s ,   b u t   i n   t h i s  case t h e y   w o u l d   b e   n e c e s s a r i l y   t u r n e d   o f f   a n d   o n   s i n c e   t o g e t h e r  
t h e y  would  o v e r w h e l m   e v e n   t h e   h i g h e s t   e x p e c t e d   d i s t u r b a n c e . )   T h e n  2 1  p o u n d s  x 
31 s e c o n d s  is  651 p o u n d s - s e c o n d s .  A t  a n  I o f  1 4 0   s e c o n d s ,   a b o u t   4 . 7   p o u n d s   o f  

SP 
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f u e l  would be  needed. 12, ort iile OLII~;T ~larld, o n l y  t h e  lc;u-.l>vc.i jct; 'wt~; neeued, 
a 5-pound j e t  would be on 611 t h e  time a t l l i z i n g  1/4 of t h i s   t o t a l ,   o r  1 pound. 
Had t h e  l-pound j e t  been elrploy~_d, r.11e r^*-el usage would  Lave been 0.2 pound. I n  
other   words,  wnile i c  appears  0.6 p ~ ~ ~ r l d s  of h e 1  might  be  saved, the design  must 
c o n s i d e r   t h a t   t h e  l o w - l a d  j e t s  wiil be used  very l i t t l e  i n   t h e   w o r s t   c a s e  and 
t h e r e f o r e  much more f u e l  vi11 ;e l ~ a d e d  aboa rd   t han   t he   d i f f e rence   be tween  t h a t  
consumed by t h e  5-pound j e c  a s  opposed t o   t h e  l-pound j e t .  Two pairs  of  l-pound 
r o l l  je ts  w i l l  be   used   to  C O ~ L L L U ~  :'.le f o u r t h   s t a g e   i n   t h e   r o l l  axis.  

A s  an   example   o f   t he   fue l   necesec ry   t o   t ake   t he   veh ic l e  through a 189" mancu- 
v e r   e i t h e r   f o r  AV c o r r e c t i o n  o r  fo r   mi s s ion  pUrp0%2S,  consider  the  sate  rLecessary 
t o   r o t a t e  180' i n  140 seconds.  

AW = I8O' = 1.25'/sec 140 s e c  

The angular  impulse TAt = I A W .  From t h i s  

Thus, a 5-pound j e t  pu l sed   fo r  0.25 second will r o t a t e  t h e  v ~ h l r - l e  l80' In 
140 seconds  a t   which time another  0.25 second  pulse i s  needed t o  z'?c:Trp t h e  rota- 
t i o n .  The total   impulse  thus  expended to r o t a t e  180' and back is & ( 5  Ib) (0.25 
sec )  = 5 l b / s e c  T h i s  impulse at an ISP of 140 seconds w i l l  cc.T.:axre C, 928 pomd 
o f   fue l  and shows tha t   i so l a t ed   maneuver s   u se   i n s ign i f i can t  a ~ ~ u r ~ t s  of f u e l .  

A d i scuss ion  of t h e  AV lncrement  caused  by t h . ~  5-pound j e t s  duzFnr; cozzt  
c o n t r o l  is p resen ted   i n   t he   succeed ing   chap te r .  
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Sys tern Considerations 

One major tradeoff w i l l  be the  use  of a regulator  as opposed t o  a blowdown 
system  approach. A f i r s t  cut  at a typical  blowdown system approach i s  shown i n  
figure 24.  The parts  for the  system  are l i s t e d  in   table  1 9 .  

F o u r  21 - lb  j e t s  F o u r  5 - l b  j e t s  F o u r  1 - l b  j e t s  

F I G U R E  24.- T Y P I C A L  BLOWDOWN REACTION  CONTROL  SYSTEM 
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TABLE 19.- PEROXIDE RCS WEIGHT SUMMARY (WALTER KIDDE CORP) 

One H,02 

One H20, 
L ines ,  f 

TWO H 2 0 2  

Four   21- lb   nominal   motors   (Burner  II), P/N 875456 

Four 5 - lb   motors   (2 -1  b nominal ) ,  P /N 875032 

F o u r   l - l b   m o t o r s   ( 2 - l b   n o m i n a l ) ,  P / N  875032 

One N2  fill, P / N  893463 

fill, P / N  893464 

r e l i e f  (P /N  874536) 

i t t i n g s ,   m i s c e l   l a n e o u s  

tanks,  P I N  894193 

H 2 0 2  w e i g h t  

Approxi  mate N, wei gh t 

Weight 
b y  u n i t  

1.55 
0.75 
0.75 

0.35 

0.35 

0.29 

(16)  

3.8 

To t a  1 

T o t a l  
w e i g h t  

6.20 

3 .OO 
3.00 

0.35 

0.35 

0.20 

0.72 

( I b )  

7.60 

5 .OO 

0.45 

26.99 

P r i c e  

16 800* 
12 ooo* 
12 ooo* 

($1 

450 

450 

1 100 

Assume sup- 
p l i e d  by 
NASA o r   i n -  
t e g r a   t o r  

6 800 

49 600.00 

* T h i s   d o e s   n o t   i n c l u d e   d e s i g n   m o d i f i c a t i o n s   o f  $1500 tha t   wou ld   be   necessa ry  
fo r   d raw ing  and s p e c i f i c a t i o n s   c h a n g e s .   T h i s   w o u l d   n o t   i n c l u d e   d e v e l o p m e n t  
s p e c i f i c a t i o n   t e s t i n g   o f   t h e  new component,  and q u a l i f i c a t i o n   w o u l d  be by s i m i -  
l a r i t y   t o   p r e v i o u s   t e s t i n g .  

T a b l e  1 9  c o s t s   d o   n o t   i n c l u d e   s y s t e m   a n a l y s i s   o r   d e v e l o p m e n t .   A n o t h e r   f a c t o r  
was t h e   d e s i g n   c o n s t r a i n t   o f   c h o o s i n g   f l i g h t - q u a l i f i e d   p a r t s .  I t  was f e l t   t h a t  
a new d e s i g n ,   s p e c i f i c a l l y   t a i l o r e d   t o   o u r   n e e d s ,   c o u l d   o p t i m i z e   t h e   w e i g h t s   f r o m  
t h e   p r e s e n t   d e s i g n  of 2 7  pounds t o   a p p r o x i m a t e l y  20  pounds or a l i t t l e  less. 
Th i s  o f  c o u r s e   r e p r e s e n t s   i n c r e a s e d   c o s t s   f o r  new d e v e l o p m e n t   a n d   q u a l i f i c a t i o n .  
A ROM f i g u r e  was u n o f f i c i a l l y   q u o t e d  as a n   e x t r a  $50 000 t o   p e r f o r m   t h i s   f u n c t i o n .  
T h i s   b e i n g  a n o n r e c u r r i n g  item, w i t h   t h e   s y s t e m   r e c u r r i n g   c o s t s   s t a y i n g   a p p r o x i -  
m a t e l y   t h e  same. 

Ano the r   app roach   cons ide red  was t h e   u s e  of  a r e g u l a t e d   s y s t e m   t h a t   c o u l d  ob- 
v i a t e   t h e   u s e   o f   o n e  of  t h e   f u e l   t a n k s .   T h i s   w o u l d   r e d u c e   t h e   t o t a l   w e i g h t   b y  
3.8 pounds  but  would  add  one N2  t a n k   w e i g h i n g  1.0 pound  and   cos t ing   about   $625 
and a r e g u l a t o r   w e i g h i n g  1 . 2  pounds   and   cos t ing  $2000. T h i s   a p p r o a c h  saves 1 . 6  
pounds b u t  may make t h e   s y s t e m   m o r e   d i f f i c u l t   t o   b a l a n c e   b e c a u s e  of asymmetry  of 
t h e   f u e l   t a n k s .  
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A l t h o u g h   p e r o x i d e   a t   t h i s  time r e p r e s e n t s   t h e   b a s e l i n e   a p p r o a c h   ( p r i m a r i l y  
due  to   commonal i ty  cjf f u e l  on o t h e r   s t a g e s  and the   suppor t ing   equ ipmen t   needed) ,  
a s i m i l a r   e f f o r t  was made t o   s i z e   t h e  same s y s t e m   f e a t u r i n g   t h e   u s e  of o t h e r  
f u e l s .  A n i t r o g e n  and   hydraz ine   sys tem i s  d e s c r i b e d   i n   t a b l e s  20 and 21. The 
f u e l   f o r   t h e   s y s t e m s   d i f f e r s  as d o e s   t h e   t a n k a g e   t o   c o n t a i n  i t  because of t h e  
d i f f e r e n t   s p e c i f i c   i m p u l s e s .   T h e r e f o r e   h y d r a z i n e   w i t h   a n  I of  200 seconds re- 

q u i r e s  70% of t h e  H202 s y s t e m ' s   f u e l   o r   a b o u t  3.5 p o u n d s ,   w h i l e   t h e   n i t r o g e n  s y s -  
tem, whose I is  65 s e c o n d s ,   r e q u i r e s  10 pounds   o f   fue l .  

SP 

SP 

I t  i s  f e l t   t h a t   t h e   u s e   o f  H202 i s  p r e f e r a b l e   f r o m   t h e   c o m m o n a l i t y   s t a n d p o i n t ,  
and i t  r e p r e s e n t s  a s u b s t a n t i a l   c o s t   s a v i n g  item. T a b l e s  20 and 2 1  show t h a t  
t h e r e  i s  no c l ea r   we igh t   advan tage   i n   t he   hydraz ine   and   n i t rogen  RCS sys t ems ,  
wh ich   suppor t s   t he   pe rox ide   cho ice .  

TABLE 20. -  HYDRAZINE REACTION CONTROL  SYSTEM  WEIGHT SUMMARY 
(ROCKET  RESEARCH) 

- -~ ~" " " -~ 

F o u r   2 5 - l b   j e t s   n o m i n a l   ( T i t a n  IIIC Trans tage)  

F o u r   5 - l b   j e t s  (REM-MONO, MR50) 

F o u r   1 - l b   j e t s  (MR6A) 

P r o p e l l a n t  (N,H,) 

P r o p e l l a n t   t a n k   ( 9 . 5 - i n .   d i a m e t e r )  

F i l l  a n d   d r a i n   v a l v e  

Expu ls ion   Va l  ve 

F u e l   l i n e s  

To t a  1 

Weight,  l b  

11.1 

4 .8  

2 .o 
3.5 

2 . 8  

0.6 

0 .5  

1 .o 
26.3 

TABLE 21.- N I T R O G E N  REACTION CONTROL  SYSTEM S I Z I N G  
(STEHRER  MANUFACTURING COMPANY) 

"" " - "" 

Two "doub les "   (one ,  5 - l b  j e t ,  o n e   2 5 - l b   j e t )  

Two " q u a d r u p l e s "   ( o n e   2 5 - l b   j e t ,   o n e   5 - l b   j e t ,  
t w o   1 - l b   j e t s )  

P ressu re   vesse l  

P r e s s u r e   r e g u l a t o r  

N i t r o g e n   f u e l  
___. - - ~ 

~ ____ 
To t a  1 
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Neigh t Tradeof f s  

A s i g n i f i c a n t  f a c t o r  t o  be discussed  is t h e   t o t a l   w e i g h t   o f   t h e  RCS system, 
which a t  27 pounds r e p r e r c r t s   w e i g h t   t h a t ,  i f  reduced ,   would   increase   payload  
c a p a b i l i t y .  The f o l l o w i n g   p a r a g r a p h s   d i s c u s s  a number  of  ways the   sys t em  we igh t  
can  be  reduced  and some  of t h e   r a r 4 1 i E i c a t i o n s   t h a t   t h e s e   w e i g h t - s a v i n g   f e a t u r e s  
g e n e r a t e .  

The f u e l   c a l c u l a t i o n   o f  5 pounds was based  on  an estimate of   one  high-level  
j e t  be ing   exe rc i sed   con t inuous i .y   fo r   t he   31 - second   bu rn .   Th i s   imp l i e s  a r a t h e r  
c o n s e r v a t i v e  estimate o f   needed   t o rque   con t ro l .   Based   on   mi s s ion   ana lys i s ,   t he  
type  of   control   logic   employed  and some p r o b a b i l i s t i c   a n a l y s i s  as t o  how o f t e n  
t h e s e   l a r g e   d i s t u r b a n c e s   o c c u r  w i l l ,  t o  a much more a c c u r a t e   d e g r e e ,   p r o v i d e  a 
h igh   p robab i l i t y   o f   mi s s ion   success   and   ye t   no t   ove r s i ze   t he   sys t em.   Th i s   cou ld  
e l i m i n a t e  on t h e   o r d e r  of 1 t o  3 pounds  of f u e l .  

The m a n u f a c t u r e r   o f   t h e   r e f e r e n c e   s y s t e m   f e e l s   t h a t   i f   t h e   c o n s t r a i n t   o f   u s -  
i n g   o n l y   f l i g h t - q u a l i f i e d   e q u i p m e n t   w e r e   l i f t e d   a n d  a new d e s i g n   p e c u l i a r   t o   t h e  
S c o u t   a p p l i c a t i o n  w a s  i n i t i a t e d ,   a p p r o x i m a t e l y  3 pounds  of  weight  could  be  saved 
i n   t h e   t a n k  and j e t  d e s i g n .   T h i s  w i l l  c o s t   i n   t h e   n e i g h b o r h o o d   o f  $50 000, de-  
pending on t h e   r e q u i r e m e n t s   f o r   q u a l i f i c a t i o n .  

Since  each  of   the two t anks   u sed   i n   t he   we igh t   b reakdown  o f   t ab l e  1 9  weighs 
3.8 pounds  and  has a 9-pound f u e l   c a p a b i l i t y ,  i t  w o u l d   b e   p o s s i b l e   t o  nse ope 
t a n k   o n l y   f o r   t h e  5 p o u n d s   o f   f u e l   a n d   e l i m i n a t e   t h e   o t h e r   t a n k .  However,  two 
p r o b l e m s   a r e   a s s o c i a t e d   w i t h   t h i s   a p p r o a c h .  A s  more f u e l  is added t o  a tank  and 
consumed d u r i n g   f o u r t h - s t a g e   b u r n ,   t h e  blowdown r a t i o  is s u b s t a n t i a l l y   i n c r e a s e d .  
T h i s  would mean t h a t   t h e   i n i t i a l   t h r u s t  of 2 1  pounds  would  decay to   some th ing  
probably less t h a n   h a l f   o f   t h i s  when most of t h e   f u e l  was used   up .   This   o f   course  
is a n   u n d e s i r a b l e   s i t u a t i o n   f r o m   t h e   s t a n d p o i n t   o f  a l o w   t o r q u e   c a p a b i l i t y   t o -  
ward t h e  end  of   the  burn.  Also t h e   u s e  of one   t ank  may cause   an   excess ive   ba l -  
anc ing   problem  tha t  w i l l  a f f e c t   t h e   c g   o f f s e t   a n d   y i e l d   h i g h e r   d i s t u r b a n c e  
t o r q u e s .  A good i n s i g h t   i n t o   t h e   p r a c t i c a l i t y   o f   t h i s   a p p r o a c h  would  be  gained 
v i a   t h e   m i s s i o n   a n a l y s i s   w h e r e   t h e   p r o b a b a l i s t i c   q u a n t i t i e s   r e s u l t i n g   f r o m   c g  
o f f s e t s  a n d   s u b s e q u e n t   f u e l   c o u l d   b e   u s e d   i n   e v a l u a t i n g   t h i s   a p p r o a c h .  

Two p a i r s  of r o l l  j e t s  are r e q u i r e d  s o  t h e   r o l l   t o r q u e s   c a n   b e   a p p l i e d   i n  
c o u p l e   f a s h i o n   s i n c e   o n e   r o l l  j e t  would a l s o   c a u s e  a p i t c h   o r  yaw t o r q u e .  The 
e l imina t ion   o f   one   pa i r   o f   t hese  j e t s  would  save 1 . 5  pounds  but  add a small 
amount  of f u e l   w i t h   w h i c h   t o   b u c k   o u t   t h e   u n w a n t e d   p i t c h   o r  yaw t o r q u e .  
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Sumnary 

B a s e d   o n   t h e s e   w e i g h t   s a v i n g   c o n s i d e r a t i o n s   a n d   r e c o g n i z i n g   t h e   c o r r e s p o n d -  
i n g   i m p l i c a t i o n s ,   t h e   w e i g h t  of   the   peroxide   sys tem  can   be   modi f ied  as shown i n  
t a b l e  22 .  

TABLE 22.- MODIFIED WEIGHT PROFILE FOR  THE 
PEROXIDE SYSTEM 

F o u r   2 1 - l b   n o m i n a l   h i g h - l e v e l   j e t s  

i n a l )  

i n a l )  

F o u r   5 - l b   j e t s   ( 2 - l b  nom 

F o u r   1 - l b   j e t s   ( 2 - l b  nom 

One N 2  fill 

One H,02 fill 
One H20, r e 1   i e f  

L i n e s ,   f i t t i n g s ,  m i  scel l aneous 

One H20, tank  

H20, w e i g h t  

N, w e i q h t  
T o t a l  

W e i g h t   ( l b )  

4.70 

3 .OO 

3.00 

0 .35  
0 . 3 5  
0 .20  

0 .72  
3.80 
3.50 
0 . 4 5  
20.07 

F i g u r e  25 i l l u s t r a t e s  a r e f e r e n c e  RCS system. 

FW-4s f o r e  FW-4s f o r e  

4 4 h i g h - l e v e l  - 
c o n t r o l s ,   e t c  

tank  

I 1-2 p a i  rs 
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ORBITAL  CORRECTION  SYSTEM 

Background 

In  the  past NASA has  had  to  accept  open-loop  Scout  vehicle  performance  errors 
because  of  the  lack  of  closed-loop  guidance  and  also  because  the  fourth  stage  has 
no  means of thrust  termination.  With  the  addition  of  navigation  equations  it will 
now be possible  to  calculate  the  orbital  errors  and  compute  the AV required  to 
place  the  payload  in  the  proper  orbit.  This can be  done  despite  the  fact  that 
the fourth  stage  will  burn to depletion. 

The fourth  stage  could  be  modified  to  shutdown  on  command  and some  methods 
that  could  be  used  to  terminate  fourth  stage  burn  are  venting  ports  and  water 
quenching.  It  is  felt,  however,  that  the  velocity  errors  can be compensated  for 
by  the  selected RCS system. The gross  sizing  analysis  presented  in  this  section 
will  only  serve  as  an  example of the  thrusting  philosophy  and  as an upper  bound 
on  sizing. 

The  basic  approach  of  the AV correction  involves  using  the RCS jets, which 
are  normally  used  to  take  out  disturbance  torques,  as  the  thrusters  to  add o r  
subtract  velocity. 

After  the  fourth  stage  engine  has  burned out, the  error  in  velocity  (both 
magnitude  and  direction)  can  be  computed  from  the  accelerometer  outputs. The low- 
level  jets  can  be  used  to  rotate  the  vehicle  to  the  desired  orientation  at  which 
time  all  of  these  low-level  jets  can  be  fired  simultaneously  to  effect a thrust 
in  the  proper  direction t o  yield  the  nominal  vehicle  velocity  vector.  At  this 
point  the  vehicle  can  be  rotated  to  its  desired  coast  attitude  and  proceed  in  the 
desired  orbit.  Figure 26 depicts a typical  jet  placement  scheme  as  sized  for 
torque  cancellation  only. ( A ,  B ,  C ,  D ) l  represent  the  high-level.  jets  while 

( A ,  B ,  C y  D ) 2  depict  the  low-level  jets. In this  configuration  it  is of course 

not  possible  to  apply a force along the X axis  and  perform a AV. F o r  example,  if 
the  vehicle  were  rotated 90 degrees  and  jet A fired,  a  large  undesired  torque 
would  be  applied  about  the Z axis. 1 

I D. 

FIGURE 26. - STANDARD JET CONFIGURATION 
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Some o t h e r   a p p r o a c h e s   t o   b e   c o n s i d e r e d  are: 

1) C a n t i n g   t h e   h i g h - l e v e l  jets a t  s o m e   a n g l e   t o   o b t a i n   b o t h   l o n g i t u d i n a l  
t h r u s t  as w e l l  as t o r q u e   c a n c e l l a t i o n ;  

2) R e p l a c e i n g   t h e  ( A ,  B ,  C ,  D ) 2  l o w - l e v e l  j e t s  w i t h   l o n g i t u d i n a l l y   m o u n t e d  
t h   r u s  t ers ; 

3)  P h y s i c a l l y   s w i v e l i n g  some o r  a l l  o f   t h e  je ts .  

A l t h o u g h   t h e   s w i v e l e d  j e t  a p p r o a c h   h a s   b e e n   i n v e s t i g a t e d   a n d  i s  c e r t a i n l y  
f e a s i b l e ,   d u e   t o   c o m p l e x i t y ,   r e l i a b i l i t y   p r o b l e m s ,   a n d   c o s t   i n   c o m p a r i s o n  t o  t h e  
o t h e r   s c h e m e s   m e n t i o n e d ,   t h i s   a p p r o a c h  was d ropped .  

F i g u r e  27 d e m o n s t r a t e s   t h e   c a n t e d   a p p r o a c h .  

X 
t 

Canted  jets  C1  and Dl 

are  symmetrically  located 
to AI and B1. 

~ ~. " I 
FIGURE 27.- CANTED  APPROACH 

H i g h - l e v e l   j e t s   s u c h  as A and B ( f o r   e x a m p l e )  are c a n t e d   b y   a n g l e s  0 and CL 

f r o m   t h e   l o n g i t u d i n a l   a x e s   o f  t h e  v e h i c l e   w h i l e  s t i l l  b e i n g   a t t a c h e d  a t  t h e  same 
1 1 

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

- 
t ha t   bo th   componen t s  of e a c h   j e t   p r o v i d e   r o t a t i o n a l   c o n t r o l .  
t h e   v e h i c l e   d u e   t o   t h e   h i g h - l e v e l  j e t s  is 

s i n  tJd ( Y )  + B1 c o s  ar  (-Z) + B1 s i n   a d  (-2) 

+ C s i n  Od (-<) + Dl c o s  ar  (+2) + Dl s i n  ad (+i) . 1 

A p r o b l e m   w i t h   t h i s   s c h e m e  i s  t h e   f a c t   t h a t   f o u r   l a r g e   f o r c e s  are c a n c e l i n g  
e a c h   o t h e r   o u t   d u r i n g  AV c o r r e c t i o n  (B s i n  a ,  D s i n  a ,  A s i n  8, C s i n  e ) .  
Any d i f f e r e n c e s   i n   t h e   f o r c e s   b e t w e e n  j e t s  w i l l  r e s u l t   i n   u n d e s i r e d   t o r q u e s   a n d  
w i l l  a l s o   b e   i n e f f i c i e n t   i n  terms o f   f u e l   u s a g e .   T h i s   l e a d s   n a t u r a l l y   i n t o   a n a l -  
y s i s  o f   t h e   l o n g i t u d i n a l l y   m o u n t e d  j e t s .  

1 1 1 1 

U s i n g   c l o s e d - l o o p   g u i d a n c e ,   t h e   e r r o r   i n   v e l o c i t y   t o   b e   c o r r e c t e d   s h o u l d   t h e o -  
r e t i c a l l y   b e   t h a t  of  t h e   g u i d a n c e   h a r d w a r e   o n l y .   I n   t h e  case o f   S c o u t ,   h o w e v e r ,  
t h e   f a c t   t h a t   t h e   f o u r t h   s t a g e   e n g i n e   c a n n o t   b e  s h u t  down on command w i l l  be   t he  
p r i m a r y   c o n t r i b u t o r   t o   t h e   v e l o c i t y   e r r o r .   B a s e d  on  t h e   p e r t u r b a t i o n   a n a l y s i s  
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performed  for  t h e  .L/o misbru . r ,  C h t  L:qiLrz J er;isr l o r  L ~ I .  :a2.;rr’i ;;“*-:%e ci ,ine cu t -  
o f f   u n c e r t a i n t y  was 16ii I p s .  Usir,g t h i s   v e l o c i t y   e r r o r  as tha t   to   be   compensa ted  
f o r  and t h e   f o u r t h   s t a g e   L u r n o u t  w.e~.&’p.~: of 322 pounds ( 2 1 1  l b  + added  guidance 
system  weight  minus some welghr: s a t i r g   i n   t h e   r e m o v a l   o f   t h e   s p i n   t a b l e )  , t h e  i m -  
pulse  needed  wouid ut: ( + p r o x i m a t u y j ,  

A t  an I o f   160   fo r   s t eady- s t a t e   ope ra t ion  of t h e  H202 m o t o r s ,   t h i s   c o r r e c -  
SP 

t i o n  would requi re   10 .0   pounds   o f   fue l .   This ,   coupled   wi th   the  5 pounds  needed 
f o r   t h e  RCS would total   15.0  pounds,   which is a lmost   the  maximum f u e l   c a p a c i t y  
f o r  two 9-pound tanks .   Therefore   whi le  i t  is p o s s i b l e   t o  accommodate t h i s ,  i t  i s  
imprac t ica l   f rom  the  blowdown r a t i o   c o n s i d e r a t i o n s .  It must  be remembered t h a t  
15.0  pounds  represents  two 3-a high  cases   and is f e l t   t o   b e   o v e r l y   p e s s i m i s t i c .  
Once aga in  a t rue   eva lua t ion   o f   wha t  i s  needed   shou ld   be   p robab i l i s t i c   i n   na tu re ,  
i a p l y i n g   t h a t  less t o t a l   f u e l  would  be  carr ied.  A S  an  example,   for a 1 o case  
t h a t  would occur 67%  of t h e  time, only  3 .3   pounds  of   fuel  i s  needed  instead  of 
t h e  10.0 pounds o r i g i n a l l y   c a l c u l a t e d .   T h i s   v a r i a t i o n   i n   i t s e l f  w i l l  be  more 
than  enougb t o   c a u s e  a system  design  change s o  t h a t   s y s t e m   d e f i n i t i o n  is s t i l l  
very  much a funct ion  of   mission  phi losophy  and  constraints .  

T h i s   d i s c u s s i o n   d e s c r i b e s   t h e   t e c h n i q u e   u s e d   t o   s i z e   t h e   f u e l   f o r  a s p e c i f i c  
AV c o r r e c t i o n   ( 5 3  f p s ,  1 a ) .  How much one   wan t s   t o   des ign   fo r  becomes a ques t ion  
of   miss ion   accuracy   guaranteed   in  terms of some p r o b a b i l i t y   v e r s u s   e x c e s s i v e  
weight .  It is  f e l t   t h a t   t h e  5 pounds  of H202 weight   for   motor   torque  cancel la-  
t i o n  w i l l  l ike ly   no t   be   comple te ly   used   (probably   about   ha l f   based  upon Convair’s  
usage) and c a n   b e   u t i l i z e d   f o r   o r b i t a l   c o r r e c t i o n .  A two-a des ign  w i l l  add 3 .3  
pounds t o   t h e   t o t a l   w e i g h t  and  ensure a s u b s t a n t i a l l y   g r e a t e r   c o r r e c t i o n   p r o b a -  
b i l i t y .  One c a n   d e c i d e   t o   p l a y   g r e a t e r   c a p a b i l i t y   a g a i n s t   h i g h e r   w e i g h t .  A s  t he  
fue l   weight   increases ,   the   p resent ly   p roposed   tanks   which  are f e l t   t o  be a real- 
i s t ic  design  opt imizing  weight   and OCS ( o r b i t a l   c o r r e c t i o n   s y s t e m )   c a p a b i l i t y ,  
may have  to  be  replaced.  Larger  tanks  which w i l l  d e c r e a s e   t h e   t h r u s t   r e d u c t i o n  
due   t o  blow down w i l l  be   necessa ry   t o   ma in ta in  a h igh   t o rque   capab i l i t y   t ha t   p ro -  
t e c t s   a g a i n s t   l a r g e   m i s s i o n   a t t i t u d e   e r r o r s   d u r i n g   f o u r t h   s t a g e   b o o s t .  

F igure  28 p i c t o r i a l l y   d e s c r i b e d   t h e   l o n g i t u d i n a l l y  mounted j e t  system. 

L, /’\ J 
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L1, L2,  Lg, L are t h e   l o n g i t u d i n a l  jets and w i l l  have t o   b e   i n c r e a s e d   f r o r  

2 pounds of t h r u s t   t o   a b o u t  5 pounds t o  r e p l a c e   t h e   l o w - l e v e l   t o r q u e   c o n t r o l   o f  
approximately 4 f t - l b .   Th i s  is due t o   t h e  moment arm going from a few feet t o  
0.75 feet. These  four   5-pound' thrusters  w i l l  form the   fo rce   u sed  t o  perform  the  
AV. Twenty  pounds  of f o r c e  w i l l  t a k e  80 s e c o n d s   t o   y i e l d  the c o r r e c t   i m p u l s e  

4 

(1600  lb-s) . 
The 5-pound t h r u s t e r s   u s e d   f o r   c o a s t   c o n t r o l   d o   c a u s e  a AV increment which i s  

s i g n i f i c a n t .  

Assuming one  uses the proposed +lo deadband  and a minimum on-time  pulsing 
c a p a b i l i t y  of t h e   t h r u s t e r s  of 0.025  seconds. Then from 

TAt = I A W ,  

AW = -, TA t 
I 

5 ( lb)   (0 .75   f t )   (0 .025  set)- = 2 .  12 x 10-3 rad 
44 f t  lb-sec2  sec '  

2 . 1 2  X rad x 57.3"/rad = 0.125 = AW. 
s e c  

Therefore   the  limit c y c l e   a n g u l a r   r a t e  is  118  deg/sec  and w i l l  t a k e  1 6  sec- 
onds t o   r o t a t e  2" (+ lo  t o   - 1 " ) .  A t  t h i s  time a double   pulse  is  needed t o   s t o p  
t h e   o r i g i n a l  and s t a r t  i t  back   the   o ther  way. Th i s   r equ i r e s  a 0.050 sec A t .  

So t h a t   i n   t h e   p i t c h   p l a n e  5 pounds  (0.050  sec) is t h e   l i n e a r   i m p u l s e  im- 
pa r t ed   t o   t he   veh ic l e   eve ry  16 seconds  or  0.25  lb-sec eve,.y 16  seconds,  which 
tu rns   ou t   t o   be  38 lb-sec  every 45 minutes   (coast   t ime) .  

38  lb-sec w i l l  add a AV of - = 
FAt 38  lb-sec 

m = 3.8  F/sec 
sec2 10   l b  - f t  

A s i m i l a r   c o n t r o l   s y s t e m   i n   t h e  yaw plane  w i l l  add a n o t h e r   3 . 8   f t / s e c   t o t a l -  
i n g  7 . 6  f t / s e c .   T h i s   m u s t   b e   s t u d i e d   t o   d e t e r m i n e   i f  i t  c a n   b e   t o l e r a t e d .  One 
s o l u t i o n   t o   t h i s  would b e   t o  mount t h e  j e t s  a s  shown i n   f i g u r e  29. 

FIGURE 29 DIRECTION  REVERSAL  OF ONE P A I R  OF L O N G I T U D I N A L   J E T S  
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In this case,  due to  pitch  and yaw coast  control  the AV would be cancelled. 
Of  course  only  two jets could be used  to  provide AV correction  which  would  double 
the impulse  time. These two  ramifications  must  be  traded  off  to  see  their  rela- 
tive  effect. 

If  a torque is developed  due  to  differences  in  jet  force,  one  or  more  of  the 
jets (L1, L p ,   L 3 ,  L ) can be turned off for  a  short  time  to  establish  the  proper 
attitude.  This  approach  has  been  implemented  on  Titan  and  represents a  simple, 
efficient  scheme. 

4 

The capability  to  correct  errors  in  velocity  in  any  direction  can  be  provided 
by  rotating  the  entire  fourth  stage  to  the  proper  attitude. 

The schematic  of  the RCS system  is  the  same  as  the  system  described  in  the 
previous  section  with  the  addition  of 3 . 3  pounds  of H202 for a 1 u orbital  cor- 
rection  and  the  addition  of 1 pound  for  nitrogen  tankage. 

The total  tank  volume  (both  tanks)  is 384 in.3  and  the  pressure  assumed  at 
liftoff  will  be 5 8 0  psi. 

The major  problem  associated  with  the  blowdown  approach  is  the  amount  of  fuel 
needed  for  the  fourth  stage  control  during  boost.  If  this  is  excessive  the  high- 
level  thrusters wilL exhibit a low thrust  toward  the  end  of  the  burn. This  will 
decrease  control  authority so that  the  attitude  error  of  the  vehicle  will  grow 
and  cause  large  orbital  inaccuracies. The  blowdown  effect  upon  the  orbital  cor- 
rection  system  will  mean  a  greater  time  to  correct  for AV uncertainty  as  well  as 
increased  maneuver  and  limit  cycle  times. 

If  the  blowdown  causes  the  longitudinal  jet  thrust  to  be  reduced  to 4 pounds 
(It will  drop  further  during  orbital  correction.),  and  two jets instead  of  four 
are  used  to  eliminate AV error  due  to  coast  thrusts,  then  the  time  to  correct a 
1 u AV may  increase  from 4 0  seconds  to 120 seconds  or  more. 

Summary 

A complete RCS system  with  an  orbital  correction  capability  weighs 20 pounds 
as shown  in  table 22 in  the  previous  section  plus 4 . 3  pounds  for OCS fuel (1 a) 
and  nitrogen  for a grand  total  of 2 4 . 3  pounds. 
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CLOSED-LOOP  ERROR ANALYSIS 

Performance analysis data are a very important part  of the  evaluation  and 
comparison  of  guidance  hardware. The Martin Marietta trajectory  error analysis 
program (TEAP) is  the  tool  used  to compare  the  performance  of  the  various  candi- 
date  guidance  systems. The TEAP allows  computation of the errors in position, 
velocity, attitude, attitude rate, and other  pertinent  orbital  parameters as a 
function of guidance  hardware only. Since  the  closed-loop  guidance will compen- 
sate  for  the state deviations of other perturbations, such  as winds, I varia- 

tions,  thrust errors, etc, and steer the  vehicle to its desired state, .the TEAP 
results  will  represent to a great  degree  the total system error. (computational 
errors  normally  contribute  only a few percent of the hardware errors.) 

SP 

A reference  trajectory  is  used  as  the  flight  profile  to  define nominal posi- 
tion,  velocity, acceleration, orientation, and mass.  Each  candidate  guidance 
system, representing only hardware errors, is another program  input  itemizing 
sources of error, (gyro drift rates, gyro misalignments, accelerometer bias, ac- 
celerometer  scale  factor errors, and  misalignments). The TEAP  program  uses  these 
hardware  errors in conjunction with a nominal  trajectory to generate  vehicle  er- 
rors  such  as position, velocity, attitude  etc. 

The basic  TEAP  computation  sums  the  following  hardware  errors:  those due to 
the imperfect accelerometers, those due to  the misorientation of a perfect  accel- 
erometer  because of platform  drift  (gyro  imperfections),  and  those due to gravity 
computational  errors.  Another  error  computed  by  TEAP  is  attitude  deviations due 
to drift phenomena.  These  error  terms  can  be  extended  to  provide  deviations in 
orbital  parameters,  such as radius of perigee, apogee, flightpath angle, period, 
etc.  The  detailed  computational  algorithms  and  complete  program  inputs  for  TEAP 
are described  in Appendix  A. 

- Earth - Orbital - - - - . - - Trajectories - - Six  candidate systems were evaluated  via  the 
TEAP program  using  two basic  reference  trajectories  supplied by NASA. One, the 
176C mission, is a 585 to 635 nautical  mile  (near-circular)  polar  orbit  launched 
f rom Vandenberg. The second  flight  profile  is  the 169C, an  elliptical  near-polar 
orbit (102 deg  inclination). This  trajectory  information  was  supplied  with  data 
presented  in a coordinate  frame that differed somewhat from the T E M  frame. The 
TEAP  program  was  modified  to  accept  the  trajectory  information directly, avoid- 
ing transcription  errors. 

Lunar Mission Trajectories - As  part  of  the  lunar  portion  of  the study, in 
which the errors and corresponding  fuel  requirements to  perform  the necessary 
correction  for a lunar  mission  from  injection  to  the  moon are analyzed, a covari- 
ance  matrix  representing  the  errors  associated  with a lunar  injection  trajectory 
was  generated  via TEAP. This output was used  as  input conditions  for  the STEM 
program  described  in  Appendix C .  The lunar  injection  trajectory  was  provided by 
NASA and represented an optimum  flight  profile  targeted  to  the  proper  injection 
state. These data were generated  by  the TOLIP  program  at  NASA.  TEAP  was  modi- 
fied  to accommodate the TOLIP output  as  described  in  the  following  paragraphs. 

- . -. . - - 
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The TEAP  program  requi-res positim.  ?docity, and sense2 ac.c.c&raLioik 0x1 vec- 
tors  in  an  inertial.  Greerlwic::?  meridjsr,  fS)/North Pole right-handed  coordinate 
frame. R n l l ~  p i t c h ,  slid y??i. u n i t  vr?r,->rc "n the ahcve framo a r e  31so required 
for  strapdown  error a1j.alys.is  and for  nresentation  of  atti.tud.e  errors  output in  a 
body-axis  frame. 

The TOLIP  outputs  had  to  be  cnnvert-ed  to  the  above  requirements.  Geocentric 
latitude,  longicuds,  and redilis k c ~ t  used  to  generate the Cartesian  coordinate 
inertial  position  vector  (after  con.;.erting  through t o  inertial longitud~ using 
time  and  the  earth's  angular  rotation  rate).  Inertial  velocity,  inertial  flight- 
path  angle,  and  azimuth  of  the  inertial  velocity  vector  were  used  to  generate  the 
three  Cartesian  coordinates  of  the  inertial  velocity  vector. 

Platform  gimbal  angles  were  used  as  Euler  angles  to  solve  for  the  transfor- 
mation  matrix  from  initial  body  to  instantaneous  body  attitudes  at a later  time. 
The  roll,  pitch,  and yaw unit-  vectors  thus  formed were used  in  the  formation  of 
the  sensed  acceleration  vector.  Thrust  and  drag were used  with  weight  to  scale 
the  roll  unit  vector,  while  lift  and  weight  scaled  the yaw unit  vector.  Simple 
addition  of  the  above  vcctors  formed  the  sensed  acceleration  vector.  Notice  that 
chere  can  be  no  sensed  acceleration  along  the  pitch  axis  in  this  formulation. 
The  TOLIP/TEAP  adapta'cion was thus  completed. 

Error Analysis Results 

Table  23  lists  the  six  candidate  systems  analyzed  and  their  respective  hard- 
ware  inaccuracies  in  terms  of a 1 a error  budget.  These  were  the  error  budgets 
used  for  input  on  the  TEAP  computer  simulatlon. 

Table  24  lists  the 1 o TEAP  results  with  regard  to  each  system's  performance 
for  each  reference  trajectory.  These  results,  as  previously  nentioned,  represent 
very  closely  the  total  vehicle  performance  state  for  closed-loop  guidance,  Table 
25 demonstrates  the  overall  performance  superiority  of  the DIGS systein,  which  is 
predominantly a function  of  its  low  accelerometer  scale  factor  error  and  tight 
alignment  accuracy. 

Three of  the  other  candidates,  KT-70, TDS-2, and LN-30, are  very  competitive 
from  the  performance  standpoint,  with  the  LN-30  demonstrating  extremely  low  at- 
titude  results  because  of  its  high-performing  gyros.  Overall  however,  the  gyro 
has  a  lesser  effect  on  trajectory  errors  than  the  accelerometers, as one  might 
imagine  for a short-duration  flight  featuring  an  energetic  light vehicle,  The 
Honeywell  H-478  system  resulted  in  larger  errors  than  the  thrce previol.ts1.y men- 
tioned IMUs due  to  the  large  eccelerometer  scale  factor  in  the  off-th.cur;t  axes 
and  the  relatively  high  drift  rate  due  to  mass  unbalance.  Tkc  Raytheon LCP sys- 
tem  is  clearly  outdistanced,  as  can  be seen by  looking  at  the  error  budget  num- 
bers. 
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TABLE 23.- ERROR BUDGET  FOR S I X  CANDIDATE SYSTEMS 

INPUT ERROR SOURCES+ 
~" "" 

V e r t i c a l i t y   a l i g n m e n t  

Az imuth   a l ignment  

Non-g s e n s i t i v e   ( f i x e d   g y r o   d r i f t s )  

G y r o   s p i n   a x i s   u n b a l a n c e  

G y r o   i n p u t   a x i s   u n b a l a n c e  

Gyro  compl iance 

A c c e l e r o m e t e r   b i a s  

V e r t i c a l   a c c e l e r o m e t e r   b i a s  

A c c e l e r o m e t e r   s c a l e   f a c t o r  

A c c e l e r o m e t e r   n o n l i n e a r i t y  

A c c e l e r o m e t e r   m i s a l i g n m e n t   t o  

. -~ 

p l a t f o r m  

G y r o   t o r q u e r   s c a l e   f a c t o r   e r r o r  

G y r o   i n p u t   a x i s   m i s a l i g n m e n t  
i n p u t ,   s p i n   a x i s   p l a n e  

G y r o   i n p u t   a x i s   m i s a l i g n m e n t  
i n p u t ,   o u t p u t   a x i s   p l a n e  

~ -_____ 
* 

The s ix   sys tems  were :  

1) Hami l t on   S tandard  D I G S ;  

UNITS 

a r c - s  

a r c - s  

deg /h r  

d e g / h r / g  

d e g / h r / g  

deg /h r /g2  

P 9  

119 

u9/9 

P9/92 

a r c - s  

x 10 - 6  

a r c - s  

a r c - s  
. . .. 

KT-70 

11.0 

0 . 1  0.133 

0.2 0.033 

47.0 20.0 

22.0 

I 
0.133 

0.03 0.02 

0.05 

41.8 

100.0 66.0 

70.0  41.8 

50.0 

1.67 10.0 

10.0 

NA 50.0 

20.0 

10.0 NA 

10.0 1 NA 

H-478 ~- 
30 .O 

40.0 

0.1,  0.25 

0.5 

0.4 

0.3 

500.0 

50 .O 

i20.0, 200.C 

0.0 

20.0 

500.0 

40 .O 

40.0 

LCP 

40.0 

40.0 

1.0 

3.0 

3.0 

0.3 

500 .O 

500 .O 

500.0 

1000.0 

205.0 

NA 

NA 

NA 

TDS-2 

45 .O 

60 .O 

0.01 

0.003 

0.0 

0.02 

20.0 

20 .o 
50.0 

20.0 

20.0 

3 .0  

20.0 

20.0 

LN -30 

20 .o 

60 .O 

0 .oo 
0.03 

00.03 

0.01 

10.0 

10 .o 

!50 .O 

35.0 

20.0 

NA 

NA 

NA 

2 )  S i n g e r - G e n e r a l   P r e c i s i o n ,   I n c .  KT-70 m i s s i l e  system; 

3 )  Honeywel l  H-478; 

4) Raytheon LCP; 

5) Teledyne TDS-2; 

6 )   L i t t o n  LN-30. 

All s y s t e m s   w e r e   f l o w n   f o r   b o t h   t h e   1 6 9   t r a j e c t o r y   ( e l l i p t i c a l )   a n d   t h e  176 ( c i r c u l a r )   t r a j e c t o r y .  

'See Appendix A f o r  a d e t a i l e d   d e s c r i p t i o n   o f   e a c h  o f  t h e   e r r o r   s o u r c e s .  

" .~ _ _ _ ~ ~  
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The individual  error  sources  generate  different  state  errors  at  injection 
because some  errors  are  acceleration-sensitive,  some  attitude-  or  time-dependent, 
or  some  are  combination of all  three. Thus, the  primary  error  sources  for  each 
system will  predominate  with  its  particular  radial,  tangential,  and  normal  posi- 
tion  and  velocity  errors,  and will present  different  orbital  elements.  The  pri- 
mary  error  sources  for  each  system  are  listed. 

DIGS - Accelerometer  bias  and  scale  factor,  platform  alignment,  and 
gyro  spin  axis  mass  unbalance. 

KT-70 - Platform  alignment  and  all  gyro  error  sources. 
H-478 - Accelerometer  bias  and  scale  factor,  gyro  torquer  scale  factor 

and  spin  axis  mass  unbalance. 

LCP - Primary-Gyro  input  axis  mass  unbalance  and  accelerometer  non- 
linearity;  however,  all  error  sources  gave  errors  substantially 
above  the  other  systems  except  the  platform  alignment. 

TDS-2 - Platform  alignment,  accelerometer  scale  factor,  nonlinearity  and 
alignment,  and  gyro  alignment. 

LN-30 - Platform  alignment  and  accelerometer  scale  factor,  nonlinearity 
and  alignment. 

When  comparing  guidance  hardware  performance,  the  figure-of-merit  can  affect 
the  system  that  appears  best.  This  means  that  the  comparison  should  be  on a 
basis  of  the  actual  mission  requirements.  For  comparing  systems,  perhaps  radius 
of  apogee  and  perigee  are  of  prime  importance.  The  KT-70 IMU shows  radius  of 
perigee  results  comparible  or  better,  and  radius  of  apogee  results  much  better, 
than  the  TDS-2  and LN-30 IMUs, while a RSS of  velocity  at  injection  comparison 
would  show  the  KT-70  to  have  the  worst  performance  of  the  three IMlJs. 

If  the  position  and  velocity  components  are  investigated,  along  with  orbital 
element  perturbation  knowledge,  it  is  apparent  that  the  radius  of  apogee  is  pri- 
marily  affected  by  the  tangential  velocity  error  (when  injecting  at  perigee), 
and  the  perigee  is  affected  by  the  injection  in-plane  position  errors  (with  some 
additional  influence  from  the  radial  velocity  error). 

For  some  orbits  the  figures-of-merit  may  have  to  be  analyzed  with  Monte  Carlo 
results  because of nonlinear  characteristics.  Radius  of  apogee  and  perigee,  true 
anomaly,  etc  are  some  parameters  that  are  degenerate  with  orbits  where  the  eccen- 
tricity  is  equal  to  zero. The linear  solution  may  not  apply  for  some  parameters, 
and  then  only  Monte  Carlo  results  would  provide a valid  figure-of-merit. The 
radius  of  apogee  and  perigee  isoprobability  contours  were  generated  with a  Monte 
Carlo  approach  (figure 1) and  are  more  meaningful  than  the  linear  results  pre- 
sented  in  table  24. 

The  individual  results  from  the  computer  runs  are  presented  in  tables  25 
thru 27. They  are  specifically  the  individual  176  trajectory  errors  for  the  KT- 
70,  DIGS, and  H-478  systems  at  fourth  stage  burnout  in  terms  of  radial,  tangen- 
tial,  and  normal  velocity  and  position  errors  as a function of  each  error  source. 
(see  Appendix A for a complete  description  of  the  individual  error  source  defini- 
tions.)  Table  28  briefly  defines  the  TEAP  computer  printout  symbology  for  these 
runs. 
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TABLE 24.- lo TEAP  RESULTS  FOR  THE S I X  CANDIDATE  SYSTEMS  FOR  THE 176 TRAJECTORY 

ERRORS* 1n-30 TDS-2 H-478 LCP KT-70 DIGS 

FOR THE 176 TRAJECTORY 
" " - 

Radial   Posi t ion** 

Tangent ia l   Pos i t ion**  

Normal Pos i t ion**  

RSS o f   P o s i t i o n  

Radia l   Veloc i ty  

Tangen t ia l   Ve loc i t y  

Normal V e l o c i t y  

RSS o f   V e l o c i t y  

Radius o f   p e r i g e e   ( f t )  

Radius o f  apogee ( f t )  

O r b i t   e c c e n t r i c i t y  

O r b i t   i n c l i n a t i o n   ( d e g )  

Per iod (s) 

Fl ightpath  angle  (deg)  

A t t i t u d e   r a t e   ( d e g / s )  

A t t i t ude   (deg )  

Rad ia l   Pos i t ion  

Tangenti a1 Posi ti on 

Normal P o s i t i o n  

RSS o f   P o s i t i o n  

Radia l   Veloc i ty  

Tangent ia l   Ve loc i ty  

Normal V e l o c i t y  

RSS o f  V e l o c i t y  

Radius o f   p e r i g e e   ( f t )  

Radius o f  apogee ( f t )  

O r b i t   e c c e n t r i c i t y  

O r b i t   i n c l i n a t i o n   ( d e g )  

Per iod  ( s )  

Fl igh tpa th   ang le   (deg)  

Atti tude  ra te  (deg/s)  

Atti tude  (deg) 

1 234.0 

1 139.0 

1 510.0 

2  259.0 

3.71 

2 .01  

5.92 

7.27 

4  498.0 

8 672.0 

0.000187 

0.0145 

2.018 

0.0077 

0.0000 16; 

0.0454 
~" 

743.0 

666 .O 

1 067.0 

1 461.0 

3.52 

2.12 

5.82 

7.13 

701.2 

12 269.0 

0.00018 

0.0125 

2.569 

0.00657 

0.000017 

0.0357 

1 966.0 

2  228.0 

3  395.0 

4  511.0 

10.68 

4.25 

11.70 

16.40 

11 223.0 

19  341.0 

0.00054 

0.0289 

3.288 

0.0225 

0.0000968 

0.079 

~ 

5 539.0 

6 244.0 

5 934.0 

10 241.0 

21.91 

10.04 

23.04 

33.34 

22 339.0 

13 065.0 

0.0012 

0.056 

6.47 

0.039 

0.000091 

0.167 
~ ~- 

FOR THE 169 TRAJECTORY 

1 238.0 

1 179.0 

2  118.0 

2  722.0 

8.63 

4.01 

10.77 

14.37 

1 140.0 

11 002.0 

0.000326 

0.023 

4.31 

0.0165 

0.000096l 

0.059 
~~ 

"" "_ 
3 839.0 

3  190.0 

3  755.0 

6 246.0 

21.47 

8.96 

20.84 

31.23 

3  576.0 

0 715.0 

0.00065 

0.044 

8.194 

0.038 

0.000087 

0.138 
~ ~~ ." 

- ~~ . . " 

6 1  897.0 

69 304.0 

60 386.0 

110  818.0 

210.67 

238.07 

185.50 

368.06 

276 876.0 

889  825.0 

0.016 

0.46 

206.0 

0.51 

0.00048 

1.065 
~ . " . -. . 

NOT RUN 

3  404.0 

3  187.0 

3  803.0 

6 018.0 

8.34 

7.03 

7.97 

13.51 

.1 067.0 

19 633.0 

0.00052 

0.0209 

7.201 

0.017 

0.00008 

0.031 

1 895.0 

1 837.0 

2 427.0 

3  586.0 

7.92 

6.58 

9.10 

13.74 

1 799.0 

18 808.0 

0.00058 

0.02 

8.12 

0.0147 

0.000096 

0.028 

3  516.0 

3  279.0 

3  256.0 

5  807.0 

8.22 

9.23 

7.46 

14.44 

2  314.0 

,4 182 .O 

0.00058 

0.019 

8.37 

0.021 

0.000001 1 

0.012 

1 621.0 

2  101.0 

2  165.0 

3  425.0 

5 .85 

9.16 

8.57 

13.84 

1 552.0 

3  610.0 

0.000813 

0.018 

11.15 

0.0144 

0.00000165 

0.022 

*These a r e   r s s   v a l u e s   o f   i n d i v i d u a l  l a  e r r o r s .  

*This i s  an i ns tan taneous   i ne r t i a l   coo rd ina te   sys tem  w i th   rad ia l   a long   t he   rad ius ,   no rma l l y   pe rpend icu la r   t o  
t h e   o r b i t a l   p l a n e ;   t h e   t a n g e n t i a l   d i r e c t i o n   f o r m s  a right-hand-system. 
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TABLE 25.- DIGS SYSTEM 

INDIV IDUAL 176 TRAJECTDRY ERRORS AT FOURTH-STAGE BURNOUT 

R QJ NJ 1 N ' UbHF 

* . 8 7 1 7 1 4 6 O E t 0 2  FHIXO 

- 1 . 2 9 4 1 8 1 3 8 E t 0 1  FHIZO 
- 4 . 2 0 1 0 7 4 7 9 E t 0 2  P H I Y O  

N L H E  

P H I Y O  
P H l X O  

PHI20 
R U  
P V  
RY 
P S U  
o s v  
P S Y  
P IU 
P I V  
L I W  
c 1u 
c 1v 
C I U  
r 2u 
r 2 v  
C Z Y  
c 3u 
c 3 v  

c 4 u  

? 4w 

c 5 v  
c 5Y 
00u 
0 sv 
D'U 
C U  

c 314 

r 4 v  

c 5 u  

rw 
r u  
OCll 
ocv  

PH:uv 
DHIVW 

O H I U Y  
D H I U U  

O H I V U  
P P I Y V  
N C Y I H J  
D I U  
J K V  
n KY 
T H U I O  
T PV I" 
T H Y 1 0  
T U U l F  

T H Y I S  

ncu 

T r v m  

TO 

- 1 . 1 9 4 7 2 9 h O E - 0 2  
7 . 3 6 7 3 3 5 > 9 F - C ?  

- 2 . 9 9 6 1 9 7 1 4 E - 0 2  

1 . 3 6 ? 9 7 2 5 6 E l 0 0  
- 1 . 5 5 5 5 4 1 7 9 i - 0 2  

4 . 2 R C 2 5 5 9 4 E - 0 2  
1 . 5 9 1 4 6 6 0 7 ~ + J O  
4 . 5 1 3 1 3 6 1 3 E - 0 3  
2 . 2 1 1 3 4 4 0 5 E - 0 1  

- 7 . 5 q 1 5 2 2 8 5 E - 0 2  
- 2 . J h 7 3 6 9 1 3 E - 5 4  
- 9 . 2 3 4 5 2 3 6 9 E - 0 4  
- 2 . 1 5 5 2 7 8 2 7 E - 3 1  

5 . 0 5 0 Z 5 5 8 0 E - 0 6  

1 . 1 2 5 ? 1 7 3 5 E - 0 3  
4 .  
I. 
J. 
1. 

0 .  
0. 

0. 
3 .  

1. 
0. 
0. 
n .  

I.OZIZR~TE-O~ 

- 1 . 3 6 1 b 9 1 6 n ~ - d 3  

- 2 . 1 9 7 5 1 1 2 5 E + 0 0  
3 . 9 5 1 6 2 3 1 1 E - 0 1  

4 . 7 8 2 2 C 6 5 9 E - 0 3  
l . Z 4 0 1 b 3 2 Z E + 0 0  

- 7 . 7 5 2 2 1 9 8 7 E - 0 1  
1 . 8 2 9 3 4 8 7 6 E - 0 2  

- 1 . 4 5 6 6 5 1 0 4 E - 0 1  

- 5 . b 3 9 R 2 0 0 9 E - 0 5  
3 . 2 6 1 5 4 3 4 6 E - 0 2  

- I . 0 7 2 0 6 1 9 Z E - O *  
5 . 1 3 3 6 0 1 9 8 E - 0 3  

- 1 . 0 5 4 9 4 1 5 3 F - 0 3  
3 . 1 3 5 6 b 8 9 4 E - 0 3  
4 . 9 7 6 1 6 7 7 2 E - C 7  

- 4 . 7 7 2 6 4 2 4 9 E + C 0  

- 5 . 5 1 0 7 4 0 6 1 E t O l  R V  
1 . 9 6 0 6 7 3 7 4 E I C 2  RU 

- L . l 7 5 8 5 5 5 1 E + C O  R M  

- 5 . 5 2 1 4 3 6 3 1 E 1 0 2  FSV 
- 7 . 5 9 b b 0 2 1 0 E t 0 1  P S U  

7 . 3 8 9 b 5 5 9 3 E - G Z  PSY 

1 . 6 3 0 4 9 0 7 1 E - 0 1  F I V  

- 7 . 7 4 5 2 h 7 3 1 E - 0 2  C l U  
1 . 3 9 3 0 4 6 1 O E t C O  P I Y  

- 1 . 6 3 3 4 7 0 0 2 E - 0 3  C l Y  
L . 5 5 L 5 1 0 3 9 E - 0 1  C l V  

3 . 4 6 5 2 2 4 5 3 E + 0 0  P I U  

.~ 
6 . 2 2 5 2 3 6 2 5 E - 1 3  

- 2 . 4 0 0 7 8 9 5 1 E 1 0 0  
- 1 . 1 4 3 0 5 6 9 6 E - 0 1  
- k . l b 2 8 9 2 1 5 f - 0 2  
- 5 . 0 9 2 5 1 3 3 6 E + 0 1  

- ? . l n R 7 1 3 9 T F - G 7  
I . 5 3 7 6 7 3 0 9 E - 0 3  

- 1 . 5 2 9 8 4 2 5 3 E - C l  
- 2 . 6 6 7 1 8 9 0 6 E - C Z  

7 . 2 3 8 * 7 5 2 3 E + C l  
3 . 4 0 0 0 ? * 5 2 E - 0 3  

- 1 . 3 ~ ? 6 5 3 3 5 € - @ 2  
- h . 9 9 2 7 9 3 6 5 E - C 2  

.. .. 
5 . 3 3 4 2 3 4 5 3 E - L 2  
s. 
0 .  

- 1 . 1 1 9 2 5 7 L l E - ~ 4  
I. 
0. 
0. 

0. 
0. 

0 .  
0 .  
0. 
0. 
0. 
0.  

n. 

- 5 . 0 0 6 5 3 3 7 6 E - : 1  
- 5 . 3 ' 1 5 Z h + 4 E - ; l  

5 .227971?3E- .?  
7 . 1 5 1 2 l r l 9 F - : 2  

- 9 . 7 1 L 3 2 1 3 4 0 E - j 4  

- b . 2 0 2 R 7 7 5 3 E - 0 1  
- 7 . 3 4 3 4 3 5 E 2 E - " 5  

6 . R 9 4 7 0 7 b 3 E - O h  
- , .927315Q24- ;1  

- 1 . 0 ~ 1 7 9 5 2 9 ~ + ~ 1  

.. czu 
c .  c 2 v  

C Z Y  

c .  
c3u 

C .  
C 3 V  

0 .  
C3Y 
c 4 u  

0. 
C. 

c 4 v  
C 4 Y  

0 .  
C .  c 5 v  

c5u 

c .  
- d . 2 7 7 5 0 9 3 1 E + C O  DBU 

- ? . 6 9 6 R 6 3 3 7 f + 0 2  CBY 

L .  
L .  

c 5 n  

- I . w ~ ~ s ~ ~ ~ E + o I  cev 

0 .  
0 .  
I. 
0. 

0. 
0 .  

0. 

0. 
0 .  

0. 
0. 

0.  
- 1 . * 6 9 ? 6 4 0 b t - 0 2  

- 9 . 2 7 1 9 b 8 3 7 E - 0 1  
7 . 1 4 7 3 3 3 3 1 E - 0 4  

- 9 . 7 2 b h 7 1 3 5 F - 0 2  
1 . 5 4 7 h 2 2 9 h F - 0 2  

- 2 . 3 0 1 6 3 4 1 5 E - O b  
- 2 . 4 0 9 2 1 0 7 3 E - 0 2  

- 5 . 3 8 1 7 r 3 1 r ~ - 0 2  

0.  
0. 
0. 
0 .  
0 .  
0. 
0.  
0. 
0 .  
0 .  
0. 

I. 
0. 
0. 
0. 
0 .  
2. 
0. 

0 .  
0 .. 
0. 
7 . 6 2 1 5 L 5 3 2 E t 9 2  

- 3 . 0 6 2 1 1 5 5 2 E 1 0 2  
l . O O t L t h 7 7 E t G l  

- 2 . 6 6 7 6 7 1 3 7 E + P Z  
- 2 . 1 7 2 1 % 5 8 E * O i  

0 .  

- 7 . 3 5 5 5 6 2 9 9 F - 0 1  
9 . 9 5 7 1 4 5 4 0 E - 0 1  

- ? . 7 8 7 5 4 6 2 0 E - 3 2  
2 . 2 1 9 9 7 3 3 9 E - 1 2  

- 3 . 1 ~ 1 2 7 5 s 1 ~ + 0 2  
1 . 7 5 9 3 4 4 3 9 E l C l  

- 4 . 9 1 7 0 7 7 2 3 E - L 2  
- 6 . 7 7 1 4 8 0 5 4 E - 0 2  

- 7 . 3 9 4 6 3 3 d 3 E I C O  
- 9 . h 3 7 9 2 2 9 1 F t L Z  
- 3 . 4 4 3 4 k C 1 3 E - 0 2  

1 . 9 5 3 3 9 6 5 6 E - 3 2  
- 1 . 5 7 2 5 4 4 5 5 E + i Z  

3 . 6 2 7 1 5 2 3 ? ! * 0 2  
1 . 1 2 7 1 9 0 3 3 E - 0 5  

4 . 3 7 7 5 7 4 9 1 E - 0 1  

- 4 . 2 7 9 8 1 9 2 2 C t 0 1  CV 
E . 3 7 h b 1 3 3 5 E - C l  Cu 

- 6 . 7 9 5 7 1 5 5 1 E - 5 5  
1 . 7 5 6 2 3 5 2 3 E - 5 4  

- 1 . 0 0 5 R h 5 4 3 f - 0 1  
- 1 . 2 1 5 3 Q b 5 1 E - O b  
- 2 . 1 5 2 6 7 3 6 4 F - 0 2  
- 1 . R 1 5 6 [ 9 3 4 F - 0 5  

- 6 . 0 1 8 8 8 5 0 8 E + O Z  
7 . 4 0 4 6 7 3 1 6 E - C 5  

- 6 . 4 7 5 1 9 7 1 2 E - 0 1  
1 . 2 7 h 3 9 6 8 1 E * 0 0  
1 . 1 4 9 5 0 8 G ? E - J 2  
1 . 4 6 1 6 9 0 7 0 E - 3 3  

~. ." 
6 . 6 1 6 2 1 1 4 3 E - 0 4  

- 2 . 9 6 3 5 9 5 1 4 E t O C  
1 . 0 4 C 6 4 3 0 5 E - C l  

- 6 . 3 4 2 9 7 0 0 3 E - 0 1  
- 3 . 0 0 5 9 1 0 0 5 E + 0 1  

0. 

- 1 . l h * 7 9 7 5 4 E - 0 1  
Z . l O 6 2 2 8 ~ ~ F - 0 1  

4 . 7 6 L 1 5 6 5 4 E t C Z  
- 3 . 6 1 1 E 7 5 7 5 E - C l  

7 . 3 0 5 3 3 4 6 7 E - C l  

- 3 . 4 5 L 6 8 0 2 1 E - 0 4  
- 7 . 0 2 1 3 3 6 6 q E - U 2  

- 4 . 3 3 3 3 3 1 4 1 E - 0 2  
?. 
7 . 6 3 3 1 8 1 9 7 5 - 0 4  

- 1 . 1 1 1 J b 0 0 5 E - 3 3  

- 2 . 9 3 * 1 5 1 8 1 E - 0 *  
- 1 . 7 0 5 5 8 7 1 3 E + 0 0  

i . 1 3 6 5 4 7 8 7 5 - 0 4  

2 . 7 0 1 2 7 4 0 7 E - 0 2  
3 . 5 5 9 9 2 5 3 5 C - 1 2  

* . 9 1 ? ? 2 8 ~ 2 E . O Z  
1 . 5 3 ~ 3 6 0 ~ w - 0 2  

.. ~ ~ ~~ 

- 1 . 6 k l 6 4 C 4 2 E + O l  

- 2 . 3 9 7 3 f i 1 1 0 E t O l  
- 5 . 4 5 k 4 7 9 1 0 E - 0 1  

- 1 . 1 0 5 2 7 5 8 4 E - 0 2  
0 .  

- l . 0 0 9 7 7 2 7 2 E - 0 2  
Z . l l Z h ' 9 1 5 E - 0 2  

2 . b 5 7 3 5 2 2 7 E - 0 2  

- 7 . 2 1 P 9 6 4 2 7 E I C C  
2 . 2 9 0 9 2 7 1 9 E l C l  
5 . 7 0 8 0 8 4 i 5 E t C C  

5 . 1 j 3 2 9 7 7 7 E - 0 2  7 . 4 1 5 5 0 9 9 5 F - 0 2  
4 . 5 8 6 6 3 2 3 b E + C O  
1 . 5 9 1 7 3 4 3 b E + 0 1  

- l . t 7 4 7 1 R 0 3 E + 0 0  T W V I O  

- 4 . 1 7 1 1 8 1 4 9 E + C 2  IIIUIS 
- I . Z 7 9 0 3 1 3 1 f - C 1  T M U I O  

- 1 . 1 6 6 5 1 6 3 1 F t O C  
2 . 9 7 3 2 7 9 0 3 E - P 4  

- 4 . 1 1 0 6 7 2 6 5 F - 0 1  
- 4 . 4 9 0 1 9 3 5 3 E t r O  

0- 
ova  

3a 
3 I A  

112 



TABLE 26.- KT-70 SYSTEM 

INDIVIDUAL 176 TRAJECTORY  ERRORS AT FOURTH-STAGE BURNOm 

R O  N J  1 N 4 H E  

P H I X O  
P H I Y O  
P l f I Z O  
RU 
RV 
R* 
P S U  
PSV 
P S U  
P I U  
P I V  
P I Y  
C I U  
C I V  

czu 
CIW 

c z v  
C Z Y  
c3u 
C J V  
C 3 Y  
c4u 

C 4 Y  
C I V  

c5u 
c 5 v  
C 5 Y  
00u 
OdV 
OdW 

c v  
Cd 

CU 
ocu 
ocv 
OCU 
P r l I U V  
P H I V W  
P H I Y J  
P H I U Y  
P H I Y J  
P H I Y V  
N O N I H I I  
0d.U 
OLV 
O<U 
T H U I O  
T M V I O  
T H U I O  
T d U I S  
T r l V I S  
T t i U I S  

T J  s N N4UE 

-2.16225258Et03 P H I l O  
9.74342920E102 P H I X O  

-2.58836396E+01 P H I Z O  
7.04070816E+O2 R U  

-9.93450685E+02 RV 

-2.38945922;-02 
1.8489414JE-01 

-1.775115d2t+5J 
7.473722lZE-02 
3.10611753i-01 

-5.16415144i+OO 
7.32324622E-01 

Y.56441318E-53 

-d.5324*374Et00 
-1.35623297E+UO 

3.955U3897ElOl 

-J.l5904243E+OI 
8.31551123L+O2 

4.84313783E+01 

-2.66823996E-02 
l.46313606EtOO 

2.08552530itOl 

-d.31755954E-02 
4.97392073E102 

4 . 9 5 8 5 3 0 6 2 E * 0 1  
1.97795515Et00 
0. 
J. 

0. 
G .  

0. 
0. 

0. 
0. 

a. 
0. 

0. 
0. 

-1.8*6515lbE*02 
-6.71639b8Jt+OZ 
1.665964b3i+Ol 

-3.9db31338E1dZ 
-1.05972252E+G3 

-2.35283251€+02 
l.uO5ZdlOOE-OL 

-*.21*11362E*02 
1.430600bOE-04 

-I.9:939672E+OZ 

-I.5231174OE-O2 
9.*6761131.E+30 

1.53485J90E-Jl 
d.12d5690Ot-03 

-1ad9197063E-55 

1 . 9 9 9 5 1 1 8 2 t t 0 0  
3 . 1 4 6 8 1 6 2 4 E - 0 2  

-2.LI4701bJE-05 
1.55034264i-21 

-2.2005~273i-Jl 
2146161333E-01 

- 3 . 4 6 6 8 5 9 9 1 E t U O  
-1.89030745E+00 
-2.59521493E-02 

-6.76920329EtO2 
1.33153550Et01 

-6.C5222423E-32 
4.59718407CtOl 

0. 
0. 
0. 
0. 
0. 
0. 
0. 

-2.45331769Et03 

-5.21183955EtOZ P I V  
6.219d8564E-01 P I U  

-9.74703425E+00 P I Y  
1.92352705EtOO SlU 

-1.23890349E103 c 1 v  
-2.97796113E-02 C1Y 
0. c2u 
0. c 2 v  
0. CZY 
0 .  c3u 
0. c 3 v  
0 .  C3"  

0. 
;.0515494dE-J2 

0. 
0. 
0. 
J. 
0. 
0. 
0. 
0. 
a. 
0. 
3 .  

~ ~. 

-5.ZJ9157JbC-31 
-1.9306dblJI+JJ 

-I.lOl*O348E+OO 
h.7b206680E-OL 

-l.b778435*i+00 
l.kij2113di-34 

-1.0978214UE+30 
-1.0730o595EtUO 

-2.65786bObE-01 
2.7b349214E-J7 

7.d*39+710E-04 

0. 
0. c4u  

c 4 v  
0 .  c 4 u  
0. 
5 .  

c5u 

0. 
c 5 v  

-2.O4702551E+Ol 00u 
C 5 Y  

-1.15373271Et01 OBV 

-*.2776L856E+01 cu 
-4.L1113061E.02 OBU 

.. 

0. 
0. 
5 .  
0. 
J .  

3.3Odd4928E+OZ 

-5.00271917Et02 
b.ZJsO2JbbE-I2 

1.55979bZ3E1JZ 

-4.052.J9175€+12 
1.2687452JE-04 

6.154bb370r-31 
3.dS213643E-OL 
-1.338392dlEtOZ 
1.50958445Etll 

-1.5C5d3d65E+31 
0. 
0. 
0. 
0. 
0. 
0. 

0. 
0. 

0. 
0. 

- 4 . 6 0 0 3 5 1 J O E t 0 2  P H I V U  
8.83067637E+00 P H I U U  

*.4290U192EIO2 P I l I Y V  
0. 
0. 
0. 
0. 
0. 
0. 
0 .  

0. 
0. 

0. 

u. 
d .  
J. 
0. 
J .  

J. 
0. 

0. 
0 .  

J. 

0. 
0. 
0. 
0. 
5. 
0. 
0. 

0 .  
0. 

u. 

0. OKU 
0. OKV 
0 .  OUY 
0. 
0. 
0. 

r w I o  
T w I o  

0 .  
0 .  T H U I S  

T H V I S  

T H U I O  

0. T H Y I S  
.. 
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TABLE 27. -  H-478 SYSTEM 

INDIVIDUAL 176 TWECTORV ERRORS AT FOURTH-STAGE BUFAOLll 

NO N l R E  

P H I Y O  
P H I X O  

RU 
P d I Z O  

R Y  
RV 

PSU 
PSV 

P I U  
P I V  
P I Y  
c1u 
c1v 
C I Y  
czu  
CZV 
C Z Y  
c 3 u  
c 3 v  

c 4 u  
c3u 

c 4 v  
C 4 Y  
c 5 u  
c 5 v  
C5Y 

D3V 

CV 
CU 

OCU 
C Y  

o c v  
DCY 

P 3 I V Y  
P d I U V  

P 3 I V Y  
P H I V U  

N S N I H U  
DKU 
DX Y 
OKW 
TdUIO 
T d V I O  

T H U I S  
THY10 

T d V I S  
T H Y I S  

p s n  

oau 

o 314 

P h I n u  

P H I w  

T O  RD T 4 

-3 .25835345E-02 

-2.41788412E+00 
1.57356718E-G1 

- 1 . 4 1 7 9 8 5 7 3 E - 0 1  

- 8 . 0 3 9 6 8 5 1 7 E - 0 1  
2.06d83395;-01 

2 . 2 4 0 4 8 6 6 8 E - 0 2  
6.041114lZE-01 
1.70080505E-02 

5 . 0 6 8 9 7 0 0 8 E - 0 4  
3 . 6 8 7 2 6 0 0 7 E - 0 3  

- 3 . 0 2 7 1 4 9 4 9 E - 0 1  
- 5 . 9 1 5 7 0 4 8 3 E - 0 4  

1 . 3 5 0 2 3 6 2 1 E - 0 3  

- 8 . 1 7 1 4 4 6 7 5 E - 0 2  
2.04257975E-01 

-b.65162537E-U2 
3.73628881E+00 

3.22126597E-01 
L.74439820EIOO 

-4.39502250EtJO 
1 . 0 7 7 7 1 5 3 9 E t 0 0  

3.72048965E+00 
-5.8Zb05481E+00 

1 . 3 0 4 2 3 8 1 b E - 0 2  

5.48804627E-02 

-4.52195184EtOl 
6.76451633E+01 

- 1 . 8 1 5 4 1 5 3 7 E t 0 3  

- 5 . 5 9 2 3 2 9 3 0 E t 0 1  
7.40646475E+Ol  

- 1 . 9 6 5 6 3 8 6 5 E t 0 1  
1 . 0 3 8 0 9 7 1 4 E t 0 3  

1 . d 6 2 5 5 3 0 3 E t 0 1  
4.lb8708b3Ft07 

-2 .60269051E+01 
1 . 3 b 9 5 0 2 8 0 E + 0 1  

-5 .35776617EtOZ 
1 . 2 6 9 7 6 9 1 C E l O l  

-4 .19411487€+02 RV 

-2.734024bZE+OZ PSU 
- 1 . 2 5 2 7 5 6 6 5 E + 0 1  R Y  

-1 .98789041E+03 PSV 
-5.24250151E-OT 

-1.95779664E-04 
- 1 . 7 1 7 6 7 8 7 6 E t 0 1  

-9.78478016E-02 
-1.54008059E-02 

2.42161858E-03 

-4.70347341E-02 
1.58248729E-02 

-7146425159E-Ob 
0. 

0 .  
0. 

0. 
0. 
0. 
0. 
0 .  
0 .  
0. 
0 .  
0. 

- 1 1 7 5 2 9 4 8 9 9 E - 0 1  
- 6 . 4 1 6 9 ~ 6 7 0 ~ - 0 ~  
- 1 . 1 0 5 7 6 5 6 9 E t O l  

- 2 . 9 2 0 3 2 2 3 3 E - 0 1  
6.6542OlOZE-03 

1 . 4 4 0 7 3 0 0 8 E - 0 1  
0 .  
0 .  

9 . 1 7 3 5 5 3 2 4 E l 0 0  
8 . 7 3 0 5 2 5 9 8 E t 0 1  

.. 

-1.28881367E-01 
7.9586491bE-01 

7.10360752E-04 

6 . 2 1 7 2 5 3 7 2 E t 0 1  
l . t 0 3 1 3 2 3 7 E + 0 1  
4 . 5 8 9 5 7 7 5 7 F - 0 1  

- 8 . 6 4 0 r 6 5 4 7 E + 0 0  
3.42917085E-01 
1.24885764E-01 
1.52775401E+OZ 

- 3 . 8 0 6 5 0 9 6 1 E - 0 2  
4.06242595E-01 

2 . 1 7 0 3 5 7 l l E - 0 1  
6 . 4 6 5 6 8 4 8 2 E - 0 1  

-7.57538366E-05 
2 . 0 4 2 2 3 7 5 2 E - 0 2  

- 1 . 6 8 7 8 2 6 0 2 E - 0 2  

- 2 . 1 7 1 5 4 2 5 7 E + 0 2  
- 5 . 1 0 0 1 2 6 7 ~ E - 0 2  

2.07548092E-01 
1 . 6 7 7 3 8 5 5 1 E - 0 3  
0 .  
0 .  

0. 
0 .  

0. 
0. 
0. 
0. 
0. 
0. 

0. 
0 .  

~~~~~ ~ 

-5 .97093337ElOO 
- 8 . 1 4 8 4 2 0 8 3 E - 0 1  

1.04891860E+00 
0 .  

0 .  
0 .  

0 .  
0. 

0 .  
0. 
0 .  

0 .  
0 .  

0. 
0. 

-3 .18144506EIO3 
-2.59049785E102 

2.30675172EtOZ 

-9.55938561ElOZ 
1 . 6 3 8 2 9 4 0 4 E t 0 2  

-4 .57745928E-01 
0. 
0 .  

-8 .07642689E-01 
0. 
0. 

0. 
0 .  

0 .  
0 .  

a .  
0 .  
0. 
0 .  
0. 

0. 
0. 

0 .  
a .  
0. 
0 .  

0 .  
0 .  

czu 
c 2 v  

0. 
0 .  C Z Y  

0. 
c3u 

0. 
c 3 v  
c3w 

0. 
0. 
0. 
0. 
0 .  

0 .  c 4 u  
0. 
0. 

c 4 v  

0. c 5 u  
0. c 5 v  

c4n  

0. 
1 . 0 6 3 2 2 2 5 3 E t 0 1  

-d .42633808E-01 
2 . b b 7 5 2 3 8 2 E - 0 1  

-2.59529226E-01 
- 5 . 4 7 4 2 9 b l O E t 0 0  
-6.31796339E-04 
0. 
0. 

0. 
3 . 1 2 6 4 6 0 0 9 E 1 0 3  

- 3 . 6 5 1 9 3 9 7 6 E t 0 2  

0. c5n 
- 9 . 8 7 1 7 9 1 6 9 E l O l  OBU 
- 2 . 3 6 7 1 1 0 8 5 E + 0 1  DBV 
- 4 . 4 0 8 8 5 1 8 7 E 1 0 3  OBY 

5 . 9 3 6 0 1 8 7 5 E t 0 0  C U  
-1 .28523100EtOZ C Y  

9 . 6 6 3 0 1 4 0 0 E + 0 0  C Y  
0 .  OCU 
0. 
0. 

OCV 
DCY 

- 3 . 6 3 7 3 7 3 0 1 E t 0 1  PnIUv 
- 4 . l b 2 9 1 1 7 8 E - 0 2  P H I V Y  

-1.27910168EtOO P H I W  
7.777kb417E-02 P H I Y U  

2.72416552E+01  PHIVU 
1.31967073E+03 PnIWv 

6 . 2 3 0 0 6 9 3 9 E - 0 1  
Z.OOZ63112E-01 

- 3 . 2 4 8 6 0 * 4 3 E + 0 0  
-8 .14025872E-03 

- 6 . 8 8 3 9 3 9 2 1 E t 0 1  
1 . 1 9 4 3 4 1 8 5 E t 0 2  

- 2 . 8 9 4 2 7 1 1 4 E l 0 3  
-3.20560C92E-01 

0. 
0.  

0 .  
0 .  

0. 
- 4 . 3 2 5 3 r 7 2 a ~ - 0 2  
-3.63121878E-05 

-2.65714503E-03 
1 . 3 2 3 2 4 6 2 9 E - 0 3  

5.15048479E-02 
2.75777323E+00 

0.  
-1 .20377702E+03 
-1.29503942E+00 
6.081386lOE-01 

~. 

- 1 . 5 8 5 4 6 3 1 8 E l 0 0  
-1.61528115E-03 

2.19891750E-02 
- 2 . 4 4 1 1 2 2 0 i E - 0 2  
-2.51727192E-03 
-1.35709023E-01 

0. 
4.53550257E-03 

0. 0 .  
2 . 5 5 2 7 9 3 5 9 E l 0 0  
2.29721617E-02 
2 . 9 2 3 3 8 1 4 0 E - 0 3  

0 .  
7.25430466E102 
8.75514981E-01 
1 . 5 8 i 1 7 5 9 3 E + 0 0  

-3.28338084EtOl 
- 1 . 0 9 0 8 8 5 8 2 E t O O  
“+.7946022OE+01 

0 .  
1 . 5 7 4 8 5 0 1 0 E t 0 0  

-6;05667335E-02 

-8.61876281E-02 
0. 

-1 .12336005E-02 
2 . 6 9 0 1 8 7 9 7 i - 0 3  

- 1 . 7 0 5 5 8 7 1 3 E + 0 1  

- 1 . 6 5 4 6 1 9 1 5 E - 0 3  
1.17366072E-03 

-1.42397014E-01 
- 1 . 0 8 0 5 0 9 6 3 E - 0 1  
-1.96489137E-01 
- 6 . 1 5 3 4 4 1 9 4 E - 0 2  

- 1 . 8 9 ~ 9 ~ 6 0 r ~ - a 3  
-5.92~19028€+00 

-6~0118?010E*Ol 
- 1 . 2 6 8 5 9 4 0 1 E t 0 0  

0 .  

-1.lb479754E+OO 
Z.lOb22844E+00 

4.76415654E+03 
l.44467030E+00 

-2 .05331911E-01 
2 . 8 8 7 5 8 5 7 1 E t 0 1  

-9.16371874E+01 
-2.28323362E+01 

1 . 7 9 6 0 ’ 7 4 l E + O I  

- 1 . 1 0 5 2 7 5 8 4 E - 0 1  
0. 0. 

- 4 . 6 2 4 0 3 3 8 6 E t 0 1  DKU 
3.83364682E+01 DKY 
1.28961718E+02 O K Y  

6.69915211E+00 1nYIO 

NONIMU 

- 2 . 7 0 5 2 6 9 7 3 ~ t 0 1  i num 

- 7 . 2 5 8 0 7 * 2 3 € - 0 3  
6 . 6 2 9 8 2 4 5 3 E l 0 0  

-9.6602799bE-04 
4.16888075E-03 

-1.96176796E 01 
4 . 0 2 3 3 0 6 0 0 E - 0 2  

-1 .34758795E-01 
2.50015672E-02 

-1.00973272E-01 
2.11265885E-01 

-9.82940907E-02 

- 1 . 6 9 6 7 6 1 0 5 E l 0 0  
- 3 . 2 4 8 6 3 9 4 3 E l 0 3  

- 2 . 9 6 6 2 0 4 0 0 E - 0 1  
8.01827038E-01 

-1.83~65318E+Ol 
- 6 . 3 6 7 1 3 9 4 2 E t O l  
- 3 . 3 1 4 1 3 0 5 5 E l 0 1  
- 1 . 2 4 1 4 9 0 5 5 E + 0 1  

2.85035879E-02 

A L G E B X I I C  S U M  OF TRAJECTORY  ERR09S 
-7 .26692725E100  -5 .58130227E-01  -2 .33530787E101  -31046Ob645E403  -1 .09987406Et03  -3 .22972807E103 

R S S  OF TLAJECTORY ERRORS 
1.00~40611EIOl 2 .13117198E+OL  2 .33405548E lO l  6 . 2 4 3 7 2 9 0 8 E I O 3  5 . 5 3 9 3 7 3 0 4 E l 0 3   5 . 9 3 4 2 5 2 b l E t 0 3  

Q S S  P O S I T I O N  = 1 . 0 2 4 1 3 0 0 1 E + 0 4  
? S S  VELOCITY = 3 . 3 3 4 4 7 7 1 6 E + O I  

0 R 3 1 1 A L  U N C E R T I I N T I F S  (1.0 S I G H r )  

DRP 
O W  

2.2339C476€+04 
4 . 3 0 6 5 8 7 d l E t 0 ~  

DP 
O Y  A 

DA 
D T A  

1.6430651bC+04 
1 . 5 1 0 3 9 7 2 9 r + O 4  

DECC 
O I N C  

1.22076196E-03 
5.66190291E-02 

OPER 
DDEL O C A 5  

1.6236.11dEtOb 
3 . 4 8 5 8 7 1 8 Y E t O l  

3.96374575E-O? 
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TABLE 28.- COMPUTER  SYMBOL DEFINITIONS 
- 

SYMBOL 
" ~~~ 

PHIXO,  PHIYO, and PHIZO 

RU, RV,  RW 

PSU,  PSV, PSW 

PIU, P I V ,  PIW 

C l U ,  C l V ,  c1w 

C2U,  C2V, C2W,  C3U . . . e t c  

DKU, DKV, DKW 

T H U I O ,  THVIO, THWIO 

T H U I S ,  T H V I S ,  THWIS 

DBU, DBV, DBW 

cu, cv,  cw 
DCU, DCV,  DCW 

PHIUV, PHIVW,  PHIWU 

PHIUW, P H I V U ,  PHIWV 

DRP : 

DRA : 

DECC : 

D I N C :  

DPER:  

DGAM : 

T ,  R, N 

TD, RD, ND 

~ " 

~~~ "" " .. ~ - ._____.. 

DEFINITION 
~" 

I n i  ti a1  platformalignmenterrors 

G y r o   n o n - g - s e n s i   t i v e   d r i f t   r a t e   e r r o r  

Gyro d r i f t  r a t e  due t o  sp in  a x i s  mass unba lance  

G y r o   . d r i f t   r a t e  due t o   i n p u t   a x i s  mass unba lance 

Gyro d r i f t   r a t e  due t o   c o m p l i a n c e   e f f e c t s  

H i g h e r   o r d e r   c o m p l  i ance  terms 

G y r o   t o r q u e r   s c a l e   f a c t o r   e r r o r  

G y r o   i n p u t   a x i s   m i s a l i g n m e n t   t o   d e s i r e d   g y r o   f r a m e  
i n  one   p lane  

Gyro i n p u t   a x i s   m i s a l i q n m e n t   t o   d e s i r e d   g y r o   f r a m e  
i n   t h e   o t h e r   p l a n e  

A c c e l e r o m e t e r   b i a s   e r r o r  

A c c e l e r o m e t e r   s c a l e   f a c t o r   e r r o r s  

A c c e l e r o m e t e r   n o n l i n e a r i t y   e r r o r s  

A c c e l e r o m e t e r   m i s a l i g n m e n t s   t o   p l a t f o r m   ( b l o c k )  

A c c e l e r o m e t e r   m i s a l i q n m e n t s   t o   p l a t f o r m   ( b l o c k )  

E r r o r   i n   r a d i u s  o f  p e r i q e e   ( f t )  

E r r o r   i n   r a d i u s   o f  apoqee ( f t )  

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

E r r o r   i n   o r b i t a l   i n c l i n a t i o n   ( d e q )  

E r r o r  in o r b i t a l   p e r i o d  ( s )  

E r r o r   i n   f l i q h t p a t h   a n g l e   ( d e s )  

V e h i c l e   p o s i t i o n   i n  f t  i n   t h e   t a n g e n t i a l ,   r a d i a  
a n d   n o r m a l   d i r e c t i o n s  

" 

V e h i c l e   v e l o c i t y  i n  f p s   i n   t h e   t a n q e n t i a l ,   r a d i a l ,  
a n d   n o r m a l   d i r e c t i o n s  



'he KT-70 guidance  hardware  covariance was used  to  generate an isoprobabil- 
ity  col.tour  (figure 1) which  shows  the  possible  reduction of errors  for  radius 
of perigee  and  apogee. The covhriance  was  transformed to a  diagonal  matrix 
(Eigen,.~cci~ar/.value solution) , a random  number  generatoy  scaled  the c1ieg:onal ela- 
ments, the  scaled  diagonals are transforned  into  the  original  covariance  state, 
and  the  nominal  state was perturbed  by  the  square-root of the variances of the 
new  covariance  matrix. This perturbed  case was transformed  into  parameters  of 
interest  and  these were then  compared  to  the  nominal  parameters.  After  a  suffi- 
cient  number of parameter  deltas  have  been  generated,  then  the  isoprobebil3i:y 
contour  can  be  drawn. See  Appendix D IsoprobabiZity Contour P r o g n m  f o r  further 
details. 
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OPEN-LOOP ERROR ANALYSIS 

The purpose of  this dispersion  analysis  is to compare and evaluate  the  ac- 
curacies  of  three  potential  open-loop  three-axis  reference  systems (TARS)  and the 
present  Scout  TARS.  This will provide  a  comparison  for  evaluating the potential 
candidates  with  the  present  system to determine the  feasibility of incorporating 
a  new  TARS  on  the  Scout  launch  vehicle.  Throughout  this section, TARS and  ARU 
are  used  interchangeably. 

The  present  Scout  vehicle  has  the  IRP  on  Stage I11 with  Stage IV spin sta- 
bilized.  Part of  the  open-loop  error analysis  includes  analyzing TARS on Stage 
IV, both  with  the  present  Scout  IRP  and  the candidate  attitude  reference  systems. 

The  nominal  trajectory  parameters  for  a  launch  from  Vandenberg  placing 211 
pounds  into  a  near-circular (630 x 585 n. mi.)  earth  orbit  having an  eccentricity 
o f  0.005 and  an inclination of 89.9' are  shown  in  table 29. The trajectory  data 
were  obtained  from  Scout  vehicle S - l 7 6 C ,  N-14 payload mission and  the flight test 
plan. 

TABLE 29. - NOMINAL TRAJECTORY PARAMETERS 
AT FOURTH-STAGE  BURNOUT 

~ ~~~~ 

Pa rame t e r  
.. ~ ". . .. . .~ ~~ 

Time o f  e j e c t i o n  

I n e r t i a l   v e l o c i t y  

I n e r t i a l   f l i g h t p a t h   a n g l e  

A1 t i  t u d e  

Apogee 

P e r i  gee 
I n c l i n a t i o n  

E c c e n t r i c i t y  

P e r i o d  
. - ~~ ~ . .. " _ill 

E r r o r  Sources 

I 

Va 1 ue 

760.36 s 

24  046.0 fps  

0.01" 

3 555 980 f t  

629.7 n .  m i .  

585.2 n. m i .  

89.94' 
0.005 
6  467.0 s 

The total  guidance  system  error  analysis  was  determined  from  two  basic  error 
categories--guidance  and nonguidance. The guidance  system  errors  relate to  the 
attitude  sensing  instruments and  the nonguidance  errors and all other  performance 
uncertainties.  The  discussion of these  errors  will be  divided  into  the  two  basic 
error  categories. 
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Nonguidance err-C;-sourc?s,.- The significant  error  sources  for  the  present 
Scout  launch  vehicle z.re  presented  in !.>!-le 30. These err?: sources  are  due  to 
physical  differences  between  the  desire2  icr  predicted)  vehicle  envirocncclt  and 
the  actual  flight  conditioas.  Deviations  among  components,  system  response,  and 
environment  for  any  flight  are t-o be  expected,  and  provide  the  basis  for  identi- 
fying  the  error  sources  and  their  magnitudes. The error  sources  are  used  as 
perturbations  to B nominal traje.::::c.:y that  is  assumed  representative  of  the  ve- 
hicle  environment  of  an  actual  flight. 

For  stage  motor  errors--the  motor  variances  for  any one stage--were  assumed 
to  be  simulated  by  one  trajectory.  Thus,  the  temperature,  burn  time,  thrust, 
loaded  propellant,  flow rate, I etc, for  each  class  of  motors  could  be  sinu- 

lated  by  changing  the  burn  time,  thrust,  propellant  load,  and  weight  change  in 
one dispersed  trajectory.  Table 30 gives  the  combination of these  parameters 
that  were  used  for  each  stage  variance. 

SP 

The  drag  force  and  atmospheric  density  were  simulated  by  the  variances  given 
in  table 30; the  tailwind  and  sidewind  are  defined  in  figure 30. These  errors 
constitute  the  aerodynamic  and  atmospheric  perturbations  on  the  Scout  vehicle. 

TABLE 30.- NONGUIDANCE SYSTEM ERROR  SOURCES 

Castor I 1  

X-259 

FU-4S 

F i r s t - r t a q e   t h r u s t   m i s a l i g n m e n t  

P i t c h  

Yaw 

A x i a l  force coefficient 

Atmosphere 

O e w i   t y  

T d l l w l n d  

Crorrwlnd 

Control systeln  deadbdnd 

Second-stage  boost - p i t c h  

Second-stage b o o s t  - r o l l  

Second-stage  boost - yau 

1 T h i r d - s t a g e   b o o s t  - p l t c h  1 l h i r d - s t a g e   b o o s t  - roll 
T h i r d - s t a q e   b o o s t  - yaw 

F o u r t h - s t a g e   t i p o f f   ( p r e s e n t  
scout  system  only)  

P i t c h   a t t i t u d e  

Yaw a t t i t u d e  

F o u r t h - s t a g e   a t t l t u d e   c o n t r o l  
( c a n d l d a t e  System5 on ly )  

P i t c h  

- -" .. " ~ . 

~~ . ~. .. . . .. . . 31 m g n l t u d e  

0.9409. [Ink?, tnOm; 1.0018, w e i g h t .  Uc ; 1.076, t n r u 5 t .  lno 

0.9891 tnOn,. 1.00162 u , 1.0299 lnon, 

0.8918 tnOm. 1.0018 U , 1.1326 Tnam 

0.8863 tnOm. 1.0015 Uc , 1.1455 TnOm 

nom 

=nom 

="On, 

nom 

0.25' 
0.25' 
IO'. 

5: 
99- Vandenberg AFB average annildl 

99.. Vandenberg AFB average  annudl  

0.8 '  

0.8' 

1 . 4 -  

0.8' 

1 . 4 '  

0.8' 

3.540 
3.54'  

0 . 5 '  

0.5' 

_ " ~  - ~. 
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The  control  system  deadband  errors  were  simulated  by  assuming  that  the  actual 
vehicle  will  have  some  perturbation  that  keeps  the  vehicle  continuously  on  one 
side of the  attitude  deadband  during  any  stage  burn. 

The  Stage  IV  tipoff  errors  (present  Scout  only)  can  only  be  simulated  properly 
by  using a 6-degree-of-freedom  trajectory program.that includes  the  inertias, 
spinup,  staging,  and  rotational  disturbing  forces  and  moments.  However,  this  was 
not  done  because  of  uncertainties  in  determining  the  disturbing  forces  and  moments 
and  was  simulated  by a  constant  initial  attitude  error  as  in  previous  analyses. 

For  the  advanced  Scout  considerations,  the  Stage  IV  control  system  deadband 
errors  were  simulated  with  the  attitude  errors  given  in  table 30. The  errors  re- 
sulting  from  the  control  system  deadband  during  Stage I1 and  Stage I11 coast  were 
assumed  negligible  and  omitted. 

The  nonguidance  errors  were  assumed  to  remain  the  same  for  comparison  of  the 
various  candidate  guidance  systems  except  for  Stage  IV  attitude  errors.  This  was 
because  the  present  Scout  Stage IV is  spin  stabilized  and  the  advanced  Scout  ve- 
hicle  was  assumed  to  have a  reaction  control  system (RCS). Thus,  the  present 
Scout  vehicle  had  Stage  IV  tipoff  errors  and  the  Advanced  Scout  had  the TARS and 
its  associated  attitude  errors.  The  Advanced  Scout  comparison  used  the  present 
Scout  IRP  on  Stage IV, along  with  three  other  candidate  systems. 

Guidance system error sources.-Table 31 presents iile known  error  sources as- 
signed  to  the  guidance  hardware  systems  given.  It  lists  the  present  Scout L K r ,  
Modified  HSSC DIGS without  accelerometers,  General  Electrics' ODMARS, and  Honey- 
well ARU (1009 gyro)  hardware  system  error  budgets.  The  last  three  systems  are 
considered  as  candidates €or an  updated  Scout  vehicle  and  were  used  in  comparing 
the  TARS.  The  present  Scout  data  were  obtained  from  NASA. 

T A B L E  31. - T A R S  10 ERROR  BUDGET  NUMBERS 
- .~ 

I n p u t   e r r o r   s o u r c e s  
v e r t i c a l i t y   a l i g n m e n t ,   a r c - s  

Azimuth a1 ignment ,   a rc -s  

N o n - g - s e n s i t i v e   ( f i x e d  
g y r o   d r i f t s ) . *   d e g l h r  

Gyro   sp in   ax is   unba lance,  
d e g l h r l g  
Gyro i n p u t   a x i s   u n b a l a n c e ,  
d e g / h r / g  
Gyro  compliance,  deg/hr/g2 

G y r o   t o r q k e r   s c a l e   f a c t o r ,  
x10-6 
G y r o   i n p u t   a x i s   m i s a l i g n m e n t  
t o   s p i n   a x i s ,   a r c - s  

Gyro o u t p u t   a x i s   m i s a l i g n m e n t  
t o   s p i n   a x i s ,   a r c - s  

. 

O r i g i n a l   S c o u t  IRP 
66 . O  

20 .o 
0 .175" Ih r  (0  t . 73.85) 
0 .77" Ihr   (73.85 < t c 154.98) 
0.276"/1ir  (154.98 ~ t 7 738) 

(1.17) 

0.0067 

850 .O 

30.0 

30 .O 

M o d i f i e d  
JIGS-ARU 

~~ . 

. 
20 .o 
20 .o 

0.033 

0.133 

0.133 

0.02 

50.0 

10 .o 

10.0 
~ .~ 

OOMARS 

0 . 1 5  

0.15 
0.02 

600.0 

30.0 

30 .O 

oneywel l  ARU 
(1009 gyro)  
30 .O 

30 .O 

0.015, 0.05 

0.434 

0.434 
0.02 

400.0 

20.0 

20.0 

* T h i s   n o n - g   s e n s i t i v e   d r i f t   t e r m   i s   t h e  1 s igma  r ss   o f   t he   0 .5 " /h r  (3  s l g m a i   f i x e d   d r i f t   t e r m  
and t h a t   p o r t i o n  due t o   t h e   l . b Z ' / h r / d e g   e l a s t i c   r e s t r a i n t   t e r m   ( a l s o  3 Sigma). An a t t i t u d e  

was used t o   c o a s t   c u t o f f .  
e r r o r  of 0.1" was used  through  Stage 1 coast.   1.4" was used  through  Stage 3 coast ,   and 0.41" 

~~ ~ - ~~ ." - 
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Analysis Approach 

The e r r o r s  were gene ra t ed   by   u s ing  two  methods- -nonguidance   e r rors   u t i l i z ing  
t r a j e c t o r y   d i s p e r s i o n s   v i a  UD213, and  the  TARS s y s t e m   e r r o r s   o b t a i n e d   f r o m   t h e  
TEAP guidance   e r ror   ana lys i s   p rogram.   Both   methods   genera te  a c o v a r i a n c e   m a t r i x  
and  the two c o v a r i a n c e   m a t r i c e s  were added a t   o r b i t a l   i n j e c t i o n .  The  combined 
c o v a r i a n c e   m a t r i x  is a t o t a l   s y s t e m   e r r o r   c o v a r i a n c e   a n d   p r o v i d e s   t h e   b a s i s   f o r  
g e n e r a t i n g   t h e   i s o p r o b a b i l i t y   c o n t o u r s   a n d   f o r   c o m p a r i n g   t h e   c a n d i d a t e   g u i d a n c e  
systems.  A d e t a i l e d   e x p l a n a t i o n  of t h e   c o v a r i a n c e   m a t r i x   f o l l o w s .  

The c o v a r i a n c e   m a t r i x  of a random v e c t o r  x having a mean v a l u e  is d e f i n e d  
a s  X 

c- X = ' E [ .  ( -  - Fx) (x - Lx 

where E i s  t h e   e x p e c t a t i o n   o p e r a t o r   a n d  T d e n o t e s   t r a n s p o s e .   I f   t h e   v e h i c l e  s t a t e  
v e c t o r  i s  r ep resen ted   by   t h ree   componen t s   o f   pos i t i on   and   ve loc i ty ,xx  i s  a 6x6 

m a t r i x .   O t h e r   v a r i a t i o n a l   p a r a m e t e r s   c o u l d   b e   i n c l u d e d   s u c h   a s   b u r n o u t  time o r  
we igh t .  T i m e  can  be  excluded  by  choosing a f i x e d  time t o  compute  the  covariance 
m a t r i x   t h a t   e x c e e d s   a l l   p o s s i b l e   b u r n o u t  times. 

The n o m i n a l ,   o r   r e f e r e n c e   t r a j e c t o r y ,  is d e f i n e d  as t h e   t r a j e c t o r y   o b t a i n e d  
when a l l  performance  parameters  are a t  t h e i r  mean o r   nomina l   va lue .   S ince   each  
e r r o r   s o u r c e  i s  t a k e n   t o   h a v e  a z e r o  mean, t he   ave rage   va lue   o f   t he  s ta te  v e c t o r  
a t  a f i x e d  time b e c o m e s   e q u a l   t o   t h e   n o m i n a l   t r a j e c t o r y   s t a t e   v e c t o r .  

The ave rage   va lue   o f   t he   pe r tu rbed  s t a t e  is 

- 
p X  = E[x]  = x 

- 
nom' 

The s t a t e   c o v a r i a n c e   m a t r i x  becomes 

where 

Ax = x  - x  
i i nom 

f o r  

n e r r o r   s o u r c e s   ( i  = 1 , 2  ... n) 
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and 

1 

1 

... . .. h z  n - 
A d e t a i l e d   d e s c r i p t i o n  of  t h e   n o n g u i d a n c e   a n d   g u i d a n c e   c o v a r i a n c e   g e n e r a t i o n  

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

Nonguidance  system -. . " d i spe r s ion  - approach.-  The UD213 t r a j e c t o r y   s i m u l a t i o n   p r o -  
g ram  desc r ibed   i n   Append ix  B was u s e d   t o   g e n e r a t e  a n o m i n a l   t r a j e c t o r y   a n d   t l l e  
p o s i t i o n   a n d   v e l o c i t y  s t a t e  d i s p e r s i o n   f o r   e a c h   e r r o r   s o u r c e   g i v e n   i n   T a b l e  30. 
This gave  a 6 x 1 8   e r r o r   m a t r i x   t h a t ,   i n   t u r n ,  w a s   u s e d   t o   g e n e r a t e   t h e  6x6 non- 
g u i d a n c e   s y s t e m   c o v a r i a n c e   i n   t h e   m a n n e r   p r e v i o u s l y   d e s c r i b e d .  

The e r r o r s  were c o n s i d e r e d   i n d e p e n d e n t   w i t h   z e r o   m e a n .   E a c h  3 .  va lue   was  
s i m u l a t e d   w i t h   a n   i n d i v i d u a l   t r a j e c t o r y   r u n   u s i n g   t h e  LID213 program.  To r e d u c e  
compute r   run  t i m e ,  t h e   e f f e c t s  were a s s u m e d   l i n e a r ,   a n d   o n l y   o n e - s i d e d   e r r o r s   w e r e  
c o n s i d e r e d .  

T h e   m o t o r   p e r f o r m a n c e   r u n s   w e r e   s i m u l a t e d   b y   a d j u s t i n g   t h e   r r o t a l   b u r n   t i m e   a n d  
vacuum t h r u s t   b y   t h e   v a l u e s   s h o w n .  The s t a g e   p r o p e l l a n t   w e i g h t s   w e r e   i n c r e a s e d  by 
a w e i g h t   c o n s u m e d   f a c t o r   a n d   t h e   p r o p e l l a n t   f l o w  r a t e  c u r v e   m u l t i p l i e d  by the 
same f a c t o r .   T h i s   g a v e  a s h o r t e r   b u m  time, h i g h e r  t h r u s t  a n d  f low r a t e s ,   I l i g h e r  
i n i t i a l   p r o p e l l a n t   w e i g h t ,   a n d   t h e  same b u r n o u t   v e h i c l e   w e i g h t   a s   t h e   n o m i n a l  
t r a j e c t o r y .  

T h e   s e c o n d   a n d   t h i r d   s t a g e  RCS e r r o r s   w e r e   s i m u l a t e d   b y   i n c r e m e n t i n g  the nom- 
i n a l   a t t i t u d e   b y   t h e   a m o u n t  shown d u r i n g   t h e   s p e c i f i e d   t r a j e c t o r y   s e g m e n t .   T h i s  
is e q u i v a l e n t   t o  a mean s h i f t   ( f r o m   n o m i n a l )   o f   t h e   a t t i t u d e   h i s t o r y   d u e   t o   n o n -  
s y m m e t r i c   d i s t u r b i n g   t o r q u e s .  

The p r e s e n t   S c o u t   S t a g e  I V  t h r u s t   p o i n t i n g   e r r o r   r e s u l t s   f r o m  a c o m b i n a t i o n  
o f   a t t i t u d e   e r r o r   a n d   t i p o f f   d i s t u r b a n c e s .   T h i s   r e s u l t s   i n  a c o m p l i c a t e d   c o n i n g  
a n d   p r e c e s s i n g   m o t i o n   b e c a u s e  i t  i s  s p i n   s t a b i l i z e d .  A s i m u l a t i o n   t h a t   i n c l u d e s  
p r o d u c t s   o f   i n e r t i a   a n d   p r e c i s e l y   d e f i n e d   s e p a r a t i o n   d i s t u r b a n c e s  is  n e c e s s a r y   t o  
a c c u r a t e l y   g e n e r a t e   t h e   r e s u l t i n g   t r a j e c t o r y   d i s p e r s i o n .  I t  i s  f e l t   t h a t   t h e   a d -  
d i t i o n a l   a c c u r a c y  w a s  n o t   w a r r a n t e d   s i n c e   t h e   p r i m a r y   p u r p o s e  is n o t   t o   p r e c i s e l y  
e v a l u a t e   t h e   c u r r e n t   S c o u t   a c c u r a c y   b u t   r a t h e r   t o   e v a l u a t e   c a n d i d a t e   s y s t e m s  re l -  
a t i v e   t o   S c o u t .  
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T h e   c b n d i d a t e   s y s t e m s   d i f f e r   f r o m   p r e s e n t   S c o u t   i n   t h a t  a S t a g e  I V  RCS is 
used. The a t t i t u d e   e r r o r s  are based on t h e  same r a t i o n a l e  as t h a t  f o r  t h e   S t a g e  
I1 and  Stage I11 RCSs. A 99% average  annual  Vandenberg AFB wind p r o f i l e   ( f i g u r e  
30) w a s  u s e d   f o r   s i d e w i n d   a n d   t a i l w i n d   d i s t u r b a n c e s .  

The e f f e c t s   o f   a t m o s p h e r i c   d e n s i t y   v a r i a t i o n s  were s i rnulaced   by   vary ing   the  
a tmosphe r i c   p re s su re   s ince   t he   dynamic   p re s su re  is  c a l c u l a t e d   f r o m  

q = 0 . 7  M2 p . a 

The aerodynamic   d rag   var ia t ion  was c o n s i d e r e d   e q u i v a l e n t  t o  a v a r i a t i o n   i n   t h e  
a x i a l   f o r c e   c o e f f i c i e n t   s i c c c   t h e   a n g l e   o f   a t t a c k  i s  v e r y  eanall. 
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Based  on the   nominal  sl.ate g i v e n   i n  t a b l e  t h e  3a r e s u l t s  of the  nonguid-  
a n c e   d i s p e r s i c n s  are g iven  i r 1  t a b l e  3 3 ,  and are p r e s e n t e d   i n   t h e   f o r m   i n   w h i c h  
t h e y  were used t o  g e n e r a t e   t h e   c o v a r i a n c e   f o r   t h e   b a s i c   s c a t t e r g r a m   i n p u t .  

TABLE 32. - NOMINAL  STATE  AT  ORBIT 
INJECTION 

S t a t e  e r r o r  
” 

x, f t  

Y ,  f t  
z, f t  

XD, f p s  

YD, f p s  

ZD, f p s  

Radius, f t  

I n e r t i a l  vcloci t y ,  f p s  

Nomina 1 va 1 ue 
-11 734  339.0 

-20 872 605 .O 

5 083  626.0 

-2 427.9 
-4  368.7 

-23 520.8 

24 478  635.0 

24 045.9 

T h e s e   d i s p e r s i o n   r e s u l t s  are g i v e n   i n   a n   e a r t h - c e n t e r e d   i n e r t i a l  (ECI) coor- 
d i n a t e   s y s t e m   w i t h  X be ing   a long   the   Greenwich   mer id ian  a t  launch ,  2 a l o n g   t h e  
North  Pole ,   and Y forming a r igh t -hand  sys tem.  XD, YD, and ZD a r e   t h e   v e l o c i t y  
components  of t h e   t r a j e c t o r y   p o s i t i o n s ,  X ,  Y ,  and Z ,  r e s p e c t i v e l y .  

The S t a g e  IV t i p o f f   e r r o r s  were u s e d   w i t h   t h e   p r e s e n t   S c o u t   c o n f i g u r a t i o n  
a n a l y s i s  and the   deadband   e r ro r s  were u s e d   f o r   t h e   u p d a t e d   S c o u t   v e h i c l e .  

The r e s u l t s  of t h e  TEAP g u i d a n c e   a n a l y s i s   o f   t h e  TARS are presented 3 1  t a b l e  
3 4 .  T h e s e   r e s u l t s  were based on t h e   e r r o r   s o u r c e s   i n   t a b l e  31 and t h e  c r k j e c t o r y  
a c c e l e r a t i o n   p r o f i l e   p r o v i d e d   b y  NASA. These TEAP r e s u l t s  are o n l y   p r e s e n t e d  
w i t h   t h e  rss o f   p o s i t i o n ,   v e l o c i t y ,   a n d   a t t i t u d e   e r r o r s   t o   g i v e   t h e   r e l a t i v e  mer- 
i ts  o f   t h e   l i s t e d   s y s t e m s ,  w k i l e  t he   sys t em  cova r i ances   con ta in   t he   comple t e  er- 
r o r  s t a t e .  

The  complete   system  covariance is  generated  by  adding,   e lement   by  e lement ,   the  
guidance  and  nonguidance  covariances a t  t h e  same time poin t .   Only   the   comple te  
s y s t e m   c o v a r i a n c e s   f o r   t h e  DIGS a n d   o r i g i n a l   S c o u t  are g iven  i n  t a b l e  35. T h i s  
i s  b e c a u s e   t h e  DIGS TARS gave   t he  l eas t  e r r o r  and   t he   o r ig ina l   Scou t   t he   mos t .  
These sys t em  cova r i ances   po in t  up t h e   f a c t   t h a t   t h e   n o n g u i d a n c e   e r r o r s   c o m p r i s e  
m Q S t  o f   t h e   e r r o r s  and t h a t   t h e   s y s t e m   p e r f o r m a n c e   c a n n o t   b e   s i g n i f i c a n t l y  i m -  
p roved   wi th  a p e r i e c t  TARS. 

The 99.7% i s o p r o b a b i l i t y   c o n t o u r s   g i v e n   i n   f i g u r e  31 show t h e   r e l a t i v e  merits 
of t h e   p r e s e n t   S c o u t  IRP on  S tage  111, presen t   Scou t  IRP on  S tage  IV, and  the  
DIGS AFtU on S t a g e  I V .  
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TABLE 33.- 30 NONGUIDANCE ERRORS  AT ORBIT INJECTION 

r 
Error   source  

Stage I motor 

Stage I 1  motor  

Stage I11 motor 

Stage IV motor  

Stage I t h r u s t  
m i s a l i g n m e n t ,   p i t c h  

Stage I t h r u s t  
mi sa 1 i gnmen t, yaw 

Aerodynamic  drag 

Atmospher ic   dens i ty  

T a i l w i n d  

Crosswind 

Stage I 1  deadband, p i t c h  

Stage I 1  deadband, r o l l  

Stage I 1  deadband, yaw 

Stage I11 deadband, p i t c h  

Stage I11 deadband, r o l l  

Stage 111 deadband, yaw 

Stage IV t i p o f f ,   p i t c h  

Stage IV t i p o f f ,  yaw 

Stage IV deadband, p i t c h  

Stage IV deadband 

Rss o f   e r r o r   s o u r c e s ,  
o r i g i n a l   S c o u t  

Rss o f   e r r o r   s o u r c e s ,  
TARS on Stage IV 

x, f t  

-50 000.0 
-29  560.0 

-38 110.0 
-1 250.0 

-3  310.0 

-250 .O 

18  870.0 
19 190.0 
-7 000.0 

-60  600.0 
-14  560.0 

28 130.0 
-51  710.0 
-17  240.0 

4  040.0 
60  740.0 

3  040.0 

-5  140.0 

-430.0 
-730.0 

130 390.0 

130 250.0 

f 

I 

1 

J 

- 

Y, f t  

-84  100.0 

-48  243.0 

-62 510.0 

-1 110.0 

-5 880.0 

-445 .O 

31  030.0 
31 580.0 

-8  810.0 
38  370.0 

-28  240.0 

-19  010.0 
33 320.0 

-32  200.0 

-3  030.0 
38  750.0 
-4  990.0 

3 150.0 

-710.0 
450 .O 

147 330.0 

147 220.0 

S t a t e   e r r o r  

z, f t  

39 990.0 

-580.0 
3  740.0 

-16 960.0 

1 432.0 

180 .O 

3 380.0 

-3  840.0 
-45 760.0 

1 800.0 
78 690.0 

1 760.0 

990.0 
72 220.0 

670.0 

1 780.0 
1 540.0 

370 .O 

200.0 
30 .O 

124 270.0 

.24 270.0 

XD, f p s  

-84.2 

-51.5 
-59.6 
-20.3 

2.6 

214.7 

33.2 
33.7 
-6.2 

-65.7 
-42.2 
52.2 

-45 .O 

-40.5 
12.4 

-76 .O 

337.7 

571.6 
-48.0 
-80.6 

722.1 

299.0 

YD, f p s  

-145.2 

-86.5 

-101.6 
-24.5 

9.9 

106 .O 

56 .O 

56.7 

-7.3 
43.8 
77.1 

-40.7 
32.7 

-74.1 
-12.5 
51.7 

-555.3 

350.8 

-78.9 
-49.8 

712.5 

291.4 

ZD, f ps  

67.7 

11.5 
31.0 

-156.5 

83.1 

-11.6 

-11.4 
-12 .o 
-50.8 

1.3 
115.1 

3.1 
-0.2 

111.1 

1.5 
1.5 

171.0 

40.5 

21.6 
3.0 

310.8 

257.3 

Radius ! V e l o c i t y  
r ss ,  f t  I r ss ,   f ps  

105 710.0 ' 181.0 
56 580.0 ~ 101.4 
73 310.0 

17 050.0 

6  900.0 

520 .O 

36 480.0 

37 150.0 
47 120.0 

71  750.0 
84  860.0 

1 

6 1  520.0 

33  990.0 

80  930.0 
5 100.0 

72 070.0 
6  040.0 

6  040.0 

850 .O 

850 .O 

!32 710.0 

!32 550.0 

121.8 
159.7 

83.7 

239.8 
66.2 

67.1 i 
51.7 1 
79.1 

144.9 

66.2 
55.6 

139.6 
17.6 
91.9 

672 .O 

672 .O 

94.9 
94.9 

1061.0 

490.5 



TABLE 34.- IO RSS GUIDANCE  ERRORS  DUE  TO THREE-AXIS RATE  PACKAGE 

E r r o r s  O r i g i n a l   S c o u t  (1009 g y r o )  ODMARS DIGS 
Honeywel l  

V e l o c i t y ,  f p s  

0.11 0.08 0.04 0.26 A t t i   t u d e ,   d e g  

6  146.0 7  780.0 2  225.0 12 240.0 P o s i t i o n ,  f t  

22.38 25.03 7.057 56.93 

TABLE 35.- VARIANCES  AND  CORRELATION COEFFICIENTS AT ORBIT INJECTION, 
TOTAL  SYSTEM - D I G S  AND ORIGINAL SCOUT 

F o r m  t 

ox 

P X Y  oY 

P X Z  P Y Z  Z 
pXXD pYXD ZX D XD 

pXYD  pYYD ZY D oXDYD YD 

PXZD pYZD ZZD pXDZD Y DZD  ZD 

O r i q i n a l   S c o u t  I R P  on  Staae 111 and   nonau idance   e r ro rs  

43872.12 1 
~ ~~ 

0.16126178  49313.353 
-0.27673527 -0.42457731  42567.716 
0.30168313 0.08388381  -0.12260028  244.25558 
0.090227870 0.30997242  -0.21322612  -0.03639737  239.76997 

-0.23376944 -0.35741575  0.67088782  -0.41268421  -0.45591054  105.46154 
DIGS ARU and   nonqu idance   e r ro rs  

43439.676 
0.17174206  49081.178 

-0.27988244  -0.42591211 41447.714 
0.59699551  0.22760702 -0.25988009  99.823810 
0.25085517  0.85049222 -0.47151945  -0.00383169  97.225394 

-0.26104452  -0,41165516 0.78550096  -0.17438961  -0.40285979  85.817112 
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Conclusions 

The nongu idance   e r ro r s   cons t i t u t e   t he   ma jo r   po r t ion   (g rea t e r   t han  90%) of. t h e  
p re sen t   Scou t   veh ic l e   sys t em  e r ro r s .  Moving the   p re sen t   Scou t  IRP t o   S t a g e  I V  
improves  system  accuracy  (Note  f igure 31 where  the  radius   of   apogee  and  per igee 
i s  t h e   f a c t o r   o f   m e r i t . )  by about 30%. Comparing t h e  bes t  ARU system (DIGS) and 
the   p resent   Scout  IRP on  Stage IVY f i g u r e  31 i n d i c a t e s   v e r y  l i t t l e  d i f f e r e n c e  
b e t w e e n   t h e i r   i s o p r o b a b i l i t y   c o n t o u r s .   T h i s  means t h a t   t h e   q u a l i t y  of  the TARS 
does  not   appreciably  change  the  total   system  errors   and  the  nonguidance  errors  
s t i l l  predominate   even  with  the TARS on  Stage I V .  

S i g n i f i c a n t   b e n e f i t  is obtained  by moving t h e  TARS t o   t h e   f o u r t h   s t a g e  and 
the   choice  of equipment   should  largely  be  inf luenced by w e i g h t ,   s i z e ,  power re- 
quirements ,  and c o s t .  

Closed-loop  systems  must   be  considered  before   orders  o f  magnitude  accuracy 
improvements  can  be  obtained. 
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LUNAR  MISSION  ANALYSIS  

The o b j e c t i v e  of t h i s  task was t o  p r e l i m i n a r i l y   i n v e s t i g a t e   t h e   f e a s i b i l i t y  
o f   u s i n g   t h e   S c o u t   v e h i c l e   f o r   l u n a r   m i s s i o n s .   F i v e   l u n a r   t r a j e c t o r i e s  were 
t a r g e t e d .   F o r   e a c h   o f   t h e s e   t r a j e c t o r i e s ,   l u n a r   o r b i t   i n s e r t i o n   m a n e u v e r s  were 
c o m p u t e d   f o r   o r b i t s   w i t h  e c y t r i c i t i e s  of 0 .1 ,  0 . 4 ,  and 0.7.  From t h e s e  tra- 
j e c t o r i e s   o n e   t r a n s l u n a r   t r q j e c t o r y   w i t h   o n e   l u n a r   o r b i t   i n s e r t i o n   m a n e u v e r  w a s  
s e l e c t e d   f o r  a m o r e   d e t a i l e d   e r r o r   a n a l y s i s   t o   d e t e r m i n e ' t h e   a m o u n t  of p r o p e l l a n t  
r e q u i r e d   f o r  a m i d c o u r s e   c o r r e c t i o n   m a n e u v e r .  

The r e s u l t s   o f   t h e s e   s t u d i e s   i n d i c a t e   t h a t   i f  a m i d c o u r s e / o r b i t   i n s e r t i o n  
e n g i n e   h a v i n g   a n  I o f  200 s e c o n d s  i s  u s e d ,   t h e   S c o u t   v e h i c l e   c a n   p u t  a minimum 

o f   t w o - t h i r d   o f   t h e   p a y l o a d   w e i g h t   a f t e r   t r a n s l u n a r   i n j e c t i o n   i n t o   l u n a r   o r b i t .  
The l u n a r   o r b i t  w i l l  have  a p e r i a p s i s   h e i g h t   o f   a b o u t   o n e   l u n a r   r a d i u s   a n d  an ec- 
c e n t r i c i t y   r a n g e   o f   0 . 1   t o  0 . 7  ( f o r   a n   e c c e n t r i c i t y   o f  0 . 7 ,  o v e r  80% o f  the i n -  
j e c t i o n   w e i g h t   c a n   b e   d e l i v e r e d   i n t o   l u n a r   o r b i t ) .  

S P  

Trans1 m a r  Trajectories 

S i n c e  no  d e f i n i t e   l u n a r   m i s s i o n   o r   m i s s i o n   t y p e   h a s   b e e n   i d e n t i f i e d ,  i t  was 
d e c i d e d   t o   t a r g e t   s e v e r a l   t r a n s l u n a r   t r a j e c t o r i e s   c h o s e n   t o   s p a n  a m o d e s t   r a n g e  
o f   t r a j e c t o r y   p a r a m e t e r s .   E a c h   o f   t h e   t a r g e t e d   t r a j e c t o r i e s  was a b a l l i s t i c  nom- 
i n a l   t r a j e c t o r y   f r o m   a n   i n j e c t i o n   s t a t e   n e a r   t h e   e a r t h   t o   s p e c i f i e d   c l o s e s t   a p -  
p r o a c h   c o n d i t i o n s  a t  thc moon.  The o n l y   c o n s t r a i n t s  on t h e   i n j e c t i o n  s t a t e  were 
t h a t  i t  b e  a p p r o x i m a t e l y  285 k i l o m e t e r s   a b o v e   t h e   e a r t h   a n d   t h a t   t h e   o r b i t   p l a n e  
e s t a b l i s h e d  by t h e   i n j e c t i o n   s t a t e  b e  o n   a n   i n c l i n a t i o n   a p p r o x i m a t e l y   e q u a l   t o  
t h e   l a t i t u d e   o f   W a l l o p s   I s l a n d .   T h i s   l a s t   c o n s t r a i n t   p e r m i t s  a 90" l a u n c h   a z i m u t h .  

The t a r g e t   p a r a m e t e r s   a t  t h e  L u n a r   c l o s e s t   a p p r o a c h  were: 

1) T i m  a t  c l o s e s t   a p p r o a c h   ( t  

2 )  Radius  a t  c l o s e s t   a p p r o a c h   ( r  

3) I n c l i n a t i o n   ( r e l a t i v e   t o   t h e   l u n a r   e q u a t o r )   o f   t h e   o s c u l a t i n g  

CA) ' 
CA) ' 

c o n i c  ( i  
CA) ; 

4 )  The s e m i m a j o r   a x i s  of  t h e   o s c u l a t i n g   c o n i c   ( a  CA) - 
F i v e   b a l l i s t i c   n o m i n a l   t r a j e c t o r i e s  were t a r g e t e d .  The time a t  c l o s e s t   a p p r o a c h  

was 1 / 1 / 7 3 ,  0 , Om, O . O s  (Greenwich  time) f o r  a l l  t r a j e c t o r i e s   s i n c e   t h e  time of 
l u n a r   e n c o u n t e r   h a s  a n e g l i g i b l e   e f f e c t   o n   t h e   d e l t a  V r e q u i r e m e n t s   f o r   t h e  m i s -  
s i o n .   T h e   r e m a i n d e r   o f   t h e   t r a j e c t o r y   p a r a m e t e r s  are  shown i n   t a b l e  3 6 .  

h 

T a b l e  36 s h o w s   t h a t   t h e   i n j e c t i o n   c o n d i t i o n s  a re  r e l a t i v e l y   i n s e n s i t i v e   t o  
t h e   t a r g e t   c o n d i t i o n s .  I t  t a k e s   a b o u t   t h e  sam2 e n e r g y  to p u t  a pound  of   payload 
i n   t h e   v i c i n i t y  of the moon r e g a r d l e s s   o f   t h e   e x a c t   t a r g e t   c o n d i t i o n s .  A s  ex- 
p e c t e d ,  a s l i g h t   p e n a l t y  i s  p a i d  f o r   t h e   s h o r t   f l i g h t   t i m e   t r a j e c t o r i e s .  
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F l i g h t  Time ( h r )  

I n j e c t i o n   C o n d i t i o n  

VI (km/s) 

1 ( d e g )  

r (km) 

i (deg )  

Closest Approach 

CA 

CA 

CA a 

1 

64.1 

10.98 

0.255 

6560 

38.0 

3480 

4. a 
-2990 
.. - .~ 

TRAJECTCRI NO. 

2 

79.2 

10 -95 

0.551 

6560 

36.6 

3490 

6.5 

-4990 

3 

94.3 

10.94 

1.10 

6560 

31.8 

3500 

6.9  

-6890 

4 

94.4 

10.94 

1.12 

6560 

31.6 

2620 

6 .8  

-6970 
___L_ 

5 

94.6 

~~ ~ ~ 

10.94 

1.11 

6560 

31.0 

26 30 

44.9 

- 7000 
" 

Lunar O r b i t  I n s e r t i o n  

. - ~  . I_ " ". - .. 

TRAJE C I'ORY I\] 0 .  

0.1 

0.4 

0.7 



I - -  

It is  e v i d e n t   f r o m   t a b l e  37 t h a t   s u b s t a n t i a l l y  less o r b i t   i n s e r t i o n   d e l t a  V 
is r e q u i r e d   f o r  the l o n g   f l i g h t  t i m e  t r a j e c t o r i e s .  Also as e c c e n t r i c i t y   d e c r e a s e s ,  
t h e   o r b i t   i n s e r t i o n   d e l t a  V i n c r e a s e s  as w o u l d   b e   e x p e c t e d .  

Error A n a l y s i s  

T r a j e c t o r y  No. 3 was s e l e c t e d   f o r   m o r e   d e t a i l e d   a n a l y s e s .  I t  was c h o s e n   o v e r  
the s h o r t e r   f l i g h t  time t r a j e c t o r i e s   a n d  the smaller r t r a j e c t o r i e s   b e c a u s e  

m o r e   p a y l o a d   c o u l d   b e   d e l i v e r e d   i n t o   l u n a r   o r b i t .   T h e   p u r p o s e   o f   t h e   e r r o r   a n a l -  
y s i s  was t o   d e t e r m i n e   t h e   a m o u n t   o f   d e l t a  V r e q u i r e d   f o r   m i d c o u r s e   m a n e u i r e r s .  
I n   s e t t i n g  up t h e   e r r o r   a n a l y s i s ,  a n u m b e r   o f   a s s u m p t i o n s  were made. 

CA 

F i r s t  of a l l ,  t h e   t r a n s l u n a r   i n j e c t i o n  s t a t e  2 o v a r i a n c e   w a s   f o u n d   u s i n g  a 
p o w e r e d   b o o s t   t r a j e c t o r y   t a r g e t e d   t o   t h e   t r a j e c t o r y  No. 3 i n j e c t i o n   c o n d i t i o n s  
a n d   o p t i m i z e d   f o r  maximum p a y l o a d .   T h i s  was done  a t  LRC. A g u i d a n c e   s y s t e m  
e r r o r   a n a l y s i s  w a s  t h e n   p e r f o r m e d   u s i n g   t h i s   t r a j e c t o r y .   T h i s  W ~ S  done a t  M a r t i n  
Marietta u s i n g   t h e  TEAP program.  The KT-70 g u i d a n c e   h a r d w a r e   c h a r a c t e r i s t i c s  
program was u s e d   s i n c e  i t  r e p r e s e n t s   t h e   r e f e r e n c e   g u i d a n c e   s y s t e m .   T h e   s t a t e  
c o v a r i a n c e   m a t r i x   g e n e r a t e d   b y  TEAP w a s   u s e d   a s   t h e   i n i t i a l   s t a t e   c o v a r i a n c e   f o r  
t h e   t r a n s l u n a r   t r a j e c t o r y .  

The deep- space   ne twork  (DSN) was used  as a m o d e l   f o r   t h e   g r o u n d   t r a c k i n g   n e t -  
w o r k .   T h e   t r a c k i n g   s t a t i o n s  were a s s u m e d   t o   b e   l o c a t e d  a t  Go lds tone ,   Madr id ,   and  
C a n b e r r a .   T h e   e q u i v a l e n t   s t a t i o n   l o c a t i o n   e r r o r s  were assumed t o  b e  10 t i m e s  
t h o s e   p r o j e c t e d   f o r   t h e  DSN dur ing   t he   1975-1980  e ra  ( t h i s  b e i n g   t h e   m o s t   a c c u -  
ra te  a n d   e x p e n s i v e   t r a c k i n g   a v a i l a b l e ) .   O n l y   d o p p l e r   m e a s u r e m e n t s  were as sumed ,  
w i t h  a r a n g e - r a t e   w h i t e   n o i s e  o f  5 mm/s f o r  a 1 - m i n u t e   c o u n t  time. T h e   c u r r e n t  
DSN v a l u e  i s  1 mm/s f o r  a 1 - m i n u t e   c o u n t   t i m e .  

I n   a d d i t i o n   t o   t h e   a b o v e   m e a s u r e m e n t   e r r o r s ,   t h e   f o l l o w i n g   d y n a m i c   e r r o r s  
were c o n s i d e r e d :  

1) L u n a r   g r a v i t a t i o n a l   c o n s t a n t   e r r o r  = 0 .06  kn’/s.’, 1’: ; 

2 )   L u n a r   o r b i t   s e m i m a j o r   a x i s   e r r o r  = 1 km, 13; 

3 )  L u n a r   o r b i t   i n c l i n a t i o n   e r r o r  = 2.6  x r a d i a n s ,  lu; 

4 )  L u n a r   o r b i t   a r g u m e n t   o f   p e r i a p s i s   e r r o f -  = 2.6  x r a d i a n s ,  l a .  

Two terms are o f   i n t e r e s t   i n   m a k i n g   a n   e r r o r   a n a l y s i s   o f  a b a l l i s t i c   t r a j e c -  
t o r y  -- t h e   k n o w l e d g e   c o v a r i a n c e   a n d   t h e   c o n t r o l   c o v a r i a n c e .   T h e s e  terms are 
d e f i n e d  as f o l l o w s .   L e t   t h e  s t a t e  a l o n g   t h e   n o m i n a l   t r a j e c t o r y   ( t h e   t r a j e c t o r y  
w e  w o u l d   f l y   i f   t h e   s y s t e m  were e r r o r - f r e e )   b e   d e s i g n a t e d   b y  X ,  a s i x - e l e m e n t  
v e c t o r   h a v i n g   t h r e e   p o s i t i o n   a n d   t h r e e   v e l o c i t y   c o m p o n e n t s .  L e t  t h e  s t a t e  a l o n g  
t h e   a c t u a l   f l o w n   t r a j e c t o r y   b e  X .  F i n a l l y ,  l e t  2 b e   t h e  s t a t e  t h a t  i s  c a l c u l a t e d  
o r   e s t i m a t e d   o n   t h e   b a s i s   o f   i n i t i a l   c o n d i t i o n s   a n d   m e a s u r e m e n t s   t a k e n   a l o n g   t h e  
a c t u a l   t r a j e c t o r y .   T h e n   t h e   c o n t r o l   c o v a r i a n c e ,   P C ,  i s  g i v e n   b y  

PC = E ( X  - x) ( X  - 131 



. , r i ~ ~ ~  s ~ > . ? r s c ~ l p c  I a e s l g n a c e s   t h e   m a t r i x   t r a n s p o s e .  The con t ro l   Covar i ance   p ro -  
v i d e s   u s   w i t h   t h e  s ta t is t ics  of how f a r   t h e   a c t u a l   t r a j e c t o r y  w i l l  be   f rom the 
nominal.  The  knowledge  covariance,   Pk, is g i v e n  by 

Pk = E (k - X) ( k  - X) . T 

Thus  the knowle&gj-o_ covai.i":~:.;.~ te l ls  u s  how wel l  w e  know t h e   a c t u a l   l o c a t i o n   o f  
t h e   s p a c e c r a f t  

The  knowlzdge  and c. ..:.'.oL c o v a r i a n c e s  2re assumed t o   b e   e q u a l  a t  t h e   b e g i n n i n g  
of a b a l l i s t i c   t r a j e c t o : ;  rcg::!l?nt. A s  t h e   s p a c e c r a f t  i s  t r a c k e d ,  the knowledge 
c o v a r i a n c e   d e c r e a s e s  I Wh~r, ti-? knowledge   covar iance  has d e c r e a s e d   s u f f i c i e n t l y ,  
a m i d c o u r s e   c o r r e c t i o n  car; b e  c a l c u l a t e d .  Ti-tis  amounts t o   f i n d i n g  a new nominal  
t r a j e c t o r y   t h a t   p a s s e s  [;I.'' ,gh t h e   p s e s e n t l y   e s t i m a t e d   p o s i t i o n   a n d  meets t h e  
same c o n d i t i o n s   a t   t h e   t a r :  > c  body as t h e   o r i g i n a l   n o m i n a l .  The probable   magni-  
t ude   and   d i r ec t ion   o f   t h t  ~ ~ i d c o c ~ s e  c o r r e c t i o n  deperids on t h e   c o n t r o l   c o v a r i a n c e  
be fo re   midcour se .  If the  . l idcourse  maneuver  were e x e c u t e d   w i t h o u t   e r r o r ,   t h e  
c o n t r o l   c o v a r i a n c e   a f t e r   - , l - d c o u r s e   w o u l d  be e q u a l   t o   t h e   k n o w l e d g e   c o v a r i a n c e .  
I n  p r a c t i c e ,   t h e   m i d c o u r s r .  maneuver' e x e c u t i o n   e r r o r  m , s t  b e   a d d e d   t o   t h e  know- 
ledge   covar iaFLe  to   ob ta i i !  the c o n t r o l   c o v a r l a n c e .  FOUL. pa rame te r s  are u s e d   t o  
model  the  midcourse mane1;ver: 

1) R e s o l u t i o z   e r r o r  - The u n c e r t a i n t y   i n   d e l t a  V r e s u l t i n g   f r o m  un-- 
c e r z a i n t y  in t h r u s t   t a i l o f f .  A v a l u e  of (?.ilC102 km/s, l a ,  w a s  ecsumed; 

3)  and 4 )  E r r o r  j.n t h r u s t   d i r e c t i o n  L '  An 1mcertai .nt .y of  1 , 5  1!.6;:g r i a l  ?:a& 
o f  two o r t h o g o n a l   d i r e c t i o n s  was assu1i:e:l. 

The f i r s t   s t e p   i n   t h e   e r r o r   a n a l y c i s  is t o  estah!.i:;:h ;he nw.1  ::'c~r a midcourse 
c o r r e c t i o n ,   I f  no nlidcour.ne is pe r fo r l i . 34   t he   e r ro r  in I: ( s q a a r e  r o o t  o f  t h e  

maximum e i g e n v a l u e )  was fc_*ILI to h e  20 e!, I !<j.loaet?:.:j9 as sum in^ h a t  t h i s  is un- 
a c c e p t a b l y   l a r g e ,   t h e  ti?.? of o c c u r r e n c e  o f  the fiY::.t midcourse :aust i je  e s t a b -  
l i s h e d .   T h i s  i s  u s u a l l y  chosen t o  h e  t h e  t ine when t h e   i r e l ~ c l t y  h-iowledge e r r o r  
i s  o n e - h a l f   t h e   e x e c u t i o n   e r r o r ,   F i g u r e  32 i s  a p l o t  of t h e   v e l o c i t y   k n o w l e d g e  
e r r o r   a n d   t h e   m i d c o u r s e   e x e c u t i o n   e r r o r   v e r s u s  time € o r   t h e   f i r s t   h a l f - d a y  of 
t h e   t r a j e c t o r y .   B a s e d   o n   t h e s e   d a t a ,   t h e   f i r s t   m i d c o u r s e   c o r r e c t i o n  was se t  a t  
0 . 2 8   d a y   a f t e r   i n j e c t i o n .  

c' h 
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* c r";- V e l o c i t y  Knowledge 
0 ' 4  E r r o r  

\Midcourse  Execution 

0 0.5  1 . 0  

Days a f t e r   i n j e c t i o n  

FIGURE 3 2 . -  ERROR VS TIYE 

The d a t a   f o r   t h i s  rllanctiver are t a b u l a t e d .  
"" - 

CONTROL E R R O R  BEFORE MIDCOURSE AFTER MIDCOURSE I P o s i t i o n  (km) 259 

370 E r r o r  i n  rCA ( k m )  2085 

3.5 x 10-4 V e l   o c i  t y  ( k m / s )  1x8 x 10-4 

4.6 

Note. 1. E x e c u t i o n   e r r o r  = 3.3 x lo-[ '  km/:; and   occu rs  a t  
i n i t i a t i o c  o f  m idcourse  c o r r e c t i o n .  

" 

2 .  Expec ted  va 1 ue o f   D e l t a  V = 12 .7  rn/s;  l : r  v a l u e   o f  
e x p e c t e d   d e l t a  V = 9.6; d e l t a  V r e q u i r e d   f o r .  3 u  
mi;sion = 41.5 m/s.  

I t  was f u r t h e r   a s s u m e d   t h a t  a 3 7 0 - k i l o m e t e r   e r r o r   i n  r was a l s o  
CA 

u n a c c e p t -  

ab l e ,  t h u s   r e q u i r i n g  a s e c o n d   m i d c o u r s e   c o r r e c t i o n .  This was se t  w e l l  i n s i d e  
t h e   l u n a r   s p h e r e  of i n f l u e n c e  a t  3 . 4   d a y s .   T h e  c l o s e s t  a p p r o a c h   o c c u r s  a t  3 . 9 3  
d a y s .   T h e   d a t a   f o r   t h i s   m a n e u v e r  are t a b u l a t e d .  
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BEFORE SECOND 
CONTROL E R R O R  t W V W V E R  

Pos i t i  on ( am) 

3 70 Error i n  rCA (km) 

7.4 x 10-4 Velocity (km/s) 

132 

"I 

AFTER SECOND 
M A h E U 4 i R  

1 . 4  

2.0 x 10-4 

19.6 

Note: 1. Execution e r r o r  = 2.0 x km/s and occurs a t  
i n i t i a t i o n  of  second  maneuver. 

2 .  Expected value of del ta  V = 3.7 m/s; l a  value of 
expected  delta V = 2 . 2  m/s; del ta  V required  for 
a 3a mission = 10.3 m/s. Thus the   to ta l  midcourse 
del ta  V f o r   t h i s   t r a j ec to ry  i s  51.8 m/s, To t h i s  
must be added the  lunar   orbi t   inser t ion  del ta  V o f  
670 m/s, or a t o t a l  o f  722 m/s. 

I" -J 

N o t e   t h e   s t a t i z t i c s   o f   t h e   o r b i t   i n s e r t i o n   m a n e u v e r  were not   found.   This   would 
require  an  expensive  and  t ime-consuming Monte .Car lo   s tudy .  

I f  a m i d c o u r s e / o r b i t   i n s e r t i o n   e n g i n e   h a v i n g   a n  I of 200 is  used ,   t he  

r a t i o   o f   p a y l o a d  mass i n   l u n a r   o r b i t ,  M o ,  t o  mass i n j e c t e d   i n t o   t h e   t r a n s l u n a r  

t r a j e c t o r y ,  5 ,  i s  given  approximately as 

SP 

= 0.69.* 

The a b o v e   a n a l y s i s   d o e s   n o t   a n s w e r   t h e   q u e s t i o n   o f   t h e   p o s s i b i l i t y  o f  u s i n g  
t h e   S c o u t   f o r   l u n a r   m i s s i o n s .  It can   on ly   s e rve  as a benchmark  and  to p o i n c  out  
some o f   t h e   s u b s i d i a r y   q u e s t i o n s   t h a t   m u s t   b e   a n s w e r e d   b e f o r e   f e a s i b i l i t y   c a n   b e  
e s t a b l i s h e d .   F i r s t   a n d   f o r e m o s t  among s u c h   q u e s t i o n s  are: 

1) I f   t h e   u l t i m a t e   o b j e c t i v e   o f   t h e   m i s s i o n  is a l u n a r   o r b i t ,   w h a t  are 
i t s  parame  te rs?  

2) I f   o r b i t  t r i m  maneuvers are r e q u i r e d   t o   m a i n t a i n   a n   o r b i t ,  how 
a c c u r a t e l y   m u s t   t h e   o r b i t   b e   e s t a b l i s h e d   a n d   f o r  how long?  

3) What m i d c o u r s e   a n d   o r b i t   i n s e r t i o n   e n g i n e  w i l l  be  used  and  what 
is t h e   c o r r e c t   e x e c u t i o n   e r r o r   m o d e l ?  

*O .69 is t h e  mass r a t i o   f o r  a 0 . 1  e c c e n t r i c   o r b i t ,  0.82 i s  t h e  mass r a t i o   f o r  
a 0 . 7  e c c e n t r i c   o r b i t .  
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RECOIIi.lENDED G U I D A N C E   A N D  CONTROL S Y S T E l l  

Q u a l i t a t i v e l y   t h e r e  is n o   q u e s t i o n   o f   t h e   i n c r e a s e d   p e r f o r m a n c e   t o   b e   g a i n e d  
u s i n g   t h e   c l o s e d - l o o p   g u i d a n c e   a p p r o a c h .   V i r t u a l l y  a l l  n o n g u i d a n c e   e r r o r   p a r a m -  
eters are e l i m i n a t e d   e x c e p t   f o r   t h e   u n c e r t a i n t y  i n  the FW-4S e n g i n e   b u r n   c h a r a c -  
t e r i s t ics .  'l'he g r e a t l y   i m p r o v e d   a c c u r a c y   o f  tile S c o u t   o r b i t   p l u s   t h e   i n c r e a s e d  
f l e x i b i l i t y  of t h e   v e h i c l e   m a k e s   t h e   c l o s e d - l o o p   g u i d a n c e  tile recommended  approach 
s i n c e  i t  is m o s t   c o n s i s  t e n t  w i t 1 1  t h e   d e s i r e s   o f  IJASA f o r  tlle f u t u r e   o f  tlle S c o u t  
l a u n c h   v e h i c l e .  

As a r e s u l t   o f   t h i s   g u i d a n c e   h a r d w a r e   a n d   c o n t r o l   s y s t e m   s i z i n g   s t u d y ,  tlle 
f o l l o w i n g   c l o s e d - l o o p   m e c h a n i z a t i o n  i s  recommended f o r  tlle S c o u t   l a u n c l l   v e l l i c l e .  

An i n e r t i a l   g u i d a n c e   s y s t e m   c o n t a i n i n g .  a p l a t f o r m ,   a u t o p i l o t  e l e c -  
t r o n i c s ,   a n d   d i g i t a l   c o m p u t e r  s l l o u l d  b e  a d d e d   t o  tlle f o u r t l ~   s t a g e  o f  
t h e   S c o u t   v e h i c l e  i n  p l a c e   o f  t!le p r e s e n t   t h i r d - s t a g e   o p e n - l o o p  s y s -  
tem. Tile recommended  system, b a s e d  cl1 tlle e s t a b l i s l l e d   c r i   t c r i , ] ,  i.s 
a m o d i f i e d  KT-70 missile system as p ,uduced  by S i n g e r - ( ; e n e r a l   P r c c i -  
s i o n   I n c o r p o r a t e d .  'Two of tile more s i g n i f i c a n t   m o d i f i c a t i o n s   i n c l u d e  
tile a d d i t i o n s  of g e n e r a l - p u r p o s e   c o m p u t e r  w i t 1 1  ;I nie~nory c a p a c i t y  i n  
e x c e s s  of 4000 2 4 - b i t   w o r d s   a n d   a n   o p t i c a l   a z i m u t h   a l i g n m e n t   s c h e m e .  
A l t e r n a t i v e   c a n d i d a t e s   t o   b e   c o n s i d e r e d   i n   f u t u r e   s t u d i e s   i n c l u d e  
t h e  H a m i l t o n   S t a n d a r d  DIGS s y s t e m   a n d  the L i t t o n  LN-30 n a v i g a t i o n  
s y s t e m ;  

A h y d r o g e n   p e r o x i d e   r e a c t i o n   c o n t r o l  s y s  ten1 w c i g l ~ i n g   a p i ) r o x i n l ; ~ ~ c l y  
20 p o u n d s   s l l o u l d   b e   a d d e d   t o  t l ~ e  f o u r t l l  s t ; i g e   a n d   t l ~ e   p r e s e n l  5 1 ) i n -  
s t a b i l i z a t i o n   l l a r d w a r e   r e m o v e d ;  

Due t o  the a b s e n c e  of a t l l r u s t   t e r m i n a t i o n  CJ~I;~II i l i  t y  i l l  t l ~ c  I fou r t i )  
s t a g e  of  S c o u t ,  i t  is  recommended t 1 1 ; l t  ; I  110s tbclos t v c l o c i   t y  (:c)rrcAc- 
t i o n   c a p a b i l i t y  b e  p r o v i d e d  by i n c o r 1 ) o r a ~ i n g  t i l ( ,  a l ) p r o p r i n t e   c o n t r o l  
l o g i c   a n d   e x t r a   f u e l   r e q u i r e m e n t s   i n t o   t l l e   r e a c t i o n   c o n t r o l   s y s t c 1 1 1  
d e s i g n .  Tile s i z i n g   r e s u l t s   o f  tllis s t u d y   i n d i c a t e   t l l a t  4 . 3  p u u n d s  of 
e x t r a   f u e l   w o u l d   p r o v i d e   f o r  a v e l o c i t y   c o r r e c t i o n   c a p a b i l i t y  o f  5'3 
fPS (10) ; 

A p u l s e   c o d e   m o d u l a t i o n   t e l e m e t r y  s y s  tell1 w i t 1 1  a 5-wat t   S-band F>I 
t r a n s m i t t e r  i s  recommended i n  p lace  of  tlle c u r r e n t   s y s t e m .  ' T o t ; ~ l  
s y s t e m   w e i g h t  w i l l  b e   i n  tile v i c i n i t y  of 12 pounds .  T l l i s  s y s t e m  was 
s e l e c t e d   b e c a u s e   t h e   p r e s e n t   s y s t e m   c a n n o t   t r a n s f e r  tlle r e q u i r e d  
a n a l o g ,   b i l e v e l ,   a n d   d i g i t a l   s i g n a l s   n e c e s s a r y   t o   i n s t r u m e n t  tlle 
i m p r o v e d   g u i d a n c e   s y s t e m .  

Tlle r ecommended   gu idance   and   con t ro l  s y s  tern c l l a r a c t e r i s   t i c s   a r e  as sllown  i.n 
t a b l e  3 5 .  
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T A B L E  38.- RECOMMENDED GUIDANCE A N D  CONTROL SYSTEM 

Subsys tern 
KT-70 mis s i l e   p l a t fo rm 

G . X  e! ec t roni   cs  

Charac t e r i s t i c s  

i r e d  for p ich ,  rol l  and yaw 
1 -purposes memory > 4000 24-bi t 

Weighty 
l b  

1 5 . 1  

7.0 
5 .5  
1 .0  
1 .5  

20.0 
50.1 

20 

4. 3 
10.1  

84.5 

Power 
w 
9.7 

25.6 
75.6 
-- 
6 .8  

50.0 

167.7 



GUIDANCE SOFTWARE 

Al though  t h e  s p e c i f i c  task of d e s i g n i n g  the g u i d a n c e   s o f t w a r e  is beyond the 
s c o p e  of t h i s  s t u d y ,  a g e n e r a l i z e d   d e s c r i p t i o n   o f   t h e   n e c e s s a r y   p r o c e d u r e s   f o r  
d e f i n i n g   t h e   g u i d e l i n e s   f o r  a c o m p l e t e   g u i d a n c e   s y s t e m   a p p e a r s  t o  be q u i t e   a p -  
p r o p r i a t e .  

T h e   f u n c t i o n   o f   t h e   g u i d a n c e   s y s t e m  is  t o   c o n t r o l  the  v e h i c l e  s ta te  t o  sat- 
i s i y   t h e   d e s i r e d   f i n a l   c o n d i t i o n s   w i t h i n   p r e s c r i b e d   b o u n d s   u n d e r  normal d i s p e r -  
s i o n s   i n   t h e   v e h i c l e   p e r f o r m a n c e   c h a r a c t e r i s t i c s .   T h e   a t t i t u d e   o f  the  S c o u t  ve- 
h i c l e   a n d   t h e   f o u r t h   s t a g e   r e a c t i o n   c o n t r o l  je ts  are u s e d  as  the means of c o n t r o l  
t o   a t t a i n   t h e   r e q u i r e d  s t a t e .  I n t e l l i g e n c e   d e r i v e d   f r o m   t h e   g u i d a n c e   m e a s u r e m e n t  
u n i t   a p p l i e d  t o  a m a t h e m a t i c   a l g o r i t h m   y i e l d s   t h e   r e q u i r e d   a t t i t u d e s   t o  steer t h e  
v e h i c l e   t o   t h e   d e s i r e d   t a r g e t e d  s t a t e .  A f t e r   t h e   m o t o r s  are d e p l e t e d ,   t h e   g u i d -  
a n c e   s y s t e m   c a n   u s e   t h e   c o n t r o l  j e t s  t o  c o r r e c t   f o r   v e l o c i t y   d i s p e r s i o n s .  

T h e   d e s i g n   o f   g u i d a n c e   s o f t w a r e   r e v o l v e s   a b o u t   s y s t e m   i n t e r f a c e s ,   g u i d a n c e  
a l g o r i t h m s   t o   s a t i s f y   m i s s i o n   g o a l s ,   a n d   p r e l a u n c h   p r o c e d u r e s .  A l l  f a c e t s   o f  
t h e   v e h i c l e   s y s t e m ,   m i s s i o n   g o a l s ,   l a u n c h  s i t e ,  a n d   E a c i l i t i e s   m u s t   b e  known  and 
a v a i l a b l e   t o   a s s u r e   t h a t   f i n a l   g u i d a n c e   s o i t w a r e   d e s i g n  w i l l  f u n c t i o n   i n   t h e  
proper   manner .  

Requirements 

The d e s i g n   p r o c e d u r e  is t o  e s t a b l i s h  t h e   r e q u i r e r r . e n t s   a n d   e x i s t i n g   s y s t e m s  
a n d   t h e n   a p p l y   t h i s   i n f o r m a t i o n   t o   e s t a b l i s h   c l e s i g t l   c r i t e r i a  f o r  i n t e r f a c i n g  
w i t h  t h e - c o n t r o l  s y s t e m ,  t h e   o p e r a t i o n a l   s e q u e n c i l l g ,   t . e l . c m e t r y ,   p r e l a u n c h   c h e c k -  
o u t ,   a n d   m i s s i o n   a c c u r a c y .   T h e   a d d i t i o n  of  a c l o s e d - l o o p   g u i d a n c e   s y s t e m   t h e n  
imposes  changes o f  t h e   e x i s t i n g  . sys tem t h a t   v o u i d  bc, d e f i n e d   b y   t h e   g u i d a n c e  
c o n t r a c t o r  as a change 01- new r e q u i r e m e n t .  ;hid g u i d a n c e   l o g i c  is  d e s i g n e d  as a 
f u n c t i o n  of t h e   c r i t e r i ~   d i c t a t e d  b y  t h e   d e s i g n   r e q u i r e m e n t s ,   m i s s i o n   a c c u r a c y ,  
c o s t s ,   a n d   s u b s e q u e n t   r e c u r r i n g   c a s t s .  

". . ~ ~ _______ Software  design  Criteria.- T h e  g u i d a n c e   s o f t w a r e   d e s i g n   r e q u i r e m e n t s  are de- 
r i v e d   f r o m   s p e c i f i c a t i o n s  of t h e   S c o u t   v e h i c l e ,  i t s  m i s s i o n s ,   a n d   a s s o c i a t e d  
d a t a .   T h i s   i n f o r m a t i o n  i s  u s e d   a s   t h e   b a s i c   g u i d e l i n e   f o r   t h e   s p e c i f i c   d e s i g n  
a n d   c h e c k o u t   c r i t e r i a   o f   t h e   g u i d a n c e   s o f t w a r e .  

Mission specification.- S p e c i f i c a t i o n s   o f  a m i s s i o n  are b a s e d   o n   t h e   r e s u l t s  
of a m i s s i o n   a n a l y s i s .   T h e   a n a l y s i s   i n c l u d e s   c o n f i r m a t i o n  of  t h e   f e a s i b i l i t y  of 
t h e   a p p l i c a b l e   v e h i c l e   t o   p e r f o r m   t h e   m i s s i o n .  T h e  s p e c i f i c a t i o n s   c o v e r  a l l  
g e n e r a l   a r e a s   c o n c e r n e d   w i t h   t h e   m i s s i o n :  

. - . . . . - - " - 
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V e h i c l e   t o   b e   u s e d ;  

Launch s i te ;  

Range s a f e t y   c o n s i d e r a t i o n s ;  

On-pad t a r g e t i n g   r e q u i r e m e n t s ,   i f   a n y ;  

Type   of   miss ion- -orb i t   o r   reen t ry ;  

F i n a l   p a y l o a d  s t a t e ;  

A c c u r a c y   o f   r e q u i r e d   s t a t e ;  

Range of launch   az imuth ;  

P a y l o a d   o r i e n t a t i o n ;  

I n f l i g h t   r e q u i r e m e n t s .  

The p r e v i o u s   s t a t e m e n t s  are g e n e r a l i t i e s   a n d   o t h e r   t y p e s  of   requi rements  
t h a t  are more s p e c i f i c  may b e   g i v e n .  

The m a j o r   r e q u i r e m e n t s   o f   t h e   g u i d a n c e   e q u a t i o n s   a r e   d e t e r m i n e d   b y   t h e  mis- 
s i o n   s p e c i f i c a t i o n s .  The   types   o f   miss ions   cons idered  are ground-launched  only,  
i n   w h i c h   t h e   f i n a l   i n j e c t i o n  may b e   e a r t h   o r b i t ,   r e e n t r y ,   t r a n s l u n a r ,   o r   o t h e r  
e a r t h  escape o r b i t s .  

A l t h o u g h   t h e   g u i d a n c e   s o f t w a r e   e q u a t i o n s   s h o u l d   i d e a l l y   a p p l y   t o   a l l   t h e  
s p e c i f i e d   m i s s i o n s ,   t h i s  i s  g e n e r a l l y   n o t   p o s s i b l e   b e c a u s e  of t h e   d i f f e r e n t  
m i s s i o n - p e c u l i a r   s i t u a t i o n s .  The   pena l ty   one   pays   to   cover  a l l  missiosls i s  t h e  
n e e d   f o r   a n   u n n e c e s s a r i l y   l a r g e   c o m p u t e r   u n i t   t h a t   d e g r a d e s   v e h i c l e   p e r f o r m a n c e  
p r e d i c t i o n s   a n d   i n c r e a s e s   h a r d w a r e   c o s t s .  The  one  except ion i s  t h e  .lass of 
m i s s i o n s   t h a t   h a s   t h e  same schedu le   o f   even t s   and   t he  same type  of coi-1.3traints. 
For  example, a gu idance   s cheme   t ha t   pe rmi t s  a p a y l o a d   t o   b e   l a u n c h e d   i n t o   a n  
e a r t h   o r b i t   c a n   b e   s u p p l i e d   w i t h   c o n s t a n t s   t o   b e   u s e d   f o r  a r e e n t r y   m i s s i o n   t h a t  
h a s   n o   r a n g e   c o n s t r a i n t .  

The s t a t e - o f - t h e - a r t   g u i d a n c e   e q u a t i o n s   a p p l i c a b l e   t o   t h e   S c o u t   v e h i c l e  are 
g e n e r a l l y   i n  two c l a s s e s - - r a n g e - c o n s t r a i n e d   r e e n t r y   a n d   o r b i t a l   o r   s u b o r b i t a l  
nonrange-cons t ra ined   schemes .  The t y p e   o f   m i s s i o n s   s p e c i f i e d  is one   of   the  
p r i n c i p a l   f a c t o r s   i n v o l v e d   i n   t h e   m e t h o d   o f   s E e e r i n g   t o   b e   u s e d .  'The accu racy  
r equ i r emen t s   o f   t he   mi s s ion  may be s t r i c t  enough t o   r e n d e r  some  methods  unaccept- 
a b l e .   I f   t h e s e   r e q u i r e m e n t s  are t o o   s t r i n g e n t ,   d e v e l o p m e n t  time a n d   c o s t s  w i l l  
b e   i n c r e a s e d .  

B e c a u s e   o f   r a n g e   s a f e t y   c o n s t r a i n t s   o r   m i s s i o n   r e q u i r e m e n t s ,  a mis s ion   p ro -  
f i l e  may r e q u i r e   t h e   f l e x i b i l i t y  of  dogleg  maneuvers.   This  would  be  included 
i n   t h e   d e s i g n   o f   t h e   s o f t w a r e   e q u a t i o n s .  
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M i s s i o n s   t h a t  are t a r g e t l t i m e - d e p e n d e n t  w i l l  r e q u i r e   t h a t   g u i d a n c e   p a r a m e -  
ters b e   c o n t i n u a l l y   u p d a t e d  s o  t h e   p r o p e r   t r a j e c t o r y   c a n   b e   f l o w n   r e l a t i v e   t o  
t h e  t i m e  of   l aunch .   These   types   o f   miss ions  are r e n d e v o u s   w i t h   o t h e r   s o l a r  
b o d i e s   o r   o r b i t i n g  satell i tes.  A d d i t i o n a l   s o f t w a r e  w i l l  b e   n e c e s s a r y   f o r   t h i s  
func t ion .   S imple   and   accu ra t e   p rocedures   wou ld   p l ace   t he   so f tware   fo r   gu idance  
u p d a t e   i n   t h e   a i r b o r n e   c o m p u t e r   r a t h e r   t h a n   r e q u i r i n g  a ground  computer  and  in- 
t e r f a c i n g   e q u i p m e n t  f o r  a complex  updat ing  program. 

V e h i c l e   c h a r a c t e r i s t i c s . -  A l l  o f   t h e   v e h i c l e   o p e r a t i n g   c h a r a c t e r i s t i c s   m u s t  
be known t o   i n s u r e   p r o p e r   i n t e r f a c i n g   b e t w e e n   t h e   v e h i c l e   s y s t e m s   a n d   t h e   g u i -  
dance   sys  t e m ,  i n c l u d i n g :  

V e h i c l e   c o n f i g u r a t i o n   d e s c r i p t i o n ;  

V e h i c l e   o p e r a t i n g   s e q u e n c e  o f  e v e n t s ;  

Mass p r o p e r t i e s ;  

S t r u c t u r a l   c o n s t r a i n t s ;  

H e a t i n g   c o n s t r a i n t s ;  

P r o p u l s i o n   s y s t e m   d a t a ;  

S t ag ing   and   i gn i t i on   mechan i sms ;  

C o n t r o l   s y s t e m   o p e r a t i o n ;  

P e r f o r m a n c e   c a p a b i l i t y ;  

Aerodynamic c h a r a c t e r i s t i c s ;  

P e r t i n e n t   v e h i c l e   p e r f o r m a n c e   d i s p e r s i o n s .  

T h e   s e q u e n c e   o f   e v e n t s   a n d   o t h e r   e s s e n t i a l   i n f o r m a t i o n   r e l a t i n g   t o   e a c h  
s t a g e  w i l l  become a n   i n t e g r a l   p a r t  of t h e   g u i d a n c e   l o g i c  f l o w .  Any d i s c r e t e  
e v e n t   s u c h  as a n   i n f l i g h t   s t a g e   i g n i t i o n   t h a t  is  t o   b e   c o n t r o l l e d   b y   t h e   g u i -  
dance   sys t em  mus t   be   spec i f i ed  s o  t h e   p h y s i c a l   i n t e r f a c e   c a n   b e   d e s i g n e d .  

The g u i d a n c e   s o f t w a r e   t o   i n t e r f a c e   w i t h   t h e   c o n t r o l   s y s t e m  w i l l  b e   d e t e r -  
m i n e d   b y   t h e   c h a r a c t e r i s t i c s   o f   e a c h   s t a g e ' s   c o n t r o l   s y s t e m .   T h i s  w i l l  be  done 
t o   a s s u r e   t h a t   t h e   p r o p e r   v e h i c l e   a t t i t u d e  is ach ieved .  

The v e h i c l e   c h a r a c t e r i s t i c s  w i l l  a l s o   b e   u s e d   i n   t r a j e c t o r y   s i m u l a t i o n   p r o -  
grams t o   v e r i f y   t h a t   c o n s t r a i n t s   h a v e   n o t   b e e n   v i o l a t e d   a n d   t h a t   t h e   g u i d a n c e  
p h i l o s o p h y   t o   b e   a p p l i e d   s a t i s f i e s   t h e   a c c u r a c y   r e q u i r e m e n t s   a n d  mission r e q u i r e -  
m e n t s   u n d e r   a n y   a p p l i c a b l e   d i s p e r s e d   c o n d i t i o n s .  

Guidance  hardware.- The g u i d a n c e   h a r d w a r e   i n t e r f a c i n g   d a t a   i n v o l v e   t h e   i n -  
e r t i a l  measu remen t   un i t ,   compute r   un i t ,   t iming   synchron iza t ion ,   and   p l a t fo rm 
a l ignmen t .  The f o l l o w i n g   f u n c t i o n s   m u s t   b e   c o n s i d e r e d  f o r  t h e   r e s p e c t i v e  
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50bsys L a m :  

1) I n e r t i a l  measurement  unit ,  

a )  Gimbal axes a l ignment ,  

b)  Gimbal  angle  measurement  system, 

c)  Accelerometer  measurement  system, 

d)  Platform slew ra tes ,  

e )  Compensable e r r o r   t e r m s ,  

f )  Gimbal   angle   cons t ra in ts ;  

2)  Computer u n i t ,  

I n s t r u c t i o n   r e p e r   t o i r e  , 

I n s t r u c t i o n   c y c l e  time, 

8 i  ts /words , 

Clock  f requencies ,  

Avai lab le  memory, 

Dig i ta l - to-ana lcg   conver te rs ,  

Type of words ( f i x e d ,  f loatl ing) ; 
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Guidance  Concepts 

The  improved i n e r t i a l   p l a t f o r m   f o r   S c o u t  w i l l  p r o v i d e   a t t i t u d e   r e f e r e n c e s  
r e l a t i v e   t o   t h e   l a u n c h  s i t e  when t h e   g u i d a n c e   s y s t e m   g o e s   i n e r t i a l ,   a n d   i n t e -  
g r a t i n g   a c c e l e r o m e t e r s   t o   p r o v i d e   t h e   e f f e c t s  of e x t e r n a l   f o r c e s   a c t i n g  on t h e  
v e h i c l e  mass i n  the form of th ree   o r thogona l   componen t s  of v e l o c i t y   c o u n t s .  The 
v e l o c i t y  terms a r e   s c a l e d ,   c o m p e n s a t e d   f o r  known e r r o r s ,  and   t ransformed  to  a 
conven ien t   coo rd ina te   sys t em  where  a gravi ty   model  i s  a d d e d .   T h e s e   r e s u l t s  are 
n u m e r i c a l l y   i n t e g r a t e d   i n   t h e   c o m p u t e r   a n d   y i e l d   p o s i t i o n   a n d   v e l o c i t y  a t  t h e  
measured time. N a v i g a t i o n   n e e d   n o t   b e   t h i s   c o m p l e t e ;  i t  is s o l e l y  a func t ion   o f  
g u i d a n c e   e q u a t i o n   r e q u i r e m e n t s .  

The gu idance   a lgo r i thm  used   du r ing   t he   a scen t   phase   t h rough  the atmosphere 
may b e   d i f f e r e n t   t h a n   t h a t   u s e d   f o r   t h e   u p p e r   s t a g e s .   T h i s   s t r i c t l y   d e p e n d s  on 
t h e  f u n c t i o n a l   c h a r a c t e r i s t i c s  of t h e   u p p e r   s t a g e   g u i d a n c e   p h i l o s o p h y .  

The gu idance   a lgo r i thm is  used   t o   compute   t he   des i r ed   a t t i t ude   and  i s  com- 
p a r e d   t o  t h e  g imba l   ang le   measu remen t   i n   t he   app ropr i a t e   coo rd ina te   f r ame .   Th i s  
s i g n a l  i s  t h e n   u s e d   t o   d r i v e   t h e   v e h i c l e   c o n t r o l   s y s t e m   t o   o b t a i n   t h e   r e q u i r e d  
a t t i t u d e .  

S i n c e   t h e   S c o u t   v e h i c l e   f i n a l   b u r n  i s  t o   f u e l   d e p l e t i o n ,  any   r equ i r ed   ve lo -  
c i t y  must b e  a t t a i n e d  by t h e   f i n a l   s t a g e   a t t i t u d e   c o n t r o l   j e t s .  The gu idance  
d u r i n g   t h e   f i n a l   s t a g e  w i l l  b e  designed  to   augment  t h e  b u r n o u t   v e l o c i t y  by p u l s -  
ing t h e s e   c o n t r o l  j e t s  i n   t h e   p r o p e r   o r i e n t a t i o n .  

F igu re  33 i l l u s t r a t e s   t h e   g e n e r a l   i n f l i g h t   c l o s e d - l o o p   g u i d a n c e   s y s t e m .  

Guidance  equat ions   and  loq ic  philosophy.- The s t r u c t u r e  of t he   gu idance   l og -  
i c  i s  d e s i g n e d   t o   b e   s y n c h r o n i z e d   w i t h   t h e   v e h i c l e   o p e r a t i o n a l   s e q u e n c e  of 
e v e n t s .   T h i s   d o e s   n o t   i m p l y   t h a t   t h e   v e h i c l e   s e q u e n c e  is i n d e p e n d e n t   o f   t h e  
g u i d a n c e   l o g i c ,   o n l y   t h a t   t h e   g u i d a n c e   s y s t e m  w i l l  be   cogn izan t   o f   t he   s equence .  
The g u i d a n c e   l o g i c  i s  u s u a l l y  made up i n  terms of  two  primary time cycle   f rames--  
a ma jo r   cyc le   i n   wh ich   t he   ma in   f r ame   nav iga t ion   and   gu idance   equa t ions  are com- 
puted,   and a minor   cyc le  i n  w h i c h   a t t i t u d e  commands are i s s u e d  a t  a h i g h  rate,  
i n s t r u m e n t a t i o n   d a t a   a r e   s a m p l e d ,   a n d   n o r m a l l y   t h r u s t   t e r m i n a t i o n  i s  execu ted .  

G u i d a n c e   s t e e r i n g   a l g o r i t h m s  are c l a s s i f i e d  by  two c a t e g o r i e s - - e x p l i c i t   a n d  
i m p l i c i t .  The e x p l i c i t  form is b a s i c a l l y  a so lu t ion   o f   t he   two-po in t   boundary  
va lue   p roblem,  i . e . ,  t r a v e r s i n g  a p a t h   f r o m   a n   i n i t i a l  s ta te  t o  a d e s i r e d   f i n a l  
s ta te .  The s o l u t i o n   s h o u l d   n o t   d e g r a d e   p e r f o r m a n c e   t o   a n y   e x t e n t .  The s o l u t i o n  
i n   g e n e r a l  is n o t  i n  c l o s e d   f o r m ,   b u t   r a t h e r   a p p r o x i m a t i n g   s o l u t i o n s .   S i n c e  
these   approx ima t ions  are v a l i d   o n l y   o v e r   s h o r t  arcs,  a t  t h e  commencement of gu id -  
a n c e   s t e e r i n g   l a r g e   s t e e r i n g   s i g n a l s  may r e s u l t   b e c a u s e   o f   t h e   i n i t i a l  s tate 
and  then  converge t o  t h e   p r o p e r   s o l u t i o n  as t h e   f l i g h t   p r o g r e s s e s .   T h e s e   t y p e s  
o f   equa t ions  are n o t   t r u l y   e x p l i c i t  due t o   t h e   a p p r o x i m a t i o n s .  
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The i m p l i c i t   f o r m  of gu idance   equa t ions   so lves   t he   two-po in t   boundary   va lue  
through  ind i rec t   means .   The   method  of   us ing   the   appl ied   equat ions   depends   on  
o t h e r   f u n c t i o n s   t h a t  are precomputed. 

There are two m a j o r   c o n s i d e r a t i o n s   i n   d e t e r m i n i n g   t h e   u s e   o f   a n   e x p l i c i t   o r  
i m p l i c i t  s e t  o f   g u i d a n c e   e q u a t i o n s .   T h e   f i r s t  is t h a t   t h e   i m p l i c i t  s e t  g e n e r a l l y  
i s  given  by a smaller s e t  of e q u a t i o n s   t h a n   t h e   e x p l i c i t  se t .  T h i s   r e d u c e s   t h e  
core   requi rements   o f   the   computer ,   the   cyc le  time t o  compute the   gu idance   func-  
t i o n ,   a n d   t h e   c o s t   b e c a u s e  of less co re   r equ i r emen t .  I t  is a l s o   s i m p l e r   t o   p r o -  
gram.  The  second  considerat ion is the   t a rge t ing   p rocedure   (gu idance   cons t an t s  
gene ra t ion )   r equ i r ed   o f   each   gu idance   t ype .  The i m p l i c i t  set g e n e r a l l y   r e q u i r e s  
much more e f f o r t   t o  a r r ive  a t  t h e   n e c e s s a r y   c o n s t a n t s   t h a n   t h e   e x p l i c i t  s e t .  
T h i s   i n c r e a s e s   r e c u r r i n g   c o s t s   a n d   d o e s   n o t   e a s i l y   l e n d   i t s e l f   t o   f l e x i b l e   s i t u -  
a t i o n s  . 

Prope r   s e l ec t ion   o f   t he   gu idance   ph i lo sophy  is thus  a t r adeof f   be tween   cos t s ,  
f l e x i b i l i t y  , and  complexity . 

Guidance Equat ions 

L i n e a r  Sine.-  The " l i n e a r   s i n e ' '  m e t h o d   d e s c r i b e d   h e r e   s a t i s f i e s   r a d i a l   p o s i -  
t i on   and   ve loc i ty ,   nu l l i ng   no rma l   componen t s   o f   pos i t i on   and   ve loc i ty   wh i l e  s i -  
m u l t a n e o u s l y   s a t i s f y i n g   t o t a l   v e l o c i t y .  

The p i t c h   p l a n e   s t e e r i n g  is  d e r i v e d  as d i s c u s s e d   i n   t h e   f o l l o w i n g   p a r a g r a p h s ,  

The  two-body e q u a t i o n  of m o t i o n   i n   t h e   r a d i a l   d i r e c t i o n   i n   p o l a r   c o o r d i n a t e s  
o p e r a t i n g   i n  a c e n t r a l   f o r c e   f i e l d :  

where 

%r = r a d i a l   t h r u s t   a c c e l e r a t i o n ,  

- = g r a v i t a t i o n a l   a c c e l e r a t i o n ,  r 

J r  = c e n t r i p e t a l   a c c e l e r a t i o n .  

An assumption is made w i t h   r e g a r d   t o   t h e   r a d i a l   d i r e c t i o n   r e q u i r e d :  
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- %r = A + Bt(' 7- <2r) 
"r 

where t = time. S u b s t i t u t i n g  (2)  i n t o  (1) f o r  +r, 

Y = ( A  + B t )  + . (3)  

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

A ="- Thrust 
T Mass 

D i v i s i o n  by mass f low rate M y  

Thrus t  

B 'e 
% = M a s s = -  Tr Er 

where 

'e B go s p  
- _" Thrust - I = e f f e c t i v e   e x h a u s t   v e l o c i t y ,  

Tr = - = time t o  mass d e p l e t i o n .  
Mass 
B 

AVs - - - Ve 

A f t e r   m a n i p u l a t i n g   t h i s   e q u a t i o n ,  

O p e r a t i o n a l l y ,  T i s  o b t a i n e d  by ( 7 )  where A t  is  t h e   s a m p l e   i n t e r v a l   a n d  AVs 

is the   s ampled   " sensed1 '   ve loc i ty .  V remains a c o n s t a n t ,   t h e   n o m i n a l   e x h a u s t  

v e l o c i t y .  Though t h e  I can   change   t he   s ensed   ve loc i ty   changes   p ropor t ion -  

a l l y ,  which  gives  T t h e   p r o p e r   v a l u e   i n   c a l c u l a t i o n  of t h e   t h r u s t   a c c e l e r a t i o n .  

r 
e 

SP 

r 
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T i s  a l s o  TrO - t ,  where  T is t h e   o r i g i n a l   v a l u e :  
r rO 

i: = ( A  + B t )  .) . 

M a n i p u l a t i n g  (8) , 

Y = -BVe + ( A  + BTrO) ( TT) . 

The p a r a m e t e r s  A ,  B ,  V and TrO are  a s s u m e d   c o n s t a n t :  e 

Y = A ’ + B  r r 4 r  * 

Equa t ion  (10) is t h e   s t e e r i n g  law, A: and B r  are n e x t   f o u n d .   I n t e g r a t i n g  (10) 

from t t o   c u t o f f   ( T  ) : N g 

r f = r + V r g  T + Cg [,,’Ai ds] d t  + B r  ITg [it % ds] dt] , ( 1 2 )  

0 

The i n t e g r a  Is 

g 

lTg [Jt % d s J   d t  = vg T~ - vg T= + ve T g 

where 
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Subs t i t u t ing   (13 )   and   (14 )   i n to   (11 )   and   (12 )   pe r fo rming   t he   j . n txSra t lda ,  :>UI~- 

i n g   f o r  A' and Br ,  t h e n   s u b s t i t u t i n g  A' and Br  i n t o   ( 1 0 )   g i v e s  r r 

where 

I t  is now e a s i l y   s e e n   t h a t   t h i s   d e r i v a t i o n a l   p r o c e d u r e  was to   supp ly   an   ap -  
p rox ima t ing   func t ion   t o   t he   equa t ions   o f   mo t ion   t ha t   cou ld   be   so lved .   Th i s  so-  
l u t i o n   c a n n o t   b e   c a r r i e d   o u t   t o   c u t o f f   s i n c e  T g o e s   t o   z e r o   a n d  i s  i n   t h e  de- 

nominator ,  Thus,  a t  some a r b i t r a r y  time p r i o r   t o  T 5 0 where B has   converged 

t o  a s u i t a b l e   s o l u t i o n ,  A is then  computed  by  extrapolat ion of B : 

g 

g r 
r r 

T h i s  means t h a t   i n   t h e  l a s t  few  seconds  of  the  burn,   guidance is open  loop. A s -  
suming t h a t   v e h i c l e   p e r f o r m a n c e   d o e s   n o t   c h a n g e   i n   t h o s e  few  seconds,   guidance 
w i l l  f u n c t i o n   p r o p e r l y .  

The d e s i r e d   r a d i a l   t h r u s t   a c c e l e r a t i o n  i s  

c 

where 

i- = t a n g e n t i a l   v e l o c i t y .  
t 

Yaw s t e e r i n g  i s  similar. An o r b i t a l   p l a n e  i s  defined  where  normal  components 
of   the  state are d e s i r e d  tc! be z e r o :  
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The e s t i m a t e   o f  T ( t i m e - t o - g o   t o   c u t o f f )  .- One p rocedure  is t o   u s e   a n g u l a r  
~~ ~ ." 

momentum r e q u i r e d  w i t h  r e s p e c t   t o  a d e s i r e d   v a l u e :  

Ah = h f  - h ( 2 0 )  

where 

hf  = d e s i r e d   a n g u l a r  momentum magnitude a t  c u t o f f  

h = p r e s e n t   a n g u l a r  momentum magnitude.  

The r e q u i r e d   a n g u l a r  momentum t o   b e   g a i n e d   c a n   a l s o   b e   e x p r e s s e d  by 

Ah =LTg i7 d t  . 

The magnitude of h i s  g iven  by t h e   r a d i u s  R times t h e   t a n g e n t i a l   a c c e l e r a t i o n .  
The m e c h a n i z a t i o n   t o   t h e   s o l u t i o n  of ( 2 1 )  can   be   eva lua ted   u s ing   S impson ' s   i n -  
t eg ra t ion   fo rmula .   F ive   equa l ly   spaced   po in t s  of t h e   i n t e g r a l  6 are s e t  up. 

-" Tangen t i a l   acce l e ra t ion  a t  each  point . -  T h i s  i s  d e r i v e d  by 

ATT ( t j )  = [$ ( t j )  - GR ( t . 1  - A& ( t j )  I' . 
J (22) 

T h e   a c c e l e r a t i o n s  
g i v e n   p r e v i o u s   l y  : 

t o   b e   u s e d   i n  ( 2 2 )  are t h e   s o l u t i o n s  t o  the   gu idance   p roblem 

\ R = A ; i + B r % - ~ + ~ 2 R  u 

\n = An + Bn 4r 

w2R = h2/R3 . 

T h e s e   e q u a t i o n s  are a p p l i e d  a t  t h e   e q u a l l y   s p a c e d   p o i n t s   w i t h   1 i n e a r . i n t e r v o l a -  
t i o n   u s e d   t o   o b t a i n   g r a v i t y   a n d   c e n t r i p e t a l   a c c e l e r a ' d o n s   t o   d e f i n e  h a t  each 
p o i n t .  The s o l u t i o n   t o  ( 2 1 )  i s  then  

where 

T '  is t h e   i n i t i a l  estimate of T . 
g g 
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Ah' i s  compared t o   t h e   t r u e   a n g u l a r  momentum t o  pL-Ld.gjC 811 ad jus tmen t   o f   t he  
i n i t i a l  estimate of T : 

g 

The t i m e - t o - g o   p r o v i d e s   t h e   m e a n s   t o   s i u u l t a i : e o 1 ~ s l y   s a t i s f y   p o s i t i o n ,   f l i g h t -  
p a t h   a n g l e ,   a n d   v e l o c i t y .  T p r o v i d e s   t h e  t i m e  fram s/ithi:l rJhich t h e   s t e e r i n g  

e q u a t i o n s  are t o   o p e r a t e  co s a t i s f y   p o s i t i o n   a n d   r ' l . i g h t p a t h   a n g l e ,   S i n c e  T is 

a func t ion   o f   augu la r  momentum r x V ,  i t  can be s e m  t h a t   s i m u l t a n e o u s  satis-, 
f a c t i o n   o f   t h e   d e s i r e d  s t a t e  can   be   ob ta ined .  

g 

+ +  8 

Thus t h e   s t e e r i n g  is accomplished by (18) and { 19), w h i c h   d e f i n e   t h e   d e s i r e d  
a t t i t u d e  of the   - ;eh ic le ,  2x4 T'- w i 3 . 1  c ie te-mine .':?c: oatisfzc;: lc;n of v e l o c i t y .  

These   equat ions  are deslgr : . : . ;  i o  o~erar !?   OX:^ 2% L ' . : . :  .-I: ~ - ~ p b t : r e .  These   equa t ions  
can  be se t  up f c r  rFndc{:ou- ?i...3alc;ns9 <njec r i c~n  i L , i . : )  O - L l J i t s  w i t h   d e s i r e d   t r u e  
anomoly, o r   o t h e r   c o i r d i t i o r x  :hen i n f i i gbx t  t a r g e t i n g  t o  u p d a t e  r f ,  2 and Vf 
is  made p a r t  of  zhe   gu ids : ce   equa t ions .   Th i s  schein- i o  set  up t o   s a t i s f y   e n d  
c o n d i t i o n s  on a per-.st.ag:e ha- is, Thu:;, multistaze v e h i c l e s   r e q u i r e  a r e f e r e n c e  
t r a j e c t o r y  0's p r o c e L t r e s  t o  i e E i ~ ? e  i n t e r m e d i a t e  iinrg;c?t p o i n t s .  

. ,  

f '  

Q - m a t r i x  guidance.- . The '!hsosjr and  concepts G.? .the Q ,matr ix   guidance were 
developed  by  the I i l s t r ~  .?:L.%e.iliGiL Labgra tory  OS XT'i 'o 'She Q-matrix guidance  scheme 
as d e s c r i b e d  i s  used t ' ~  plats a v e h i c l e   i n  a f r se f s l J . -Zype   o f   t r a j ec to ry -  

The r e q u i r e d   v e l o c i t y   o f  a v e h i c l e  a t  t h e  s tar t  of free f l i g h t   t o   s a t i s f y  a 

given  range i s  d e f i n e d  t o  b e   t h e   c o r r e l a t e d   v e l o c i t y  wcctcJrS V : 
i- 

c 

where 
+ 
r = v e h i c l e  PC.; i r i . 3 ~ 1 ~  

-+ 
r = t a r g e t  p c z i t i o n  a t  . h u n c h ,  

r = t a r g e t   p o s i t i o n  a;: i i r i e r c e p t  time, 

TL 

T I  

tE = t ime  s ince   l a l :nch ,  

tFT = t o t a l  time of f l i g h t ,  

tFF = f r e e - f l i g h t  time. 
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I " 

T.f t h e   r o t a 1  time o f   f l i g h t  i s  d e f i n e d   t o   b e   c o n s t a n t ,   t h e n  rTI is  c o n s t a n t   a n d  
( 2 4 )  r e d u c e s   t o  

+ 

+ 
Vc = f ( r ,  t ) = f ( r ,  

-+ -3- 

E %F) (26) 

T h i s   f u n c t i o n  i s  expanded i n  terms o f   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   v a r i a b l e s  

In f r e e   f l i g h t ,  a t  some p o i n t  A on t h e   p o w e r e d   p o r t i o n   o f   t h e   t r a j e c t o r y  a t  time 
tE : 

Then 

Rea r rang ing  

+ 

FF 

(e) = v c  
-b 

FF 

(%)A = "s - ($)A av $c 

A t  t h e  same p o i n t  A a t  time t t h e   d e p a r t u r e   f r o m   p o w e r e d   f l i g h t  is the   ve -  

h i c l e   v e l o c i t y  "v 
E' 

M: 

S u b s t i t u t i n g  (31) i n t o  ( 3 2 ) ,  

149 



Veloci  . ty- 

A 

t o - b e - g a i n e d   u n t i l   t h r u s t   t e r m i n a t i o n  i s  

3 = V c - V M  . + +  
g 

Rearranging ( 3 3 )  and   u s ing  ( 3 4 )  , 

(2j = - ($j* qg +; 
PF 

The d i f f e r e n t i a t i o n  of V y i e l d s  
-+ 

g 

+ - F A +  
V = V - VM + Vc - (aT + g) 

g c  

S u b s t i t u t i n g  ( 3 6 )  i n t o  ( 3 5 ) ,  

( 3 3 )  

( 3 5 )  

Equat ion ( 3 7 )  is  t h e   g e n e r a l i z e d  Q-matrix guidance law, and  expanclcd iz1ir.v m a t r i x  
form is 

where 

2 - avcx " avcx 

aVCY aVCy 

avcz avcz avcz 

ax ay az 

[Qi j I  = ax __ - ay az 

"__ ax ay az 
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Delta  guidance  equations.- These  equations are based on approximations  to  
t h e   s e n s i t i v i t i e s  of   t a rge t  miss wi th   respec t   to   the   de l ta   f rom  nominal   burnout  
s ta te  vec to r s .  

Define x and z t o   b e   i n   t h e   p i t c h   p l a n e .   T h e r e  is some p o i n t   i n   t h e   v e h i c l e  
f l i g h t   p a t h  whose coord ina tes  are x ,  y ,  z ,  9 ,  t where  an ? and i e x i s t   t h a t  will 
s a t i s f y   t h e   t a r g e t  miss requirement of zero.   This  is the   requi red   ve loc i ty   and  
is defined  to   be  for   the  nominal   burnout   point .  

I f  t he   r equ i r ed   ve loc i ty  is compared t o   t h e  measured  velocity,  a v e l o c i t y  
increment   that   must   be  gained  to   obtain  the  required  veloci ty  is def ined  as 

Pe r tu rba t ions  on t h e   t r a j e c t o r y   r e q u i r e   s m a l l   c o r r e c t i o n s   t h a t   d e f i n e  a nev 
r e q u i r e d   v e l o c i t y  

where io and io are the  nominal   values   of   required  veloci ty .  

The r equ i r ed   ve loc i ty  is now 

A G * = ( ? - ? ) + A i  
g 0 E 

(48) 

A i  * = (i - i ) + A i E  
g 0 (49) 

The de l ta   e r rors   can   be   approximated  by a Taylor series expansion o f  t h e  
nominal  cutoff s ta te  vec tor .  Many terms are generated,   but   only a few have any 
s ign i f i cance :  

A? = D l  A X  + D2 Ay + D3 A Z  + D 4  Ajr + D5 A t  + D6 (Axj2 + D7 ( A Y ) ~  
E 

+ De AX Ay + Dg + D l 0  Ax A? + D l 1  Ay A9 , 
and 



These r e s u l t s  are then   the   cor re la t ion   o f   the   requi red   ve loc i ty  i n  free f l i g h t  
t o   t h a t   i n  powered f l i g h t .  

I 
V is u s e d   t o   a f f e c t   t h e   d i r e c t i o n   o f   t h e  thrust vector  and  can  be  done by 

g 
cross-product   s teer ing:  

-f 4"t 
w = - Kw (V X VG) 

C g 

where 

-f 
w = a command turn ing  rate i n   i n e r t i a l   s p a c e   a n d  a 

K = a g a i n   c o n s i s t e n t   w i t h   t h e   v e h i c l e   s t a b i l i t y   r e q u i r e m e n t s   a n d   t r a j e c t o r y  

-f 

C T' 

TJ shape. 

-t 
V must  be  misaligned  with V by a t  least 90" when s t e e r i n g  commences o r   t h e  

method will no t   func t ion   p rope r ly .  

-+ 
g g 

The app l i ca t ion   o f   t h i s  method f o r   o r b i t a l   i n j e c t i o n  would require   modif ica-  
t ion   o f   the   cor re la t ion   func t ions ,   e .g . ,  as redef in ing ,  by the  proper mathema- 
t ics,  the  Q-matrix to   be   func t ions   o f   o rb i t a l   pa rame te r s .  

Trajectory f i t  method.- Various  steering  methods  can  be  derived  directly 
from  the  functions of a nominal   t ra jectory.  Some are appl ied  only  during  the 
atmospheric  phase of the  boost   t ra jectory--for   example,   to   approximate a g r a v i t y  
turn.  

A g e n e r a l   v e l o c i t y   s t e e r i n g  method can   be   def ined   by   cont ro l l ihg   the   f l igh t -  
pa th   o f   the   vehic le  s o  

The implementation  of (38) is  t o   d e f i n e  a f u n c t i o n   t h a t   d e s c r i b e s   t h e   d e v i a t i o n  
of Vz i n  terms of a t t i t u d e  and  combining t h i s   w i t h   t h e   n o m i n a l   a t t i t u d e   f o r   t h e  

t o t a l  commanded a t t i t u d e .  

f 
The coordinate   system  in   which  the  funct ion  to   be  used i s  sketched.  
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The deviat ion  f rom  the  nominal  is derived  by  comparing  the  measured V t o  
2 

the  nominal V . The nominal  can  be  defined by f i t t i n g   p o i n t s   a l o n g   t h e   n o m i n a l  

t r a j e c t o r y  by t h e   l e a s t - s q u a r e   f i t t i n g   t e c h n i q u e s .  The exac tness  of f i t   u s i n g  
t h e   l e a s t - s q u a r e s   f i t t i n g  method wili depend on the   complexi ty   of   "shape"  to  
de t e rmine   t he   o rde r   o f   f i t .  The order  of f i t   a c t u a l l y  imposed  depends on the 
requi red   accurac ies .  The g e n e r a l   f u n c t i o n   t o   d e s c r i b e   t h e   a t t i t u d e   d e v i a t i o n s  
can  be 

z 

6 8  = -K 
C - f 2  <vx, x ,  =, (39) 

The func t ion   f2  is f i t t e d   t o   t h e   n o m i n a l  case and  can  be  of  the  form 

f2  = K X 1  + KX2 

where x, 2, t are determined  to  have no 

c o n v e r s i o n   f a c t o r   t h a t  is  determined on 

s i g n i f i c a n t   e f f e c t s .  K is a ga in  and 

the   bas i s   o f   t radeoff   be tween  vehic le  
C 

s t a b i l i t y  and e f f e c t i v e   s t e e r i n g .  68 is added t o   t h e   n o m i n a l   a t t i t u d e  command, 

which may be  of  the  form  given i n  ( 4 0 ) .  
C 

A s i m i l a r  method ca l led   ve loc i ty-wire ,   which  is  func t iona l ly   s e l f -desc r ip -  
t i v e ,   t h a t   c a n   s a t i s f y   v e l o c i t y ,   a l t i t u d e ,   a n d   f l i g h t p a t h   a n g l e  i s  nov descr ibed .  

+ 
Define V - -+ 

g - "DESIRED V t ~ ~ ~ ~ ~ *  
- F i t  k ( r a d i a l  rate) t o  a polynomia l   tha t  

is a function  of V to   the   requi red   o rder .   This   def ines  a d e s i r e d   r a d i a l  rate: 
g 

ic = A1 + A V + A V2 + 0 . 0  + An Vn-l 
2 g   3 g  g 

Then d e f i n e   t h e   e r r o r   i n  k by 

The commanded a t t i t u d e  is made a func t ion  of i n   t h e   f o l l o w i n g  manner: 
E 

It  is seen t h a t   t h i s   f u n c t i o n  i s  t o   n u l l   t h e   e r r o r s   t o   z e r o ,   w i t h  memory b u i l t  
i n   t o   e l i m i n a t e   a l t i t u d e   e r r o r s .  Thus, u s ing  V t o   a t t a i n   v e l o c i t y   i n   c o n j u n c -  

t i on   w i th  t h e  a t t i t u d e   s t e e r i n g   t o   s a t i s f y   f l i g h t p a t h   a n g l e  and a l t i t u d e ,   t h e  
s i m u l t a n e o u s   s a t i s f a c t i o n  of t he   des i r ed  s ta te  is a t t a i n a b l e .  

g 
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where 

A z =  z - z nom ' 
A t =  t - t (time) . nom 

Equations (50) and  (51) are used i n  (48)  and ( 4 9 )  t o   p r o v i d e   t h e   a t t i t u d e  com- 
mands i n  terms of  velocity-to-be-gained  vectors  such as shown i n   t h e  Q-guidance 
o r   u sed   i n   t he   fo rm  g iven   i n   t he   ve loc i ty -wi re  method. 

The c o e f f i c i e n t s  are derived  from  an  overdetermined se t  of   data   obtained by 
per turbing  the  nominal   burnout  by a series of   vehic le   and   naviga t iona l   d i sper -  
s ions ,   p ropagat ing   the   d i spersed   burnout  state t o   t h e   t a r g e t  and  computing  the 
miss s e n s i t i v i t i e s   w i t h   r e s p e c t   t o   t h e   p e r t u r b e d  state a t  burnout. 

Sumnary.- There are o ther   ava i lab le   gu idance   equat ions ,  some of  which are 
included i n  Appendix E,  t h a t  are no t   d i scussed   he re in .  The i n t e n t  is  t o  show 
some of   the  ra t ionale   used  in   the  rudimentary  development  of guidance  equations.  
The f u n c t i o n a l  form  of t h e   e q u a t i o n s   d o e s   n o t   n e c e s s a r i l y   r e f l e c t   t h e   a c t u a l  
mechanization  of  the  guidance  logic  and  equations.  For  example,  in ( 4 3 ) ,  the  
i n t e g r a l  is a numerical  procedure. The ac tua l   implementa t ion  of t h e   s t e e r i n g  
commands is no t   g iven   s ince   a t t i t ude   r e fe rence   sys t ems   va ry   and   con t ro l   sys t em 
i n t e r f a c e s  are different   f rom  vehicle- to-vehicle .  

Targeting 

Target ing is the  procedure  by  which  the  necessary  mission-dependent  guidance 
cons tan ts  are der ived.   Other   constants   such as the   un ive r sa l   g rav i ty   cons t an t  
are t rue   cons t an t s   t ha t   need   no t   be   gene ra t ed  on a mission-to-mission  basis.  
The importance of t a r g e t i n g  is  n o t   o n l y   r e f l e c t e d   i n   t h e   s a t i s f a c t i o n  of mission 
r equ i r emen t ,   bu t   a l so   i n   t he  t i m e  and  complexity of the  required  procedure.  
T h i s   r e f l e c t s   d i r e c t l y  on t h e   f l e x i b i l i t y  of t h e   e n t i r e   o p e r a t i o n  and  varying 
degrees   of   recurr ing  costs .  

General ly ,   the   s imple  guidance  equat ions  require  much precomputation  work, 
whereas  the more  complex e x p l i c i t   t y p e s   r e q u i r e  a minimum amount  of e f f o r t .  
Therefore ,   the   expl ic i t   equa t ions   can   be   t a rge ted   to  a new mission much more 
rap id ly ,   thereby   enhancing   f lex ib i l i ty   and   reducing   recur r ing   cos ts  . 

The exp l i c i t   gu idance   equa t ions   ca l l ed   " l i nea r   t a rge t "   u sed  on the  Centaur 
solve  the  guidance  problem  by  solving  the  equat ions  of   motion  to   the  specif ied 
end   condi t ions ,   t rea t ing   each   s tag ing   po in t  of t h e   v e h i c l e  as a d i scon t inu i ty ,  
a n d   s e t t i n g  up t h e   s e n s i t i v i t i e s  of  the  end  boundary  point  with  respect  to  the 
s teer ing   a lgor i thm.   This   t rea tment  of the  problem  only  requires   specif icat ion 

154 



o f   t h e   f i n a l  state  as the   t a rge t ing   procedures   and  is somewhat s i m i l a r   t o  tra- 
j e c t o r y   s h a p i n g   m e t h o d s   w h e r e   s e n s i t i v i t i e s   o f   f i n a l  s ta te  w i t h   r e s p e c t   t o  con- 
t r o l   p a r a m e t e r s  are used. 

The veloci ty-wire   scheme  requires   the  generat ion  of  a shaped   t r a j ec to ry ,  
ob ta in ing   da t a  by  which t o   f i t ,   m a n i p u l a t i n g   t h e   d a t a   i n t o   t h e   r e q u i r e d   f o r m ,  
f i t t i n g   t h e   d a t a ,   a n d   e s t a b l i s h i n g   t h e   p r o p e r   g a i n s .  

The Q-matr ix   type  of   guidance  requires   the  generat ion  of  many per turbed  tra- 
j e c t o r i e s   t o   e s t a b l i s h   t h e   " b e s t "   s e n s i t i v i t y   m a t r i x   ( [ Q ] )   f o r   t h e   g i v e n   m i s s i o n .  

The ta rge t ing   procedure   ranges   f rom  s imply   s ta t ing   des i red   end   condi t ions ,  
t o  complex  procedures   that   require  much time, e f f o r t ,  and  computer  runs.  This 
is a d i r e c t   r e s u l t  of the  type  of  guidance  method  used. 

Functional  capabilities o f  guidance logic.- I t  must   be  proved  that   the   gui-  
dance   equat ions   and   cons tan ts   sa t i s fy   miss ion   requi rements .   There  are two b a s i c  
l e v e l s  of  approved  acceptance  of  the  guidance  logic.   Both are done  by imple-  
ment ing  tne  guidance  logic   in  a computer  simulation  such as a t r a j e c t o r y  program 
t o   s i m u l a t e   f l i g h t .  

The f i r s t  is t o  implement  the  guidance  logic in  a t r a j e c t o r y  program i n   t h e  
format  of a l a rge   s c i en t i f i c   compute r .  The guidance   log ic  is exercised  under  
var ious   per turbed   condi t ions   to  show t h a t  i t  will funct ion   proper ly .  

The second  leve l  is  the  checks  imposed on the   gu idance   l og ic   t ha t  is i n   t n e  
format   of   the   operat ional   computer .   This   can  be  done  by  e i ther   loading  the 
opera t iona l   gu idance   log ic   in to   the   opera t iona l   computer   o r   by   us ing  a computer 
program tha t   s imula tes   the   opera t iona l   computer .  The guidance   log ic  is then 
e x e r c i s e d   t o   p r o v e   t h a t  i t  i r i l l  f unc t ion  as designed. 

The reason   for   per forming   the  two very  similar t a sks  is tha t   use   o f  the 
l a rge   s c i en t i f i c   compute r   checkou t   p rocedure  is much more cos t - e f f ec t ive .  I t  
also  provides  comparative  checks  between ~ X ~ J O  independent   procedures .  

Platform A1 ignment 

The func t ion  of t h e  iner t ia l  sens ing   ins t ruments  is to   p rov ide   t he  means t o  
nav iga te  i n  a spec i f i ed   coord ina te   sys t em  such  as an   ea r th -cen te red ,   r i gh t -  
handed  f rame  with  coordinates   in  the e q u a t o r i a l   p l a n e  and i n  a meridian  plane,  
The measuring  instruments are gene ra l ly   a l igned   i n   an   ea r th - f ixed   geograph ic  
c o o r d i n a t e   s y s t e m   r e l a t e d   t o   t h e   l o c a l  ver t ica l  and  the  launch si te azimuth. 

The al ignment   process  is  t o  level the   p l a t fo rm  and   t o   p l ace   t he   i n s t rumen t s  
a long a l i n e  knotm w i t h   r e s p e c t   t o   n o r t h .   T h i s   t h e n   s a t i s f i e s   t h e   t h e o r e t i c a l  
idea l   re la t ion   be tween  the   measurement   and   naviga t iona l   coord ina tes  : 
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where 

[A.  . ] = f (LATITUDE, LONGITUDE, AZIMUTH) 

[B . .] = f (INSTRUMENT ORIENTATION RELATIVE TO PLATFORM AXES) . 
=J 

1J 
The l eve l ing  of a platform is accomplished  by  the  appl icat ion  of   var ious  sensors  
and  methods t o   t h e  measurement   of   the   local   gravi ty   vector .  The g r a v i t y   v e c t o r  
is gene ra l ly   de f l ec t ed  from t h e   i d e a l  model  due to   l oca l   anomal i e s .   Th i s  er- 
r o r  is known from  geological  surveys  and is a p p l i e d   i n   t h e  [A. .] matr ix .  

1J 

A method t h a t  i s  used  to  level platforms i s  t o  use  the  measuring  accelerom- 
eter o u t p u t s   t o   p r o v i d e   t h e   s i g n a l   i n   t h e   l e v e l i n g   e l e c t r o n i c s .  Assume t h a t  
t he   o r i en ta t ion   o f  two acce lerometer   input   axes  are t o   b e   i n   t h e   d e s i r e d   l e v e l  
plane;  then  these two ins t ruments   would   no t   sense   any   grav i ta t iona l   e f fec ts .  

Since  the  measurement  unit is f i x e d   t o   e a r t h ,  i t  is i n  a rotat ing  f rame.  
The i n e r t i a l   a c c e l e r a t i o n  of  the  instruments  is given by 

where 

I deno tes   i ne r t i a l   space ,  

E denotes W/R e a r t h ,  

w = e a r t h   r o t a t i o n  rate 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 ,  
-f 

E1 
-f 

= pos i t i on   vec to r .  

Under terrestrial equal ibr ium,  gravi ty  is  e q u a l   t o   c e n t r i p e t a l   a c c e l e r a t i o n  
plus  anomalies : 

S i n c e   t h e   l e v e l  is de f ined   t o   be   no rma l   t o  g, components  of  cannot  be  sensed. 
Therefore, i f   t h e   p l a t f o r m  is n o t  level ,  the  accelerometers  w i l l  s e n s e   t h i s ,  
p rovid ing   the   bas i s   to  level the   p la t form.  The ac tua l   imp lemen ta t ion   o f   t h i s  
method involves   the   use   o f   f i l t e r ing   techniques   for   sys tem  noise   and   vehic le  
motion  caused by  wind gus ts .  
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The azimuth  alignment  can  be  accomplished  by  the  use  of  optical   devices 
based on surveys.   Gyrocompassing  could  also  be  used  uti l izing  the  gyroscopes 
and  accelerometers.  

The survey  method  for  azimuth  alignment is  t o   u s e  a p r e c i s e  kno1.m l o c a t i o n  
t o   u s e  as a re ference .   This   re fe rence   in   ex is t ing   sys tems is  communicated t o  
the   p la t form  by   op t ica l   devices .  A porro  prism  mounted  on  the  platform  with 
i ts  axes known i n   r e l a t i o n   t o   t h e   p l a t f o r m   a x e s  is used   to  effect a r e t u r n  image 
t o  a t h e o d o l i t e   e s t a b l i s h e d  a t  the  surveyed  locat ion.   This   then sets up the  
nu l l   po in t   i n   az imuth   and   fu r the r   changes   i n   az imuth  are measured  by  the  theodo- 
l i t e ,  which is  an  angle-measuring  device. 

Gyrocompassing  can  be  used t o  effect azimuth  reference.   Since  the s i te  10- 
c a t i o n  i s  well kno\.m, the  components  of ea r th ' s   ro t a t ion   needed   t o   t o rque   t he  
gyros   to   main ta in   an   ear th- f ixed   sys tem  unt i l   go- iner t ia l  is a l s o  well known. 
I f   t he   p l a t fo rm is not   p roper ly   a l igned   to   nor th ,   the   gyros  will s e n s e   t h e   e a r t h  
r o t a t i o n   t h a t  is  not  being  compensated  by  the  gyro  torquing  program.  This 
causes   t he   p l a t fo rm  to  tilt so t h e  level accelerometer   outputs   could  be  used  or  
gyro   p rec ise ion   opera ted  on to   e f f ec t   a l i gnmen t .  

These  alignment  procedures  can  be  used  to  drive  the  platform  hardware  to i t s  
p rope r   o r i en ta t ion  and  they  can  moniter  the  system  to  update [A. .] , [B.  . I ,  and 
o ther   da ta   such  as acce lerometer   b ias .  =J =J 

Prelaunch Checkout 

Operat ional   correctness   of   the   guidance  system is  assured  by  exercis ing  the 
ent i re   system  before   launch.   Programs are set up to  check  out  the  computer  and 
a l l  interfaces .   These  programs  range  f rom  ver i fying  that   the   computer   can  add 
d a t a  from two l o c a t i o n s   i n   t h e   c o m p u t e r ,   t o  moving t h e   c o n t r o l  vanes given  any 
p recond i t ioned   s i t ua t ion .  

Any indicat ion  of   anomalies  will be  given  by  an  incorrect  comparative  an- 
swer. The t o t a l   s y s t e m ' s   a n d   s u b s y s t e m s '   o p e r a t i o n a l   c h a r a c t e r i s t i c s  are used 
to   es tab l i sh   the   checkout  criteria. 

Guidance Software Summary 

The var ious  aspects of the   gu idance   sys tem  and   the   genera l   p rocedures   to  
design  the  guidance  sof tware were presented  i n  terms of   pa r t s   o f  the o v e r a l l  
system.  These  parts are r e p r e s e n t e d   i n   f i g u r e s  34 and 35 t o  show t h e  rela- 
t ionship  between  design  requirements   and areas o f   des ign   i n   an   ove ra l l   s ense .  
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FIGURE 

I - 1 

34.- INTERFACING OF DESIGN  REQUIREMENTS 

Each port ion  of   the  guidance  sof tware is designed  using the information  in-  
d ica ted   in   the   d iagram.  

The guidance  software is in t eg ra t ed   i n to   t he   sys t em  ope ra t ion  and i s  shown 
func t iona l ly .  
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FIGURE 35.- GUIDANCE  SOFTWARE  ON-PAD  OPERATION 

The funct ional   diagram is  a n   o v e r s i m p l i f i c a t i o n   o f   t h e   i n t e g r a t i o n  of t h e  
g u i d a n c e   s y s t e m   i n t o   t h e   t o t a l   s y s t e m .   S p e c i f i c   d e t a i l s ,   s u c h  as the  sequence 
po in t   w i th in   t he   ope ra t ion  a t  which  the  guidance  computer  programs may be 
loaded,  \ * J i l l  be a task   to   be   done   dur ing   the   des ign   phase .  

The g e n e r a l i t i e s  of  the   necessary   p rocess   to   p roduce   the   gu idance   sa f tware  
have  been  provided  to show what   must   be  done  and  the  var ious  t radeoffs   that  
mus t   be   cons ide red ,   e .g . ,   t a rge t ing   p rocedures   r e l a t ive   t o   gu idance   equa t ion  
sets o r   u s e  of b e t t e r   q u a l i t y   a c c e l e r o m e t e r s   t o   p r o v i d e   b e t t e r   i n i t i a l   a l i g n -  
ment  of  the ItlU. S t r ingen t   r equ i r emen t s   and   gene ra l   f l ex ib i l i t y   i nc rease   cos t s .  

Realistic estimates of  requirements will provide   for   the   mos t   cos t -e f fec t ive  
guidance  software  and  hardware  system. 
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GUIDANCE  HARDGJARE/SCOUT  VEHICLE  INTERFACING 

Requirements  and  goals  for  the  Scout i ne r t i a l  guidance  system  should  provide 
f o r  improved  performance  coupled  with minimum modifications  and  low  development 
costs .   Since  weight ,   power,   and  environmental   capabi l i ty  are a l so   impor t an t  
criteria and   in f luence   the   f ina l   hardware   se lec t ion ,   the   se lec ted   hardware   can  
r a re ly   be   adap ted   t o   t he   i n t ended   veh ic l e   app l i ca t ion   w i thou t  some modi f ica t ions .  
These  modif icat ions,   a long  with a p r e l i m i n a r y   i n t e r f a c i n g   d e f i n i t i o n ,  are out- 
l i n e d   i n   t h i s   s e c t i o n .  

Scout/KT-70 Missile System  Applications  Study 

To adapt   the  KT-70 missile system  to   the  Scout   launch  vehicle ,  several modi- 
f i c a t i o n s  are required:  

Change IMJ gimbal   o r ien ta t ion ;  

Add porro  pr ism  and  viewing  port   to  IMJ; 

Rescale accelerometer   loops;  

S e l e c t  a d i g i t a l  computer   with  increased  capabi l i ty;  

Add v iewing   por t   in   Scout  "E" s e c t i o n   a n d   o p t i c a l  window i n   h e a t -  
s h i e l d .  

A d i scuss ion  of each of these   modi f ica t ions   fo l lows .  

Recommended gimbal o r i en ta t ion   fo r   Scou t . -  Only three  gimbals are r e q u i r e d   t o  
i s o l a t e  a platform  from  angular  motions of t h e   v e h i c l e   i n  which i t  is  loca ted .  
Unless   the  angular   def lect ions are less than 90", a condi t ion  commonly termed 
gimbal  lock may occur   dur ing   cer ta in   angular   devia t ions   o f   the   vehic le .  Gimbal 
lock  occurs when two gimbal axes of a three-axis  system are c o l i n e a r .   I n   t h i s  
case, angular  motion  can  be  transmitted  to  the  platform.  With a fourth  gimbal,  
as i n   t h e  KT-70 missile system, f u l l   a n g u l a r  freedom is  permi t ted   the   p la t form 
because of the  fourth  or  redundant  gimbal axis. The KT-70 has  a redundant r o l l  
a x i s  whereby  the  inner  gimbal  freedom is reduced and the   ou te r   ro l l   g imba l  i s  ser- 
voed to   t he   i nne r   ro l l   g imba l .  As the  system  pitches  through go", t h e   i n n e r   r o l l  
axis becomes a l igned   wi th   the  yaw a x i s  a n d   t h e   o u t e r   r o l l  axis f l i p s  180"  with  no 
gimbal  lock. The t o r q u e   r e q u i r e d   t o   r o t a t e  i t  becomes i n f i n i t e .   T h e r e f o r e  i t  is  
d e s i r a b l e   t o   a v o i d   t h i s  90" p i t c h  maneuver  and the   r e su l t an t   g imba l   f l i p .  

For a missile a p p l i c a t i o n   i n   w h i c h   t h e   v e h i c l e  is l aunched   ve r t i ca l ly ,  i .e . ,  
Scout ,   the   azimuth  axis   should  be  normal   to   the  orbi ta l   p lane  (pi tch  angle  ap- 
proximately  zero) .   For   the  Scout   vehicle ,   the  KT-70 g imbal   o r ien ta t ion  will be  
p i z c h   ( c l u s t e r   a x i s ) ,  yaw ( m i d d l e   a x i s ) ,   a n d   r o i l   ( o u t e r   a x i s j .  The p la t form 
will be  s ide-mounted  to   achieve  this   or ientat ion.   This  will then   t r ans fe r   t he  
90" gimbal f l i p  from p i t c h   t o  yaw. 

.. 
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T h i s   p a r t i c u l a r   s y s t e m   a l l o w s   t h e   b e t t e r   a c c e l e r o m e t e r   t o  see t h e  high-ac- 
c e l e r a t i o n   l e v e l s .  :he acce lerometer ,   whose   input   ax is  lies p a r a l l e l   t o   t h e  
v e h i c l e ' s  yaw a x i s  a t  launch,  becomes t h e  downrange  accelerometer.  The accel- 
e r o m e t e r - s e n s i t i v e   a x i s   l y i n g   p a r a l l e l   t o   t h e   v e h i c l e   r o l l   a x i s  a t  launch becomes 
the   ve r t i ca l   acce l e romete r .  

The o r i e n t a t i o n  restricts the   Scout  missile because   the   p la t form  must   be  
o r i e n t e d  i n  t h e   o r b i t a l   p l a n e ,   o r   a p p r o x i m a t e l y  s o ,  r a t h e r   t h a n  i n  a nor th-eas t  
and ve r t i ca l   coo rd ina te   f r ame .  The b a s i c   c o n s t r a i n t  i s  tha t   t he   no rma l   p l a t fo rm 
azimuth  axis   must   take  the  pi tch  maneuver .  

Azimuth a1 ignment.- Direct o p t i c a l   t r a n s f e r   a l i g n m e n t   t o   t h e   a z i m u t h  axis will 
n o t   b e   p o s s i b l e   s i n c e   t h e r e  is  i n s u f f i c i e n t  room t o  mount a po r ro   p r i sm  d i r ec t ly  
on the   p l a t fo rm  c lus t e r .   S ince   i n   t he   Kea r fo t t - r ecommended   o r i en ta t ion ,   t he   p l a t -  
form r o l l   a x i s  is v e r t i c a l   b e f o r e   l a u n c h ,   t h e   i n n e r   r o l l  axis becomes t h e  axis 
t h a t  m u s t  b e   a l i g n e d   o p t i c a l l y .  Lf t he   p l a t fo rm  case  is  used as the  azimuth ref- 
erence ,   th ree   addi t iona l   e r ror   sources   contaminate   az imuth   a l ignment   accuracy .  
They a r e   t h e   o u t e r   r o l l  axis p ickof f   dev ice ,   i nne r   ro l l   p i ckof f   dev ice ,   and   shock  
mount r e p e a t a b i l i t y .   T h e r e f o r e   t h e  p r i s m  should  be  mounted i n  f rom  the   v ib ra t ion  
i s o l a t o r s .  A d e t a i l e d   a p p r o a c h   t o   a z i m u t h   a l i g n m e n t   f o l l o ~ ~ s .  

I n   o r d e r   t o  meet t h e  desired  performance  requirements of the  improved  guid- 
ance system, g r o u n d   i n i t i a l i z a t i o n   o f   t h e   g u i d a n c e   p l a t f o r m   t o   b e t t e r   t h a n  50 
arc-seconds is r e q u i r e d .   I n i t i a l i z a t i o n   c o n s i s t s  of  l eve l ing   t he   p l a t fo rm  and  
d e t e r m i n i n g   t h e   a z i m u t h   o r i e n t a t i o n   o f   t h e   s t a b i l i z e d   c l u s t e r   i n  t h e  ear th   coor -  
dinate   f rame.  The numer ica l   requi rements   for   l eve l ing  are: 22 arc-seconds  and 
an  azimuth  knowledge  of 47 arc-seconds.  

Discussion of  a l ignment   techniques will b e   l i m i t e d   h e r e i n   t o   t h e  recommended 
KT-70 platform.  The assumption  of a d i f f e r e n t   p l a t f o r m   o r  IPU would r e s u l t  i n  
a somewhat d i f f e r e n t   m e c h a n i z a t i o n ,   p a r t i c u l a r l y   i n   t h e   c o m p u t e r   s o f t w a r e  for t h e  
s trapdown  configuration. However, t h e   b a s i c   o p t i c a l  measurement  techniques  would 
p r o b a b l y   n o t   b e   g r e a t l y   d i f f e r e n t .  

Gyrocompassi ng.- With  regard  to   azimuth  determinat ion,  i t  may p r o p e r l y   b e  
asked i f  the  technique  of  gyrocompassing  can  be  used. The method is d e s i r a b l e  
i n  t ha t   a l i gnmen t   capab i l i t y  is  i n t e r n a l   t o   t h e   l a u n c h   v e h i c l e ,   t h e r e b y   e l i m i n a t -  
i n g  t h e  need fo r   l aunch  s i t e  opt ical   ins t ruments ,   bench  marks,   and  surveying 
a c t i v i t y .  Ihrtller, i t  can  normally  be  accomplished  automatically i n  a s h o r t e r  
per iod  of time than  by opt ica l   methods .  However, i n   t h e  case of t h e  KT-70 mis- 
s i l e  Fla t form,   the   gyro   b ias   uncer ta in ty  i s  too   g rea t   t o   pe rmi t   u se   o f   t h i s   me thod .  
Azimuth e r ro r   i n   t he   gy rocompass ing  mode f o r  a l e v e l   p l a t f o r m  is given  by  an 
express ion:  

w e 
R cos  x AH = 

where 

AH = azimuth  error  from a t r u e   e a s t - v e s t   l i n e  

w = d r i f t   u n c e r t a i n t y  of t h e  east-west gyro e 
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Q = e a r t h  rate 

X = l o c a l   l a t i t u d e .  

F o r   t h e  KT-70 missile p la t fo rm,   t he   d r i f t   unce r t a in ty   o f   t he   gy ro   can   p robab ly  
n o t  do be t t e r   t han   0 .02" Ih r .  The  gyrocompassing  azimuth  error w i l l  then   be  a t  
least : 

= 0.00166 r a d i a n s ,  

or  approximately 330 arc-seconds a t  t y p i c a l   l a u n c h   l a t i t u d e s  (VAFB and  Wallops 
I s l and) .  A t  San   Marco ,   the   e r ror   would   be   s l igh t ly  less d u e   t o   t h e   g r e a t e r   h o r i -  
z o n t a l   e a r t h  rate a t  a lmost   the   equator .  However, t h e   e r r o r  would s t i l l  b e   i n  
excess o f   t ha t   pe rmi t t ed   t o   ach ieve   t he   des i r ed   goa l s .  It i s ,  therefore ,   proposed 
t h a t   o p t i c a l  methods  be  used. 

Optical  Alignment.- To o p t i c a l l y   d e t e r m i n e   t h e   o r i e n t a t i o n  of t he   p l a t fo rm 
azimuth  gimbal,   the  requirements follow: 

1 )  An a z i m u t h   r e f e r e n c e   r e l a t e d   t o   e a r t h   c o o r d i n a t e s   s u c h  as surveyed 
bench  marks  within  view f o  the  launch  complex; 

2) A porro  p r i s m  on   the   p la t form  wi th  a known a n g u l a r   r e l a t i o n   t o  p l a t -  
form  gimbal axes; 

3 )  An angular   measuring  device  between  the  platform  porro  and  the  azimuth 
gimbal  such as an electrical r e s o l v e r ;  

4 )  An a u t o c o l l i m a t i n g   t h e o d o l i t e   t o   t r a n s f e r  a l ine-of-s ight   f rom  the 
bench marks to   t he   p l a t fo rm  po r ro .  

A typical   arrangement  i s  shown i n   f i g u r e  36  using  bench  marks 1 and 2. However, 
due t o   c e r t a i n   c o n d i t i o n s   t h a t   n e c e s s a r i l y   e x i s t ,   v a r i a t i o n s   o f   t h e   s e t u p  shown 
w i l l  be   requi red .   These   condi t ions   and   ins t rumenta t ion   concepts   a re   d i scussed  
i n  the   fo l lowing   paragraphs .  

In   normal   surveying   prac t ice ,  a d i rec t ion   can   be   de te rmined   by   se t t ing  up 
over  a bench  mark  and s i g h t i n g  on  another  bench mark t a r g e t ,   t h e   d i r e c t i o n  be- 
tween t h e  two having  been  previously  es tabl ished.  However, v a r i a t i o n s   i n   b o o s t e r  
vertical, sway,  and pa r t i cu la r ly   t he   r equ i r emen t   t o   l aunch   on  more than a s i n g l e  
az imuth ,   p rec lude   se t t ing  up over  a known bench  mark. A s  an  example, a t  Wallops 
Island  where  launch  azimuth -varies from 85" t o   1 2 9 " ,   i n   o r d e r   t o  see i n t o   t h e  
a l ignmen t   po r ro   p r i sm,   t he   t heodo l i t e   pos i t i on  may f a l l  anywhere  on  an a r c  of 
e q u a l   e x t e n t  ( 4 4 " )  about   the   l auncher .  
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Three  methods  of s e t t i n g  up an   az imuth   r e fe rence   w i thou t   r e s t r i c t ing   t he   l oca -  
t i o n  o f   t h e   t h e o d o l i t e   t h a t  may be  employed are: 

A t h i r d  bench mark may b e   e s t a b l i s h e d  as shown b y   d o t t e d   l i n e s   i n  
f i g u r e  36, and  bench mark 0 2  then   loca ted   remote ly   to   pos i t ion  2A 
as shown i n   t h e  same f i g u r e .  

Instead  of  bench  marks,  a s tab le   monol i th   wi th  a p rec i s ion   i ndex ing  
head  contair'ing a m i r r o r   o r   p o r r o   p r i s m   c a n   b e   i n s t a l l e d .  Once sur-  
veyed t o  North a t  i t s  ze ro   pos i t i on ,  i t  can   then   be   accura te ly   tu rned  
to   a l low  au toco l l ima t ion   o f f   t he   mi r ro r   by   t he   t heodo l i t e  a t  any 
a rb i t r a ry   l oca t ion   o f   t he   t heodo l i t e .   (See   f i gu re  37. )  

A t h i r d  method  employs two theodol i tes   wi th   one   loca ted   on  a bench 
mark t o   e s t a b l i s h   t h e  known l i n e   t o  a second  bench mark. It can  then 
be   tu rned  a known angle   to   co-a l ign   the   t ransfer   theodol i te   which  is 
loca ted  s o  as t o   au toco l l ima te   o f f   t he  IMU porro  pr ism.   This  method 
is  i l l u s t r a t e d   i n   f i g u r e  38. 

Of t h e   t h r e e  methods  described, method 2. r equ i r e s   t he   f ewes t  number of  sur- 
veyed  bench  marks  and  hence  the fewest number of  measurements  taken f o r   p r e l a u n c h  
alignment. It a l s o   l e n d s  itsself to   be ing   ins t rumented   wi th  electrical  readout  
so that   i f   desired,   computat ion  of   a l ignment   angles   could  be  handled i n  AGE equip- 
ment ,   thereby  reducing  the  possibi l i ty   of  human e r r o r   i n  computat ion  or   data  
taking.   This  method mzy a l s o   b e   p r e f e r a b l e  a t  t h e  San Marco s igh t   where   t he re  
may b e   i n s u f f i c i e n t   s p a c e   f o r   t h e   m u l t i p l e   b e n c h  mark methods,  although  method 
3 could  be  used as shown i n   f i g u r e  38. F u r t h e r   s t u d i e s  are required  and  measure- 
ments  need t o   b e   t a k e n   t o  see i f  the  San Marco tower i s  s u f f i c i e n t l y   r i g i d   o v e r  
long   per iods   to   main ta in  a surveyed  azimuth  l ine  to   the  accuracy  required.  If 
no t ,  a procedure  using method 2 might  be worked o u t   t o   p e r m i t   r e e s t a b l i s h i n g  
azimuth  short ly   before   launch.  The procedure  would  involve  taking a s i g h t  on a 
f ixed   re ference   on   shore   p r ior   to   beginning   the   a l igment   p rocedure .  

The preceding  paragraphs  have  described  methods by which a known azimuth may 
be  determined  with respect t o  a porro p r i s m  mounted on   the   p la t form.  A method of 
a l i g n i n g   t h e   c l u s t e r   t o   t h e   p o r r o   p r i s m  is desc r ibed   i n   t he   fo l lowing   pa rag raphs .  
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The   po r ro   p r i sm will b e  m o u n t e d   o n   t h e   i n e r t i a l   p l a t f o r m   f r a m e  as shown i n  
f i g u r e  39. N o t e   t h a t   t h e   p r i s m  is  o n   t h e   " i n s i d e "   o f   t h e   v i b r a t i o n   i s o l a t o r s   t o  
a v o i d   m i s a l i g n m e n t   e r r o r s   r e s u l t i n g  €rem n o n r e p e a t a b i l i t y   o f   t h e   e l a s z o m e r i c   m o u n t .  
T h e   p o r r o   p r i s m   a n d   g i m b a l   c l u s t e r  are shown  sc!lematically i n  f i g u r e  40. The gim- 
b a l   r e s o l v e r   s i n e   w i n d i n g s  are "ze roed"   du r ing   f ac to ry   a s sembly  so t h a t  the in -  
ne rmos t   g imba l   ax i s  's p a r a l l e l  t o  t h e   p r i s m  r o o f  s z i s  when t h e   r e s o l v e r s  are a t  
n u l l .   S e e   f i g u r e  40 f o r   g i m b a l   c r i e a t a t i o n  a t  laundl .   The   predominate   nonsys-  
tematic e r r o r  i n  zzimuth will t h e n  Le d u e   t o   d e v i a t i o n   f r o m   t r u e   h o r i z o n t a l  of 
t h e   p o r r o  roof a x i s  when t h e   v e h i c l e  is e r e c t e d   i n   t h e   l a u n c h   p o s i t i o n .   T h i s  er- 
r o r ,   u s i n g   t h e  s!:la11 a n g l e   a p p r o x i m a t i m ,  is e x p r e s s e d  as 

AH = JI tac  d 

where 

H is t h e   a z i m u t h   e r r o r ,  

8 is  t.le p r i s m  1001. down aGgle,  

J. is t h e  &viati:- fr(,iil Lr5.r: h s r f z o n t a l  (ir! r ad ians :  of thi: pc,r*-.> roof 
a x i  s . 

Assuming t h e   t - a n s f e r   t h e o d o l i t e  is apprux ima ta ly  70 f e e t  away, 0 wocld   he  nomi- 
n a l l y  45" as R w o r s t  case example.  To limit the azimuth errgr t o  less t h a n  31-13 
arc-min,lte, i t  is  i m m e d i a t e k  o b v i . ~ u s  t h a t   c h e  t ilt  o f   t h e   v e h i c l e   n u s  ' b e   k m X a  
t o   b e t t e r   t h m  En a rc -minuce .   'Th i s   can   be   me i su red   qu i t e   r ead i ly  Ly cag ihg  th:. 
g i m b a l s   o n   t h e i r   r e s o v e r s  arld t a k i n g  a r ead ing   on   t he   c ros s   r auge   acc i . l e ; ' one td r .  
Then, i f   t h e   v n t ? . r e  cllrster is  r o z a t e d  !.8G3 b y   r e v e r s i n s   p o l a r i t y  on t::e o u t e r  
r o l l   s e r v o ,  a second t i l t  r e a d i n g   c a n   b e   t a k e n  from t h e  s m e  acce le romete r   apd  
t h e   a r i t h m e t i c   a - r e r a g e   o f   t h e  two is t h e   a n g l e  +. T h e   d a t a   c a n   t h e n   b e   f e d   i n t o  
t h e   g u i d a n c e   c m p : l t e r   a n d  a launch   az imuth   cor rec t ion   ran   be   computed .   The  C G W  

p u t e r   c a n   a l s o  he  l o a d e d   w i t h   t h e  measl!red  azimuth sc) t h a t  a t  l i f t o f f  a small 
a n g l e   r o l l  manc.uver t o   t h e   p r o p e r   l a u n c h   a z i m u t h   c a n   b e  made. 

Alignment sequence.- A t y p i c a l   a l i g n m e n t  s e q u a c e  d g h t   p r o c e e d  as f O l l C b J S ,  

assuming   bench   marks   o f   t he   t ype   desc r ibed   p rev ious ly  i . 1  method 2 are a v a i l a b l e ,  
a n d   t h a t  i t s  ' 'zero ' '   has   been  checked  against   aaot l lpr   bench  mark.  I t  is f u r t h e r  
assumed t h a t   t h e   b o o s t e r  is  i n   t h e   l a u x h  "erect" p a s i t i o n .  

S e t  up t h e   t r a n s f e r   t h e o d o l i t e   a n d   a d j u s t   l a t e r a l l y   u n t i l .  a s h a r p  
a u t o c o l l i m a t e d   r e t u r n   i m a g e  i s  o b s e r v e d .   T h i s  may r e q u i r e   s e v e l a l  
i t e r a t i o n s  , l e v e l i n g   t h e   i n s   t r u r f . c n  t a f t e r   e a c h   s h i f t  . 
Swing t h e   l e v e l e d   t h e o d o l i t e  i.1: xzir.wtll  and s i g h t   i n  on  the  bench 
mark  mirror .  Have a n   a s s i s t ? n l :  move t h e   m i r r o r   r o u g h l y   i n   a z i m u t h  
u n t i l   t h e   r e t u r n   i m a g e   c a n  bc: sc:en. Make t h e   f i n a l   a u t o c o l l i m a t i n g  
a d j u s  tmenL w i t h   t h e   t h e o d o l i t e .  Read   and   r eco rd   t he   ang le   o f   t he  
benc ' t   mark   mir ror .   Se t   thc  I:he,Jdc.:ite azimuth scale :e ; h i s  same 
s e t t i n g .  The  azimuth scalz  ~ F 1 1  now r e a d   t r u e   a z i m u t h .  

R p - s i g h t   o n   t h e   p o r r o   p r i s m  2nd r e c o r d   t h e   a z i m u t h   r e 3 d i n g .  

167 



Porro prism- 

FIGURE 39.- IMU INSTALLATION  IN  VEHICLE 
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4 )  , In i t i a t e   t he   p l a t fo rm  s t a r t -up   s equence   and   p roceed   t o   t ha t   po in t  
where a l l  gimbals are caged,   accelerometers  "on", gyros  ' 'off ' I .  Mea- 
su re   and   r eco rd   t he   c ros s range   acce le romete r   ou tpu t .  

P roceed   t o   t he   nex t   s t ep   wh ich   r eve r ses   t he   ou te r   ro l l   g imba l   ( l aunch  
azimuth  gimbal) .   Measure  and  record  the  crossrange  accelerometer  
aga in  

P r o c e e d   t o   t h e  next s t e p  r e t u r n i n g   t h e   o u t e r   r o l l   g i m b a l   t o  i ts  pro- 
p e r   o r i e n t a t i o n ,  and s t a r t i n g   t h e   g y r o   w h e e l s .  

Maintain  the  gimbals  caged  and  load  the  computer  with  the  true  azimuth 
and tilt  da ta .  

P roceed   t o   " f ine   l eve l ' '  mode. 

Jus t   p r ior   to   l aunch ,   uncage   the   ro l l   g imbal ,   and   a l low  the   computers  
t o   t o r q u e   t h e   c l u s t e r  (by  means o f   t h e   r o l l   g y r o )   t o   t h e  computed 
launch  azimuth.  (This  angle  should  be  small--one  degree  or  less.)  

The computer will m&e a se l f -check   to le rance  test on  the  precomputed 
ro l l   synchro   r ead i rbg   i n   az imuth ,   p i t ch ,   and  yaw synchro   ou tpu t s   fo r  
a c l u s t e r   v e r t i c a i i t y   c h e c k .  

Alignment  error  summary.- The dominan t   e r ro r s   t ha t   con t r ibu te   t o   i naccuracy  
i n  determining  the  launch  azimuth  and  their   estimated  magnitudes are descr ibed  
below. They are categorized  i .n to  two bas i c   g roups :  (1) surveying   and   op t ica l  
i n s t r u m e n t a t i o n   e r r o r s   a n d   ( 2 )   c a l i b r a t i o n   u n c e r t a i n t i e s   a n d   i n s t a b i l i t i e s .   S u r -  
v e y i n g   a n d   o p t i c a l   i n s t r u m e n t a t i o n   e r r o r s  are as fo l lows:  

1 )  Accuracy of surveying-in  bench  marks,   set-up  errors,  2nd t h e o d o l i t e  
t r a n s f e r   e r r o r s   i n   a u t o c o l l i m a t i n g   o f f   t h e   p o r r o   p r i s m   t y p i c a l l y  can 
b e   h e l d   t o  25 arc-seconds (3a) o r  less. 

2) Atmospheric shimmer is va r i ab le   bu t   has   been   obse rved   t o   be  as much 
as 15  arc-seconds (35). 

3 )  Azimuth e r r o r   r e s u l t i n g   f r o m   p o r r o  t i l t  w a s  p rev ious ly   def ined  as 
AH = JI t a n  0 ,  and a mcthod  of   determining  the  azimuth  correct ion was 
descr ibed .  However, u n c e r t a i n t i e s  i n  t h e  measurements  used t o  com- 
p u t e   t h e   c o r r e c t i o n   r e s u l t   i n  a r e s i d u a l   e r r o r .  The con t r ibu t ions  
are approximately as f o l ~ o w s  : 

a)  Accelerometer  short .  term ins tab iJ . i ty   and   ou ter   ro l l   g imbal   runout - -  
10 arc-second:; ( I d ) ,  

b )   Por ro  mour?ti.li;; .i~:curacy  and  long-term  ntability--20  arc-seconds 
(10) ¶ 
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4 )  I n   a d d i t i o n  t o  t h e   p u r e l y   g e o m e t r i c   a z i m u t h  error  A H  = II, t a n  8 ,  t h e r e  
i s  a n   o p t i c a l   e r r o r   a s s o c i a t e d   w i t h   t h e   p o r r o   p r i s m .   I f  tile l i n e - o r -  
s i g h t  i s  n o t   n o r m a l   t o   t h e   e n t r a n c e   f a c e   o f   t h e   p r i s m ,   t l l e n  till: of  
t h e   p r i s m   r o o f   a x i s   ( d u e   t o   n o n v e r t i c a l i t y  of tile b o o s t e r )  w i l l  c a u s e  
a n   a z i m u t h   e r r o r :  

where  

a is  t h e   d e p a r t u r e   f r o m   n o r m a l   o f   t h e   l i n e - o i " s i g h t   w i t h  
r e s p e c t   t o   t h e   p o r r o   f a c e ;  

J, i s  t h e   p o r r o   r o o f   a x i s  t i l t  w i t h  r e s p e c t   t o  the h o r i z o n t a l  
as p r e v i o u s l y   d e f i n e d .  

T h i s  term, i f   n o t   a c c o u n t e d   f o r ,   c a n   c a u s e   s u b s t a n t i a l   e r r o r s  i n  the d e t e r m i n a t i o n  
o f   az imuth .  A s  an. e x a m p l e ,   f o r   v e h i c l e  t i l t  r e s u l t i n g  i n  bot11 u and IY o f  l o ,  
E w i l l  b e   a p p r o x i m a t e l y   o n e   a r c - m i n u t e .  

However, E c a n   r e a d i l y   b e   c o m p u t e d   a n d   t h e   a z i m u t l l   c o r r e c t e d .  ;c. i s  a c c u r a t e l y  
m e a s u r e d   i n   t h e   a l i g n m e n t   p r o c e d u r e  as p r e v i o u s l y   d e s c r i b e d ,   a n d  u may b e   r e a d  o f f  
t h e   p i t c h   r e s o l v e r   t o   s u f f i c i e n t   a c c u r a c y   o n c e  tlle c l u s t e r  is  l e v e l e d .  A s s u m i  ng 
knowledge  of a and $I t o  1 0  arc  minu tes   and  20 a r c - s e c o n d s   r e s p e c t i v e l y ,  t: can   be  
computed t o   a n   a c c u r a c y  o f  a p p r o x i m a t e l y  1 2  a r c - s e c o n d s  ( 3 7 )  

C a l i b r a t i o n   u n c e r t a i n t i e s   a n d   i n s t a b i l i t i e s   a r e  as f o l l o w s :  

1) The  accuracy  of s e t t i n g  the p l a t f o r m   c l u s t e r   a l i g n m e n t   t o   p o r r o   r o o r  
a x i s  a t  r e s o l v e r   e l e c t r i c a l   n u l l  i s  b u d g e t e d   t o   b e  2 5  a rc - seconds  
( l o )  i n c l u d i n g   l o n g - t e r m   e l e c t r o m e c h a n i c a l   i n s t a b i l i t i e s .  

2 )  C o m p u t a t i o n a l   a n d   t o r q u i n g   e r r o r s   d u r i n g   f i n a l   a l i g n m e n t  s t e p s  s l ~ o u l d  
n o t   e x c e e d  20 a rc - seconds  ( 3 ~ ) .  

3 )  R e s o l v e r   n u l l   r e p e a t a b i l i t y   o n  the i n n e r   a n d   o u t e r   r o l l  g i m b a l s   s l m u l c l  
n o t   e x c e e d  10 a r c - s e c o n d s   e a c h  (lu) . 

T a b l e  39 summar izes   the  l a  e r r o r s   j u s t   d i s c u s s e d .  T h e  rss a s s u m e s  s t a t i s t i c a l  
i ndependence  . 
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AH 

E 

Porro t o  
Compu t a  t 
Resolver 

TABLE 39.- ALIGNMENT ERRORS . 
Surve 

5 Atmospheric shimmer 
8 Surveying er rors  

ARC-SECONDS 

16 
4 

c lus t e r  ( 1  ong-term) 25 
i onal 7 

n u l  1 ( inner)  10 

(outer)  
35 
10 

1 

For   t he   a s sumed   a l lowab le   az imuth   e r ro r   o f  47  a r c - s e c o n d s ,   t h e   a b o v e   p r o v i d e s  
a cont ingency  margin of 

Rescale  accelerometer l oops . -  Acce le romete r s  are u s e d   t o  level two a x e s .  Due 
t o   t h e   r e l a t i v e l y   h i g h   a c c e l e r o m e t e r  scale  f a c t o r s  (80 p p s / g ) ,   f i n e   a l i g n m e n t  
a round   l eve l   becomes   imprac t i ca l   even   w i th   t h i rd -o rde r   sys t ems .   The   cu r ren t   ap -  
p l i c a t i o n   h a s  a 20 g r ange  a t  0 . 4   f t / s e c / p u l s e .   K e a r f o t t   p r o p o s e s   t o   t o r q u e   t h e  
p l a t f o r m   o f f - l e v e l   a p p r o x i m a t e l y  1" i n   e a c h   o f   t h e   l e v e l   a x e s ,   d e t e r m i n e  the t i l t  
angle   f rom  the  component   of  g i n t o   e a c h   a x i s ,   t h e n   o p e n - l o o p - s l e w   t o  level .  To 
a t t a i n  20 a rc - seconds   on   each   ax i s ,   a cce l e romete r  scale  f a c t o r ,  scale f a c t o r  s ta-  
b i l i t y ,   g y r o   t o r q u e r  scale f a c t o r   s t a b i l i t y ,   a n d   b i a s   s t a b i l i t y  w i l l  a l l  h a v e   t o  
be   comparab le   t o  a 1 n .   m i . / h r   n a v i g a t o r ,   i n   a d d i t i o n   t o   r e q u i r i n g  Kalman o r  an- 
o t h e r   t y p e   o f   f i l t e r i n g   i n t h e   c o m p u t e r .  It  i s  s u g g e s t e d   t h a t  a scale f a c t o r   c h a n g e  
b e  made i n   t h e   a c c e l e r o m e t e r   l o o p   t o   f a c i l i t a t e   c o n v e n t i o n a l   l e v e l i n g .   A n o t h e r  
p o s s i b l e   o p t i o n   w o u l d   b e   t o   u s e   a n a l o g   c a p t u r e   a n d  CAPRI e l e c t r o n i c s  as found i n  
t h e  KT-7Q a i r c r a f t   n a v i g a t o r s .  

Acceleration  effects.  - Some d e g r a d a t i o n   i n   p e r f o r m a n c e   c o u l d   b e   e x p e c t e d  
a t   h i g h e r   a c c e l e r a t i o n s ,  (20 t o  25 g ) ,   b e c a u s e   o f   t h e   g i m b a l   s e r v o l o o p   p e r f o r m a n c e  
( s t a t i c   s t i f f n e s s )   a n d   g i m b a l   a x i s   i m b a l a n c e   ( f i g .   4 1 ) .   T h e   p e r f o r m a n c e   d e g r a d a -  
t i o n   c a n   b e   s u m m a r i z e d   a s :  

1) For   az imuth   loop ,  310 o z ,   i n . / m i l l i r a d i a n ;  

2 )  F o r   r o l l   l o o p ,  930 o z   i n . / m i l l i r a d i a n ;  

3) F o r   p i t c h   l o o p  , 1080 o z  i n . / m i l l i r a d i a n ;  

4)  T o r q u e r s   s a t u r a t e  a t  20  o z  i n .   i n   a z i m u t h   a n d  40 o z   i n .   i n   p i t c h  
and roll. 
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The maximum g i m b a l   i m b a l a n c e   f o r   a n y   a x i s   c a n n o t   b e   g r e a t e r   t h a n  1.6 o z  
i n .  , which leaves no  dynamic  range i n   t h e   l o o p .  A more rea l i s t ic  gimbal   imbalance 
l i m i t  would b e   0 . 2  oz  i n .   o r  35 gm c m .  This   hangoff   would   amount   to   an   addi t iona l  
8.6 a rc-second  acce lerometer   misa l ignment   dur ing   25  g a c c e l e r a t i o n s .  

It h a s   b e e n   o b s e r v e d   i n   2 - a x i s  , d r y ,   f l e x   j o i n t   g y r o s   t h a t   w h e e l  modula- 
t i o n   n o i s e s   i n c r e a s e   w i t h   w h e e l   h a n g o f f .  I t  i s  t h e r e f o r e   a n t i c i p a t e d   t h a t   p l a t -  
f o r m   h e a d i n g   s e n s i t i v i t y  w i l l  i n c r e a s e   u n d e r   h i g h - g   a c c e l e r a t i o n s .  

Guidance  computer.- The   compute r   s i z ing   has   shown   tha t   t he  Magic  301  computer 
w i l l  n o t   b e   a d e q u a t e   f o r   t h e   S c o u t   a p p l i c a t i o n .  The  Magic 301 computer now i n  
p r o d u c t i o n   f o r   t h e  KT-70 missile system is a f ixed-point ,   two's   complement  com- 
p u t e r   w i t h  a maximum memory capac i ty   o f   2048   8 -b i t   words .   Fo r   t h i s   r ea son  a 
number  of   miniature   a i rborne  computers   have  been  surveyed  and were t a b u l a t e d   i n  
t h e   s e c t i o n   e n t i t l e d  Computer Sizing  Survey and Se lec t ion .  T h i s   s i z i n g   s t u d y  
r e su l t ed   i n   t he   r ecomTenda t ion   o f   compute r   w i th  a memory c a p a c i t y   i n   e x c e s s   o f  
4000 24-bi t   words.  

I n t e r f a c i n g  

To e s t a b l i s h  a p r e l i m i n a r y   i n t e r f a c i n g ,  i t  is  n e c e s s a r y   t o   i n v e s t i g a t e   t h r e e  
areas: e lec t r ica l ,  s t r u c t u r a l ,   a n d   t h e r m a l   i n t e r f a c e s .   T h i s   s e c t i o n   b e g i n s   w i t h  
a p r e l i m i n a r y   d e s c r i p t i o n   o f   e l e c t r i c a l   i n t e r f a c e s   f o l l o w e d   b y  a p h y s i c a l   l a y o u t  
o f   t he  recommended system. 

E l e c t r i c a l   i n t e r f a c e .  - The  goals   of  minimum weight   and minimum developmental  
c o s t s  are no t   necessa r i ly   compa t ib l e .   In   o the r   words  i t  may b e  more  weight-ef- 
f e c t i v e   t o   r e d e s i g n   t h e   e n t i r e   g u i d a n c e   a n d   a u t o p i l o t   s y s t e m   w i t h   t h e   c o m p u t e r  
b e i n g   t h e   c e n t r a l   e l e m e n t   i n t e r f a c i n g   w i t h   t h e  rest of t h e   v e h i c l e   s u b s y s t e m s .  
T h i s  i s  similar t o   t h e   a p p r o a c h   t a k e n   o n   t h e   T i t a n  IIIC d i g i t a l   a u t o p i l o t   d e s i g n .  
On the   o the r   hand ,   one   migh t   cons ide r   u s ing   t he   computes  as a n   a r i t h m e t i c   u n i t  
on ly   and   having  a c e n t r a l i z e d   c o n t r o l   e l e c t r o n i c s   u n i t   f o r   g a i n   s w i t c h i n g ,   i n t e r -  
f a c i n g ,   a u t o p i l o t   f u n c t i o n s ,  e tc .  

F i g u r e   4 2   i l l u s t r a t e s   t h e   s i g n a l   f l o w   f o r   t h e   p r e s e n t   S c o u t   g u i d a n c e   a n d   c o n -  
t r o l   s y s t e m .  Each   b lock   r ep resen t s  a component i n   t h e   t h i r d   s t a g e   w i t h   t h e  ex- 
c e p t i o n   o f   t h e  Base A servos  and  second-stage  control   motors .   The  improved  guid-  
ance   and   cont ro l   sys tem w i l l  b e   l o c a t e d   i n   t h e   f o u r t h   s t a g e   a n d  m u s t   r e p l a c e   o r  
i n t e r f a c e   w i t h   a n d / o r ,  when a p p l i c a b l e ,   p r o v i d e   t h e   r e q u i r e d   f u n c t i o n s   c u r r e n t l y  
p rov ided   by   t he   fo l lowing   S t age  I11 Scout  components: 

1) Guidance   un i t   ( IRP) ;  

2)   Ampl i f ie r   demodula tor  - 
poppe t   va lve  (PVE); 

3) I n t e r v a l o m e t e r ;  

4)  Programmer; 

5)   Diode   un i t ;  

6 )  F i l t e r ,  body-bend; 

7)  I n v e r t e r ;  

8)   Rol l /yaw  compensat ion  uni t ;  

9 )  Rate g y r o   u n i t ;  

10) Power c o n t r o l   r e l a y   b o x .  

I t  m u s t   a l s o   i n t e r f a c e   w i t h  a t e l e m e t r y  s y s  t e m ,  t h e   i g n i t i o n   s y s t e m ,   a n d   t h e  
first-, second- ,   th i rd- ,   and new f o u r t h - s t a g e   c o n t r o l   s y s t e m s .  
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F i g u r e  43 i l l u s t r a t e s   t h e   s i g n a l   f l o w   f o r   t h e   p r o d u c t i o n  KT-70 missile guid-  
ance sys t ems .  The reference g u i d a n c e   s y s t e m   i n t e g r a t e d   w i t h   S c o u t  is i l l u s t r a t e d  
i n   f i g u r e  44 .  T h e   a d v a n t a g e   o f   t h i s   a p p r o a c h  i s  t h a t  i t  u t i l i z e s   p r o d u c t i o n  
ha rdware   w i th  minimum m o d i f i c a t i o n s .  AS c a n   b e   s e e n ,   t h e  central  e l emen t  is  t h e  
c o n t r o l   e l e c t r o n i c s   t h a t   i n t e r f a c e s   w i t h   t h e   g u i d a n c e   s e n s o r s ,   c o m p u t e r ,   a n d  
v e h i c l e   s u b s y s t e m s .  A m a j o r   a d v a n t a g e   o f   t h i s   a p p r o a c h  is t h a t   b y   r e d e s i g n i n g  
several c a r d s   i n   t h e  KT-70 missile c o n t r o l   e l e c t r o n i c s ,  i t  c a n   b e   a d a p t e d   t o   t h e  
S c o u t   a p p l i c a t i o n .   A l t h o u g h   n o t  shown i n  f i g u r e  4 4 ,  a s e p a r a t e   r e l a y   b o x  may b e  
r e q u i r e d   f o r   h i g h - c u r r e n t   s w i t c h i n g   f u n c t i o n s .  

The e l ec t r i ca l  i n t e r f a c e   i n v o l v e s   t h e  raw power ,   au top i lo t ,   and   g round   suppor t  
equ ipmen t .   Add i t iona l   ca rds  w i l l  b e   r e q u i r e d   i n   t h e   g u i d a n c e   a n d   c o n t r o l  elec- 
t r o n i c s   t o   p r o v i d e   t h e   r e f e r e n c e   f o r   t h e   s e r v o a m p l i f i e r   d e m o d u l a t o r s   a n d   t h e  400 
Hz a u t o p i l o t   o u t p u t   s i g n a l s .   M o d i f i c a t i o n s  w i l l  b e   r e q u i r e d   t o   t h e   d i g i t a l  ac- 
c e l e r o m e t e r   l o o p s  as r e q u i r e d   t o  meet t h e   a c c e l e r o m e t e r   s c a l i n g   a n d   s a t u r a t i o n  
r e q u i r e m e n t s .   A l s o   a u t o p i l o t   s c a l i n g   c h a n g e s   a n d   l e v e l   d e t e c t o r s  w i l l  b e   r e q u i r e d .  

The   improved   gu idance   and   con t ro l   sys t em  cons i s t s   o f   t he  KT-70 missile p l a t -  
form, a d i g i t a l   c o m p u t e r ,   t h e   c o n t r o l   e l e c t r o n i c s   u n i t ,  a dc   power   cond i t ione r ,  
a power t r a n s f e r  u n i t ,  t h r e e  rate g y r o s ,   a n d   t h e   r e q u i r e d  28-V b a t t e r i e s .   T h e s e  
components w i l l  i n t e r f a c e   w i t h   o n e   a n o t h e r   i n   t h e   m a n n e r  shown  and w i t h   t h e  
f i r s t - ,   s e c o n d - ,   t h i r d - ,   a n d   f o u r t h - s t a g e   c o n t r o l   s y s t e m   h a r d w a r e ,   t h e   t e l e m e t r y  
sys tem,   and   the   g round  suppor t   equipment .  

The i n t e r f a c i n g   s i g n a l s  are  summarized i n   t a b l e s  40 t h r u  4 6 .  This  i s  a re- 
p r e s e n t a t i v e   l i s t i n g   o f   t h e  c o m p o n e n t   a n d   s y s t e m   i n t e r f a c e   s i g n a l s .  I t  is ex- 
p e c t e d   t h a t   t h i s   l i s t i n g  w i l l  e v o l v e  as the   improved   Scou t   con f igu ra t ion   becomes  
more r i g i d .  

Thermal interface.-  I t  i s  assumed t h a t   a m b i e n t  a i r  of 100°F maximum i s  a v a i l -  
a b l e  on t h e   l a u n c h   p a d   p r i o r   t o   l a u n c h .  I t  a l s o   a p p e a r s   t h a t   t h e   h a r d w a r e   c o o l i n g  
scheme w i l l  a l l o w   t h e   p e r f o r m a n c e   o b j e c t i v e s   t o   b e  met. A c c o r d i n g   t o   K e a r f o t t  
t h i s  i s  a c h i e v a b l e ,   b a s e d   o n   t h e   t e m p e r a t u r e l t i m e   p r o f i l e s   g i v e n   i n   t h e  Scout 
Launch Vehicle   Characteris t ics  and Constraints  s e c t i o n .  However, a d e t a i l e d  
t h e r m a l   a n a l y s i s  w i l l  u l t i m a t e l y   b e   r e q u i r e d   s i n c e   t h e   t h e r m a l   i n t e r f a c e  i s  coup led  
w i t h   p r e f l i g h t   c o o l i n g   p r o v i s i o n s   a n d   i n - f l i g h t   c o o l i n g   r e q u i r e d   v e r s u s   t h e   a c t i v e  
f l i g h t  time. 

Structural   interface.-  F i g u r e  45 i l l u s t r a t e s  a l a y o u t   o f   t h e  KT-70 missile 
guidance  hardware.  I t  w o u l d   b e   l o c a t e d   i n   t h e   c y l i n d r i c a l   E - s e c t i o n   o f   t h e  
four th-s tage .   The   18- inch   d iameter  i s  a d e q u a t e ;   h o w e v e r ,   s e v e r a l   a d d i t i o n a l  
i n c h e s   i n   l e n g t h   w o u l d   b e   r e q u i r e d   t o  accommodate t h e   e x i s t i n g  KT-70 hardware 
w i t h  minimum r e d e s i g n .   O p t i c a l   f l a t  is  r e q u i r e d   i n   t h e   h e a t   s h i e l d   f o r   a z i m u t h  
a l ignmen t .  
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TABLE 40.- INTERFACING SIGNALS FROM MISSILE COMPUTER 

D e s c r i p t i o n  

C l o c k   p u l s e   t r a i n  

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

I h n o r y   r e g i s t e r   d a t a   ( s e r i a l )  

Data   t im ing   ga te  

I n s t r u c t i o n   s t a r t   m a r k e r  

Timing 

Body-bending f i l t e r   s w i t c h i n g  

Pay load  separa t ion  

Pay load  func t ions  

Spares 

RCS commands 

M o t o r   s q u i b   i g n i t i o n  

Ac t iva te   second- ,   th i rd - ,  
f ou r th -s tage  RCS 

T h i r d - s t a g e   t h r u s t  
r e d u c t i o n  

A u t o p i   l o g   g a i n   s w i t c h i n g  

D i rec t i on   cos ines   and  common 

G y r o   t o r q u e   p o l a r i t y  comnands 

Course a l i g n   d i s c r e t e s  

Compensat ion  cont ro l   d iscretes 

2404 Hz re fe rence  

19.2 kHz re fe rence  

480 Hz re fe rence  

Four th -s tage  separa t ion   comand 

A c t i v a t e   f o u r t h - s t a g e  OCS 

To 
Telemetry  system 

Telemetry  system 

Telemetry  system 

Telemetry  system 

Telemetry  system 

Telemetry  system 

Guidance  and 
c o n t r o l   e l e c t r o n i c s  

R e l a y   u n i t  

Relay u n i t  

R e l a y   u n i t  

Guidance  and 
c o n t r o l   e l e c t r o n i c s  

R e l a y   u n i t  

R e l a y   u n i t  

R e l a y   u n i t  

Guidance  and  control  
e l e c t r o n i c s  

Guidance  and  cont ro l  
e l e c t r o n i c s  

Guidance  and  control  
e l e c t r o n i c s  

Guidance  and  control  
e l e c t r o n i c s  

Guidance  and c o n t r o l  
e l e c t r o n i c s  

Guidance  and  control  
e l e c t r o n i c s  

Guidance  and c o n t r o l  
e l e c t r o n i c s  

Guidance  and c o n t r o l  
e l e c t r o n i c s  

R e l a y   u n i t  

R e l a y   u n i t  

No. o f  
w i res  

1 

1 
1 
1 
1 
1 
1 

2 
6 
6 
10 

3 
3 

2 

10 

4 

2 

5 

2 

1 

1 

2 

2 

2 

S i g n a l   c h a r a c t e r i s t o c s  

2-MHz p u l s e   t r a i n ,  tO.45 V min,  
2.55 t o  5.5 V rnax 

" 

120.19 Hz min  i0.45 V ,  2.55 t o  5.5 V max 

Log ic*  

Log ic*  

Log ic*  

Log ic*  

TED+ 

Log ic *  

Log i c* 

Log ic*  

Log i c* 

2404 Hz, 8 .11  V rms max 

Log ic *   pu l ses ,  12O/s 

Log i c*  

Log ic*  

0 t o  5 Vdc square wave, 2404 Hz 

0 t o  5 Vdc sqk,.,-e :iave, 19.2 kHz 

0 t o  5 V square wave,  480 tiz 
a t  and /90" 
Log ic*  

Log ic*  
- - 

* F o r   l o g i c   s i g n a l s :   L o g i c  0 = 0 Vdc; Log ic  1 = 5 Vdc, except as o the rw ise   no ted  

f T d O  = To be  determined. 
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TABLE 41.- INTERFACING SIGNALS FROM  GUIDANCE  AND  CONTROL ELECTRONICS 
~ ~ - ."~. 

D e s c r i p t i o n  

R e s o l v e r   e x c i t a t i o n s ;   p i t c h   o u t e r   r o l l ,  
az imuth,  comnon 

+15 Vdc 

I n e r t i a l   s e n s o r   p i c k o f f   e x c i t a t i o n s  and 
common 

Gyro  wheel   supply  and 2 commons 

~ 

-15  Vdc 

Power  and s i g n a l   g r o u n d  
G i m b a l   t o r q u e r s :   a z i m u t h ,   i n n e r   r o l l ,  
o u t e r   r o l l ,   p i t c h ,  common 

C l u s t e r   h e a t e r ,   h i g h  

A c c e l e r o m e t e r   r e s   t o r i   n g   c o i  1 s , 1 ow 

G y r o   p u l s e   t o r q u i n g  commands 

T h r u s t   r e d u c t i o n ,   t h i r d   s t a g e  

S q u i b   i g i n i t i o n ,   s e c o n d   s t a g e  

S q u i b   i g n i t i o n ,   t h i r d   s t a g e  

S q u i b   i g n i t i o n ,   f o u r t h   s t a g e  

F o u r t h - s t a g e   s e p a r a t i o n  

Rate   gyro   whee l   supp ly   and conrnon 

R a t e   g y r o   p i c k o f f   e x c i t a t i o n  

F i r s t - s t a g e   s t e e r i n g  commands 

P i t c h   d i s p l a c e m e n t  
Yaw d i sp lacemen t  

R o l l   d i s p l a c e m e n t  

Reference 

Second- ,   t h i rd - ,   and   f ou r th -s tage  
v a l v e  commands 

M i s s i l e   s t e e r i n g  commands 

A c t i v a t e   s e c o n d - ,   t h i r d - ,   a n d   f o u r t h -  
s t a g e  RCS 

A c t i v a t e   f o u r t h - s t a g e  OCS 

F o u r t h - s t a g e   t h r u s t   r e d u c t i o n  

M i s s i l e   v e l o c i t i e s   ( l i n e a r ,  X, Y ,  Z)  
and common 

2404-Hz s u p p l y  
- - -~ ~ ~ ~~ 

To 

P1 a t f o r m  

P l a t f o r m  
P l a t f o r m  
P l a t f o r m  

P l a t f o r m  

P l a t f o r m  
P l a t f o r m  

Platfor111 

P l a t f o r m  

P l a t f o r m  

R e l a y   u n i t  

R e l a y   u n i t  

R e l a y   u n i t  

R e l a y   u n i t  

R e l a y   u n i t  

Rate   gyros  

Ra te   gy ros  

Base A s e r v o a m p l i f i e r  

Base A s e r v o a m p l i f i e r  
Base A s e r v o a m p l i f i e r  

Base A s e r v o a m p l i f i e r c  

Second-, t h i r d -  , 
f o u r t h - s t a g e   v a l v e s  

Te lemet ry   sys tem 

R e l a y   u n i t  

R e l a y   u n i t  

R e l a y   u n i t  
M i s s i l e   c o m p u t e r  

M i s s i l e   c o m p u t e r  
- " 

lo. o f  
vi r e s  

7 

1 
1 
3 

4 

1 
5 

1 

3 

2 

2 

2 

2 

2 

9 

6 

2 

2 

2 

2 

10 

3 
6 

2 

2 

7 

2 

S i g n a l   c h a r a c t e r i s t i c s  

8 V rms  (max),  2404 Hz 

+15.1 Vdc +1% 

19.2  kHz t O . O l % ,  8 V rms 
a t  LO" and  L180" 

480-Hz square  wave, 
20.5 V peak-to-peak 
a t  LOo and L 9 0 "  
0 Vdc 
+12  Vdc  max, k0.595 max 

+15.1 Vdc r e f e r e n c e d   t o  

-15.1 Vdc 

-15.Vdc 

t49 .17  ma, dc,  max 

Log ic ,   square  wave w i t h  
60-Hz max f r e q u e n c y  

28 Vdc 

28 Vdc 

28  Vdc 

28  Vdc 

28 Vdc 

480 Hz 20.5 V peak - to -  
peak a t  LO" a n d L 9 0 "  

8 V rms,  2404 Hz 

t3.79  Vdc/deg 

i 8 . 0 3  Vdc/deg 
105 mV ac  rms/deg 
a t  400 Hz 

15 Vac a t  160 ma rms 
400 Hz 
T B D ~  

L inea r   be tween   k4  Vdc, max 

28  Vdc 

28  Vdc 

28  Vdc 
L o g i c  ,* p u l s e d  

8 V rms,  2404 Hz 
" 

* F o r   l o g i c   s i g n a l s :   L o g i c  0 = 0 Vdc;  Logc 1 = 5 Vdc,   except   as  o therwise  noted.  

tTBD = To  be  determined. 
- ~ . " - 
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TABLE 42.- INTERFACE  SIGNALS FROM INERTIAL PLATFORM 

Description 
P la t fo rm  r evo l se r s ,  trimmed 
and  untrimmed 
Inner   ro l l   p ickoff  

Azimuth gyro preamp 

Pi tch  and rol l   gyro  coordi-  
na t e   r e so lve r   ou tpu t s  
Rol l   s teer ing  command 

Redundant  gyro  torquer 

To 
~~ " 

Guidance  and  control 
e l e c t r o n i c s  
Guidance and cont ro l  
e l e c t r o n i c s  
Guidance  and  control 
e l e c t r o n i c s  
Guidance  and  control 
e l e c t r o n i c s  
Guidance and cont ro l  
e l e c t r o n i c s  
Guidance  and  control 

lo .  of 
vi res 

10 
- 

1 

1 

2 

1 

1 

~~ 

Signa l   cha rac t e r i s t i c s  
2404 Hz 8 V rms, max untrimmed 
4 V rms, max trimmed 
19.2 kHz ,  7 V rms, max 
120 m V  normal 

} rnax 
19.2 kHz, 10 V peak-to-peak 

120 mV rms,  normal max 

+15.1 Vdc  max 

+45 ma, max 

TABLE 4 3 . -  INTERFACE  SIGNALS FROM DC POWER CONDITIONER 

Description 

+15 Vdc 

-15 Vdc 

P1 a t fo rm  e l ec t ron ic s  comnon 

Autopi lo t  common 

+16 Vdc 

-16 Vdc 

+5 Vdc 

Acce le romete r   d ig i t i ze r   r e tu rn  

Gimbal to rquer   re turn  

Rate  gyro  wheel r e tu rn  

Gyro wheel r e tu rn  

Power and s igna l  common 

28 Vdc and r e tu rn  
28 Vdc and r e tu rn  
28 Vdc and r e tu rn  

~ 

To 

Guidance  and  control 
e l e c t r o n i c s  
Guidance  control 
e l e c t r o n i c s  
Guidance and cont ro l  
e l e c t r o n i c s  
Guidance and cont ro l  
e l e c t r o n i c s  
Guidance  and  control 
e l e c t r o n i c s  
Guidance and cont ro l  
e l e c t r o n i c s  
Guidance  and  control 
e l e c t r o n i c s  
Guidance  and  control 
e l e c t r o n i c s  
Guidance and cont ro l  
e l e c t r o n i c s  
Guidance  and  control 
e l e c t r o n i c s  
Guidance  and  control 
e l e c t r o n i c s  
Guidance  and  control 
e l e c t r o n i c s  
Relay  unit 
Missile  computer 
Base A 
servoampl i f ie rs  

~ 

No. of 
wires  

4 

4 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 
2 
2 

S igna l   cha rac t e r i s t i c s  

t 1 5 . 1  Vdc il% 

-15.1 Vdc +I% 

0 Vdc 

0 Vdc 

+16 Vdc +4% 

-16 Vdc +4% 

5.2 Vdc zlX 

0 Vdc 

0 Vdc 

0 Vdc 

0 Vdc 

0 Vdc 

28 Vdc ba t t e ry  
28 Vdc ba t t e ry  
28 Vdc ba t t e ry  
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TABLE 44.- INTERFACE SIGNALS FROM  RATE GYROS 
~ 

No. o f  
~ 

D e s c r i p t i o n  To S i g n a l   c h a r a c t e r i s t i c s   w i r e s  

Yaw r a t e   g y r o   o u t p u t   G u i d a n c e   a n d   c o n t r o l  2 

2 

10 V rms, max,  2404 Hz 

10 V rms,  max, 2404 Hz 2 

10 V rms , max, 2404 Hz 

e l e c t r o n i c s  

e l e c t r o n i c s  

e l   e c t r o n i   c s  

TABLE 45.- INTERFACE SIGNALS FROM  POWER  TRANSER SWITCH 

D e s c r i p t i o n  To 
__ .. 
" . 

28 Vdc  Power c o n d i t i o n e r  

0 Vdc 

TABLE 46.- INTERFACE BETWEEN GUIDANCE SUBSYSTEM AND GSE 

D e s c r i p t i o n  
- ~- ~- 
I n n e r   r o l l   g i m b a l   h e a t e r s  

S t e e r i n g   t e s t :  
P i t c h ,   r o l l ,  yaw 

M i s s i l e   t e s t  command 
d i s c r e t e  

m o n i t o r  
P l a t f o r m   t e m p e r a t u r e  

Clock 

S e r i a l   d a t a - i n  and 
compl emen t 

S e r i a l   d a t a - o u t  and 
complement 

Di   scretes  and  complements 

B u f f e r s   r e a d y  

Coarse a l i g n  

F i n e  a1 i g n  
. " ~ 

To and  f rom 
.~ ~ - 

TO p l a t f o r m  

To gu idance  and  cont ro l  
e l e c t r o n i c s  

To gu idance  and  cont ro l  
e l e c t r o n i c s  

From  guidance  and 
c o n t r o l   e l e c t r o n i c s  

To m i s s i l e   c o m p u t e r  

To m i s s i l e   c o m p u t e r  

From m i s s i l e   c o m p u t e r  

From m i s s i l e   c o m p u t e r  

* F o r   l o g i c   s i g n a l s :   L o g i c  0 = 0 Vdc; L o g i c  1 = 5 Vdc 

lo. of  
{ i r e s  

2 
3 

1 

1 

2 
2 

6 
2 
2 

i i g n a l   c h a r a c t e r i s t  

115 V rms, 400 Hz 

10 V (peak ) ,  25 H 

. ~~ 

L o g i c *  

+15 Vdc 

L o g i c *  

:, except   as   o therw ise   no te  

i cs 

7. 

lax 
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The p h y s i c a l   c h a r a c t e r i s t i c s  and  power u t i l i z a t i o n  of t h e   c u r r e n t   p r o d u c t i o n  
KT-70 missile system are as shown i n   T a b l e  47 .  The i n t e r e l a t i o n s h i p  of t h e s e  
components is shown i n   f i g u r e  43.  The same b a s i c  components w i t h   t h e   a p p r o p r i a t e  
mod i f i ca t ions   d i scussed  ear l ie r  i n   t h i s   s e c t i o n  would  be  used  for   the  Scout  con- 
f igu ra t ion   w i th   t he   excep t ion  of t h e  Magic 301 computer. 

TABLE 47.- PHYSICAL  CHARACTERISTICS 
AND POWER UTILIZATION 

PARAMETER 
Iner t i  a1 platform 
G u i  dance and control  el  ectroni  cs 
Power conditioner 
D i  g i  t a l  computer 
Rate. gyros 
T o t a l  

VOLUME 
cu i n . )  

310 
200 

75  

123 

dEIGHT POWER 
(1 b )  
15.1 

(watts)  

158.1  33.8 

6.8  1.5 

40.4 5.2 
75.6  5.5 

25.6  6.5 

9.7 

The environmental   capabi l i ty   of   the  KT-70 missile system i s  as shown i n  
t a b l e  48.  KT-70 missile s y s t e m   c a p a b i l i t i e s  more closely  approach  the  environ-  
mental   requirements  of Scout  than  any of the   candida te  IMUs t h a t  are i n   t h e  
p roduc t ion   s t age .  

TABLE 48.- KT-70 ENVIRONMENTAL  CAPABILITIES 

ENVIRONMENT MAXIMUM LEVELS/OURATION 

Shock 20 9 10 ms p e r   a x i s  

V i b r a t i o n  

S i n u s o i d a l  
Opera t ing  random 8 .4  g rms 30 m i n u t e s   p e r   a x i s  

6.8 g 90 m i n u t e s   p e r   a x i s  

Nonoperating  random 3.3 g rms 480 m i n u t e s   p e r   a x i s  

C a p t i v e   F l i g h t   A c c e l e r a t i o n . -   s y s t e m   o p e r a t i n g .  All 
t e s t   i t e m s   w e r e   e x p o s e d   t o   l i n e a r   a c c e l e r a t i o n   l e v e l s  
i n  each o f   s i x   a x i s  as f o l l o w s :  

( F o r e  and a f t )  
( L e f t  and ri h t )  Y - 12 g 

x -  2 g  

(Up and down? z - 1 2 9  

F r e e   F l i g h t   A c c e l e r a t i o n . -   s y s t e m   o p e r a t i n g .  All t e s t  
i t e m s   w e r e   e x p o s e d   t o   l i n e a r   a c c e l e r a t i o n   l e v e l s   i n  
each o f  5 axes  as f o l l o w s :  

I Fore  and a f t )  
L e f t  and r i g h t )  Y - 25 g 

x - 1 2 . 5  g 

oawn) 2 - 2 5 9  

Humid i t y  85"F, 95% RH 300 hours* 
75°F. 100 RH 60 hours* 

Tempera tu re /a l   t i t ude  -85°F t o   t 3 4 5 " F  
0.007 t o  14.7 p s i a  

98 hours 

EM1 Rad ia ted   and   conduc ted   i n te r fe r -  
ence  and s u s c e p t i b i l i t y   t e s t s  pel 
MIL-1-61810 

Note: 
* T o t a l   t i m e   f o r  15 cyc les  (o f   24  hours  each)  
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Ground Support  Equipment 

The f o l l o w i n g   p a g e s   p r e s e n t  a d e s c r i p t i o n  of the f u n c t i o n a l   u s e s  of t h e  
ground  suppor t   equipment  (GSE) m o d u l e s   r e l a t i v e   t o   t h e   s y s t e m  tests.  The  modules 
have   been   grouped ,   where   poss ib le ,  i n  a c c o r d a n c e   w i t h   t h e   f u n c t i o n s   t h e y   p e r f o r m .  

I n   a d d i t i o n   t o   t h e   u s e f u l n e s s   o f   t h e  GSE modules i n   p e r f o r m i n g   t h e   v a r i o u s  
sys t em  in t eg ra t ion   and   pe r fo rmance  tests, t h e y   a l s o  f ac i l i t a t e  f a u l t   i s o l a t i o n  
down t o  a b l a c k   b o x   l e v e l .  

F i g u r e  46 i s  a b lock   d iagram  of   the   sys tem test  GSE modules.  I t  i s  a n t i c i -  
p a t e d   t h a t   t h e   e x i s t i n g  GSE d e s c r i b e d   h e r e i n   c o u l d   b e   m o d i f i e d   f o r   t h e   S c o u t  
program.  This  equipment i s  c u r r e n t l y   b e i n g   u s e d   f o r  KT-70 missile s y s t e m   t e s t i n g .  

Funct iona l   descr ip t ion  o f  t e s t  modules 

Timer  module ( A I ) . -  This   module  contains  a real-time c lock   and  two e l a p s e d  
timer c o u n t e r s .  I t  p r o v i d e s  a real-time r e f e r e n c e   f o r  all t i m e d   t e s t i n g .  

Vidars ,   s igna l   condi t ioner ,  E A I s ,  gyro  control  module ( A 1 4 ,   A 1 5 ,   A 1 6 ,   A 1 7 ,  
A 1 8 ,  and A31).- These  modules   lumped  together   provide  the  system test  o p e r a t o r  
w i t h  a n e t w o r k   f o r   d e v e l o p i n g   g y r o   t o r q u i n g   s i g n a l s   b a s e d   o n   e i t h e r   t h e   o u t p u t s  
o f   t h e   l e v e l   a c c e l e r o m e t e r   a n d   t h e   a z i m u t h   r e s o l v e r   o r   t h e   o u t p u t s   o f   t h e   r o l l ,  
p i t c h ,   a n d  yaw r e s o l v e r s .   T h e s e   s i g n a l s ,  as s e e n  by t h e   g y r o   t o r q u e r s ,  may be 
e i t h e r   a n a l o g   o r   d i g i t a l .  If i t  is d e s i r e d   t o   a n a l o g   t o r q u e   t h e   g y r o s ,   t h e   i n p u t  
r e s o l v e r   s i g n a l s  are a m p l i f i e d  by t h e  E A I s  a n d   t h e n   g o   d i r e c t l y   t o   t h e   g y r o  
t o r q u e r s .  If d i g i t a l   t o r q u i n g   s i g n a l s  are d e s i r e d ,   t h e   i n p u t   a c c e l e r o m e t e r   o r  
r e s o l v e r   s i g n a l s  are a m p l i f i e d  by t h e  E A I s ,  c o n v e r t e d   f r o m   a n a l o g   t o   d i g i t a l  by 
t h e   V i d a r s   a n d   t h e   s i g n a l   c o n d i t i o n e r ,   a n d   p r e s e n t e d   t o   t h e  GYPTO modules.  The 
gyro   cont ro l   module   conta ins  a pa tch   pane l   wh ich  f a c i l i t a t e s  j a c k i n g   e i t h e r   t h e  
r o l l ,   p i t c h ,  yaw r e s o l v e r   o u t p u t s   o r   t h e  level a c c e l e r o m e t e r   o u t p u t s   i n t o   t h e  
E A I s .  

The a n a l o g   t o r q u i n g  mode i s  used i n  a l l  t e s t i n g .  The d i g i t a l   t o r q u i n g  mode 
i s  used i n  a l l  tests,  except   the   power   and   tempera ture  t e s t ,  which   do   no t   incor -  
p o r a t e   t h e  missile computer.  

Bias  readout and insertion  module,  GYPTO control  module, R&Y r e q i s t e r s  , 
regula ted  power supply ( A 4 ,   A 5 ,  A8, A 2 1 ,  and ,422) .- The GYPTO c o n t r o l  module p l u s  
t h e  R&Y r e g i s t e r s  are u s e d   t o   s i m u l a t e   t h a t   p o r t i o n  of t h e  missile compute r   t ha t  
c a l c u l a t e s   a n d   o u t p u t s   t h e   d i g i t a l ,   g y r o   t o r q u i n g   p u l s e s   ( i . e . ,  fo t o  h Z ) .  

The l o g i c   c i r c u i t r y  on the   above   modules   rece ives  i t s  B+ i n p u t s   f r o m   t h e   r e g u l a t e d  
power  supply.  The b i a s   r e a d o u t   a n d   i n s e r t i o n  module   p rovides   the  t es t  o p e r a t o r  
w i t h  t h e   c a p a b i l i t y   o f   m a n u a l l y   s e t t i n g  up and i n s e r t i n g   g y r o   t o r q u i n g   p u l s e s .  

x’   y’  

The  above  modules a r e   u s e d   i n  a l l  tests,  except   the   power   and   tempera ture  
t es t ,  which   do   no t   incorpora te   the  missile computer.  
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power and tempera.tu_re_ control module, 28 Vdc control  console power supply, 
28  Vdc prime power supply (A6 A9, B6)-ri-%e power   and   t empera tu re   con t ro l   conso le  
D r o v i d e s   s w i t c h i n g   f o r   t u r n i n g  On o r   o f f   t h e   c o n t r o l   c o n s o l e  power   and   the   sys tem 
I ~~ 

p r i m e   p o w e r .   I n   a d d i t i o n ,   t h i s   m o d u l e   p r o v i d e s   t h e   o n l s t a n d b y   c o n t r o l   f o r   t h e  
400 H e r t z   p l a t f o r m   h e a t e r   p o w e r ,   a n d   a n   a d j u s t m e n t   f o r   t h e   h e a t e r   v o l t a g e  level .  
The  28 Vdc c o n t r o l   c o n s o l e   p o w e r   s u p p l y  i s  u s e d   t o   p r o v i d e   p o w e r   t o   v a r i o u s   c o n -  
t r o l   r e l a y s   i n   t h e   c o n s o l e ,   a n d   s i m u l a t e s   t h e   2 8  Vdc f rom  the   p r ime   power   sou rce  
t o   t h e  missile compute r .   The   p r ime   power   supp ly   p rov ides   t he   dc   power   cond i t ione r  
w i t h  28 Vdc,   and   s imula ted   the  missile b a t t e r y .  

These  modules are u s e d   f o r  a l l  t e s t i n g .  

- 

Analog signal module, computer ref ., gimbal readout 
~" module, sol - id s t a t e  power source (A2, a l o g   s i g n a l   m o d u l e  
p r o v i d e s   t h e   D l a t f o r m   r e s o l v e r s   w i t h   t h e   d i r e c t i o n   c o s i n e   i n p u t s   ( i . e . ,  A X / R ,  
AY/R, A Z / R ) ,  and i s  a s i m u l a t i o n   o f  a p o r t i o n  of t h e  missile computer 110. Also ,  
t h i s  module  provides  a s i m u l a t i o n   o f   t h e   a n t i r a d i a t i o n  homer i n p u t s   t o   t h e  yaw 
a n d   p i t c h   s t e e r i n g   c h a n n e l s .  The   computer   re fe rence   f requency   module   s imula tes  
t h a t   p o r t i o n   o f   t h e  missile computer 110 t h a t   p r o v i d e s   t h e  GGCE w i t h   1 9 . 2  kHz,  
2404 Hz, 4 8 0 . 8  Hz, and  120 Hz r e f e r e n c e   f r e q u e n c i e s .  The  gimbal  readout  module 
p rov ided  a v i s u a l   r e p r e s e n t a t i o n . o f   t h e   c l u s t e r - t o - c a s e   a n g u l a r   o r i e n t a t i o n .   I n  
a d d i t i o n ,   t h i s   m o d u l e   p r o v i d e s   t h e  t e s t  o p e r a t o r  w i t h  t h e  a b i l i t y   t o   c h a n g e   t h e  
p o s i t i o n   o f  t h e  c l u s t e r   r e l a t i v e   t o   t h e  case ( i . e . ,  by u s i n g  t h e  R D X s )  . The s o l i d  
s t a t e  p o w e r   s o u r c e   a m p l i f i e s   t h e  2404 Hz s ine   wave ,   f rom t h e  G&CE, a l lowing   ad-  
d i t i o n a l   l o a d s ,   p r e s e n t e d   t o   t h i s  power source   by  the t e s t  c o n t r o l   c o n s o l e ,   t o  b e  
d r i v e n .  

The   g imbaL  readout   module   and   the   so l id  s t a t e  power  source are u s e d   i n  a l l  
t e s t i n g .  The c o m p u t e r   r e f e r e n c e   f r e q u e n c y   s u p p l y   a n d   t h e   a n a l o g   s i g n a l   m o d u l e  
are u s e d   f o r  a l l  tests t h a t  do n o t   i n c o r p o r a t e   t h e  missile computer.  

Ccrrmpu-te-r discretgs ~~_o_du-le_, power-discretes l o a d  module,-guxi liar1 power supply 
(A12, B4, BS).--Th; compute r   d i sc re t e s   modu le  s imula t e s  t h e  d i s c r e t e   o u t p u t   s e c -  
t i o n  of t h e  missile computer 110. I t  p r o v i d e s   t h e   a u t o p i l o t   g a i n   d i s c r e t e s ,  
c o a r s e   a l i g n   d i s c r e  t es ,  and  power d i s c r e t e s  . The  power d i s c r e   t e s   l o a d   m o d u l e  
s i m u l a t e s   t h e  missile p r o p u l s i o n ,  arm, a n d   f u z i n g   s y s t e m   l o a d s   f o r   t h e   p o w e r   d i s -  
c re te  o u t p u t s .   T h e   a u x i l i a r y  power   supp ly   p rov ides   t he  28 Vdc power t o  the m i s -  
s i l e  b a t t e r y  number two. 

The compute r   d i sc re t e s   modu le  i s  u s e d   f o r  all tests t h a t  d o   n o t   i n c o r p o r a t e  
t h e  missile computer .   The  power  discretes   load  module  and  auxi l iary  power  supply 
are u s e d   f o r   t h e  IMU/AP power d i s c r e t e s  test  a n d   t h e   s y s t e m   f r e e   f l i g h t  t e s t .  

S_rvo_ Val~e~&jm~j&or Module ( 8 3 ) .  - The s e r v o v a l v e   s i m u l a t o r   m o d u l e   s i m u l a t e s  
t h e  missile s e r v o v a l v e   s y s t e m   l o a d s  on t h e   a u t o p i l o t   o u t p u t s ,   a n d   p r o v i d e s   t h e  
a u t o p i l o t   w i t h   s i m u l a t e d   f i n   f e e d b a c k   s i g n a l s .  The  module i s  used i n  a l l  a u t o -  
p i l o t  tests and i n   t h e   s y s t e m s   f r e e   f l i g h t  t e s t .  
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Power conditioner  interface box, platform  interface box and G & C E  &st. point. 
module (B2, B1, and A3). -  The  major  function  of  these  modules is t o   p r o v i d e   t h e  
c a p a b i l i t y   t o   m o n i t o r   t h e  c r i t i ca l  and   per t inent   sys tem  per formance   parameters  
at-  v a r i o u s   p o i n t s   i n   t h e   s y s t e m s   i n t e r f a c e   a n d   i n s i d e   t h e   g u i d a n c e   a n d   c o n t r o l  
e l e c t r o n i c s .  The   power   cond i t ione r   i n t e r f ace   box   p rov ides  a s w i t c h   t o   e n a b l e   t h e  
test  s t a t i o n   t o   b e   u s e d   f o r   t e s t i n g   o f   e n g i n e e r i n g   m o d e l  as w e l l  as DDT&E and 
product ion   sys tems  and   swi tch ing   to   p lace   the  rate gyros.  i n   e i t h e r  a normal op- 
e r a t i n g  mode o r  a n o i s e  test mode.  The p l a t f o r m   i n t e r f a c e   b o x  (PIB) con ta ins  a 
s w i t c h   t h a t   p l a c e s   t h e   s y s t e m   i n   e i t h e r  a c a p t i v e   f l i g h t   o r   f r e e   f l i g h t  mode of 
ope ra t ion .  

Also ,   the  P I B  houses   swi tch ing   to   per form  the   fo l lowing:  

1) Place t h e   p l a t f o r m   r e s o l v e r s   i n   e i t h e r   t h e  t e s t  o r   s y s t e m  mode of 
o p e r a t i o n .   I n   t h e  t e s t  mode, e a c h   r e s o l v e r   ( i . e . ,   o u t e r   r o l l ,   p i t c h ,  
and  azimuth)   receives  a 2404 Hz e x c i t a t i o n   s i g n a l   a n d   p r o v i d e s  elec- 
t r i c a l   o u t p u t s   r e l a t i v e   t o   t h e   p i t c h ,   a z i m u t h ,   a n d   o u t e r   r o l l   a n g u l a r  
g imba l   o r i en ta t ions .   These   s igna l s  may be  used as i n p u t s   f o r   t h e  
g imba l   s l av ing   l oops .   In   t he   sys t em mode, t h e   p l a t f o r m   r e s o l v e r s  are 
connected i n  a r e s o l v e r   c h a i n   c o n f i g u r a t i o n   a n d   r e c e i v e   t h e   d i r e c t i o n  
cos ines  as i n p u t s .  The output   o f   the   cha in  i s  t h e  yaw and   p i t ch  
s t e e r i n g  commands (Y P ) t o   t h e   a u t o p i l o t .  c’  c 

2 )  Place t h e   p l a t f o r m   a c c e l e r o m e t e r s   i n   e i t h e r   t h e  t es t  or   sys tem mode 
of o p e r a t i o n .   I n   t h e  t es t  mode, the   acce le rometer   ou tputs  are d i s -  
connected  from  the DAL c i r c u i t r y   a n d  are a v a i l a b l e  as i n p u t s   t o   t h e  
g imbal   s lav ing   loops .   In   the   sys tem mode, t h e   a c c e l e r o m e t e r   o u t p u t s  
are connec ted   t g   t he  DAL c i r c u i t r y   i n   t h e  G&CE. 

The G&CE t e s t  point  module  houses  switching  which  permits  the  gimbal  torquing 
loops  to   be  opened.  

These  modules are used   fo r  a l l  tests.  

Interface  simulator module,  load verify and display u n i t ,  tape  reader, b u f f - e r  
box,  GYPTO transfer  matrix ( C 1 ,  C2, C3, C4, C5).- The i n t e r f a c e   s i m u l a t o r   s i m u l a t e s  
the   in te r face   be tween  the   car r ie r   computer   and   the  missile computer. The bu f fe r  
box  buffers  the  computer  information  exchange  between  the LVDU and  the missile 
computer. The l o a d   v e r i f y   a n d   d i s p l a y   u n i t  (LVDU) c o n t r o l s   t h e   l o a d i n g  of the  
missile computer  from a punched   tape   and   the   ver i f ica t ion  of t h e   d a t a   e n t e r e d .  
I n   a d d i t i o n   t o   t h e   l o a d  and v e r i f y   f u n c t i o n s ,   t h e  LVDU p rov ides   t he   fo l lowing  
swi t ch ing   and   v i sua l   d i sp l ay   capab i l i t y :  

1) Switching  to   permit   s tepping  through  the  program  s tep-by-step;  

2 )  Display of any memory l o c a t i o n  and t h e   a b i l i t y   t o   o b s e r v e   t h e s e   l o c a -  
t ions   whi le   the   computer  i s  ope ra t ing ;  

3 )  Keyboard  data   entry  and  locat ion  addressing.  
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The t ape   r eade r  i s  the   device   th rough  which   the  missile computer 1s loaaeu.  
The GYPTO t r a n s f e r   m a t r i x   h o u s e s   s w i t c h i n g   t o   f a c i l i t a t e   u s i n g   e i t h e r   t h e   c o n t r o l  
console  GYPTO c o n t r o l  module (DDA) o r   t h e  missile computer  (computer) GYPTO t o  
torque   the   gyros .  

The above  modules a r e   u s e d   f o r  a l l  tests t h a t   i n c o r p o r a t e  the missile com- 
p u t e r .  
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GUIDANCE  INTEGRATION  PROGRAM SUMMARY 

T h i s   r e p o r t   o u t l i n e s   a n   o v e r a l l   p l a n   f o r   t h e   d e v e l o p m e n t   a n d   i n t e g r a t i o n   o f  
improved  guidance  for   Scout .   This  summary was as sembled   t o  assist NASA i n   p l a n -  
n i n g   f u t u r e   i m p r o v e m e n t s   i n   t h e   g u i d a n c e   a n d   c o n t r o l   s y s t e m   f o r   t h e   S c o u t   l a u n c h  
v e h i c l e .  The base l ine   sys t em  a s sumes   t he   Scou t  D v e h i c l e   c o n f i g u r a t i o n   w i t h  a 
c l o s e d - l o o p   g u i d a n c e   s y s t e m   l o c a t e d   i n   t h e   f o u r t h   s t a g e .  The b a s i c   g u i d a n c e  sys- 
t e m  c o n s i s t s  of a n   i n e r t i a l   m e a s u r e m e n t   u n i t  (IN), a g e n e r a l - p u r p o s e   d i g i t a l  
computer,  and a g u i d a n c e   a n d   c o n t r o l   e l e c t r o n i c s   u n i t .   T h i s  estimate d o e s   n o t  
i n c l u d e   v e h i c l e   s t r u c t u r a l   m o d i f i c a t i o n s .  

The p l a n  is o u t l i n e d   i n  two p h a s e s   t o   d e m o n s t r a t e   a n   o v e r v i e w   o f   t h e   t o t a l  
p r o g r a m .   T h e   s u b s e q u e n t   s e c t i o n s   d e s c r i b e   i n   g r e a t e r   d e p t h   t h e   i n d i v i d u a l   t a s k s  
to   be   per formed,   and  a d e t a i l e d - p r o g r a m   s c h e d u l e  is p r e s e n t e d   t h a t   o u t l i n e s   t h e  
time and   cos t   phas ing   o f   t he   i nd iv idua l   t a sks .  

The i n t e g r a t i o n   p r o g r a m   d e s c r i b e d   h e r e i n  is based   on   p rev ious   exper ience   such  
a s   t h e   T i t a n  111 guidance   in tegra t ion   and   the   Vik ing   lander   gu idance   deve lopment  
programs. 

The gu idance   i n t eg ra t ion   p rog ram  inc ludes  a c o m p l e t e   s o f t w a r e   v a l i d a t i o n   p r o -  
gram i n  a c losed-loop mode u t i l i z i n g  as much o f   t h e   f l i g h t   h a r d w a r e   t h a t   c a n   b e  
implemented.  Based  on  past   experience,   this  scheme i s  m o s t   c o s t - e f f e c t i v e   i n  
l i g h t  of   the   conf idence  levels e s t a b l i s h e d .   T h i s  would a l l o w   t h e   v e r y   f i r s t  ve- 
h i c l e   t o   be   f l own   w i th   au then t i c   pay loads .   Th i s   app roach   a l so   s e rves   ano the r  
purpose .   Should   there   be  a f a u l t   w i t h i n   t h e   s o f t w a r e   s y s t e m ,   n o t   o n l y   c a n  i t  b e  
f lagged   bu t   a l so   eas i ly   loca ted ,   changed ,   and   checked   ou t .  I f  a f a i l u r e   o c c u r r e d  
i n   f l i g h t  i t  m i g h t   n o t   b e   p o s s i b l e   t o   i s o l a t e ,   w h i c h   w o u l d   n e c e s s i t a t e  some o t h e r  
c o r r e c t i v e   a c t i o n  and   even   de l ay   subsequen t   f l i gh t s .  It  i s  f o r   t h e s e   r e a s o n s   t h a t  
t h e   s o f t w a r e   v a l i d a t i o n   e f f o r t  is c o s t   e f f e c t i v e .  

Each  of  the  tasks  comprising  Phase 1 and  Phase 2 and  hardware  development are 
d e s c r i b e d   i n   t h e   f o l l o w i n g   s e c t i o n s .  The s c h e d u l e  shown i n   f i g u r e  47 , which 
i n c l u d e s  a schedule   of   the   Phase 1 and  Phase 2 t a s k s  as we11 a s  a hardware  develop- 
ment s c h e d u l e ,  w i l l  obvious ly   vary  as a func t ion   of   da te   o f   Phase  1 i n i t i a t i o n .  

Phase 1 Task  Description 

Mission analysis review.- B e f o r e   t h e   i n i t i a t i o n   o f   P h a s e  1, NASA w i l l  p r o v i d e  
m i s s i o n   g u i d e l i n e s   t h a t   i d e n t i f y   d e s i r e d   a c c u r a c i e s   a n d   s u c c e s s   p r o b a b i l i t i e s .  
T h e s e   c h a r a c t e r i s t i c s  w i l l  be  used as p r e l i m i n a r y  limits t o  some o f   t h e   i n d i v i d u a l  
des igns   t ha t   have   been   deve loped  up t o   t h i s   p o i n t .  
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Vehicle  constraints  on inertial guidance  system (IGS) and preliminary  data 
book.- The preliminary  data  book  comprises  the  results  of  the  mission  analysis 

~~ 

- 
data  as to  mass  characteristics,  trajectory  information,  aerodynamics,  struc- 
tural  parameters,  bending  data,  etc.  The  effect  of  design  constraints  on  the  ve- 
hicle  can  be  generated  at  this  time.  Items  such  as  quality  of  power  needed, 
grounding  point  philosophy,  instrumentation  interface,  and  preliminary  interfac- 
ing  in  general  (of  the  vehicle  only)  would be included in the  preliminary  data 
book. 

Preliminary  guidance and controls  logic selection.- Based  on  mission  analysis 
results  that  describe  the  desired  orbital  parameters,  their  accuracy,  probabili- 
ties  of  mission  success etc,  a  number  of  candidate  guidance  and  control  logic 
schemes  can  be  proposed.  One  of  the  major  factors  to  be  addressed  in  this  selec- 
tion  is  that  the  guidance  software  exhibit  nonoptimal  performance  steering.  This 
scheme  has  the  capability  of  wasting  energy  in  order  to  accommodate  the  lack  of 
cutoff  control  to  the  solid  rocket  motors.  Using  the  preliminary  data  book  and  a 
number  of  three-degree-of-freedom  runs  for  check  purposes,  the  finalized  logic 
schemes wil1,be chosen  during Phase 1. The control  logic  approach  will  include 
the  orbital  correction  capability  that  utilizes  the  ACS jets to  make  up  velocity 
errors  after  fourth  stage  shutdown. 

A  more  detailed  discussion  of  guidanc.e  logic  selection  can  be  found  in  the 
section  entitled Guidmee Software. 

Computer  sizing and timing.- This  effort  will  lag  the  logic  selection  task  by 
a  few  months so the  preliminary  factors  that  bound  a  worst-case  condition  as  to 
required  computer  operations  will be defined.  Items  such  as  the  number  of adds, 
multiplies,  divides,  etc  will  form  some of the  timing  cycles.  Mission  constraint 
items  such  as  accuracy  will  affect  sizing  (e.g.,  double  precision  requirements, 
etc). The design  goal will be  to  select  a  minimized  set  of  required  instruc- 
tions. The following  mission  functions will  be addressed  in  this  tradeoff  task: 

1) Navigation; 5) Sequencing; 

2 )  Guidance; 6) Malfunction  checks; 

3) Powered  flight  control; 7) Telemetry; 

4 )  Coast  control; 8 )  Ground  checkout. 

G e n e r a t i o n s y s t e m  (IGS) RFP.- This  task  entails  writ- 
ing  the  detailed  sDecifications  describing  the  computer, IMU. and  guidance  and 
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control  electronics  unit  that  form  the IGS. These'RFPs-will-define the  environ- 
ment  to  which  these  units will  be subjected  and  the  units!  physical  characteris- 
tics,  power  requirements,  component  quality,  and  performance.  The  response t o  
these  RFPs  identifying  the  developmental  qualifications  and  production  programs 
with  their  associated  costs will  be used  to  select  the  flight  hardware. 

- 
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Ground equipment t radeoffs . -  The ground  operations  equipment  is  used  to  mini- 
mize the  checkout  and calibration tasks  that  must be performed  by operator and 
maintenance personnel. The degree to which these  systems  are  implemented and  the 
overall program  philosophy will be developed and defined  in  this Phase 1 task. 
System integration, reliability, maintainability, and operational  flexibility are 
the criteria  to be addressed in the  selection  of  the  final  systems. The cost ef- 
fectivity of using  standard  off-the-shelf hardware as  opposed  to specially  built 
units  designed  specifically for the  Scout  application will be  another area t o  be 
studied in depth. 

Alignment t r adeof f s . -  The accuracy  of  the  alignment will be a direct  function 
of the mission requirements and will be used  to establish  the  philosophy  of  align- 
ment. Methods such as  gyrocompassing, optical schemes using  portable  autocollima- 
tion, or  a  closed-loop  tracking  theodolite will be  studied  for  final  selection. 

The aforementioned  tasks will all be  initiated at  the  very beginning of Phase 
1 and will be completed within the first six months as shown in figure47 . 

IGS Select ion.-  Two months  after the RFP responses are received, the final 
hardware  equipment  selections will be  made. 

IGS integrat ion  plan.-  A detailed  plan  describing  the  schedule  to  be  imple- 
mented  during  Phase 2 to  perform  the guidance  integration  will  be  initiated  about 
halfway  through  the  first  phase.  It  will  outline  in  depth  the  verification  and 
validation tasks  that  serve  as  the  finalized  checks on  the IGS system. 

Engineering . . - . ." development tes t   p lanning . -  The output of this  task will be  de- 
tailed  procedures  describing  the  testing  approach  for  the  various subcomponents 
at  the blackbox  level.  Each  of  the  components will be  tested  for its  electro- 
magnetic  compatibility (EMC), thermal, and other  individual  capabilities  leading 
ultimately to  the marriage of  these components  into  the system configuration. 

IGS/vehicle i n t e r f a c e   s p C i f i c a t i o n 5 . -  A documented  detailed  interface s p e c i -  
fication will be  developed to provide  compatibility  between tlle IGS and tlle vellicle 
components. The  parametric  interface  specification is composed o f :  

1) The power  and electrical  requirement  interface specification; 

2) Physical interface--- configuration, weigllts,  moments of inertia, 
location; 

3) Electrical  installation  interface---  control  drawings  describing  the 
wiring interface; 

4 )  Test  interface. 
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Error  analysis.-  A continuing  effort will be expended  during Phase 1 to  iter- 
ate  on  the  existing  hardware  sensitivities  and  the  current  system  philosophies  to 
provide  high  confidence  that  the  system  concepts  being  used are meeting  the  over- 
all  prescribed  mission  requirements. 

Simulation  programs  such  as TEAP, UD213, etc will be used as the  pertinent 
analysis  tools. 

Phase 2 proposal.- The  culmination  of  the Phase 1 task will be a  Phase 2 pro- 
posal  in  which  the  Phase 1 effort will  be documented. The more  significant  trade- 
offs  earlier  identified,  such  as  in  the  alignment  and  ground  equipment  areas, 
will  by  this  time be completed. A detailed Phase 2 schedule  and  cost  program 
plan  will  be  presented  proposing  the  tasks  to be performed  in  the  final  phase. 

Phase 2 Task Description 

Guidance and control  equation  development.- Once  the  logic  schemes  have  been 
chosen,  the  equations  necessary  to  compare  measured  velocity  and  position with the 
desired  state will be  developed,  and  from  these  tbe  control  corrections  needed  to 
achieve  the  final  desired  state w i l l  be  computed.  The  control  equations  needed 
to stabilize  the  vehicle  attitude will be  developed fn  a  slmilar  fashion. 

Ground checkout  equation  development.- This  effort  is  needed  to  define  the 
logic  to  perform  the  following  functions:  alignment,  calibration,  leveling,  pro- 
gram  loading,  etc.  This  task  will be performed  concurrently  with  the  ground 
checkout  equipment  design. 

The  aforementioned  tasks  will  be  undertaken  at  the  inception  of Phase 2 .  The 
following  tasks  will  also  be  initiated  at  the  start  of  the  program so the  indi- 
vidual  hardware  systems  will  be  completed  at  the  time  of  integration. 

Finalized  data book.-  At  this  point  in  time  the  vehicle  configuration  and  ob- 
jectives  will  be  described  in  more  refined  fashion  and a finalized  data  book will 
be  assexbled.  Since :his was  constantly  iterated  during  Phase I, the  changes 
will  be  minimum. 

Software  to01  development.- This  task  identifies  the  programs  requiring  de- 
velopment  or  modification  to  serve  as  aids  in  developing  the  software: 

1) Assembler - Converts  the  code  to  machine  language; 

2) Source  code  analyzer - Performs  nonexecuting  edit  and  prints  out  er- 
ror  flags  prior  to  the  code  becoming  machine  language; 

3) Interpretive  computer  simulator - Provides  the  method  by  which  the 
airborne  computer  can  be  simulated  on  the CDC computer; 
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4 )  Flow  charter - Generates  flow  charts  when  input  with  the  coded  air- 
borne  program.  This  is a verification  tool  in  that  only  software  is 
being  checked; 



5) Accuracy study processor - Performs computations in exactly the same 
manner as does the airborne computer and checks the outputs for accu- 
racy; 

6) Open-loop automatic analyzer - Performs branch point, dimension anal- 
ysis, etc; 

7) Miscellaneous - Error analysis, trajectory programs, etc; 

8 )  Targeting programs utilizing the UD213 program. 

These software development aids have evolved from other Martin Marietta pro- 
grams and can likely  be  used as is or with minor modifications. 

Error   ana lys i s . -  This task represents a more in-depth investigation of soft- 
ware design than  that described in Phase 1. A six-degree-of-freedom computer 
program will be used  to simulate the logic equations and representative flight 
trajectories to demonstrate compliance with mission objectives and the accuracy 
that can be achieved. 

The aforementioned tasks will be initiated at  the start of  Phase 2. 

Targe t ing . -  The purpose of targeting is to select the guidance polynomial 
coefficients driving the  control system to steer the vehicle to a nominal state 
(implicit  guidance) or  to some new  trajectory whose aim  point represents the 
final desired state. Different mission parameters requi-re new targeting. A 
range of mission parameters targeted are expected to bound all of those expected 
to be flown. 

Software SpeCifiCatiOn_g_eneratiOn.- This effort involves generating flow 
chart diagrams, logic sequencing, and  the equations in specification form in 
which they will eventually be coded. 

- ~ - . "  " - 

Coding.- Computer coding is  the process of transforming the problem descrip- 
tion given in terms  of algebraic equations, instructions, or general flow dia- 
grams  into a binary code the computer can interpret and execute. 

In effect coding converts the equations written in the specification into as- 
sembler language. (Although assembler language is a more difficult machine lan- 
guage to program and so is  not normally used with the CDC, it  is much more effi- 
cient and lends itself very well to airborne computer design.) Both the ground 
and flight equations must be coded. 

Hybrid  computgr. mode- and. guidance contr_ l .  l o g i c  (GCL) bu i ld . -  An analytical 
model 'of -the airframe can be simulated- on the analog computer with associated 
transfer functions to simulate the autopilot control functions. Preliminary 
data book values can be used since the  major problem is one of scaling, with po- 
tentiometers used  to  input  the correct constants that are functions of weights, 
structural modes, etc. The inputs to  the model will be computer outputs in the 
form  of actuator control commands that reorient the vehicle. Comparing thrust 

- ." 
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values  at a  known  attitude  with  some  reference  frame  provides  a  measure  of  the 
vehicle  linear  motion in terms  of  vehicle  position, velocity, and  acceleration. 
Therefore  a  6-dimensional  state is output  from  the  hybrid  computer  and  input  to 
the  airborne  computer  to be compared  with  the  desired  state  for  the  generation 
of a  new  control  command. 

The GCL build  or  modification  (hardware  marriage  tests)  effort  requires 
government-furnished  equipment  such  as  actuators, fins,  electronics, and  other 
hardware, e.g., an  airborne  computer, so the  interfaces  between  the IMU and  com- 
puter  and  computer-to-vehicle  can  be  determined. 

Verification.-  Verification  of  the  coding  to  insure  that  the  software 
matches  the  software  specification  is  the  last  step  before  release  of  the  opera- 
tional  software  program  packages. A complete  and  controlled  verification  of  the 
operational  software  before  release  is  mandatory  to  minimize  change  and  schedule 
impact  as a result  of  subsequent  performance  validations. 

The  principal  verification  tool  will  be  an  interpretive  computer  simulator 
(ICs). The ICs is a program  written  for a large  "host"  or  general-purpose  com- 
puter. The program  is  designed  to  allow  the  host  computer  to  simulate  the  op- 
eration  of  another  "target"  computer. The ICs interprets  each  target  computer 
instruction  as  it  is  encountered  in  the  execution  sequence  and  implements  its 
function  by  host  computer  instructions. The  structure of  the  ICs  readily  lends 
itself  to  the  addition  of  diagnostic  aids  that  may be coupled  to  the  powerful 
input/output  equipment  associated  with  the  host  computer. The ICs  will  be  used 
to  verify  the  coding  of  each  module  by  verifying  the  equation  flow  through  each 
logic  path  on  an instruction-by-instruction basis. 

Validation.- A set  of  defect-free  program/parameter  tapes  is  required  to  en- 
sure successful  vehicle  acceptance  and  prelaunch  testing,  and  overall  mission 
success. This, by  definition,  requires  an  error-free  validation  to  insure  that 
all  software  defects  (programming  or  specification)  are  detected  and  removed  be- 
fore  the  appropriate  punched  tapes  are  used  with  the  vehicle. The purpose  of 
generating a set  of  validation  procedures  is  to  provide a  systematic,  controlled 
plan  for  obtaining  an  error-free  validation,  and  to  provide  customer  visibility 
of the  validation  itself. The validation  procedures  must  provide  definitions  of 
specific  validation  tests  and  associated  success  criteria,  and  also  software 
controls  for  all  validation  runs. 

In  addition,  appropriate  procedures  for  spot-checking  the  guidance  equation 
software will be  included.  These  tests  will  include  such  perturbation  runs  as 
thrust,  specific  impulse,  and  weight  tolerance  variations  to  check  powered 
flight  guidance  equation  performance,  and  some  special  tests  to  functionally 
check  logic  during  coast  phases  of  flight. 

Test  plans and procedures.- This  task  will  generate  documentation  of  the 
test  plan  and  procedures  needed  to  check  out  the IGS both  at  the  integration 
location  as  well  as  at  the  launch  site. 
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Hardware 

In order  to  arrive  at  representative  hardware  cost  estimates, a preliminary 
specification was generated  and  transmitted  to  the  respective  guidance  hardware 
manufactures. They, in-turn,  responded  with ROM cost  estimates  along  with a 
discussion  on  the  exceptions  taken to the  preliminary  specification. 

Cost  analysis  played a vital  role  in  the  tradeoffs  performed  throughout  this 
study.  However,  due  to  the  highly  proprietary  nature of the  cost  data  and  at 
the  request  of  the  component  manufacturers,  it  has  been  published  in a separate 
document  for  limited  distribution.  These  data  can  be  acquired  by  contacting 
NASA or  the  author of this  report. 

It should  be  noted  however  that a representative  schedule  for  hardware  pro- 
curement  is  shown  in  figure 4 7 .  
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RECOMEllENDATIONS 

This   s tudy   shoved   tha t   an   improved   gu idance   and   cont ro l   sys tem f o r  Scout 
can  be  implemented  with  s ta te-of- the-ar t   hardware.   This  will r e s u l t   i n   i n -  
c r e a s e d   a c c u r a c y ,   g r e a t e r   m i s s i o n   f l e x i b i l i t y ,   a n d   e s t e n d e d   p a y l o a d   l i f e .  I t  
is t h e r e f o r e  recommended t h a t   t h e   f o l l o w i n g   t a s k s   b e   i n i t i a t e d   t o   m i n i m i z e  
r i s k  and to   insure   an   op t imized   gu idance   and   cont ro l   sys tem  des ign:  

I.) Pi iss ion  Analysis  - Review fu tu re   pay load   r equ i r emen t s   i n   o rde r   t o  
estimate accuracy  and  vehicle   performance  through 1980. 

2) C o n t i n u e   d e f i n i t i o n   o f   s y s t e m   m o d i f i c a t i o n s ,   v e h i c l e   i n t e r f a c i n g ,  
and  environmental   requirements.  It  is recommended t h a t  a t  l eas t  
two i n e r t i a l   s y s t e m s   b e   i n c l u d e d  -- t h e  KT-70 gimbaled  platform 
and t h e  DIGS strapdovm  system; 

3) I n i t i a t e   P h a s e  I. of the  Guidance  Integrat ion  Program as ou t l ined  
i n   t h e   p r e c e d i n g   s e c t i o n .   P h a s e  1 will r e s u l t   i n  a minimum c o s t  
l ow- r i sk   approach   t o   e s t ab l i sh ing  a pre l iminary   des ign  of a n  
improved  guidance  system  for  Scout.  A s i g n i f i c a n t   t a s k   i n c l u d e d  
i n   P h a s e  1 is the   gu idance   l og ic   s tudy .   Th i s   s tudy  would inves t -  
i g a t e  method f o r   p r o v i d i n g  lOT.7-COSt f unc t iona l   gu idance   so f tware  
t h a t  vi11 meet t h e   p r e s e n t  and fu ture   Scout   requi rements .  The 
r e su l t an t   ou tpu t   wou ld   be  a cand ida te  set of guidance   a lgor i thms,  
a plan  for   implementat ion  of   guidance  equat ions,   and  the  schedule  
and c o s t s   f o r   i m p l e m e n t a t i o n .  
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A P P E N D I X   A  
TRAJECTORY  ERROR  ANALYSIS PROGRAM ( T E A P )  

The bas i c   func t ion   o f   t he  TEAP program is t o   g e n e r a t e   e r r o r s   i n   v e h i c l e  
p o s i t i o n  and v e l o c i t y   a s  a funct ion  of   the  guidance  system  hardware  error   sources  
a n d   t h e   p a r t i c u l a r   t r a j e c t o r y   p r o f i l e   t h e   v e h i c l e  is  e x p e c t e d   t o   f l y .  

The o r i g i n a l  TEAP program  (which  handled  only a gimbaled  version) was devel- 
oped i n  1963. It has   been   va l ida t ed   v i a   checks   aga ins t   a s soc ia t e   con t r ac to r ' s  
independent  programs  numerous times w i t h   v i r t u a l l y   i d e n t i c a l   r e s u l t s .  The  modi- 
f i c a t i o n   t o   t h e  program to   handle   s t rapdown IMUs vas  incorporated  about  two y e a r s  
ago. This   modif icat ion was a l s o   v a l i d a t e d   a g a i n s t   t h e   o u t p u t  of an  independent 
program by an   a s soc ia t e   con t r ac to r .  

Vehicleborne  accelerometers  do n o t   s e n s e   g r a v i t a t i o n a l   a c c e l e r a t i o n .  Conse- 
q u e n t l y ,   r e s u l t a n t   s p a c e c r a f t   i n e r t i a l   a c c e l e r a t i o n s  must   be  der ived  in  a com- 
puter   I ls ing  measured  accelerat ions  ( thrust ,   aerodynamic)   and a n a t h e n a t i c a l   f o r -  
mu la t ion   fo r   t he   acce le ra t ion   o f   g rav i ty :  

a = a  + a  veh  sensed  grav * 

E r r o r s   i n   v e h i c l e   a c c e l e r a t i o n  come from  these two fundamental   sources  and 
may b e   w r i t t e n   a s  

Expanding t h i s  

A'. = v e h i c l e   a c c e l e r a t i o n   e r r o r   i n   i n e r t i a l   s p a c e ,  i n  
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is the  t ransformation of t h e  U, V,  TJ (gyro  and  accelerometer  frame)  to  the  in- 
er t ia l  launch  reference  coordinate  system, 

A: are the   acce le rometer   e r rors ,  

A@ are the  guidance  package  and  gyro  errors, 

a is  t h e   a c t u a l   s e n s e d   i n e r t i a l   a c c e l e r a t i o n s ,  and 

cc 

I 

SI 
- 

[ I  is a 3x3 matrix of p a r t i a l   d e r i v a t i v e s   t h a t   y i e l d s   g r a v i t a t i o n a l  

a c c e l e r a t i o n   e r r o r s   c a u s e d   b y   e r r o r s   i n   p o s i t i o n   w i t h   r e s p e c t   t o   t h e   a t t r a c t i n g  
body. This is n o t  a function  of  hardware  errors,   which are the terms t h a t  com- 
p r i s e  A @  and a : I cc 

where DBu , DBv, and D are the   acce le romete r   b i a s   e r ro r s   i n   (g )  , BW 
cu, Cv, qJ are accelerometer  scale f a c t o r   e r r o r s   i n   ( g / g ) ,  

D ~ ~ ,  D ~ ~ ,  D~ are acce le romete r   non l inea r i ty   e r ro r s   i n   (g /g2>  , 

a a and a are a c t u a l   s e n s e d   a c c e l e r a t i o n s   a l o n g   t h e   i d e a l  U, V ,  W SU'  SV' SW 
axes, and 

+uv, %Jw, +w> +,, @wu, and $Jv are accelerometer  misalignment  angles 

r ep resen t ing   mu tua l   nonor thogona l i ty   i n   r ad ians   (F ig .  48). 

* 
C(t) is a cons t an t   ma t r ix   fo r  a gimbaled  platform,  but is  time-dependent  for 

a s trapdown  system. 
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Sensitive Axis o f  V 
Accelerometer 

J Note: Misalignments due t o  the  fact  that  the  sensitive 
- axes of the  accelerometer  are n o t  a1 igned per- 

fectly t o  the  ideal U V W frame. 
U 

Figure 48. - Accel erometer Mi sal i gnments 

Figure 4 
celerometer. 

8 descr ibes   the  ~SJO misalignment  angles  associated  with  the V ac- 

+W is t h e   a n g l e   i n   t h e  VU p l a n e   t h a t   t h e   s e n s i t i v e  V a x i s  ac- 

celerometer  is  ou t  of a l ignment   with  the  desired V axis. +wq is t h a t   e r r o r   i n  

a n g l e   i n   t h e  WJ plane. I t  can be seen t h a t  s ix  a n g l e s   d e s c r i b e   t h i s   e r r o r .  
Further  defining  components of Eq. ( A 3 ) ,  

where +xo, and +zo represent  the  alignment  error  of  the  guidance  package  to 

the   idea l   re fe rence   f rame (XO, YO, ZO) i n   r ad ians ,   and  SDF is a strapdo1.m f l a g .  

203 



F$,, %, and qq are the  non-g-sensi t ive  gyro  dr i f t  rate terms i n  radians/second,  

Psuy Psv, and Psw are t h e   g y r o   d r i f t  rate terms due t o  mass imbalance  along 

the  spin  axes   of   the  U, V, 14 gyros,   respect ively,   in   radians/second/g,  

pIu' pIv' 

clu' clv' clw 

and PIw are t h e   g y r o   d r i f t  rate terms due t o  mass imbalance  along 

the   input  axes of   the U, V, TJ gyros ,   respec t ive ly   in   rad ians /second/g ,  

are t h e   d r i f t  rate errors   due  to   major   compliance  (anisoelast ic  

effect) in   radians/second/g2,  

DKu, DnJ, and DKv are gyro  torquer scale f a c t o r   e r r o r s   i n   p e r c e n t a g e ,  and 

B U V Y  em, OW' evw' and eTJv are gyro  misalignment  angles  representing 
mutual  nonorthogonality.   These  misalignments  occur  because  the  sensit ive  axes 
of  the  gyro are n o t   p e r f e c t l y   a l i g n e d   w i t h   t h e   i d e a l  U, V , W frame. 

S imi la r ly ,  as in   the   acce le rometer   misa l ignments   descr ibed   in   F igure  A l ,  s i x  
angles  w i l l  i den t i fy   t he  two angular   errors   of   each  gyro  input   axis .  

$,, I$,, and cp are t h e   a c t u a l   r o t a t i o n  rates about  the U, V, and W axes. 

As previous ly   descr ibed ,   these   e r ror   sources   def ine  A: which i s  i n t e g r a t e d  

. .  
w 

veh ' 
t o   y i e l d   v e l o c i t y   e r r o r  and   once   aga in   to   y ie ld   pos i t ion   e r ror .  

The output  of  the  program is  formated   to   p resent   ind iv idua l  components (X, Y ,  
Z, i n e r t i a l ,   o r   t a n g e n t i a l ,   r a d i a l ,  and  normal)   of   each  error   source 's   contr ibut ion 
t o   e r r o r s   i n   p o s i t i o n  and   ve loc i ty .   These   ind iv idua l   e r rors  are root-sum- 
squa red   t o   ob ta in   t he   t o t a l s .  The t o t a l s  are root-sum-squared f o r   b o t h   p o s i t i o n  
and   ve loc i ty   e r ro r   t o   ob ta in  one number fo r   pos i t i on   and   one   fo r   ve loc i ty .  A 
similar output  is  p r e s e n t e d   f o r   t h e   a t t i t u d e   e r r o r s   a s s o c i a t e d   w i t h   e a c h   o f   t h e  
e r r o r   s o u r c e s  (see t a b l e  4 9 ) .  

TABLE 49 .- TEAP  OUTPUT OF INDIVIDUAL ERRORS 

@x0 

cU 

DB U 

n 
rss from oxo t o  n 

'rss rss rss rss Yrss rss P i x  Z 
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A t t i t u d e   e r r o r s  are presented  as above   except   e r rors  are mapped via  a t rans-  
f o r m a t i o n   t o   r o l l ,   p i t c h ,   a n d  yat7 (body  axes) 

By c a l c u l a t i n g  sets o f   v e l o c i t y   a n d   p o s i t i o n   e r r o r s   f o r   e a c h   i n p u t   s o u r c e  
e r r o r  and  dividing  each  e lement   of   the  set by t h a t   i n p u t   e r r o r ,  a ma t r ix  of  par- 
t i a l  d e r i v a t i v e s  may be  formed 

t h a t   y i e l d s   t h e   e r r o r s   i n   t h e  state va r i ab le s   r e su l t i ng   f rom n i n p u t   e r r o r   s o u r c e s  
The s ta t is t ical  t ransformation is  then 

where = a (6  x 6)  covariance  matrix  of state v a r i a b l e s  (X,  Y , 2, X, Y , Z) and 

and x- = a ( n  X 0 )  covar iance   mat r ix   o f   input   e r rors   ( inc luding   of f -d iagonal   cor -  

r e l a t i o n  terms, i f   a v a i l a b l e )   t h a t   y i e l d   e r r o r s   i n   t h e  state v a r i a b l e s   r e s u l t i n g  
f rom  input   e r ror   sources .  

. . .  
- 
X 

E 

A t  the   end  of   each  powered  f l ight   segment ,   the   integrated  veloci ty   and  posi-  
t i o n   e r r o r s  become in j ec t ion   e r ro r s   fo r   t he   subsequen t   coas t   pe r iod .   These  ve- 
l o c i t y   a n d   p o s i t i o n   e r r o r s  are p r o p a g a t e d   t o   l a t e r   o r b i t a l  times by taking  space 
d e r i v a t i v e s   t h r o u g h   t h e   K e p l e r i a n   e q u a t i o n s   o f   b a l l i s t i c   f l i g h t .  The STEAP pro- 
gram, which maps t r a j e c t o r y   e r r o r s   i n  deep  space,   uses  these  covariance  matrices 
as p a r t  of i t s  i n p u t   ( t a b l e  50). 

TABLE 50.- COVARIANCE  MATRIX  GENERATION 

Covariance 
matrix 

(Individual 
t r a j e c t o r i e s )  

B "2 
rl - 

Error   coef f ic ien ts  B-1 
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Other  outputs  generated  by  the TEAP program are 

(1) The f i n a l   t r a j e c t o r y  s ta te  r ep resen t ing   such   o rb i t a l   pa rame te r s   a s  
r ad ius  of per igee,   radius   of   apogee,   vehicle   veloci ty   magni tude,  
semimajor axis, semi la tus  rectum, e c c e n t r i c i t y ,   i n c l i n a t i o n ,   p e r i o d ,  
and f l i g h   t p a t h   a n g l e ;  

2) The i n d i v i d u a l   e r r o r s   i n   e a c h  of t h e  above-s   ta ted  orbi ta l   parameters  
as a func t ion  of each  of   the  guidance  hardware  error   sources;  

3) The a l g e b r a i c  sum of   t hese   e r ro r s ;  

4 )  The rss o f   t hese   e r ro r s .  
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A P P E N D I X  B 
UD-213 TRAJECTORY  PROGRAV 

Introduction 

The UD-213 is a po in t  mass, three-degree-of-freedom  trajectory  simulation 
program. Its genera l ized   na ture   a l lows  a l a r g e   v a r i e t y  of launch  and  reentry 
v e h i c l e s   t o   b e   s i m u l a t e d   i n   s i n g l e   o r   m u l t i s t a g e  modes under   var ious   cont ro l   l aws .  
A s  many as 20 phases may b e   u s e d   t o   d e s c r i b e   t h e   t r a j e c t o r y .  Each  phase  consis ts  
of a burn  and  coast   per iod.  

The program  incorporates a s i n g l e   a t t r a c t i n g  body and  general  atmosphere  model 
tha t   can   be   descr ibed  by i n p u t .  A s  a r e s u l t ,   a n y   a t t r a c t i n g  body may be  used 
merely by making the   appropr i a t e   i npu t .  

The  equations  of  motion are s o l v e d   i n  a pad-cen te red   i ne r t i a l   r ec t angu la r  
coordinate  system. The g r a v i t y   f o r c e s  are c a l c u l a t e d   i n   a n   e a r t h - c e n t e r e d   i n e r t i a l  
sys t em  tha t  is  para l le l   to   the   pad-centered   sys tem.   Auxi l ia ry   ca lcu la t ions   a l low 
for   the  computat ion of pos i t i on   and   ve loc i ty   i n   o the r   coo rd ina te   sys t ems   a s  vel1 
as the   computa t ion   o f   o the r   u se fu l   va r i ab le s .   Three   computa t iona l   op t ions  may be 
used -- po in t  mass, th ree -ax i s ,   o r  moment balance.  

The  program  has a s imul t aneous   i t e r a t ion fop t imiza t ion  scheme t h a t   a l l o w s   a s  
many a s   s i x   d e p e n d e n t   v a r i a b l e s   t o   b e   s a t i s f i e d   u s i n g   a s  many as 12  independent 
v a r i a b l e s .  The g e n e r a l i z e d   n a t u r e   o f   t h e   i t e r a t i o n  scheme  a l lows  the  user   the 
opt ion   of   se lec t ing   the   dependent   and   independent   var iab les   f rom  an   ex tens ive  
l ist  o f   ava i l ab le   va r i ab le s .  

The program  flow  chart  is p r e s e n t e d   i n   f i g u r e  49. 

Coordinate Systems 

The  program u t i l i z e d   s e v e r a l   c o o r d i n a t e   s y s t e m s  t o  provide   auxi l ia ry   in forma-  
t i o n  and   such   r e fe rence   sys t ems   fo r   ca l cu la t ing   op t iona l   da t a  as t r acke r   l ook  
angles ,  sun-shadows capabili ty,   and  various  guidance  controls.   With the a i d  of 
Figure 50, the   coord ina te   sys tems are desc r ibed   i n   t he   fo l lowing   pa rag raphs .  

xp, Y p ,  Z p  (plumb line)  coordinate  system.- A r ec t angu la r  i n e r t i a l  coord ina te  

sys  tem 5,  Ypr  Z is e s t a b l i s h e d   w i t h  its o r i g i n   s p e c i f i e d  by t he  i n i t i a l  geode t i c  

l a t i t u d e ,  @ e a s t   l o n g i t u d e  X and  height  above  the reference ellipsoid ho. 
The Y a x i s  is pe rpend icu la r   t o  the l o c a l   h o r i z o n t a l   p l a n e  a t  launch ,   the  Xp axis 

P 

GO ' 0' 

P 
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N 

Legend : 
X Y  z Space-fixed inertial  coordinate system 

x P   y P  zP Launch-centered  geodetic inertial  coordinate system 

x; Y; z; Earth-centered  inertial  coordinate system paral le l   to  X p  Yp Zp 

'e  'e  'e Earth-centered  rotating  coordinate system  with the Xe axis 
passing t h r o u g h  the Greenwich meridian 
Earth-centered  inertial  coordinate system w i t h  the XGM axis 'GM' 'GM 

OL 

passing  through  the Greenwich mer 
Flight azimuth measured from true 

id ian   a t  launch 
north  (deg) 

'GO Geodetic l a t i  tude  (deg) 

Geocentri c 1 a t i  tude  (dcg) 

Longitude measured eas t  from the Greenwich meridian,  (deg) 
'co 

T Vernal equinox of Date 
~ ~ ~ ~~ ~ ~~~ 

FIGURE 50.- UD-213 PROGRAM COORDINATE SYSTEM 
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is  i n   t h e   l o c a l   h o r i z o n t a l   p l a n e   a n d  is  directed  a long  an  azimuth  of  u f rom  t rue 

north,   and  the Zp axis completes  the  r ight-hand  system. The 5,  Y p l ane   de f ines  

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

L 

P 

The equations  of  motion are so lved   i n   t h i s   coo rd ina te   sys t em.  

X;, Y;, Z i  coordinate  system. - This  i n e r t i a l  coordinate  system is p a r a l l e l   t o  - 
t h e  $, Yp, Z system  and is loca ted  a t  the   cen te r   o f   t he   ea r th .  It is  used  to 

ca l cu la t e   t he   geocen t r i c   r ad ius   t o   t he   veh ic l e   and   t he   r e su l t i ng   g rav i ty   fo rce  
t h a t  i s  r equ i r ed   t o   i n t eg ra t e   t he   equa t ions  of motion. 

P 

X ,  Y z coord ina te  S y S  tem. - To d e f i n e   t h e   t r a j e c t o r y   i n  a space-f  ixed  coor- 
d ina t e   sys t em  fo r   poss ib l e  sun-shadow capab i l i t y   o r   subsequen t   i n t e rp l ane ta ry  
t r a j e c t o r y   s t u d i e s ,   t h e  X, Y ,  Z coordinate  system m u s t  be  developed.  This  system 
is an   ea r th -cen te red   i ne r t i a l   r ec t angu la r   coo rd ina te   sys t em.  The X a x i s  l i e s  i n  
the  equator ia l   p lane  and  passes   through  the  vernal   equinox of d a t e  T t he  Z a x i s  

passes  through  the  north  pole,   and  the Y axis l i e s  i n   t h e   e q u a t o r i a l   p l a n e  and 
completes  the  right-hand  system. 

0' 

X G M ,  YGM,  ZGM coord ina te  system.- This   coordinate   system is an  ear th-centered 

i n e r t i a l   c o o r d i n a t e   s y s t e m   w i t h   t h e  X axis i n   t h e   e q u a t o r i a l   p l a n e  and passing 

through  the  Greenwich  (prime)  meridian a t  launch. The ZGM axis   passes   through  the 

no r th   po le  and t h e  Y axis l ies  in   the   equator ia l   p lane   comple t ing   the   r igh t -hand 

s y s  tern. 

Gtl 

GbI 

The  above four   coordinate   systems are the  fundamental   systems  used  in  describ- 
ing  the  equations  of  motion. The fol lowing  coordinate   systems are used  to  compute 
auxi l ia ry   in format ion .  

X e y  Ye,  Ze coord ina te  system. - The Xey Ye ,  and Ze coordinate  system is an aux- 

i l iary  system  used  to   def ine  the  space-f ixed  veloci ty   components .  The sys t em is  
ear th-centered   wi th   the  X a x i s  i n  the  equator ia l   p lane  passing  through  the Green- 

wich  meridian a t  launch. The Y axis l ies wi th in   t he   equa to r i a l   p l ane  and east of 

t h e  X ax i s ,   w i th   t he  ze axis directed  north  through  the  spin  axis .   This   coordin-  

ate sys tem  ro ta tes   wi th   the   ear th .  

e 

e 

e 

'PF'  'PF' ZpF coordinate  system. - The range  safety  coordinate   system is an 

earth-fixedy  pad-centeredy  left-handed  coordinate  system  with  the 

t a n g e n t   t o   t h e   e a r t h  a t  the  launch  pad. The SF axis is  d i r e c t e d   a t   a n   a n g l e  u 

from the   no r th ,  and t h e   p o s i t i v e  Z axis is perpendicular   to ,   and  directed  outward 

from,  the 3 / Y  p lane .  The YpF a x i s ,   d i r e c t e d   t o   t h e   l e f t y  and  looking  downrange, 

completes  the  system. 

%F 'PF 
p lane  

L 

PF 

F PF 
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1, 2 ,  3 Body-centered. coordinate  system. - For  3-axis   s imulat ions,   an  addi-  
t ional .   or thogonal   coordinate   system  (1,  2,  3) is body-fixed  with its o r i g i n  a t  
t h e   v e h i c l e   c e n t e r  of g r a v i t y .  The l - ax i s   co r re sponds   t o   t he   ro l l   ax i s ,   t he   2 -ax i s  
c o r r e s p o n d s   t o   t h e   p i t c h   a x i s ,  and t h e  3-axis c o r r e s p o n d s   t o   t h e  yaw axis. 

Planet Model 

The o b l a t e   s p h e r o i d  i s  cha rac t e r i zed  by the  semimajor axis ,  the  semiminor axis,  
t h e   e c c e n t r i c i t y   o f   t h e   e l l i p t i c   s e c t i o n   o f   t h e   o b l a t e   s p h e r o i d ,  and t h e   r o t a t i o n a l  
rate about i ts  s p i n   a x i s   ( n o r t h   p o l e ) .  

The p o t e n t i a l   f u n c t i o n  is  cha rac t e r i zed  by t h e   g r a v i t a t i o n a l   c o n s t a n t  of  t h e  
a t t r a c t i n g  body, t he   equa to r i a l   r ad ius ,   t he   geocen t r i c   l a t i t ude ,   and   t h ree   po ten -  
t i a l  func t ion  terms. 

The pa rame te r s   r equ i r ed   t o   de f ine   t he   a tmosphe r i c   e f f ec t s  are p r e s s u r e   r a t i o ,  
dens i ty   ra t io ,   speed   of   sound,  Mach number,  and  atmospheric  temperature.  These 
parameters  are a func t ion  of a l t i t u d e .  

Two atmosphere  models  stored i n   t h e  program  use   t ab le   lookups   to   ob ta in   the  
p re s su re  and  temperature.  The s tored  models  are t h e  624A and  1962  standard  atmos- 
pheres .  

I n   t h e   1 9 6 3   P a t r i c k  AFB atmosphere,   v lhich  uses   polynomials ,   the   pressure  and 
temperature  are ca l cu la t ed  as func t ions   o f   geometr ic   a l t i tude .   These   parameters  
are c a l c u l a t e d   i n  metric u n i t s  and   conve r t ed   t o   Eng l i sh   un i t s   i f   r equ i r ed .  

Numerical Integration 

The numer i ca l   i n t eg ra t ion  i s  performed  using  any  one of the  fol lowing  schemes,  
which  can  be  selected  by  input:  

1) Predictor-corrector;   4)  Fourth-order  Runge-Kutta;  

2) Adams-Moulton; 5) Fourth-order  modified  Runge-Kutta. 

3) Second-order  Runge-Kutta; 
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External Forces 

Vacuum t h r u s t  and propel lan t   f low rate may b e   i n p u t   d i r e c t l y   a s  a funct ion  of  
time or  they may be  represented  by  6th  degree  polynomials .  An op t ion   a l lows   t he  
a x i a l   a c c e l e r a t i o n   t o   b e   l i m i t e d   t o  a s p e c i f i c   v a l u e .  

There   a re  two methods for   computing  normal   force,   depending  on  which  vehicle  
opt ion   (po in t  mass o r  3-axis) is being  used.  The  method f o r  computing axial f o r c e  
is t h e  same fo r   bo th   op t ions   w i th   t he   excep t ion   t ha t   t he  axial  f o r c e   c o e f f i c i e n t  
may be   i npu t   a s  a b i v a r i a n t   f u n c t i o n   o f   t o t a l   a n g l e   o f   a t t a c k   a n d  Mach number f o r  
the   3 -ax is   op t ion .  

When u t i l i a i n g   t h e  3-axis mode o f   s imu la t ion ,   t he  moment ba l ance   op t ion   t ha t  
ca l cu la t e s   t he   eng ine   de f l ec t ions   i n   p i t ch   and  yaw requ i r ed   t o   ba l ance   t he   ae ro -  
dynamic  normal  and s i d e   f o r c e s   t o   p r o d u c e   z e r o   r e s u l t a n t  moment can   be   reques ted ,  
The p resen t   s imu la t ion   a l lows   fo r  a cg  and  cp  offset  i n  p i t c h   b u t  no o f f s e t   i n  
yaw. 

Atti tude Control Laws 

The v e h i c l e   a t t i t u d e  may b e   c o n t r o l l e d   u s i n g   v a r i o u s   c o n t r o l  laws for both 
the   po in t  mass  and t h e  3-axis o p t i o n s .   I n   t h e   p o i n t  mass opt ion ,  the v e h i c l e  is  
i n s t a n t a n e o u s l y   o r i e n t e d   t o   f o l l o w   t h e   s p e c i f i e d   c o n t r o l  law, i.e.,  t h e r e  are no 
v e h i c l e  rates fo r   t h i s   op t ion   excep t   fo r   i n fo rma t ion   pu rposes .  

In   t he   3 -ax i s   op t ion ,   t he   veh ic l e  is  o r i en ted  by comnanding  body rates o r  
gimbal  angle  (Euler) rates. For t h i s   r e a s o n ,   t h e   v e h i c l e   o r i e n t a t i o n  lags t h e  
commanded o r i e n t a t i o n   s l i g h t l y   d u e   t o   c o m p u t a t i o n a l   l a g s .  The m o u n t  of l a g  is 
a func t ion  of t h e   s t e p   s i z e   a n d ,   f o r   m o s t   s i m u l a t i o n s ,  is n e g l i g i b l e .  

The c o n t r o l  laws a v a i l a b l e   f o r   t h e   p o i n t  mass and 3-axis op t ion  are t abu la t ed .  
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POINT  MASS CONTROL LAWS 
Vert ical   f l  i g h t  
Pitch  angle of at tack  6th degree polynomial [ f  ( t ) ]  
Yaw angle  of  attack,  6th  degree polynomial [ f ( t ) ]  
Zero l i f t   ( r e l a t i v e   g r a v i t y  turn) 
Iner t ia l   g rav i ty  turn 
Inertial  pitch  angle  versus  time 
Incremental i ner t i  a1 p i  tch angl e 
Zero i n e r t i a l  yaw angle 
Zero yaw angle o f  at tack 
Iner t ia l  yaw angle  versus time 
Incremental i n e r t i  a1  yaw angle 
Local horizontal  pitch  angle 

THREE-AXIS CONTROL LAWS 
Vert ical   f l  i g h t  
Pitch  angle  of  attack  6th  degree polynomi a1 [f ( t)]  
Yaw angle  of  attack,  6th  degree polynomial [f ( t)]  
Slideslip  angle,  6th  degree polynomial [ f ( t ) ]  
Zero 1 i f t   ( r e l a t i v e   g r a v i t y  turn) 
Inerti a1 gravi  ty turn 
Inertial  pitch  angle  versus  time 
Incremental inerti a1 pitch  angle 
Iner t ia l  yaw angle versus time 
Incremental i ner t i  a1  yaw angle 
Iner t ia l   rol l   angle  versus time 
Incremental iner t ia l   ro l l   angle  
Constant  inertial   roll  , pi tch ,  and yaw ra tes  
Local horizontal  pitch  angle 
Constant  platform gimbal ansles 
Local horizontal  roll  angle 
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Guidance Schemes 

An open-loop  guidance  opt ion  that   calculates   pi tch  and yaw  commands based  on 
cons t an t   va lues   o f   p i t ch  and yaw gu idance   coe f f i c i en t s  is a v a i l a b l e .  The  co- 
e f f i c i e n t s   r e q u i r e d   t o   a c h i e v e   t h e   d e s i r e d  end  conditions may b e   i t e r a t e d  on  using 
the   s imu l t aneous   i t e r a t ion  scheme. 

A c losed- loop   expl ic i t   l inear   gu idance   op t ion  is a l so   ava i l ab le   i n   t he   3 -ax i s  
con t ro l   op t ion .  The pi tch  and yaw i n e r t i a l   a n g l e s  are def ined  as l inea r   func t ions  
of time. The l i nea r   t angen t  commands are ca l cu la t ed  by in tegra t ing   f rom  the  cur-  
rent   s tage  forward  over  a l l  s t a g e s  and burn times. The s t e e r i n g   c o e f f i c i e n t s  and 
time-to-go are determined  using a s imul t aneous   i t e r a t ion  scheme within  the  guidance 
l o g i c .  

Aerodynamic Heating  Calculations 

Certain  aerodynamic  heat ing  parameters   can  be  calculated  and  used as dependent 
var iab les   for   t ra jec tory-shaping   purposes .   Other   ca lcu la t ions  are performed  only 
for   in format ion   purposes .  The fo l lowing   hea t ing   i nd ica to r s   a r e   ca l cu la t ed :  

1) H e a t i n g   r a t e   f o r   z e r o   t o t a l   a n g l e   o f   a t t a c k ;  

2)  Aerodynamic hea t ing   i nd ica to r   fo r   ze ro   t o t a l   ang le   o f   a t t ack ;  

3) Heat ing   ind ica tor   for   nonzero   angles  of a t t a c k ;  

4 )  Heat ing   ind ica tor   for   l aminar   f low;  

5) Heat ing   ind ica tor   for   tu rbulen t   f low.  

The temperature  of a skin  element  of area and mass loca ted  a t  a d i s t a n c e  from 
the  nose of t h e   v e h i c l e  i s  computed f o r  Mach numbers g rea t e r   t han  1. 

Tracking  Stations 

The program  computes   in format ion   re la t ing   to   t rack ing   s ta t ions   loca ted  on the  
r e f e r e n c e   e l l i p s o i d .  The t r a c k i n g   s t a t i o n   l o c a t i o n s   a r e   s p e c i f i e d   i n  terms of 
l a t i t ude ,   l ong i tude ,   and   a l t i t ude   above   t he   e l l i p so id .  

The s lan t   range ,   range  rate, and a c c e l e r a t i o n   f r o m   t h e   t r a c k e r   t o   t h e   v e h i c l e  
is c a l c u l a t e d   i n   z d d i t i o n   t o   t h e   e l z v a t i o n   a n g l e  and ra te ,  azimuth  angle and r a t e ,  
and  look  angle.  
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Conic Parameters 

The conic   parameters  are c a l c u l a t e d  a t  t h e  end of t h e   t r a j e c t o r y   o r  whenever 
they are requested  by  input .  The f o l l o w i n g   c a l c u l a t i o n s   p e r t a i n   t o   b o t h   e l l i p t i c  
and   hyperbol ic   o rb i t s :  

1 )  Energy   per   un i t  mass; 

2) E c c e n t r i c i t y ;  

3) Semimajor axis;  

4)  Semilatus  rectum; 

5) Pe r igee   r ad ius ;  

6) P e r i g e e   v e l o c i t y ;  

7) Angular momentum p e r   u n i t  mass; 

8) Escape   ve loc i ty ;  

9)  C i r c u l a r   v e l o c i t y ;  

10) True  anomaly; 

1 1 )   O r b i t   i n c l i n a t i o n ;  

12)  Longitude  of  the  ascending  node; 

13) Argument of   per igee.  

The fo l lo~ i .ng   computa t ions  are a l s o  made i f   t h e   c o n i c  is a n   e l l i p s e :  

Apogee r ad ius ;  

Apogee v e l o c i t y ;  

Eccentric  anomaly; 

Mean anomaly ; 

Per iod;  

Time t o   p e r i g e e ;  

Semiminor a x i s ;  

Delta V r e q u i r e d   t o  

9)  Delta V r e q u i r e d   t o   c i r c u l a r i z e  
a t  pe r igee ;  

10)   Per igee   pos i t ion ;  

11)   La t i tude  of pe r igee ;  

12)   Radius   to   the   sur face  a t  pe r igee ;  

13) P e r i g e e   a l t i t u d e ;  

14) Apogee a l t i t u d e ;  

15)  Longitude a t  pe r igee .  

c i r c u l a r i z e  a t  apogee; 

I f  the u n i t  is hyperbol ic ,  the fo l lowing   add i t iona l   pa rame te r s  are computed: 

1 )   Ve loc i ty  a t  i n f i n i t y ;  

2) Time f rom  per igee.  
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A P P E N D I X  C 
SPACE TRAJECTORY ERROR ANALYSIS PROGRAM (STEAP) 

STEM 11 is a series of  three  computer  programs  developed by the  Mart in  
Mariet ta   Corporat ion  for   the  mathematical   analysis   of   the   navigat ion  and  guidance 
o f   l u n a r   a n d   i n t e r p l a n e t a r y   t r a j e c t o r i e s .  The f i r s t  series of  programs  under t h i s  
name vas  developed  under  Contract NAS1-8745 for  the  Langley  Research  Center  and 
was documented i n  two volumes (STEAP User's Manml, STEAP Analytical Mrmuaz) as 
NASA Contract  Report  66818.  Under Contract  NAS5-11795, t h e  STEAP series was ex- 
tensively  modified  and  expanded  for  the Goddard Space  Fl ight  Center. This  second- 
genera t ion  series of  programs is r e f e r r e d   t o  ES STEAF 11. 

STEM I1 is composed of   three  independent   yet   re la ted  programs -- NOMNAL, 
ERRAN, and SIMUL. A l l  th ree   p rograms  requi re   the   in tegra t ion  of n-body t r a j e c -  
t o r i e s   fo r   bo th   i n t e rp l ane ta ry   and   l una r   mi s s ions .  The v i r t u a l  mass technique is  
the  scheme used   fo r   t h i s   pu rpose   i n   a l l   t h ree   p rog rams ,  

The f i r s t  program named NOMNAL is respons ib le   for   the   genera t ion   of  n-body 
nominal t r a j e c t o r i e s   ( e i t h e r   l u n a r   o r   i n t e r p l a n e t a r y )   p e r f o r m i n g  a number of  de- 
t e rmin i s t i c   gu idance   even t s .   These   even t s   i nc lude   i n i t i a l   o r   i n j ec t ion   t a rge t ing ,  
midcourse   re ta rge t iag ,   and   orb i t   inser t ion .  A v a r i e t y  of target   parameters  are 
a v a i l a b l e   f o r   t h e   t a r g e t i n g   e v e n t s .  The a c t u a l   t a r g e t i x g  is done i t m a t  tve lp  
e i t h e r  by a modified Newton-Raphson a lgo r i thm  o r   by  a scleepest  descent-.s,)~jlrgat:a 
g rad ien t  scheme.   P lanar   and   nonplanar   s t ra teg ies   a re   ava i lab le   for  t h e  *.,rb.ii: .in.- 
ser t ion  ccmputat ion.  A l l  maneuvers may be  executed  e i ther   by a simp!c-? hqJll l .St .Ve 

model o r  by a pulsing  sequence  model. 

ERRAN, the  second  program  of STEAP I1 is used  to  conduct 3.luea.r ermr analy- 
sis s t u d i e s   a l o n g   s p e c i f i c   t a r g e t e d   t r a j e c t o r i e s .  t.a:.:ezted t ra jFxtoxy may 
however be   a l te red   dur ing   f l igh t   by   re ta rge t ing   events   (c imputcd  ej. l : i . .w Ly linear 
or  nonlinear  guidance)  and by a n   o r b i t   i n s e r t i o n   w e n t .  Knocrlsdge and c o n t r o l  
covariances are propagated   a long   the   t ra jec toq   th rough a serizs o f  measurements 
and  guidance  events  in a to t a l ly   i n t eg ra t ed   f enh i .on .  The hawledge   covar iance  
is processed  through  measurements  using  an  optimal Kalman-Schnddi: f i l t e r   w i t h  
arbi t rary  solve-forfconsider   augmentat ion.   Execui3on  errors  a t  guidance  events 
may be  modeled e i t h e r  by an  impulsive  approximation or by a pulsing  sequence  model, 
The r e s u l t i n g  knowledge  and cont ro l   covar iances  may be  analyzed  by  the  program 
a t  var ious   events  t o  determine s ta t is t ical  dara ,   inc luding   prohabi l%ut ic  mid- 
cour se   co r rec t ion   s i z ing  and e f f ec t iveness ,   p robzb i l i t y   o f  impact, and  biased 
aimpoint  requirements. 

The t h i r d  awl f i n a l  program i n  t h e  STEAP I1 series is  the  s imulat ion  program 
SIMJL. SI!liiL is respons ib le   for   the   t es t ing   o f   the   mathemat ica l   models   used   in  
the  navigzt ion  and  guidance  process .  
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APPENDIX  D 
I S O P R O B A B I L I T Y  CONTOUR PROGRAM 

One method  of  demonstrating  mission  accuracy is via  i sop robab i l i t y   con tour s .  
These   g raphs   depic t   cer ta in   o rb i ta l   parameter   devia t ions   for   var ious   p robabi l i -  
t i es .  I t  is  p o s s i b l e   t o   p r e d i c t   t h e   b o u n d a r i e s   w i t h i n   w h i c h   e r r o r s   i n   r a d i u s  
of   per igee  and  errors   in   radius   of   apogee will f a l l  99.7% of t h e  t i m e  i f   t h e  
s t a t e   cova r i ance   ma t r ix  i s  kno1.m. 

The Hart in   Mariet ta   approach  begins   with a radi i - tangent ia l -normal  (RTN) 
cova r i ance   ma t r ix   i n   pos i t i on  and velocity  (6x6)  and a nominal XYZ i n e r t i a l  s ta te  
vec to r  (6x1). The RTN covariance  matr ix  i s  t ransformed  to  i ts XYZ coun te rpa r t  
v i a   t h e  X Y Z  s t a t e   v e c t o r .  For  each t r ia l  o r b i t ,  a set o f   s ix   no rma l ly   d i s t r ibu ted  
random numbers are d r a m  from a d i g i t a l  random  number genera tor .   These   bas ic  
random numbers are uncorre la ted   wi th   zero  mean and u n i t   v a r i a n c e .   P r o p e r   s c a l i n g  
and co r re l a t ing   w i th   t he  X Y Z  covariance  converts  them t o  a (6x1)  vector  of X Y Z  
per tu rba t ions ,  whereupon  they are added a l g e b r a i c a l l y  t o  the  nominal X Y Z  state 
v e c t o r   t o  form a per turbed X Y Z  s t a t e   v e c t o r .  

Apogee and p e r i g e e   r a d i i  are then computed  from the  nominal  and  perturbed 
XYZ s t a t e   v e c t o r s  and the   d i f fe rences   be tween  the   nominal   and   per turbed   rad i i  
are  formed, The process  is r epea ted   an   a rb i t r a ry  number of times to   accumulate  
a s u f f i c i e n t   p o p u l a t i o n  of p e r t u r b e d   r a d i i   f o r   p l o t t i n g  a meaningful   scat tergram, 
the  outer'   boundary  of  which  forms  the basis fo r   an  0.997 p robab i l i t y   con tour .  
Confidence  regions  are   thus  contoured  for   each  candidate   guidance  system,  the 
sma l l e s t  o f  which  corresponds  to  the  most  accurate  candidate.  

The above  method  has  been  implemented  on a small IBM 1130 computer with a 
Cal Comp p l o t t e r  and runs   a t   rough ly  a 100  tr iallminute  computing rate. 

217 



APPENDIX E 

GUIDANCE STEERING CONCEPTS 

Th i s   s ec t ion   p re sen t s  a c ross -sec t ion   survey  of guidance  equations  used  to 
solve various  missions.   This suLnrey spans a w i d e  complexity of  equations  and 
inc ludes   p resent   s ta te -of - the-ar t   a lgor i thms.  

The guidance   log ic   da ta   shee ts   g ive   in format ion   on   bas ic   gu idance   log ic ,  
guidance  requirements ,   guidaace  equat ions,   and  s teer ing  and  cut   off   in  t e r n  
of   func t iona l   no ta t ion .   These   da ta   shee ts  are summarized i n   t a b l e   5 1  and de- 
t a i l e d  in t a b l e s  52 t h r u  60. 

The guidance  logic   data   sheets   and  associated  systems are: 

1) Minuteman I ; 5) T i t an  IIIA; 

2) T i t an  11; 6 )  Ti tan  I I I C ;  

3) P o l a r i s ;  7) Sa turn ;  

4 )  Pershing; 3) A t l s  ICBM; 

9) Thor ICBM. 

The conclusions  that   can  be  draxn from the  @ d a c e  l o g i c   d a t a   s h e e t s  are: 

1)  Concepts  vary  from  the  simplest  Q-guidance  to  the  most complex (Saturn 
approach) ; 

2) Guidance  equations  include delta expansion  (up  to   third-order) ,  Q- 
matrix ( t h e  v?ly'!.np,) II aL.d w m i o : ; ~  sxpl . ic l t  formulat ions,  Delta and 
Q are g e n e i d  i.;, t.?rw2l +np;ic. I". A.l.;_ho~!eh Saturn  has 2 very soph i s t l i -  
cated  exp?. ic i  1 hi rnL3t j  f 1 9  an P q  !.ic-:.L. i q J l emen ta t ion   u s ing  a th i rd -  
order  approx5mlttng yc'.y.oai a?. is hr?i.ng proposed. This s u g g e s t s   t h a t  
a d e l t a  expzmSjGtI of i~*i.~' r i e u t l y   h i g h  0rdS-r could  pass as an e x p l i c i t  
concept. Q e1.11011 sir:r:e 117 ~~!, .L ' i i ; i t ion i t  is a l inea r   app rox ina t ion ;  

3) The h i g h e s t  :;ol-yncw-i.al expansion  appearing  in   any of these  concepts is 
t h i r d  ordcr; 

4 )  Ste*:r.iag is  gcr:ar-l i 1; ~ ~ ~ ! ~ ~ ~ ~ h j . : ; i ~ - ~ c ~ ~ i . ~ ~ ~  ( a t t i t u d e  program  or  posit ion 
and  vcioci cy erroL' :. 1 .-c- I '.ti!;) d u r i n g   e a r l y   s t a g e s ,  and i n  some cases 
even d u r i n g  l a t e r  st 7gr.s; 

5 )  "hebc 5s a d i f f e se9ce  i n  Spproach  that   appears   between  equat ions  for  
b a l l i s t i c  rnlssile app: icat ions arrc? o r b i t a l   i n j e c t i o n  o r  space  missions.  

In  t h e   b a l l i s t i c   a p p 1 2 c n ~ i o n 9  V i s  der ivsd  i ts ing  the  del ta   expansion 

o r  Q-matrix,  while i n  the space   appl ica t ions  V i s  d e r i v e d   e x p l i c i t l y  
i n  aha: t a l l  cs,ses 

-L 

6 _L 

g 
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TABLE 51.- GUIDANCE  LOGIC SUI*lWARY 

Project 

Hinuteman 

Titan  I1 

Polaris 

Pershing 

Titan  IIIA 

Titan  IIIC 

Saturn 

At1 as  ICBM 

Thor ICBM 

Guidance equations 

v by de l ta  expansion 
(second-order) 

v by del ta  expansion 
g  (third-order) 

v by Q-matrix 
( l inear  time- 
varying) 

v by Q-matrix 
( l inear )  

V and t (time-to-go) 
9  g 

9 
and t (time-to-go) 

Explicit  calculus  of 
variations  formula- 
t ion,   with  implicit  
approximating  poly- 
nomial (third-order) 
implementation 

v by de l ta  expansion 
(second-order) 

v by Q-matrix 
9 

Steering  equations 

Pitch  steering by velocity 
pol ynomi  a1 s (thi  rd-order) 
i n  a l l  stages. Yaw null 
i n  f i r s t  and second s tages ,  
Vg component yaw steer ing 
i n  third  stage.  

Pitch and yaw steer ing by 
veloci ty  and position 
polynomial (second-order) 
i n  f i r s t   s t age .   P i t ch  and 
yaw steer ing by V compo- 
nents  in second and ver- 
nier  stages 

Pitch and yaw steer ing by 
velocity  polynomials i n  
f i r s t   s t age .   P i t ch  and 
yaw steer ing by v compo- 
nents i n  second stage. 

Pitch and yaw s teer ing  by 
velocity and position 
e r rors  i n  both  stages. 

Pitch and yaw steer ing by 
velocity polynomial and 
n u l l i n g   i n   f i r s t   s t a g e .  
Pitch and yaw steer ing 
using t and e x p l i c i t l y  
calculated  constants i n  
second and third  s tages .  

Pitch and yaw steer ing by 
a t t i  tude program and 
nulling i n  zero  stage. 
Pitch and yaw steer ing 
using t and e x p l i c i t l y  
calculate  constants i n  
f i r s t ,  second, and t h i r d  
stage. 

Pitch and yaw steer ing by 
a t t i  tude  programer  vel o- 
c i t y   s t e e r i n g   i n   f i r s t  
stage.  Pitch and yaw 
steer ing by position, 
velocity,  force,  time 
polynomial (third-order). 

Stage I pitch and yaw  by 
time programmer and stage 
I1 vernier - constant 
p i tch   a t t i   tude .  vg com- 
ponent yaw steer ing.  

Atmospheric phase,  time- 
programed a t t i  tude. 
Closed-loop  phase,  cross- 
product  steering 

9 

9 

g 

9 

Thrust-terninate 
equations 

V component = o g 

V component = o 
g 

Vg component = o 

Vg component = o 

V (nonvectorial) 
g = o  

V (nonvectorial) 
9 = 0  

Use of approxima- 
t ing  polynomial 
function 

- 
V component = 0 

9 

V component = o 
9 

Guidance 
requirements 

Range  and time 
of f l i g h t  

Range and time 
of f l i g h t  

Range  and time 
o f   f l i gh t  

Range and time 
of f l i g h t  

Atti tude, 
velocity,  path 
angle  azimuth 

Atti tude, 
velocity,  path 
anqle  azimuth 

Variety  of  space 
missions w i t h  
minimum fuel 
comsumption 

Range and time 
of f l i g h t  

Range and time 
of  flight, 
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TABLE 52.- MINUTEMAN I (THREE  STAGES)  GUIDANCE  LOGIC DATA SHEET 

Navigation:  Inertial  platform 
Logic: 

Y (crossrange) Stage I - Velocity and posit ion  steering 
( implici t )  

Stage  I11 - Delta  with  steering  (implicit) 
9 

"" 
and cutoff 

specified Coordinates Requirements:  Total  range and time  of f l i g h t  

Guidance equations: 

i A i ,   A 2 ,   A X ,   A Y ,   A Z ,   A x   A i ,  AX A Z  
g [ 1 
g[ 1 

P 9 [P, R g ]  

T A f ,   A t ,   A x ,  Ay, A z  

so T = 0 a t   s t a r t  of t h i r d  stage on nominal t ra jec tory .  A ' S  are  differences i n  
present  condition and nominal condition a t  burnout. 

Steering  equations: 

9 

Stage I 
Yaw $c [T, Y] = 0, 

pitch e, [ t ,  i, A * ,  X31 to' maintain nominal re la t ionship between A ,  f ;  

Stage  I1 
Yaw QCP, Y] = o 
Pitch e 2, A ,  8 2 ,  X 3  same as above; 

C [ 1 

c 1 
Stage  I11 

Yaw $c ['g*'/?;. a t ]  same as  above; 

Pitch ec 2, A ,  1 2 ,  A3 same as  above. 

Thrust-terminate  equation: 

R- = 0. 
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TABLE 53 .- TITAN 11 (TMO STAGES AND VERNIER)  GUIDANCE  LOGIC DATA SHEET 

Y 

Navigation:  Inertial  platform 
Logic : 

Stage I - Velocity and pos i t i on  s t e e r -  

Stage I1 and V - Delta w i t h  0 steer ing 
i n g  ( impl ic i t )  

( impl ic i t )  and cutoff 
9 

Requirements:  Total  range and time  of f l i g h t  
s peci f i ed 

Coordinates 

Guidance equations: 

A ’ S  are   differences i n  prest 

Steering  equations: 

Stage I 
Yaw qc E, Y] = 0, 

I- 

Pitch ec X, Z, t ,  8: 1 

m t  condi t ion  and nomina 

z, 21; 

Stages  I1 and V r 

Thrust-terminate  equation: 
J 

t = o .  
9 

1 condition a t  b u r n o u t .  
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TABLE 54.- POLARIS ( T N O  SOLID STAGES) GUIDANCE  LOGIC DATA SHEET 

Vertical 
Davi gati on : Inertial  pl atform 
Logic: I 

Stage I - V2loci.t~  steering  (implicit) 
Stage  I1 - Q-guidancc w i t h  steering 

g 
( imp1 i ci t) and cutoff 

Requiremmts:  Total range and time of f l igh t  
s peci f i  ed 

(crcssrange) 

Coordinates 

hidance  equations: 

Yelocity-to-be-gained W i s  computed continuously, w i t h  
9 

IDA, by s o l u t i o n  o f  the  equation 
-L 

V g  + Q V g  = -aT, 
-L 2. 

a special -pu rp  OSk! 

mrith suitable  constraints, where Q i s  the  (3x3) Q matrix. The elements o f  Q are 
Functions of time,  evaluated along the nominal trajectory. By proper orimta. .  
t ion o f  the computational coordinate system and trajectory shaping., 3,:1:!y rlre able 
to perforin each mission by reading i n  only t w o  elements o f  the f)-mI.rix, Q,, , lnd 

iteeri ng equati ons : 
$x a 

These drive trjo components o f  V t o  zero sicultaneously w i t h  thr*u:;i; termina- 
:ion. 9 

"" Thrust -tcrmi nate  equati on : 
" "- 
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TABLE 55.- PERSHING (SOLID, TNO  STAGES) GUIDANCE LOGIC  DATA  SHEET 

Z, 5 (crossrange) 

Coordinates 

Guidance equations: 

Vg + Q Vg = -at 
A 

Q =  

Qxx  Qxy 

QYX QYY 

Qzx Qz, 

Qxz 

QYZ 

Qzz 

Navigat ion:   Iner t ia l   p la t form 

Logic: 
Both  stages - Veloc i ty  and pos i t ion   s teer ing  

( i m p l i c i t )  and Q-matr ix  wi th 3 
steer ing and c u t o f f  (imp1 i c i t )  

Requirements: Total range and t ime o f   f l i g h t  

g 

speci f ied 

aVRX aVRX ?'RX "- 
ax ay az 

aVRY aVRY  aVRY "- 
ax ay az 

- aVRZ aVRZ aVRZ I 
ax ay az 

-sg = 5 ' F + 'E +/ (ip + i) dt] 
. .  

P T P  

where the  p-subscr ip t   re fers   to  programmed values. 
- 

T = timp - 3co 

tco 

ri 9 = (rip - :)+ I, (rip - ;)dt. 

Steering  equations: 

Both  stages 

Yaw t ]  = o 

P i t ch  e c P p  - :* Fp - n) dt]. 

Thrust-terminate  equation: 

kg = 0. 
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TABLE 56.- TITAN IIIA (THREE STAGES) GUIDANCE CONCEPT LOGIC SHEET 

Gx6  
V 

-- Navigat ion:   Iner t ia l   p la t form 

Logic: 
Stage I - Ve loc i t y   s tee r ing   ( imp l i c i t )  
Stage I 1  

I and I11 - E x p l i c i t ,  based on rocket  equation 
rather  than  Kepler's Laws 

Requirements: Orb i t   in jec t ion ,   burnout   a l t i tude ,  

Stage I Stages 11 & 111 
ve loc i t y ,   f l i gh tpa th  angle, and 
azimuth  are  speci f ied  at  each 
aiming  point  

Coordinates 

Guidance equations: 

V = Vf - V (nonvectorial) 
9 

vg - VL, 

where VL i s  the  predic ted  ve loc i ty   loss  (grav i ta t ional  and aerodynamic) 

Time-to-go t i s  obtained  by  solution o f  the  rocket  equation 
9 

v* = 
go I s  p m+mt' 

m 

g 

Steering  equations: 

Stage I 
Yaw IJ, =.O. 

Pi tch ec [xgf, Zgf] 

where g f  denotes "g rav i ty - f ree ,   ve loc i ty  measurements made by i n t e g r a t i o n   o f  ac- 
celerometer  outputs,  without  gravity  corrections. 

Stages I1  and I11 
Yaw $c = B, + B2 t (s im i la r   t o   p i t ch ,   bu t   a  much simpler  problem). 

P i tch ec = A I  + A, t 
9 

9' 

where AI and A, are  a  solut ion  to  the  two-point  boundary  value  problem of  d r i v -  
ing  present   ve loc i ty  and radial   posi t ion  to  their   desired  burnout  values  (aiming 
po in t ) ,   in   the   p red ic ted  t 

g' 

Thrust-termination  equation: 

t = 0. 
9 
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TABLE 57.- TITAN IIIC (FOUR STAGES) GUIDANCE LOGIC SHEET 

p J v  

Navigation:  Inertial  platform “.Z Logic: 

Stage 0 - Velocity  steering i n  yaw and open- 

Stages I 
thru I11 - Explici t ,  based on rocket  equation 

loop i n  pitch 

rather  than  Kepler’s laws 
Stages I ,  11,  I11 Requirements : Orbit injection  burnout  a1 ti tude, 

velocity,   f l ightpath  angle,  and 

aiming p o i n t  
Coordinates  azimuth a re   spec i f ied   a t  each 

Guidance equations: 

V , from a t iteration/integration  process.  
g 9 

%’ 
from an angular momentum i teration/integration  process.  

A H  = Hd - Ho = fi(t) d t  

where Hd i s  the  desired, Ho i s  the  derivative  of  angular momentum. The equation 
is evolved f o r  t i n  an i t e r a t i v e  process 
The s t a t e  i s  integrated (5 points Simpson) 
mediate  value  of fl( t) . 
Steering  equations: 

g 

Stage 0 
Yaw +c = 0. 

Pitch ec = f ( t )  

Stages I t h r u  I11 

Yaw +, = E, -k E, t (s imilar   to  p i  

Pitch ec = A, + A, t 
g 

g’ 

for  successive  predictions  of  fl(t).  
to  the  target  points  to  get   the  inter-  

ch, b u t  a much simpler  problem). 

where A, and A, a re  a solution  to  the two-point boundary value problem of  driv- 
ing  present  velocity and radial   posit ion  to  their   desired  burnout  values (aim- 
ing  point) i n  the predicted t 

Thrust-terminate  equation: 
g’ 

t = 0. 9 
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TABLE 58. - SATURN (THREE STAGES)  GUIDANCE  LOGIC DATA SHEET 

Navigation:  Inertial  platform 
Logic : 

Stage I (S-IC) - Time-ti l t ,  minimum-drift 
program 

Stages 11, I11 
(S-11, S-IVB) - Path-adaptive  guidance mode 

x Requirements: Minimize f l i g h t  time (or   fuel  con 
sumption) f o r  such space  missions 

Z (crossrange)  as  lunar  impact and o rb i t   i n j ec -  
t ion.  Mus t have one-engine-out 
capabi l i ty  a n d  must be adaptable 

Coordinates  to a wide range  of  missions 

IGuidance, s teer ing ,  and thrust-terminate  equations: 

Stage I 
Atti tude-time program or   ve loc i ty   s teer ing .  

Stages 11, I11 
Periodically  along  the  trajectory,  the two-point  boundary  value problem 
i n  the  calculus  of  variations is solved,  requiring minimizing the f l i g h t  
time between the present   s ta te  and the desired s t a t e   a t  mission comple- 
t ion.  A steering  function and a cutoff  function  are  generated numeri- 
c a l l y  by solving a large number of  possible nominal and off-nominal 
t r a j e c t o r i e s  on  an IBM 7090. An approximating  polynomial is used t o  
represent the farni ly  of  trajectories.   Least-squares  technique i s  used, 
Polynomials t h a t  have been evaluated and shown to  give good r e s u l t s   f o r  
low-orbit  inject  missions  contained terms as h i g h  as  t h i r d  order: 
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TABLE 59.- ATLAS ICBI-I ( m o  STAGES AND VERNIER) GUIDANCE LOGIC DATA SHEET 

Navigation:  Inertial  platform (Arma) 

5i30g 
el Logic: 

Stage I - Programmed a t t i tude  
Stage I1 - Delta w i t h  0 steer ing  ( implici t )  
Vernier - Same 9 

\d"S 

Requirements: Total  range and time-of-flight 
specified 

Coordinate  system ( i n e r t i a l ,  
launch  point-oriented) 

Guidance equations: 

vgx = k x ,  A Y ,  A z ,  A t ,  A i ,  AZ , a  second-degree polynomial 

vgy = A i .  
'I 

A ' S  are  differences between present  values and nomial values a t  VECO. 

Steering  equations: 

Stage I 
Yaw I ) ~  = 0 

Pitch e = f ( t ) -  time  programer. 
C 

Stage I1 
Pitch ec = constant 

Vernier 
Yaw I) C = $nom + K1(Vgy - K2 Vgx) 

where gain % is chosen t o  make K V = V a t   i n i t i a t i o n  of  guidance. 

Thrust-terminate  equation: 

2 gx gY 

Stage I1 
Vgx = A small  value  compatible w i t h  vernier  capabili ty,  

Vernier 
vgx = 0. 
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TABLE 60.- MOR  ICBM (ONE STAGE AND VERNIER)  GUIDANCE  LOGIC DATA SHEET 

Navigation:  Inertial  platform  (Delco) 

Atmospheric  phase - Programmed a t t i   t ude  
Closed-loop  phase - Q-guidance and vernier 

Requirements: Tota,l range and time-of-flight 
specified 

Coordinates 

Guidance equations : 
-t V obtained  as a solution t o  the  equation 

9 

;/here  elements  of  the  Q-matrix  are  evaluated  as  functions o f  time  along  the nom- 
inal   trajectory,  and approximated by constants i n  actual use. 

Steering  equations: 

Atmospheric  phase 
Yaw $c = 0 

Pitch ec = f (  t) - time programmer, 

Closed-loop phase (thru vernier) 
Yaw JI, = K ( O ~ ~  vgZ - V g z  vgX) 
Pitch ec = K 9 V - 0 V 1 ( gx SY gY gx 

cross-product 

Thrust-terminate  equations: 
A 

SECO - V = A small  value  compatible w i t h  vernier  capabil 
9 

VECO - V = 0. 
A 

9 

s teer ing 

i t i e s ,  
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The  Scout  vehicle  and i ts  guidance   sof tware   cons idera t ions   should   be   ana lyzed  
i n  developing a se t  of guidance  a lgori thms.  A Scout-or iented  design  phase  should 
cons ider   ex is t ing   log ic   whi le   so lv ing   the   Scout -pecul ia r   p roblems.  
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APPET\!DIX r- 

Central i zed Executive System 

The mboard. computer  operates i n  a complex  environment  supporting a number 
a n r l  ,rarir?ty ~1 f~.mc.tions. The  complex probleus   acscc ia ted   wi th  tlle computer's 
dpc.cai3.vual  m:&orment, z . c h  as schedul ing  the  next   program  for   execut ion,   load-  
h g  i-he prog:Lsm, 2nd i l l i t i a t i n g  machine  cmpmenix must Le hand led   i n   an   e f f i c i -  
enf mxu1e~~ 111*~ onboard  executive sysLern provides   overa l l   superv is ion   and   opera-  
tiortrl. control  (12 the computational resources  a v a i l a b l e ,  The execut ive  sys  tern 
funcr.i.ons dur:'Lng 1 7  ndseion phases t o  c o n t m l   t h e   e x e c u t i o n  of appl ica t ion   pro-  
g r a m  as cequired,,   Representative computer f cnc t ions  are: 

1) Naviga t ior ;  4 )  Separatior!  and  staging; 

2) Guidm ; 5) A t t i t u d e  c sn t ro l ;  

3) FlighL  control ;  6) Telemetry ; 

7) Vehicle   s ta tus   and  sequencing.  

The envi ronment   involves   f ive   bask   typsn  of  programming: 

1) Mathematical   calculat ions;  3) Decision  making; 

2) Message formulat ing;  4 )  ljata manipulat ion;  

5) Program con t ro l .  

The basic   performmce  requirements  of the  execut ive  system are to :  

1) Centzsal ize   funct ions  that   control   f low of  information  between  the 
programs and the  ?starnzl environment; 

2) Manage the   r e sources   o f   t he   sys t em  to   ob ta in   e f f i c i en t   u se   o f   t he  
harclwa-2 and tr? ansure  the  response  required by t h e   a p p l i c a t i o n ,  and 
provide a s t anda r3 ized   i n t e rna l   env i ronmen t   t ha t  will p e r m i t  programs 
ilo be C C I W L L ~ ~ J C ~ ~ ~ I  and executed  independently of one  another;  

5) Environmental   in terface.  

Each func t ion  is b r i e f l y  3t2SCi-iici j,: t hc  5ollc:aing  sEbsections. 
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Program  Control .- The funct ion  of   program  control  is t o   g o v e r n   t h e   i n i t i a -  
t ion,   execution,  and  termination  of  scheduled  programs. The mas ter   cyc le  con- 
t ro l s   the   overa l l   cyc le   o f   p rograms  in   accordance   wi th   the   schedul ing   a lgor i thm 
employed. R.70 opt ions  may be  provided:  

1) The b a s i c   c y c l e   f u n c t i o n  is  requ i r ed   w i th  a schedu l ing   capab i l i t y  
to   p rov ide  a po in t   o f   r e tu rn   fo r   t he   s chedu l ing   cyc le ,   and  a p lace  
t o   i d l e   i f   t h e r e  is  no u s e f u l  work to   be   done;  

2) With c y c l i c   c o n t r o l  a limit is  p laced  on the  time a program may exe- 
c u t e   i n  a g iven   per iod ,  s o  tha t   the   mas ter   cyc le   func t ion   mus t   be   en-  
l a rged   t o   hand le  a program  switch. 

The b a s i c   i n i t i a t i o n /   t e r m i n a t i o n   p r o c e s s e s   r e q u e s t s   f o r   i n i t i a t i o n   a n d  
te rmina t ion   of   p rograms  res ident   in   core .  A bas ic   scheduler   p rovides   the   s impl -  
es t  class o f   s chedu l ing   s e rv i ce ,   i n   wh ich   s e l ec t ion  of the  next   program  to  re- 
ce ive  CPU time is  based on a s i n g l e   s e r v i c e   p r i o r i t y .  A mul t ip l ex ing   s chedu le r  
in te r leaves   the   execut ion   of   p rograms,   thus   permi t t ing   concurren t   execut ion   of  
a number of programs. Two opt ions  may be  provided: 

1) Time con t ro l   pe rmi t s   t he   execu t ive   t o   r ega in  CPU c o n t r o l  a t  s p e c i f i e d  
i n t e r v a l s ,   e i t h e r  as t h e   r e s u l t   o f   v o l u n t a r y   r e t u r n   o f   c o n t r o l  by 
scheduled  programs a t  i n t e r v a l s   i n   t h e i r   e x e c u t i o n ,  o r  a s   t h e   r e s u l t  
of a p r e s e t   c l o c k   i n t e r r u p t .  The l a t t e r   d e v i c e   p r e v e n t s   t h e  monopoly 
of CPU time by a s ingle   program; 

2) Addi t iona l  service classes provide   the  means of   ass igning  CPU time 
accord ing   to  a number o f   p r i o r i t i e s   t o   r e s o l v e   c o n f l i c t s  among com- 
pe t ing   process ing   requi rements .  

Interrupt Supervision.- The f u n c t i o n   o f   i n t e r r u p t   s u p e r v i s i o n  is  t o   d i -  
rect sys tem  ac t ion  a t  the   occur rence   o f   an   asynchronous   in te r rupt .  The b a s i c  
purpose is  to   p rov ide   cohe ren t   sys t em  r e sponse   t o   ex t e rna l   s t imu l i  by i s o l a t i n g  
the   ope ra t ion   o f   t he   p rog rams   r e spond ing   t o   t he   i n t e r rup t s   f rom  the   ope ra t ion  of 
scheduled  programs. The f u n c t i o n s   a v a i l a b l e  are descr ibed:  

P r imary   rou t ines   supp ly   t he   code   t o   pe r fo rm  in i t i a l   p rocess ing   o f  
a l l  i n t e r r u p t s .   T h e s e   r o u t i n e s   a l s o   p r o v i d e   t r a n s f e r   o f   c o n t r o l   t o  
rou t ines   pe r fo rming   any   add i t iona l   i n t e r rup t   p rocess ing   t ha t   migh t  
b e  requi red ;  

A save  mechanism i s  requ i r ed   t o   s ave  and r e s t o r e  machine  conditions,  
and to   r e tu rn   con t ro l   p rope r ly   t o   t he   i n t e r rup ted   p rog rams .   F ixed  
areas f o r   s t o r a g e   a r e   r e q u i r e d ;  

Reent rance   cont ro l   permi ts  a s e r i a l l y   r e u s a b l e  code  accessed  by  in- 
t e r rup t   rou t ines   t o   be   ope ra t ed   w i th   min ima l   d i sab l ing   o f   i n t e r rup t s .  
This   ensures   tha t   the   sys tem  response   requi rements   can   be  m e t  i f  a t  
a l l  poss ib l e .  
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I /o  SUperViSi0n.- The func t ion  of 110 supe rv i s ion  is  t o   p r o v i d e   a l l  ser- 
v i ces   a s soc ia t ed   w i th   t he   u se   o f  110 devices.   The  purpose of c e n t r a l i z i n g  ser- 
v i c e s  is  not   merely  to   avoid  code  dupl icat ion;  i t  is  necessa ry   t o   ach ieve   co r rec t  
usage  of 110 devices   in   the   p resence   o f   concurren t   independent   reques ts .   The  1/0 
request   processor   provides   device- independent   services  -- bas ica l ly   queueing  re- 
q u e s t s ,   i n i t i a t i n g  110 t ransmission,   and  monitor ing  the  progress   of   operat ions  by 
analyzing  completion  conditions.   Program  execution is thus  coordinated  with 110 
execut ion and opt imal   use   o f  CPU time is achieved  while  110 reques t s  are being 
se rv iced ;  

System services.- System services provide  a number o f   func t ions   u sed   i n  
common by appl ica t ion   programs  and   execut ive   rou t ines .   The   fo l lowing  are two 
major   funct ions:  

1 )  Timing se rv ices   a r e   r equ i r ed   t o   synchron ize   t he   ope ra t ion   o f   p rog rams  
wi th  real  time, 

a )  The bas i c   t iming   s e rv i ce   p rov ides  a programmed real-time c lock  
f o r   u s e  by any  programs  and, i f   c y c l i c   c o n t r o l  is  implemented, a 
r o u t i n e   t o   c o n t r o l   a c t i o n  57hen t h e  time i n t e r v a l   e x p i r e s ,  

b) A t iming  queue  provides a means f o r   u s i n g   t h e   s i n g l e   h a r d w a r e   i n -  
t e r v a l  timer fo r   mu l t ip l e -pu rpose   even t   i n i t i a t ion   based  on time 
of  day; 

2) Message handler   se rv ices   p rovide   for   communica t ion   be tween  the  com- 
pu te r  and human sources  of con t ro l .  A bas ic   message   handler  i s  re- 
qui red  s o  programs  and  executive  routines Icay i n i t i a t e  1/0 ope ra t ions  
to   t r ansmi t  and receive  messages.  

Environmental interface .- The func t ion  of t h e   e n v i r o n m e n t a l   i n t e r f a c e  i s  
t o   p r o v i d e   f o r   o r d e r l y   i n i t i a t i o n   a n d   t e r m i n a t i o n  of the  system,  for  InonLtoring 
i ts  operat ions,   and  for   recovering  f rom  cont ingencies   insofar  as !-s poss?.ble. 
Tab le s   p rov ide   r e s idence   fo r   sys t em  pa rame te r s   and   s t a tus   i n fomaa t ion ,  both as a 
means  of avo id ing   r edundan t   i nco rpora t ion   o f   t hese   da t a   i n   i nd iv idua l   rou t ines  
and as a msans of   p rovid ing   cen t ra l ized  access to   key  information.   Central iza-  
t i o n  of e r ro r   de t ec t ion / r ecove ry   pe rmi t s  a prescr ibed   response   to   sys tem  and  
hardware   e r ror   condi t ions  commonly encountered  by  execut ive  rout ines   and  appl ica-  
t ion  programs.   Status   monitor ing i s  achieved   by   the   co l lec t ion ,   and   ou tput  on 
demand, of s t a t i s t i c s   c o n c e r n i n g   t h e   e x e c u t i o n   o f   i n d i v i d u a l   p r o g r a m s  and gene ra l  
a spec t s  of system  operat ion.  Its purpose is  t o   p r o v i d e   t h e   d u a l   c a p a b i l i t y  of 
de tec t ing   undes i rab le   aspec ts   o f   sys tem  opera t ion   dur ing   s imula t ion ,   and  of moni- 
to r ing   ac tua l   per formance .  

Use  Of executives .- To assu re   e f f i c i en t   u se   o f   syscem  r e sources ,   an   execu t ive  
sys t em  shou ld   be   t a i l o red   t o   t he   mi s s ion .   The   t a i lo r ing   o f   execu t ives   fo r   each  
mission is s i m p l i f i e d   i f  a modular  design  approach is  adopted .   Spec i f ic   requi re -  
ments can  be met by se l ec t ing   func t iona l   subse t s   f rom a genera l   execut ive   des ign .  
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Scout  e%eCutiVe  functions.- To determine the a p p l i c a b i l i t y  of an   execut ive  
system on a Scout   miss ion ,   an   ana lys i s  was made of   the  typical   computer   programs 
required,   wi th   emphasis  on p rogram  con t ro l   func t ions .   Th i s   ana lys i s   i nc luded  an 
eva lua t ion  of func t iona l   requi rements   and   ident i f ica t ion   of   per formance  and  de- 
s ign  requirements .  A t y p i c a l   d e s i g n   f o r  a Scout   execut ive  system was e s t a b l i s h e d  
by s e l e c t i n g   s p e c i f i c   f u n c t i o n s   f r o m   t h e   g e n e r a l   f u n c t i o n a l   d e s i g n   j u s t   o u t l i n e d  
and is l i s t e d :  

Program  control,  

a)   Master  cycle - b a s i c  and c y c l i c   c o n t r o l ,  

b) Basic i n i t i a t e /   t e r m i n a t e  , 

c)   Basic   scheduler ;  

In t e r rup t   supe rv i s ion ,  

a)  Primary  routines,  

b) Save  mechanism, fi.xed a r e a s ;  

I/O supe rv i s ion ,   i nc lud ing  110 request   processor   and  onboard  device 
suppor t ;  

Sys tem  serv ices ,   inc luding   t iming   se rv ices ;  

Environmental   in terface , 

a)   Tables ,  

b )   Er ror   de tec t ion   recovery ,  

c )   S ta tus   moni tor ing .  

The  normal  program  sequence will be   i n t e r rup ted   p rov ided   t he   i n t e r rup t   func -  
t i o n  is not  being  locked  out.  The real-time i n t e r r u p t  and t h e   e x t e r n a l   i n t e r r u p t  
need  to b e  p rov ided   fo r   i n   t he   execu t ive   sys t em  des ign .  

The inpu t /ou tpu t   s ec t ion  of the   gu idance   computer   would   be   bas ica l ly  a gen- 
eral-purpose  interface  providing  the  communicat ion  paths   between  the  computer   and 
t h e  control  system.  Although  the 110 system will input   and  output  a v a r i e t y  of 
da ta   types ,   the   major i ty   o f   da ta  is one word ( 2 4  b i t s )   o r  less i n   l e n g t h .   T h i s  
c h a r a c t e r i s t i c  and t h e   r e l a t e d   a d d r e s s i n g   c h a r a c t e r i s t i c s   d i c t a t e  a 101-7  level  of 
c a p a b i l i t y  i n  t h e   e x e c u t i v e   f o r  I/O con t ro l .  
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I n  a complex  computer  program  with  distributed  control,  a simple  change t o  
one  segment  of  the  program may involve  a ma jo r   r ecod ing   e f fo r t .   The   cen t r a l i zed  
execut ive   p rovides  a means f o r   m i n i m i z i n g   t h e   c o s t  of changes  by  localizing 
changes t o   i n t e r a c t i o n s   w i t h   t h e   e x e c u t i v e .   T h e   i n i t i a l   c o d i n g   e f f o r t  may a l s o  
be  reduced  with a cen t r a l i zed   execu t ive  by  allowing  the  application  programs to  
be   p repa red   i n   modu la r  form wi th  a s tandard   in te r face   wi th   execut ive .   Schedul -  
i n g  and  t iming  requirements   for  a l l  modules   wouid   be   sa t i s f ied   in   conjunct ion  
wi th   t he   f i na l   des ign   o f   t he   execu t ive   p rog rams .  

The   p r imary   ob jec t ion   r a i sed   i n   t he   u se   o f   cen t r a l i zed   execu t ives   i n   space  
app l i ca t ions   gene ra l ly   conce rns   t he  amount of memory and  execution time requi red  
to   suppor t   t he   execu t ive   func t ions .  Memory i s  requ i r ed   t o   con ta in   t he   execu t ive  
func t ions .  However, t h e   o v e r a l l   s y s t e l n   s i z e  may be  reduced  by  e l iminat ing re- 
dundant   code  for   execut ive  funct ions  and comnon subrout ines   d i s t r ibu ted   th rough-  
out   the   appl ica t ion   programs.  

A c e n t r a l i z e d   e x e c u t i v e   s y s t e m   a l s o   l e n d s   i t s e l f   t o   o p t i m i z a t i o n   o f   d a t a  
process ing   func t ions  s o  t h e  computer  duty  cycle  can  be  minimized. 

The   des ign   e f for t   concent ra ted  on program  control and i n t e r r u p t   s u p e r v i s i o n  
€or  an  executive  system.  Prograin  control i s  desc r ibed   i n   t he   fo l lowing   subsec -  
t i o n  and i n t e r r u p t   h a n d l i n g   i n   t h e   n e x t   s u b s e c t i o n .  

Program Control .- All programs in   t he   sys t em,   whe the r   pa r t  of t h e  execu- 
t ive  o r   w r i t t e n   f o r   a n   a p p l i c a t i o n ,   o b t a i n   c e n t r a l   p r o c e s s i n g   u n i t  (CPU) time i n  
one  of two ways: 

1 )  A n  unscheduled  program is  i n i t i a t e d  by the   occur rence  of  an  event 
and r e c e i v e s   c o n t r o l   d i r e c t l y   f r o m   a n   i n t e r r u p t   o r   d u r i n g   t h e   c o u r s e  
o f   i n t e r rup t   p rocess ing .  Its func t ion  is  t o   d e f i n e   t h e   s y s t e m ' s  re- 
sponse   t o   t he   even t ;  

2) A scheduled   program  rece ives   cont ro l   under   spec i f ied   condi t ions   as  a 
r e s u l t  of s e l e c t i o n  by the   p rogram  cont ro l   rou t ines  of t he   execu t ive  
s y s  t e m .  

When an   i n t e r rup t   occu r s  i t  is f i e l d e d ,   i d e n t i f i e d ,   q u e u e d ,  and a r e t u r n  
made to   t he   p rogzam  cu r rcnz ly   be ing   execu ted .   Con t ro l  i s  passed   to   the   p roper  
p rogram  un i t   t o   p rocess   t he   i a t r ? r rup t  on a t ime-avai lable   basis .   These  program 
u n i t s  are called  unscheduled  units.  Unscheduled  programs  define  system  response 
t o  asynchronous  events,  while  scheduled  programs  implement  processes  that  are 
synchronous   wi th in   the   appl ica t ion   requi rements .  

I n t e r r u p t s  are usual ly   enabled  during  execut ion  of  any  program  to  allow 
opt imal   sys tem  response   to  real-time requi rements .   This  may l e a d   t o   a n   i n t e r r u p t  
s t a c k  of predetermined  depth.   The  stack i s  p r o c e s s e d   i n  last  i n - f i r s t   o u t  (LIFO) 
o r d e r   u n t i l   t h e   o r i g i n a l   i n t e r r u p t   p r o c e s s i n g  is complete. 

Each  program r o u t i n s  i-s s t r u c t u r e d  so i ts  execut ion t i m e  does  not  exceed 
a s p e c i f i e d  t i m e  i n t e r v a l .  CPU r squ i r emen t s   a r e   exp res sed   i n  terms of a r e p e t i -  
t i o n  rate t h a t   d e s c r i b e s   t h e  nuinber of  program un i t s   pe r   s econd   r equ i r ed   fo r  
processing.  



The  a lgori thm  analyzed  for   Scout   missions is  of the   "preass igned  itera- 
t ive   cyc le"   sys tem-type   in   which   requi rements  are determined i n  advance  of  the 
mis s ion   and   t he   sys t em  s t ruc tu re  is t a i l o r e d   t o   t h e   s p e c i f i c   m i s s i o n .  It i s  
t h e r e f o r e   n e c e s s a r y   t h a t   t h e   e x e c u t i v e   a l l o c a t e  CPU time t o   o p e r a t i n g   a p p l i c a -  
t i o n  programs  based on cyc le   requi rements   o f   the  missile system.  The  scheduler 
po r t ion  of t he   execu t ive  vi11 guarantee   tha t   each   program  uni t  will be   executed  
wi th in   the   t ime  requi rements   spec i f ied   by   the   sys tem  des igner .  

A t y p i c a l   s t r u c t u r e   f o r   s p a c e b o r n e   f l i g h t   p r o g r a m s   c o n t r o l   c o n s i s t s   o f  a 
major   cycle   designed  to   handle   the  guidance  and  navigat ion  funct ions  and a minor 
cyc le   conce rned   w i th   veh ic l e   con t ro l   and   s t ab i l i t y .   O the r   computa t iona l   cyc le s  
of   interest   are   those  concerned  with  te lemetry  processing,   which  usual ly   occurs  
a t  a f r equency   s imi l a r  t o  t h a t  of the  minor   cycle .  Also t y p i c a l l y ,   t h e   s p a c e -  
borne  computers  input and output   processing  programs  operate  at t h e  same fre- 
quency as the  minor  cycle.  

The minor  cycle  processing is accomplished a t  a h igh   f requency   cons is ten t  
wi th   the   f requency   of   the   rea l - t ime  in te r rupts   and   vehic le   s tab i l i ty .   The   major  
cyc le  i s  performed on a low-frequency  basis ,   usual ly   being  executed  once  for  
every 10 t o  50 minor  cycles.   The  major  cycle  calculations are gene ra l ly  computed 
on a t ime-ava i lab le   bas i s .   That  is, the  minor  cycle  computational  requirements 
a r e   s a t i s f i e d   f i r s t ,   w i t h  any time remain ing   un t i l   the   next   execut ion   of   the   minor  
cycle  being  used  for  computation  of  major  cycle  program  elements.  In  the  general 
case,  computation will be  completed  before  the time a l loca ted   for   one   comple te  
cyc le .   Therefore ,   the   next   l eve l   o f   computa t ions  will be  executed.  These may b e  
e i t h e r  se l f - tes t  programs o r  a dummy program t o   c a u s e   t h e  CPU t o   i d l e .  

To i l l u s t r a t e ,  assume t h a t   t h e r e  are f ive   minor   cyc le s   fo r   each   ma jo r  
cycle .  The  number o f   r ea l - t ime   i n t e r rup t s   t ha t   occu r  a t  f i x e d   i n t e r v a l s  are n o t  
shown bu t   a r e  assumed.  For  example, f i v e  real-time i n t e r r u p t   c y c l e s  may occur  
during  each  minor  cycle.  It has   a lso  been  assumed  that   both  the  major   and  minor  
cycle  computations will be   comple ted   p r ior   to   the   end   of   the   respec t ive   cyc le ,  

The  program  control  functions  govern  the  scheduling  and  operation of pro- 
gram uni ts   within  the  spaceborne  computer .   Program  control  vi11 compr i se   t he   fo l -  
lowing  operat ions:  

1 )   In i t ia t ion   o f   p rogram  uni t s ;  

2) Scheduling of p r o g r a m   u n i t s   l e a d i n g   t o   t h e   a c t u a l   t r a n s f e r  of c o n t r o l  
t o   t h e   p r o g r a m   u n i t   s e l e c t e d   t o   r e c e i v e  CPU time; 

3 )  Termination of program  units.  

Scheduled  programs are o rgan ized   i n to  a s e t  o f   i n t e r r e l a t ed   computa t iona l  
cyc le   l oops   t ha t   r e f l ec t   t he   p rocess ing  time requirements  and  sequencing rela- 
t ionships   of   the   programs.  The computation time a l loca ted   t o   each   l oop  is termed 
t h e   b a s i c   c y c l e   t i m e .  Each   program  has   an   assoc ia ted   in teger ,   n ,   tha t   ind ica tes  
the  frequency  of  loop  execution  and  can  also  be  thought  of  as  representing  the 
r e l a t i v e   p r i o r i t y  of programs i n   t h a t   l o o p   w i t h   r e s p e c t   t o   p r o g r a m s   i n   o t h e r   l o o p s .  
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The  in t roduct ion   of   f requency   and   pr ior i ty   occurs   as  a na tura l   conse-  
quence  of t he   p rog ram  se l ec t ion   a lgo r i thm.  A t  t h e   s t a r t  of a b a s i c   c y c l e ,   t h e  
f i r s t  program in   t he   h ighes t   f r equency   l oop  is given CPU time. When t h a t  program 
comple tes   execut ion ,   the   next   p rogram  in   the   loop  is se l ec t ed .   Th i s   p rocess  con- 
t i n u e s   u n t i l   t h e   l o o p   p r o g r a m  list is exhausted.  When tha t   occu r s  , and when t h e  
b a s i c   c y c l e  time has   no t   exp i r ed ,   t he   nex t   h ighes t   f r equency   l oop  is en te red .  
The  program  selected is e i t h e r   t h e   f i r s t  one tha t   has   no t   ye t   r ece ived  CPU time 
f o r   t h i s   c o m p u t a t i o n   c y c l e   o f   t h e   l o o p ,   o r   t h e   o n e  whose  execution was suspended 
because of expi ra t ion   o f  a b a s i c   c y c l e  t i m e .  E n t r y   t o  a loop  of   given  f requency 
is n o t  made u n t i l   t h e  CPU requ i r emen t s   fo r  a l l  h igher   f requency   loops   a re  satis- 
f i ed .  

The e f f e c t   o f   t h i s   a l g o r i t h m  is  t o   d i s t r i b u t e  CPU time to  programs i n  
propor t ion   to   the i r   computa t iona l   requi rements ,   wi thout   requi r ing   ind iv idua l   p ro-  
grams to   be   cognizant   o f   the   requi rements  of  other  programs,  scheduled  or  unsched- 
u led .  

A t  completion of the  major  cycle  computation  during a computat ional   cycle  
It maybe d e s i r a b l e   t o  start the   ma jo r   cyc le   ove r   o r  s tart  another  program,  such 
as a diagnost ic   or   system-idle   program. A t  the  end  of  the  computation  cycle,   the 
system may e i t h e r   i g n o r e  programs  with  suspended  execution  or  complete them i n   t h e  
n e x t   a v a i l a b l e   s l a c k   p e r i o d .  

The ove ra l l   f unc t ions   o f   t he  master cyc le   supe rv i so r  can  be  summarized 
as : 

1)  

3) 

4 )  

5) 
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Retu rn   s equences   a r e   r e spons ib l e   fo r   upda t ing   t he   s t a tus  of the   p ro-  
gram p rev ious ly   i n   execu t ion ;  

The  continue  subroutine is always  executed on reent ry   to   the   mas ter  
cyc le .  Its func t ion  i s  t o  alert  the   sys tem  to   computa t ion   cyc le  
ove r loads   ( i f   t hey   occu r )   and   t o   i n i t i a t e   t he   s e l ec t ion  of t h e   n e x t  
program. It a l s o   s e r v e s  as a c o n t r o l   p o i n t   t o   i d l e   i f   t h e r e  is  no 
program t o   e x e c u t e ;  

The select l e v e l   s u b r o u t i n e  is re spons ib l e   fo r   t he   p rocesses   neces -  
s a r y   t o   i n i t i a t e  and to  complete a computation  cycle  loop, and f o r  
the  select ion  of   the  loop  f rom  which  the  current   program  should b e  
chosen; 

The select  program  subroutine selects a program  and  examines i t s  
s t a tus   f l ags   t o   de t e rmine   whe the r  i t  should   be   executed .   Se lec t ion  
and   examina t ion   con t inues   un t i l   e i t he r  a program is chosen o r  i t  is  
de termined   tha t  a new computation  cycle  loop  should  be  entered; 

The d i spa tche r  sets up en t ry   cond i t ions   fo r   t he   s e l ec t ed   p rog ram and 
t u r n s  CPU c o n t r o l   o v e r   t o  i t .  



Program schedule.- Program  scheduling i s  t h e  set of  functions  employed 
i n   s e l e c t i n g  a program t o   r e c e i v e  CPU time. There are two d i s t i n c t  activities: 

1)   Act ivat ion  of   programs  ready  for   execut ion;  

2) S e l e c t i o n  of a p a r t i c u l a r   p r o g r a m   t o  receive CPU time. 

The  normal  action  engendered  by  this  scheduling  algorithm i s  t o  execute 
a l l  programs i n   t h e   h i g h e s t   p r i o r i t y   c o m p u t a t i o n   c y c l e   f i r s t .  I f  t i m e  remains 
b e f o r e   t h e   n e x t   c y c l e  is  to  start ,  t h e   n e x t   l o v e r  level i s  begun.  This  process 
c o n t i n u e s   u n t i l   a l l  levels are exhaus ted   and   the   scheduled   program  loop   id les ,  
o r   u n t i l   t h e   e x p i r a t i o n   o f  a b a s i c  time cyc le ,   which   forces  restart aga in  a t  t h e  
h ighes t   l eve l .   I n   pas s ing   f rom  one   l eve l   t o   t he   nex t ,  if t h e  new level has  been 
previously  completed,  i t  will n o t   b e   r e s t a r t e d   u n t i l   t h e   b a s i c   c y c l e   c o u n t   r e a c h e s  
t h e  restart value.   Furthermore,  a g i v e n   l e v e l  will n o t   b e   r e a c h e d   u n t i l  a l l  
higher   levels   have  completed  their   current   computat ion  cycle .  

In te r rupt  SlJperViSi0n.- The i n t e r r u p t   s u p e r v i s o r  is des igned   to   p rovide  
a cohe ren t   sys t em  r e sponse   t o   a synchronous   i n t e r rup t s   by   i so l a t ing   t he   ope ra t ions  
of programs  responding  to   the  interrupt   f rom  the  operat ion  of   scheduled  programs.  

The   p r imary   i n t e r rup t   rou t ine  is entered   under   unpredic tab le   condi t ions .  
To a l l o w   t h i s   r o u t i n e   t o   e x e c u t e   f r e e l y   w i t h o u t   s a c r i f i c i n g   m i n i m a l   d e l a y   i n  re- 
sponse  under   normal   c i rcumstances,   the   interrupt   control   mechanism  should:  

1) Minimize t h e  time requ i r ed   t o   s ave   and   r e s to re   mach ine   cond i t ions ;  

2) Run d i sab led   a s  l i t t l e  as poss ib l e ;  

3) P e r m i t  m u l t i p l e   l e v e l s   o f   s t a c k e d   i n t e r r u p t s ;  

4 )  Provide   rou t ines   wi th  a way o f   r e s t o r i n g   a n y   i n t e r r u p t   c o n d i t i o n s  
they may modify. 

The   fo l lowing   func t ions   a r e   r equ i r ed   t o  meet these   requi rements :  

1)  A method  of  saving  and  restoring  machine  conditions;  

2) A method  of   p rocess ing   in te r rupt   code   appropr ia te   to   the   in te r rupt  
type  in   both  pr imary-   and  secondary-level   rout ines;  

3) A method  of   control l ing  mult iple  access t o   i n t e r r u p t   r o u t i n e s .  

The  pr imary  interrupts   of  interest  t o   t h e   e x e c u t i v e   s y s t e m  are t h e  real- 
time i n t e r r u p t  and t h e   e x t e r n a l   i n t e r r u p t .   O t h e r   i n t e r r u p t s   a v a i l a b l e   o n l y  re- 
q u i r e  a minimum amount o f   s e rv i c ing ,   p r imar i ly   t o   enab le  and d i s a b l e   t h e   i n t e r -  
rup ts .   Program  s ta tus  will b e   s t o r e d   i n  a save  area on in te r rupt ion .   Save  areas 
will be  chained  to  form a last  i n - f i r s t   o u t   q u e u e .  

Dur ing   an   in te r rupt ,   machine   condi t ions  are s a v e d   i n ,  and r e s t o r e d  from, 
an a r e a   c a l l e d   a n   i n t e r r u p t   s a v e  area. The i n t e r r u p t   s a v e  area c o n t a i n s   t h e  con- 
t e n t s   o f   a n y   r e g i s t e r s   o r   s c r a t c h p a d  memory a d d r e s s e s   t h a t  will be  used i n   t h e  
i n t e r r u p t   r o u t i n e  and  whose conten ts   mus t   be   saved .   In   addi t ion ,   l inkages   to  
bo th   t he   nex t   h ighe r   and   l ower   i n t e r rup t   l eve l s  are suppl ied .  
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