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The Ssturn guidance and control concept must be sufficiently 

broad to accommodate a variety of vehicle configurations and engine (X, y, Z) 

specifications coupled with a large assortment of mission objectives 

and flight paths. The guidance concept under devel9~ment -at- Marshall 
( 5 ,  7 ,  5) 

_.ad_--- -_i L. _ __ a * I . * .  . . 
-7 -. - AS, YS' LS 

Space Flight Center*-meets these requirements and is termed the Adaptive -- - * 

Guidance Mode. This mode functions by accepting the present vehicle 
r r r . v - =  Xs, Ys, Zs 

2- 

flight variables and engine parameters as initial conditions and de- 

fining the optimum path ahead which meets the mission requirements. XSO~ yso9 zso 

This information is supplied in the form of attitude and cutoff com- xSo, yso, zs0 
mands. The optimum path is generally that requiring minimum fuel 

x, Y, z 
consumption. The control mode orients and stabilizes the vehicle 

along this optimum path even under perturbing influences. 

The guidance and control system for implementing the Adaptive . . . 
~ k ,  5i2 65 

Guidance Mode is also designed for use in any Saturn vehicle and 
.. .. .. 

mission complex. The guidance and control system consists princi- k ,  73 5 

paliy of the following major sub-systems: - 
ro' ro 

, f J -  (a) A four gimbal inertial platform system with necessary items 

- 
for maximum flexibility and unlimited attitude freedom. rc' r~ 

(b) A general purpose digital computing systgn capable of 
/ 

t~ 
meeting the requirements for all foreseeable missions. 

to or t 
(c) An analog control system which orients and stabilizes the 

vehicle. 

= Spacef ixed coordinate system for guidance 
computations 

= Spacefixed coordinate system for gravitation 
computation 

= Inertial measuring coordinate system 

= Components of velocity in guidance coordinate 
sys tem 

= Components of displacement in guidance 
coordinate system 

= Initial launch components of velocity in 
guidance coordinate system 

= Initial launch components of displacement in 
guidance coordinate system 

= Components of displacement in gravitation 
coordinate system 

= Measured components of velocity in inertial 
coordinate system 

= Incremental components of velocity from 
accelerometers 

= Components of acceleration in inertial 
coordinates 

= Instantaneous position and velocity respectively 
in the guidance coordinate system 

= Position and velocity respectively at cutoff in 
the guidance coordinate system 

= Time of cutoff reckoned from launch 
g 

= Flight time reckoned from launch and obtained 
from guidance computer clock to solve guidancen c 

equations 



= Time - t o  -go be£  o r e  c u t o f f ,  reckoned from launch  ap' a~ 

= Veh ic l e  l o n g i t u d i n a l  a c c e l e r a t i o n  
P p y  PY, Pr 

= I n s t an t aneous  v a l u e  of v e h i c l e  l o n g i t u d i n a l  
a c c e l e r a t i o n  

= Components of a c c e l e r a t i o n  due t o  g r a v i t y  - 
i n  g r a v i t a t i o L -  coordiL1ate system X 

= E u l e r i a n  a n g l e s  d e f i n i n g  d e s i r e d  o r i e n t a t i o n  of 
v e h i c l e - f i x e d  c o o r d i n a t e  system i n  space f i xed  
guidance c o o r d i n a t e  sys tem (Xs, Ys, Zs) when 
executed  i n  t h e  sequence Xy, Xx and X, about  t h e  
v e h i c l e - f i x e d  a x i s  i n d i c a t e d  w i t h  s u b s c r i p t s .  
The v e h i c l e - f i x e d  c o o r d i n a t e  sys tem i s  p a r a l l e l  
w i t h  t h e  guidance c o o r d i n a t e  a t  l aunch  

= I n s t an t aneous  s t e e r i n g  commands 

= I n n e r  gimbal  a n g l e  ( r o l l )  

= Inner -middle  gimbal a n g l e  ( p i t c h  l i m i t e d )  

= Outer-middle gimbal a n g l e  (yaw) 

= Oute r  gimbal a n g l e  ( o u t e r  p i t c h )  

= P i t c h  e r r o r  s i g n a l  from p l a t f o r m  r e s o l v e r  c h a i n  

= Yaw e r r o r  s i g n a l  from p l a t f o r m  r e s o l v e r  c h a i n  

= R o l l  e r r o r  s i g n a l  from p l a t f o r m  r e s o l v e r  c h a i n  

= Angular  v e l o c i t y  about  t h e  v e h i c l e  p i t c h ,  yaw, 
and r o l l  axes  r e s p e c t i v e l y  

= Rate  of change of a n g l e  between t h e  v e h i c l e  
l o n g i t u d i n a l  a x i s  and v e r t i c a l  i n e r t i a l  r e f e r e n c e  

= I n s t an t aneous  a n g l e  between t h e  v e h i c l e  l o n g i -  
t u d i n a l  a x i s  and t h e  v e r t i c a l  i n e r t i a l  r e f e r e n c e  

= Angle -o f - a t t a ck  i n  t h e  p i t c h  p l a n e  and yaw p l ane  
r e s p e c t i v e l y  

= Gimbaled engine  angu l a r  p o s i t i o n  f o r  p i t c h ,  yaw, 
and r o l l  r e s p e c t i v e l y  

= A c c e l e r a t i o n  p e r p e n d i c u l a r  t o  v e h i c l e  l o n g i t u d i n a l  
a x i s  and ob t a ined  from c o n t r o l  a cce l e rome te r  

= Desi red  yaw heading  f o r  d e l t a  minimum c r o s s r a n g e  
guidance 

= I n s t an t aneous  v a l u e  of t h e  r a t i o  of mass f low 
r a t e  t o  t o t a l  mass 



I .  INTRODUCTION 

S ince  t h e  development of a  l a r g e  m u l t i - s t a g e  launch  v e h i c l e  r e -  

q u i r e s  such  a v a s t  commitment of manpower and r e s o u r c e s ,  t h e  economy 

of t h e  coun t ry  cannot  s u p p o r t  t h e  development of a  p a r t i c u l a r  v e h i c l e  

f o r  each  s p e c i a l i z e d  mi s s ion .  Schedul ing  i s  an  e q u a l l y  impor t an t  

c o n s i d e r a t i o n ,  s i n c e  a n  extended pe r i od  of t ime i s  r e q u i r e d  f o r  deve lop-  

ment of t h e  launch  v e h i c l e .  I f  t h e  development of a  l aunch  v e h i c l e  

could  commence only a f t e r  a  p a r t i c u l a r  m i s s ion  and payload  were w e l l  

d e f i n e d ,  y e a r s  of development t ime  would be  l o s t .  The launch  v e h i c l e  

must t h e r e f o r e  be capab l e  of accommodating a v a r i e t y  of pay loads  which 

a r e  under  p a r a l l e l  development, a s  w e l l  a s  payloads  which w i l l  be  a n  

ou tgrowth  of m i s s ions  y e t  t o  be  formula ted .  

I n  o r d e r  t o  be  compat ib le  w i t h  t h e  o v e r a l l  f l e x i b i l i t y  r e q u i r e -  

ments of t h e  v e h i c l e ,  t h e  gu idance  concept  under  development f o r  t h e  

S a t u r n  i s  s u f f i c i e n t l y  broad i n  scope t o  encompass a l l  f o r e s e e a b l e  

v e h i c l e  c o n f i g u r a t i o n s  and mi s s ion  o b j e c t i v e s .  Moreover, t h e  imple-  

me n t a t i on  of t h e  concept  i s  n o t  dependent  upon t h e  t ype  of n a v i g a t i o n  

s e n s o r s  employed. The mathemat ica l  s t r u c t u r e  of t h i s  concept  which 

i s  termed t h e  Adapt ive  Guidance Mode, i s  s u f f i c i e n t l y  comprehensive 

t o  ha nd l e  s a t i s f a c t o r i l y  f o r e s e e a b l e  s p e c i f i c  guidance problems.  A 

p a r t i c u l a r  s o l u t i o n  t o  a  guidance problem i s  d e r i v e d  from t h e  g e n e r a l  

mathemat ica l  s t r u c t u r e  when t h e  c o n d i t i o n s  and requi rements  of t h e  

p a r t i c u l a r  f l i g h t  a r e  s p e c i f i e d .  The form of t h e  guidance and c u t o f f  

The guidance  and c o n t r o l  system employed i n  t h e  implementa t ion  of 

t h e  Adaptive Guidance Mode i s  a l s o  be ing  des igned  f o r  t h e  g r e a t e s t  

f l e x i b i l i t y  i n  a p p l i c a t i o n ,  s o  t h a t  a  minimum of c o n s t r a i n t s  a r e  i m -  

posed on t h e  u t i l i t y  of t h e  v e h i c l e .  The goa l  of maximum f l e x i b i l i t y  

i s  cons ide r ed  s u b s e r v i e n t  t o  on ly  one o t h e r  prime requi rement ;  namely, 

maximum p o s s i b l e  r e l i a b i l i t y .  

The tremendous expense of each  v e h i c l e ,  i n  a d d i t i o n  t o  t h e  f a c t  

t h a t  t h e  v e h i c l e  w i l l  e v e n t u a l l y  t r a n s p o r t  human pa s senge r s ,  compels 

t h e  d e s i g n e r s  of t h e  guidance and c o n t r o l  sys tem t o  s e t  maximum 

p o s s i b I e  r e l i a b i l i t y  a s  t h e  primary goa l .  

The guidance and c o n t r o l  methods and concepts--described i n  t h i s  .. 
f---- - --. 

paper  a r e  a p p l i c a b l e ,  i n  gene ra l ,  t o  b o t h  t a n d " ~ 5  veh i c l e s :~?  

The d e t a i l e d  d e s c r i p t i o n  of hardware i s  l i m i t e d  t o  t h a t  e m p l ~ ~ - t t . - i 5 " a ~ - A  

t h e  C l .  I n  a d d i t i o n  t o  f u l f i l l i n g  t h e  pr imary  requi rements  of a  

v a r i e t y  of space  miss ions ,  t h e  C l  w i l l  a l s o  be used a s  a  t e s t  v e h i c l e  

f o r  t h e  C5. The d e s i g n  of hardware employed i n  t h e  C5 system w i l l  be  

i n f l uenced  by expe r i ence  ga ined  on t h e  C1, a s  w e l l  a s  g e n e r a l l y  

r e p r e s e n t i n g  a more advanced s t a t e - o f - t h e - a r t .  I n  t h e  C5 sys tem 

p a r t i c u l a r  emphasis w i l l  b e  p l aced  on redundancy a s  a  means of improv- 

i n g  r e l i a b i l i t y  of t h e  o v e r a l l  system. 

e q u a t i o n s  i s  i n v a r i a n t  w i t h  changing mi s s ions  and v e h i c l e s .  



11. THE CONCEPT OF THE ADAPTIVE GUIDANCE MODE 

The guidance concept f o r  the  Saturn veh ic les  must be app l i cab le  t o  

a  l a r g e  v a r i e t y  of veh ic le  conf igurat ions ,  veh ic le  performance c a p a b i l i -  

t i e s ,  and mission requirements. The powered f l i g h t  time of the  Saturn 

veh ic le  i s  very long by b a l l i s t i c  m i s s i l e  standards ranging from approxi-  

mately 600 seconds f o r  e a r t h  o r b i t s  t o  approximately 1000 seconds f o r  

lunar  probes. With some multi-engine,  mul t i - s t age  veh ic les , the  p o t e n t i a l  

f o r  completing the  intended mission e x i s t s  even a f t e r  the  f a i l u r e  of an 

engine dur ing f l i g h t .  Under these  condi t ions  the  necessary high i n j e c -  

t i o n  accuracy may be d i f f i c u l t  t o  obta in  wi th  a  guidance scheme employing 

conventional time programs o r  o the r  programs predicated upo: a  s i n g l e  

reference t r a j e c t o r y .  

Any general  guidance concept should provide a  volume o r  c l a s s  of 

reference t r a j e c t o r i e s  which s a t i s f y  the  mission c r i t e r i a .  Guidance 

s i g n a l s  must then be derived dur ing f l i g h t  from the  reference t r a j e c t o r y  

which i s  appropr ia te  f o r  the  f l i g h t  condi t ions  and employed t o  d i r e c t  

the  c o n t r o l  system t o  cause t h e  veh ic le  t o  follow a  s a t i s f a c t o r y  path.  

I n  addi t ion,  some means must be provided t o  i n i t i a t e  cutoff  when the  

mission c r i t e r i a  have been s a t i s f i e d .  

The Adaptive Guidance Mode which f u l f i l l s  the  Saturn conf igurat ion 

and mission f l e x i b i l i t y  requirements is  described i n  d e t a i l  i n  r e f e r -  

ence 1 ;  however, a  b r i e f  summary is  given here of the  concept s o  t h a t  

the  system i n t e g r a t i o n  can be out l ined.  

A spacefixed coordinate  system, as  shown i n  Figure  1, i s  convenient 

f o r  desc r ib ing  the  Adaptive Guidance Mode. I n  the  Saturn the  t h r u s t  

d i r e c t i o n  i s  con t ro l l ed  i n  order t o  keep t h e  veh ic le  on the  des i red  

t r a j e c t o r y .  A conventional way of de f in ing  the  t h r u s t  d i r e c t i o n  when 

the  d i r e c t i o n  i s  e s t ab l i shed  by t h e  o r i e n t a t i o n  of a  r i g i d  body such as  

a  rocket  veh ic le  i s  by specifying a  s e t  of th ree  Euler ian  angles ,  

Xy, Xx and X,. These angles de f ine  th ree  success ive  r o t a t i o n s  taken i n  

a  spec i f i ed  sequence about th ree  body-fixed coordinate  axes.  The body- 

f ixed axes a r e  i n i t i a l l y  p a r a l l e l  t o  the  spacefixed axes;  hence, the 

angles de f ine  the  o r i e n t a t i o n  of t h e  veh ic le  i n  the  spacefixed coordi-  

na te  system. For a  time varying t h r u s t  d i r e c t i o n ,  these  th ree  angles 

a r e  funct ions  of time. The con t ro l  system turns  the  veh ic le  i n t o  the  

o r i e n t a t i o n  defined by these  angles and s t a b i l i z e s  the  veh ic le  during 

f l i g h t .  

S tee r ing  commands which a r e  s to red  funct ions  of time and which 

provide only a  s i n g l e  reference t r a j e c t o r y  a r e  s a t i s f a c t o r y  only i f  no 

per turbing inf luences  occur dur ing f l i g h t .  A change i n  t h r u s t  l e v e l  

o r  o the r  pe r tu rba t ions  a t  any time dur ing f l i g h t  requires  a  new r e f e r -  

ence t r a j e c t o r y  f o r  use between the  perturbed po in t  and c u t o f f .  In  

add i t ion ,  a  new s e t  of time v a r i a b l e  s t e e r i n g  commands and a  new cutoff  

time must be se lec ted  which i s  compatible wi th  the  mission ob jec t ives  

and new t r a j e c t o r y .  When pe r tu rba t ions  occur the  Adaptive Guidance 3 
B 

Mode generates new s t e e r i n g  and cutoff  commands based on measurements 

and ca lcu la t ions  made on-board the  veh ic le .  These s t e e r i n g  commands 
rl 



g e n e r a t e  a  new t r a j e c t o r y  which meets  t h e  mi s s ion  o b j e c t i v e s  i n  an  

optimum manner. The c r i t e r i a  f o r  an  optimum i s  g e n e r a l l y  minimum f u e l  

consumption. 

S u f f i c i e n t  i n fo rma t ion  must be obta ined  d u r i n g  f l i g h t  t o  de termine  

t h e  s t e e r i n g  and c u t o f f  comands  f o r  g e n e r a t i n g  a  t r a j e c t o r y  connect ing  

t h e  i n i t i a l  p o i n t  and t h e  d e s i r e d  c u t o f f  p o i n t .  The i n fo rma t ion  r e q u i r -  

ed i s  t h e  i n i t i a l  f l i g h t  coo rd ina t e s  (;o, ;09 t o )  and t h e  i n i t i a l  va lues  

of s u i t a b l e  parameters  f o r  de t e rmin ing  t h e  v e h i c l e  and engine  c h a r a c t e r -  

i s t i c s .  

I f  t h e  t h r u s t  and mass f low r a t e  a r e  assumed t o  remain c o n s t a n t  

f o r  t h e  remainder of t h e  bu rn ing  t ime of t h e  s t a g e  a t  t h e  v a l u e s  e x i s t -  

i n g  when on-board measurements a r e  made, and s t anda rd  v a l u e s  f o r  sub-  

s equen t  s t a g e s  a r e  assumed, t h e n  t h e  knowledge o f ( P )  and ($)o i s  M 0 

s u f f i c i e n t  t o  de termine  t h e  v e h i c l e  and engine  c h a r a c t e r i s t i c s .  The 

parameter  g) )o i s  n o t  r equ i r ed  t o  be measured d i r e c t l y ;  i t  can  be 

computed a s  a  f u n c t i o n  of t ime where t h e  mass f low r a t e  i s  changed 

d u r i n g  f l i g h t  t o  r e p r e s e n t  t h e  number of engines  ope ra t i ng .  Les se r  

changes i n  t h e  mass f low r a t e  can be adequa t e ly  r ep re sen t ed  by a  

nominal v a l u e .  

Hence, t h e  i n fo rma t ion  which must be  obta ined  d u r i n g  f l i g h t  from 

measurements and c a l c u l a t i o n s  c o n s i s t s  of t h e  i n i t i a l  c o n d i t i o n s ,  

, , ( to] . Since  t h 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  i s  a  known 
/m\ - - 

f u n c t i o n  of p o s i t i o n ,  r o ,  ro, and(;) o  may be  c a l c u l a t e d  from t h e  

o u t p u t s  of t h e  i n t e g r a t i n g  acce l e rome te r s .  Time may be supp l i ed  by t h e  

c lock  mechanism i n  t h e  guidance computer. 

- - 
The va lues  of  ro ,  r o ,  (i)o and to a r e  updated con t inuous ly  

d u r i n g  f l i g h t .  Thus, t h e  p r e s e n t  c o n d i t i o n s  c a l c u l a t e d  from i n s t a n -  

taneous measurements a r e  taken  a s  t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  

remainder of t h e  f l i g h t .  I f  a  p e r t u r b a t i o n  occurs  a t  some p o i n t  on t h e  

t r a j e c t o r y ,  t h e  new va lues  a r e  determined from measurements and c a l c u -  

l a t i o n s  and employed a s  new i n i t i a l  c o n d i t i o n s .  New s t e e r i n g  and c u t o f f  

commands a r e  t hen  genera ted  which shape t h e  t r a j e c t o r y  f o r  minimum f u e l  

consumption c o n s i s t e n t  w i t h  t h e  r e q u i r e d  end c o n d i t i o n s .  

To demonst ra te  t h e  concept ,  s e l e c t  a  s e t  of i n i t i a l  c o n d i t i o n s ,  

,  , ( )  a t  some p o i n t  on t h e  t r a j e c t o r y  which i s  determined 

by c a l c u l a t i o n s  on-board t h e  v e h i c l e  (See  F i g u r e  1 ) .  Th i s  p o i n t  c o n s t i -  

t u t e s  t h e  i n i t i a l  c o n d i t i o n s  f o r  a  powered t r a j e c t o r y  which t e rmina t e s  

a t  t h e  c u t o f f  p o i n t ,  [ F ~ ,  iC, td . The c u t o f f  p o i n t  c o n s t i t u t e s  t h e  

s o l u t i o n  t o  a  s e t  of miss ion  equa t ions  which a r e  assumed t o  have been 

formula ted .  I n  gene ra l ,  t h e r e  e x i s t s  an  i n f i n i t e  number of p o s s i b l e  

pa th s  which w i l l  pa s s  through t h e  i n i t i a l  p o i n t  and s a t i s f y  t h e  mi s s ion  

equa t ions .  However, t h a t  p a r t i c u l a r  p a t h  which opt imizes  some p a r t i c u -  

l a r  parameter  i s  g e n e r a l l y  more d e s i r a b l e  than  t h e  o t h e r s .  The c r i t e r i a  

f o r  an optimum i s  g e n e r a l l y  minimum f u e l  consumption. S ince  t h e  mass 

f low r a t e  i s  assumed cons t an t ,  minimum f l i g h t  t ime w i l l  g ive  minimum 

f u e l  consumption. 3 

Associa ted  w i t h  each  t r a j e c t o r y  i s  a  s e t  of t ime v a r i a b l e  E u l e r i a n  8 
ang le s ,  X y ( t ) ,  Xx( t ) ,  and X z ( t )  which d e f i n e  t h e  t h r u s t  d i r e c t i o n .  



I f  t h e s e  ang l e s  d e f i n e  t h e  t h r u s t  d i r e c t i o n  f o r  t h e  optimum t r a j e c t o r y  I f  t h e  f u n c t i o n s  Xyo, Xxo, XZo, and tf can  b e  found and so lved  a t  

d e s c r i b e d  by t h e  f u n c t i o n s  ; ( t )  and ; ( t ) ,  t h en  r e g a r d l e s s  of t h e  each  p o i n t  on t h e  t r a j e c t o r y  d u r i n g  f l i g h t ,  t h e  s t e e r i n g  s i g n a l s  and 

l o c a t i o n  of t h e  p o i n t  on t h e  t r a j e c t o r y  where t h e  i n i t i a l  c o n d i t i o n s ,  c u t o f f  s i g n a l  w i l l  be  ob t a ined  f o r  t h e  optimum t r a j e c t o r y .  

[ , , ( )  , a r e  ob t a ined ,  t h e  same s e t  of f u n c t i o n s  x ( t ) ,  Y 
The t e chn iques  of t h e  Ca l cu lu s  of V a r i a t i o n  a r e  employed t o  gene r -  

X Z ( t ) ,  and X Z ( t )  w i l l  g ive  t h e  optimum from t h i s  p o i n t  forward .  These a t e  a  volume of expec ted  t r a j e c t o r i e s  f o r  s p e c i f i c  v e h i c l e s  and 

f u n c t i o n s  w i l l  have t h e  i n i t i a l  v a l u e s  Xyo, xxo' and Xz0 a t  t h e  i n i t i a l  m i s s ions .  Numerical cu rve  f i t t i n g  methods a r e  employed t o  o b t a i n  s a t i s -  

p o i n t .  The t r a j e c t o r y  w i l l  a l s o  be d e s c r i b e d  by t h e  same f u n c t i o n s  f a c t o r y  s e r i e s  s o l u t i o n s  f o r  t h e  gu idance  and c u t o f f  commands. 

- 
; ( t )  and r ( t ) .  However, i f  a  p e r t u r b a t i o n  occu r s  a t  some p o i n t ,  t h e  

i n i t i a l  c o n d i t i o n s  a t  t h a t  p o i n t  w i l l  n o t  be t h e  same a s  t hose  ob t a ined  

- / 
f o r  t h e  o r i g i n a l  optimum p a t h .  Hence, a  new s e t  of f u n c t i o n s ,  r ( t )  

t / 
and r ( t ) ,  w i l l  b e  r e q u i r e d  t o  d e s c r i b e  t h e  optimum t r a j e c t o r y  from 

t h e  pe r t u rbed  p o i n t  t o  t h e  c u t o f f  p o i n t .  Moreover, t h e  s t e e r i n g  f u n c t i o n s  

1 / / 
w i l l  have new i n i t i a l  v a l u e s  Xyo, Xxo,and X  a t  t h i s  p o i n t .  I n  a d d i -  

20 

t i o n ,  t h e  t ime r e q u i r e d  f o r  t h e  v e h i c l e  t o  r e a c h  c u t o f f  under  t h e  

pe r t u rbed  c o n d i t i o n s  w i l l  be d i f f e r e n t  from t h e  t ime  r e q u i r e d  f o r  t h e  

unper turbed  c o n d i t i o n s .  Consequently,  f o r  each s e t  of i n i t i a l  c o n d i -  

t i o n s  ob t a ined  d u r i n g  f l i g h t  t h e r e  cor responds  a  s e t  of i n i t i a l  va lue s ,  

Xyo, Xxo$ and Xzo 3 f o r  t h e  t h r e e  E u l e r i a n  ang l e s  and a  c e r t a i n  f l i g h t  

t ime  t f ,  remain ing  b e f o r e  t h e  mi s s ion  equa t i ons  a r e  so lved  and c u t o f f  

i s  i n i t i a t e d .  Thus, 



111. CONTROL CONSTRAINTS 

The Saturn Control System is designed to receive the steering 

commands from the guidance system and to apply moments to the vehicle 

in such a manner that it is properly directed to fulfill the assigned 

mission. In addition, the control system must provide vehicle stability 

in the presence of upsetting moments, such as those caused by aero- 

dynamic disturbances and thrust misalignments. The control system must 

fulfill these requirements in the presence of a number of constraints 

attributable to the vehicle structural and aerodynamic characteristics, 

as well as basic characteristic limitations of the control system 

itself. 

Although the derivation of control moments has been accomplished 

in a variety of ways on the earlier generation of missiles leading up 

to the large launch vehicle, the only scheme which is practical for 

employment on the Saturn C1 and C5 vehicles presently under development 

is limited to the gimbaling of the main propulsion engine. The angle 

through which a large propulsion unit can be practically gimbaled is 

limited, however, by the gimbal bearing and propellant flex-lines, as 

well as the vehicle structural considerations. The constraints which 

are thereby placed on the control system must be considered in the 

system design. Transducers which sense the wind loads must be employed 

to direct the vehicle in such a manner that the resultant lateral loads 

and the required engine deflections are retained within the allowable 

limits. The associated control loop gains required to accomplish the 

necessary structural load relief and control torque minimization are 

changed as a precalculated function of time. 

The fact that a multi-stage vehicle is relatively long and flexible 

places another constraint on the control system. Permissable location 

of the control sensors must be determined and required signal shaping 

must be derived from accurate knowledge of the structural bending 

characteristics. The affect of local structural compliances within the 

gimbaled engine loop as well as possible excitation from propellant 

sloshing must also be considered in the determination and verification 

of the co-ltrol system stability. 

The nominal rigid body control frequency must be held above a 

certain minimum in order to provide adequate response to wind disturb- 

ances and to allow for some uncertainty of aerodynamic and structural 

data. The rigid body control frequency therefore lies within the 

crowded spectrum of sloshing frequencies of the multiple propellant 

tanks and the structural bending and local compliance frequencies. 

Assuming that all characteristics of the complex system could be 

accurately determined and assuming no conflicting stabilization require- 

ments of the various modes, the system could obviously be stabilized by 

electrically shaping at proper points within the various loops. On the 

Saturn, however, a more conservative approach has been followed. Any 

sloshing mode which appears to be a potential problem is damped by 

proper baffling in the tanks throughout the critical regions. Active 

damping is applied to the engine gimbal compliance loop through the f \ 

J 



utilization of a load-sensitive feedback within the engine actuation 

system. 

Alleviation of the sloshing and gimbal compliance problems 

through the above methods allows more flexibility in coping with the 

structural bending and other local compliance problems through the 

proper location of control sensors, supplemented by electrical com- 

pensation. 

IV. GUIDANCE AND CONTROL SYSTEM MECHANIZATION 

The mechanization of the guidance and control modes in the Saturn 

vehicles results in an integration of the two functions through the 

sharing of hardware sub-systems. In particular, the stabilized platform 

supplies the inertial reference frame for the guidance mode and provides 

the attitude reference for the control mode. The system mechanization 

results in a completely self-contained inertial system which integrates 

the functions of these two modes to effect guidance and stability of the 

vehicle during the ascending phase without assistance from ground 

stations. 

A simplified diagram of the Saturn Guidance and Control System is 

shown in Figure 2. The system consists principally of three major sub- 

systems: A four-gimbal inertial platform having three orthogonal 

accelerometers mounted on the stable element and attitude resolvers 

on each gimbal, a general purpose digital guidance computer, and an 

analog control computer with associated sensors and actuators. Inter- 

face requirements between these sub-systems are provided in the guidance 

signal processor. Physical descriptions of some of the major components 

employed in the system are included in a later section of this paper. 

The following is a functional description of the operation of the 

system, indicating the method of derivation of the required guidance 
3: 

intelligence, the conversion of this information into the proper co- e 
I 

ordinate system, and the execution through the control system. go 



IVa. IMPLEMENTATION 

The c o o r d i n a t e  systems used f o r  d e s c r i b i n g  t h e  implementat ion of 

t h e  gu idance  system a r e  shown i n  F i g u r e  3 .  The space f i xed  system, 

(X, Y, Z) i s  used  f o r  computing t h e  a c c e l e r a t i o n  of g r a v i t y .  The space -  

f i x e d  sys tem (Xs,Ys,Zs) i s  t h e  one i n  which t h e  guidance f u n c t i o n s  a r e  

computed, and t h e  system (6, q ,  c )  d e f i n e s  t h e  i n e r t i a l  measuring 

d i r e c t i o n s  of t h e  acce l e rome te r s  on t h e  s t a b i l i z e d  p l a t fo rm .  

A f u n c t i o n a l  diagram of t h e  b a s i c  computat ions r e q u i r e d  i n  t h e  

gu idance  computer i s  shown i n  F i g u r e  4 .  Incrementa l  o u t p u t s  from t h e  

c o n v e r t e r s  on t h e  i n t e g r a t i n g  acce l e rome te r s  a r e  summed t o  g i v e  t h e  

components of i n e r t i a l  v e l o c i t y .  The sum of t h e s e  v e l o c i t y  components 

and t h e  co r r e spond ing  components of i n i t i a l  space f i xed  v e l o c i t y  a r e  

i n t e g r a t e d  t o  g i v e  components of d i sp lacement .  

Components of t h e  a c c e l e r a t i o n  due t o  g r a v i t y  a r e  computed a s  

f u n c t i o n s  of d i sp lacement  a t  i n t e r v a l s  of approximate ly  one-ha l f  second 

i n  a  feedback loop .  The f i r s t  i n t e g r a l  of each  component of 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  - i s  summed w i t h  t h e  cor responding  v e l o c i t y  components 

s o  t h a t  t h e  r e q u i r e d  space f i xed  v e l o c i t y  and p o s i t i o n  components become 

a v a i l a b l e  f o r  s o l v i n g  t h e  guidance and c u t o f f  equa t i ons .  These compu- 

t a t i o n s  a r e  performed throughout  t h e  e n t i r e  a s c e n t  phase .  

The t h r u s t  p e r  u n i t  mass, o ,  i s  computed approximate ly  once (3 
e a c h  second by d i f f e r e n t i a t i n g  each  t o t a l  a c c e l e r o m e t e r , o u t p u t  and 

t a k i n g  t h e  squa re  r o o t  of t h e  sum of t h e  squa re s  of t h e  r e s u l t i n g  

d e r i v a t i v e s .  The computat ions d e s c r i b e d  a r e  t hose  r e q u i r e d  t o  s o l v e  

t h e  equa t i ons  g iven  i n  F i g u r e  5 .  

Guidance and cutoEf commands a r e  computed a s  f u n c t i o n s  of t h e  

f l i g h t  c o o r d i n a t e s  and v e h i c l e  parameters  a t  i n t e r v a l s  of approximate ly  

one second.  Time i s  supp l i ed  by t h e  c l o c k  mechanism i n  t h e  gu idance  

computer. I n  g e n e r a l ,  t h e r e  a r e  t h r e e  s e p a r a t e  s t e e r i n g  polynomia ls  

of t h e  form g iven  i n  F i g u r e  6. However, t h e  l e n g t h  of each  e q u a t i o n  

and t h e  s p e c i f i c  terms inc luded  va ry  w i t h  t h e  mi s s ion .  The polynomials  

f o r  Xyo, Xxo, and XZo a r e  so lved  d u r i n g  t h e  second and subsequent  s t a g e s .  

The c u t o f f  polynomial ,  a l s o  shown i n  F i g u r e  6 , i s  so lved  on ly  d u r i n g  

t h e  l a t t e r  phase  of t h e  f i n a l  s t a g e ;  a l l  o t h e r  s t a g e s  a r e  burned u n t i l  

f u e l  d e p l e t i o n  occu r s .  

The f i r s t  s t a g e  t i l t  program i s  ob t a ined  a s  a n  expans ion  i n  t ime  

on ly  because  of s t r u c t u r a l  and c o n t r o l  problems.  Th i s  i s  s u f f i c i e n t ,  

however, s i n c e  t h e  Adaptive Guidance Mode i s  c apab l e  of hand l i ng  t h e  

expec ted  d e v i a t i o n s  a t  f i r s t  s t a g e  bu rnou t .  

Most m i s s ions  r e q u i r e  t h e  v e h i c l e  t o  be c o n s t r a i n e d  t o  f l y  i n  a  

space f i xed  p l ane  d u r i n g  t h e  ascending  phase .  Under t h i s  c o n d i t i o n ,  

"Delta  Minimum" guidance may be used i n  t h e  c r o s s r a n g e  d i r e c t i o n  and 

Adaptive Guidance i n  t h e  p i t c h  p l ane .  The polynomial  f o r  Xz0 p rov ide s  

t h e  t i l t  a n g l e  i n  t h e  f l i g h t  p l a n e  w h i l e  s imp le  equa t i ons  f o r  X and 
YO 

xXo p rov ide  "Del ta  Minimum" guidance  i n  t h e  c r o s s r a n g e  d i r e c t i o n .  

The t y p i c a l  "Del ta  Minimum" guidance e q u a t i o n  f o r  t h i s  a p p l i c a t i o n  

w i l l  t a k e  t h e  form 



where ? i s  t h e  heading  r e q u i r e d  i n  yaw t o  c o r r e c t  t h e  c ro s s r ange  d e -  

v i a t i o n s ;  it i s  g e n e r a l l y  one deg ree  o r  l e s s .  Because of t h e  i n t e r -  

change of t h e  r o l l  and yaw axes  d u r i n g  f l i g h t  and s i n c e  < i s  sma l l ,  t h e  

two e q u a t i o n s  needed f o r  implementat ion t a k e  t h e  form: 

Xxo = ( eo  zs + e l  i s )  cos xZo 

X = ( e o  Zs + e l  Zs) s i n  XZo 
Y 0 

The c o e f f i c i e n t s ,  e  and e l ,  may be  c o n s t a n t s  o r  l i n e a r  f u n c t i o n s  of 

t ime .  When t h e  c ro s s r ange  p o s i t i o n  and v e l o c i t y ,  Zs and Zs, a r e  z e r o  

Xxo and X become z e r o .  
Y 0 

The E u l e r i a n  ang l e s ,  X and XZo computed i n  t h e  d i g i t a l  
yo' Xxo' 

computer a r e  conver ted  t o  ana log  command s i g n a l s  t o  be  executed  i n  t h e  

c o n t r o l  sys tem by t h e  p o s i t i o n i n g  of t h r e e  command r e s o l v e r s  l o c a t e d  

i n  t h e  Guidance S i g n a l  P roce s so r .  

A b lock  d iagram of one channel  i n d i c a t i n g  t h e  p a r t i c u l a r  scheme of 

implementa t ion  employed i n  t h e  S a t u r n  C 1  i s  shown i n  F i g u r e  7 .  The 

p r e s e n t l y  commanded a t t i t u d e  d i r e c t i o n  and t h e  newly c a l c u l a t e d  d i r e c t i o n  

a r e  compared i n  t h e  d i g i t a l  computer. The d i f f e r e n c e  i s  changed t o  

d e s i r e d  r a t e  of a t t i t u d e  c o r r e c t i o n  by a  s c a l i n g  c o n s t a n t .  The r e q u i r e d  

r a t e  i s  t h e n  p l aced  on t h e  l a d d e r  network.  The d c  o u t p u t  v o l t a g e  of 

t h e  l a d d e r  network i n d i c a t e s  t h e  d e s i r e d  c o r r e c t i v e  r a t e .  A f t e r  modu- 

l a t i o n  and a m p l i f i c a t i o n ,  t h i s  s i g n a l  e n e r g i z e s  a n  a c  motor which i n  

t u r n  d r i v e s  a  command r e s o l v e r  and an  i nc r emen ta l  encoder .  A f t e r  p rope r  

shaping ,  t h e  ou tpu t  of t h e  encoder i s  f e d  back t o  t h e  computer where 

t h e  i n fo rma t ion  i s  used f o r  comparison w i t h  t h e  d e s i r e d  a n g l e  computed 

on t h e  nex t  computer c y c l e .  

The space f i xed  components ob t a ined  from t h e  command r e s o l v e r s  i n  

t h e  s i g n a l  p roce s so r  a r e  t ransformed by t h e  f o u r  r e s o l v e r s  on t h e  

gimbals  of t h e  s t a b i l i z e d  p l a t f o r m  i n t o  components i n  t h e  a c t u a l  v e h i c l e  

c o o r d i n a t e  system. 

A f low diagram of t h e  r e s o l v e r  c h a i n  th rough which t h e  a t t i t u d e  

commands d e r i v e d  i n  t h e  d i g i t a l  computer a r e  p roce s sed  i s  shown i n  

F i g u r e  8. This  c h a i n  i s  un ique  i n  t h a t  each r e s o l v e r  i s  made t o  t r a n s -  

form two axes  s imu l t aneous ly  i n s t e a d  of one a s  i s  g e n e r a l l y  done. Th i s  

double  du ty  i s  made p o s s i b l e  by e x c i t i n g  t h e  c h a i n  w i t h  two inharmoni-  

c a l l y  r e l a t e d  f r e q u e n c i e s .  F i l t e r s  s e p a r a t e  t h e  s i g n a l s  ob t a ined  f o r  

demodulat ion.  The s i g n a l s  a r e  t h e n  demodulated t o  p rov ide  a t t i t u d e  

e r r o r  s i g n a l s  f o r  u s e  by t h e  c o n t r o l  system. When t h e s e  e r r o r  s i g n a l s  

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

w i t h  t h e  d e s i r e d  v e h i c l e  c o o r d i n a t e  system and t h e  t h r u s t  a c t s  i n  t h e  

optimum d i r e c t i o n .  



IVb . CONTROL IMPLEMENTATION 

The control system can be broken down into three main categories; 

sensing, computing, and engine actuation. The required information 

from the sensors includes the vehicle attitude,with respect to a refer- 

ence, the attitude rate and a means of sensing lateral loads. 

In the Saturn system the desired attitude information is derived 

by the digital computer and referenced to the vehicle through the plat- 

form resolver chain, as previously described. 

The attitude rate information is derived either from rate gyros 

or by differentiation in the control computer of the attitude signals. 

The latter is considered a simpler and more reliable method and is, 

therefore, utilized when the location of the platform,with respect to 

the structural bending mode shapes, permits. In the C1 configuration, 

for instance, the Block I vehicles are stabilized by differentiation 

of the attitude signal, since the platform location atop the S-I stage 

is a permissable location with respect to bending. In the Block I1 

vehicles, however, the platform is located in the Instrument Unit 

forward of the S-IV stage. The shape of the bending is greater at this 

location and may force the use of rate gyros located at a structurally 

optimum position for the overall configuration. After separation of 

the S-I stage, the vehicle can again be stabilized during S-IV burning 

by simple lead networks. Final determination of the method of stabili- 

zation of each stage of a particular configuration can only be deter- 

mined after reasonably accurate data on the structural characteristics 

are known. Although the general philosophy will be the same for the 

C5 as for the C1 vehicles, sufficiently accurate structural data on 1- 

the C5 is not yet available to the extent that definite implementation 

can be determined. 

A means of accomplishing lateral load relief is necessary while 

the vehicle is within the atmosphere. A method, generally termed 

angle-of -attack control, is employed wherein the instantaneous angle- 

of-attack is sensed and reduced by directing the vehicle attitude in 

the required direction to reduce the angle-of-attack. The lateral load 

torques caused by the wind, and consequently the stabilizing torques 

which must be derived from the gimbaled engines, are thereby reduced. 

On earlier Saturn vehicles, the wind information is derived from angle- 

of-attack transducers which sense the direction of air flow directly. 

Body-fixed accelerometers which are mounted with their sensitive axes 

perpendicular to the longitudinal axis may also be used. Stabilization 

of the vehicle in the presence of structural bending can be more trouble- 

some, however, since the accelerometer senses a higher derivative of 

the bending oscillation. The problems associated with the use of 

accelerometers in the later C1 and the C5 vehicles are being actively 

pursued, however, since the structural and aerodynamic characteristics 

of the Apollo, and possibly other payloads, make the direct sensing of 

the angle-of-attack difficult. The required ratio between the attitude 

and angle -of -attack or control accelerometer gain at any particular 

time of flight is a function of the particular configuration and 8 1 - - 



t r a j e c t o r y .  F igu re  9 shows t h e  p a r t i c u l a r  ga in  program employed i n  

con junc t ion  w i t h  t h e  ang le -o f - a t t ack  t r ansduce r s  on Sa tu rn  C 1 ,  Block I. 

F igu re  10 i s  a  program which may be s i m i l a r l y  employed on t h e  Block I1 

v e h i c l e s ,  assuming t h e  u se  of c o n t r o l  acce lerometers .  

The s i g n a l s  from t h e  va r ious  s enso r s  a r e  shaped, mixed i n  t h e  

proper  ga in  and phase r e l a t i o n s h i p ,  and routed  t o  t h e  a p p r o p r i a t e  engine 

a c t u a t o r s  by t h e  analog  c o n t r o l  computer. 

The c o n t r o l  equat ions  which a r e  implemented i n  t h e  c o n t r o l  computer 

f o r  t h e  p i t c h ,  yaw, and r o l l  axes a r e ,  r e s p e c t i v e l y :  

P, = a op (Xp - 'Pp) + alp ip + bop ap 

P, = a  oy (Xy - Ty) + iPy + ay 

Pr = aor (Xr - 'Pr) + a  ' 
l r  P r  

The above equat ions  a r e  i d e a l i z e d  and r e p r e s e n t a t i v e  only a t  low f r e -  

quencies .  A t  h ighe r  f r equenc ie s ,  l a g s  i n  t h e  c o n t r o l  system and t h e  

necessary  shaping  f o r  bending s t a b i l i z a t i o n  add a d d i t i o n a l  terms.  

The n a t u r e  and e x t e n t  of t h e  r equ i r ed  s e n s o r  s i g n a l  shaping  i s  

determined from an  o v e r a l l  a n a l y s i s  cons ide r ing  r i g i d  body c o n t r o l  

requi rements ,  s t r u c t u r a l  bending, l o c a l  compliances a t  t h e  s enso r  

l o c a t i o n s ,  l o c a l  compliances w i t h i n  t h e  engine  gimbal loop,  and s l o s h i n g  

modes of t h e  va r ious  tanks .  As p rev ious ly  mentioned, however, an  a t t empt  

is  made t o  r e l i e v e  t h e  c o n s t r a i n t s  by damping t h e  gimbal and s l o s h i n g  

modes by means o t h e r  than  shaping i n  t h e  c o n t r o l  computer. The shaping  

network provides  t h e  phase c h a r a c t e r i s t i c s  r equ i r ed  t o  s t a b i l i z e  t h e  

r i g i d  body and f i r s t  bending mode, whereas s i g n a l s  genera ted  by t h e  

h ighe r  modes a r e  s u f f i c i e n t l y  a t t e n u a t e d  s o  t h a t  d e l e t e r i o u s  feedback 

through t h e  c o n t r o l  system i s  prevented.  

The Sa tu rn  Contro l  System i s  i n t e g r a t e d  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 .  Unnecessary d u p l i c a t i o n  of s ens ing  and computing i s  avoided. 

The c o n t r o l  i n t e l l i g e n c e  s i g n a l s  a r e  routed  from t h e  c o n t r o l  computer 

t o  t h e  a p p r o p r i a t e  gimbaled engine  a c t u a t o r s  by a  main t runk  l i n e  which 

runs through t h e  va r ious  s t a g e s .  The s i g n a l s  a r e  switched t o  each 

subsequent  s t a g e  a s  t h e  burned-out  s t a g e  i s  s epa ra t ed .  F igu re  11 shows 

schema t i ca l ly  how t h i s  i s  accomplished on t h e  C5 v e h i c l e .  A more 

d e t a i l e d  diagram of t h e  c o n t r o l  computer -ac tua t ion  system i n t e g r a t i o n  

arrangement f o r  t h e  C 1  v e h i c l e s  can  be s een  i n  F igu re  12.  

On t h e  C 1  v e h i c l e ,  hyd rau l i c  a c t u a t o r s  a r e  u t i l i z e d  t o  p o s i t i o n  

t h e  f o u r  gimbaled engines  of t h e  S - I  s t a g e  and s i x  gimbaled engines 

of t h e  S-IV s t a g e .  The hydrau l i c  power f o r  each gimbaled engine i s  

obta ined  from a  pump a t t ached  t o  t h e  engine turbopump s h a f t .  As a n  

example, a  schematic of an  H - 1  engine hydrau l i c  system a s  used on t h e  

S - I  s t a g e  i s  shown i n  F igu re  13.  A pressure- feedback hydrau l i c  va lve  

i s  used on each a c t u a t o r  t o  provide  a c t i v e  damping w i t h i n  t h e  H - 1  

gimbal loop.  

Hydraul ic  a c t u a t o r s  a r e  a l s o  be ing  developed f o r  t h e  S-Ic,  S-11, 

and S-IVb s t a g e s  of t h e  C5 con f igu ra t ion .  Some means of a c t i v e  damping 

w i t h i n  t h e  hydrau l i c  gimbal loop w i l l  probably , l ikewise ,  be employed 00 
A 

on a l l  C5 s t a g e s .  Pneumatic a c t u a t o r s  which a r e  more compatible w i t h  



t h e  environment  of t h e  hydrogen-oxygen s t a g e s  may e v e n t u a l l y  be  employed 

i n  t h e  upper  C5 s t a g e s ,  depending on t h e  l e n g t h  of t h e  o r b i t a l  c o a s t  

t imes  which a r e  imposed by t h e  p a r t i c u l a r  m i s s ions  which evolve .  

A l l  s t a g e s  of t h e  S a t u r n  C 1  and C5 c o n f i g u r a t i o n s ,  w i t h  t h e  excep-  

t i o n  of t h e  S-IVb s t a g e ,  have mu l t i - eng ine  p r o p u l s i o n  sys tems .  C o n t r o l  

about  t h e  t h r e e  axes ,  p i t c h ,  yaw, and r o l l ,  c an  be  accomplished by 

g imbal ing  t h e  o u t e r  e17gines of t h e  mu l t i - eng ine  s t a g e s .  On t h e  S-IVb 

s t a g e ,  however, on ly  p i t c h  and yaw a r e  c o n t r o l l e d  by t h e  s i n g l e  main 

engine .  Con t ro l  about  t h e  r o l l  a x i s  w i l l  be accomplished u s i n g  hydrogen 

gas  e j e c t e d  th rough a u x i l i a r y  nozz l e s  o r  by a  m u l t i p l e  arrangement  of 

sma l l  hypk{olic nozz l e s .  I f  t h e  l a t t e r  arrangement  i s  used,  t h e  nozz l e s  

w i l l  be  s i z e d  s o  t h a t  t h e  v e h i c l e  can  be s t a b i l i z e d  about  a l l  t h r e e  

axes ,  u t i l i z i n g  t h e  same nozz l e s ,  d u r i n g  c o a s t i n g  phases .  

V .  DESCRIPTION OF MAJOR G&C SYSTEM COMPONENTS: 

Va . STABILIZED PLATFORM 

The s t a b i l i z e d  p l a t f o r m  developed f o r  u s e  w i t h  t h e  S a t u r n  v e h i c l e s  

i s  de s igna t ed  t h e  ST-124 and i s  shown i n  F i g u r e  14 .  The ST-124 has  

u n l i m i t e d  gimbal freedom about  t h r e e  axes  provided  by a  f o u r  girnbal 

c o n f i g u r a t i o n .  This  f e a t u r e  i s  impor tan t  when compl ica ted  maneuvers 

a r e  r e q u i r e d  a s  may occur  i n  rendezvous o p e r a t i o n s .  Gimbal l o c k  is 

p r even t ed  by a  redundant  gimbal .  This  redundancy e x i s t s  about  t h e  p i t c h  

a x i s  when t h e  v e h i c l e  i s  i n  t h e  launch  p o s i t i o n .  

A diagram showing t h e  gimbal o r d e r  and t h e  e s s e n t i a l  e lements  mount- 

ed on t h e  s t a b l e  element  i s  shown i n  F i g u r e  15. The nomencla ture  of 

t h e  gimbal ang l e s ,  co r r e spond ing  t o  t h e  v e h i c l e  o r i e n t a t i o n  a t  launch,  

i s  from t h e  i n s i d e ,  rpr ( r o l l ) ,  rppl ( p i t c h  l i m i t e d ) ,  ($ (yaw), and 
Y 

(Pop ( o u t e r  p i t c h ) .  The o u t e r  p i t c h  gimbal  a n g l e  i s  con t i nuous ly  d r i v e n  

i n t o  cor respondence  w i t h  t h e  E u l e r i a n  a n g l e  XZo, t h e  s t e e r i n g  command. 

Th i s  f o r c e s  t h e  p i t c h  l i m i t e d  gimbal and t h e  yaw gimbal t o  be  or thogonal  

d u r i n g  s t e a d y - s t a t e  c o n d i t i o n s .  The p i t c h  l i m i t e d  gimbal a n g l e  i s  

l i m i t e d  t o  ?20° and d e p a r t s  from z e r o  on ly  d u r i n g  t r a n s i e n t  c o n d i t i o n s .  

The s t a b l e  i n n e r  element  c a r r i e s  t h r e e  s i ng l e -deg ree -o f - f r eedom 

gyroscopes f o r  s t a b i l i z a t i o n ,  t h r e e  pendulous i n t e g r a t i n g  gyro  a c c e l e r -  

ometers  mounted i n  a n  o r t hogona l  t r i a d ,  t h r e e  pendulums f o r  p r e f l i g h t  

l e v e l i n g ,  and one po r ro -p r i sm  and d i g i t a l  encoder  f o r  azimuth a l ignment .  

The gyroscopes,  a cce l e rome te r s ,  and pendulums have gas b e a r i n g s .  t 



One pancake r e s o l v e r  i s  mounted on each  gimbal f o r  gu idance  and 

v e h i c l e  s t a b i l i z a t i o n .  A d d i t i o n a l  r e s o l v e r s  a r e  mounted on t h e  gimbals  

a s  a  p a r t  of t h e  p l a t f o r m  s t a b i l i z a t i o n  network.  

Vb. GUIDANCE COMPUTER 

The S a t u r n  Guidance Computer i s  a  g e n e r a l  purpose  d i g i t a l  machine. 

The S a t u r n  C 1  w i l l  u s e  t h e  e x i s t i n g  IBM ASC-15 computer which i s  a  

whole number machine w i t h  i nc r emen ta l  p o r t i o n s .  The machine c o n t a i n s  

a  r o t a t i n g  drum memory and i s  c o n s t r u c t e d  w i t h  r e p l a c e a b l e  welded 

modules. D e t a i l e d  c h a r a c t e r i s t i c s  of t h i s  machine a r e  omi t ted ,  s i n c e  

i t  i s  q u i t e  s i m i l a r  t o  one employed i n  a  m i l i t a r y  system. 

The computer p lanned  f o r  t h e  C5 c o n f i g u r a t i o n  w i l l  employ advanced 

t e c hn iques  i n  packaging,  such  a s  d e p o s i t e d  c i r c u i t s ,  and s o l i d  s t a t e  

n o n - d e s t r u c t i v e  memory w i t h  random a c c e s s .  Lower power consumption, 

expandable  memory, improved envi ronmenta l  c a p a b i l i t y ,  and v e r s a t i l i t y  

w i l l  be  c o n s i d e r a t i o n s  i n  t h e  de s ign .  Redundancy of v a r i o u s  t ypes  w i l l  

b e  employed t o  enhance t h e  computer r e l i a b i l i t y .  

Vc . GUIDANCE SIGNAL PROCESSOR 

There a r e  a  v a r i e t y  of f u n c t i o n s  r e l a t e d  t o  t h e  gu idance  computer 

bu t  which a r e  n o t  made a p a r t  of t h e  computer f o r  s e v e r a l  r e a sons :  These 

f u n c t i o n s  may change f o r  v a r i o u s  mi s s ions ;  they  may change i f  o t h e r  

v e h i c l e  systems change;  and they  may be added a f t e r  t h e  o r i g i n a l  d e s i g n  

has been accomplished.  A Guidance S i g n a l  P roce s so r  i s  i nc luded  i n  t h e  

Sa tu rn  C 1  t o  p rov ide  t h e  d e s i r e d  f l e x i b i l i t y .  Although i t  i s  a s i z e a b l e  

u n i t ,  i t s  component count  i s  n o t  h i g h  and most of i t s  s e c t i o n s  a r e  

n o n - i n t e r a c t i n g .  A b lock  d iagram of t h e  GSP i s  shown i n  F i g u r e  16.  

The major  modules inc luded  a r e :  

( 1 )  The a t t i t u d e  command r e s o l v e r  system ( i n c l u d i n g  f requency  

sou rce s  and demodula tors )  

( 2 )  Telemetry s h i f t  r e g i s t e r  and c o u n t e r  

( 3 )  Accelerometer  s i g n a l  shape r  

(4)  Computer t u r n  on sequencer  

( 5 )  Radio command system swi t ch ing  

( 6 )  Misce l laneous  t e l eme t ry  shape r s  

I tems ( 1 )  and ( Z ) ,  which comprise about  80% of t h e  u n i t ,  a r e  de sc r i bed  

below. 

The o p e r a t i o n  of t h e  a t t i t u d e  command r e s o l v e r  sys tem has  been 

p a r t i a l l y  d e s c r i b e d  i n  a  p r ev ious  s e c t i o n .  The u n i t  i nc ludes  a  r a t e  

s e r v o  sys tem which t u r n s  t h e  command r e s o l v e r .  The a c t u a l  mechanical  

p o s i t i o n  of t h e  s h a f t  i s  f e d  back t o  t h e  computer th rough a n  i nc r emen ta l  

encoder ( . 0 5 "  r e s o l u t i o n )  f o r  comparison, s o  t h a t  long  term r a t e  e r r o r s g  

S 



1 

do not accumulate. Large surges of command values to the vehicle 

control system are minimized by a speed limitation of 2"/second. 

The majority of the auxiliary equipment for the resolver chain 

system is located in the processor. Two frequency sources (1500 cps 

and 1800 cps) are included. These are derived from the basic 400 cps 

voltage. The voltage is controlled to 1 or 2%, because any error 

becomes a direct gain error in the overall vehicle control loop. 

The application of the resolvers has also been discussed earlier. 

Each resolver has a non-rotating dummy mounted in the same housing. 

The dummies are used instead of networks for more exact compensation 

in the presence of temperature and other variations. 

The demodulators are phase and frequency sensitive, using the 

1500 cps and 1800 cps sources as references. Thus, in one case a 

resolver output is demodulated in two demodulators, one demodulator 

using a 1500 cps reference and giving an output to the roll axis, and 

the other demodulator using an 1800 cps reference and giving a yaw 

output. A third demodulator using a 1500 cps reference demodulates 

the output of another resolver to give the pitch signal. All demodulator 

outputs have a 3 voltldegree output, accurate to 1 or 2%, over a range 

of 1-15'. 

Another resolver is mounted on the shaft of the pitch module to 

furnish a direct order to position the outer pitch gimbal of the plat- 

form. 

Guidance telemetry functions are performed with the telemetry 

shift register and counter. Most of the computer words that are 

desirable for telemetering pass through the computer accumulator and 

those that do not can be written on it simply. In the Saturn C-1 

vehicle these are buffered and continuously fed to the processor. An 

order to telemeter is given each time one of the desired words passes 

through the register. When the telemeter order reaches the processor, 

the telemeter gate opens and the next word from the accumulator enters 

the shift register. The data is then available in parallel form for 

inspection by the PCM telemeter system during flight and the GSE before 

launch. 

The processor is packaged in a box 15'' x 18" x 9 " ,  weighing 

65 pounds. The frame is of cast aluminum. 



Vd. C-1 CONTROL COMPUTER 

The c o n t r o l  computer i s  an  analog  dev ice  which accep t s  a t t i t u d e  

e r r o r  informat ion  from t h e  s t a b i l i z e d  p la t form,  c o n t r o l  acce lerometers  

and r a t e  gyros and a f t e r  performing c e r t a i n  computations, provides  

proper  s t e e r i n g  s i g n a l s  t o  t h e  gimbaled engines .  

A s  an  example, an  a t t i t u d e  e r r o r  s i g n a l  t o  t h e  computer i s  routed  

t o  a ga in  programmer which provides  continuous ga in  programming i n  

accordance w i t h  a p r e s e l e c t e d  p a t t e r n  through shaping networks which 

modify t h e  s i g n a l  a s  r equ i r ed  f o r  proper  dynamic response and t o  t h e  

s e rvo  a m p l i f i e r s  which provide  proper  s c a l i n g  and p o l a r i t y  t o  d r i v e  

t h e  s e rvo  va lves  on engine a c t u a t o r s .  A feedback s i g n a l  from each 

engine a c t u a t o r  i s  a l s o  fed  i n t o  t h e  proper  s e rvo  a m p l i f i e r .  

A b lock  diagram of t h e  Sa tu rn  C1 Contro l  Computer, w i t h  i t s  

a s s o c i a t e d  i n p u t s  and outputs ,  i s  shown i n  F igu re  12. The major modules 

of t h e  computer a r e  t h e  s e rvo  a m p l i f i e r s ,  t h e  shaping  networks, and t h e  

ga in  programmer. 

The se rvo  a m p l i f i e r  employs a magnetic a m p l i f i e r  s e c t i o n  f o r  

s i g n a l  mixing and s c a l i n g .  P o l a r i t y  s e l e c t i o n  i s  a l s o  made a t  t h e  

a m p l i f i e r  i npu t .  The i n d i v i d u a l  windings on the magnetic c o r e  pr ovideb 

i s o l a t i o n  of t h e  incoming s i g n a l s  from each o t h e r  and from ground. 

The magnetic a m p l i f i e r  s e c t i o n  i s  fol lowed by two s t a g e s  of t r a n s i s t o r  

a m p l i f i c a t i o n .  Complete s i g n a l  i s o l a t i o n  from ground and from o t h e r  

c i r c u i t s  i s  provided by a smal l  dc  power supply which i s  packaged w i t h  

t h e  a m p l i f i e r .  Each se rvo  a m p l i f i e r  i s  a  s e p a r a t e  p lug - in  module. 

The shaping network c i r c u i t s  a r e  a l s o  packaged a s  p lug - in  modules. 

The networks f o r  i n d i v i d u a l  channels  a r e  conf ined  t o  i n d i v i d u a l  modules 

which can  be removed o r  rep laced  s e p a r a t e l y .  I n  t h i s  manner r ap id  

changes i n  shaping  networks can be made us ing  d a t a  acqui red  from t h e  

previous  f l i g h t .  

Pas s ive  elements only a r e  used i n  t h e  shciping networks. Typica l  

networks of t h e  type  planned f o r  C1, Block I1 a r e  shown i n  F igu re  17. 

While t h e  va lues  of r e a c t i v e  elements r equ i r ed  a r e q u i t e  l a r g e ,  c a r e f u l  

component s e l e c t i o n  and des ign  keeps t h e  o v e r a l l  s i z e  r ea sonab le .  For 

i n s t ance ,  t h e  l a r g e s t  i nduc to r  used (2000 h e n r i e s )  weighs l e s s  than  one 

pound. 

The ga in  programmer i s  a  s imple  cam mechanism d r iven  by a synchro- 

nous motor. The cam p o s i t i o n s  a potent iometer  t o  s e t  t h e  ga in  i n  each 

channel .  The p lug - in  concept  has been employed i n  t h e  des ign  of t h i s  

module a l s o .  

The c o n t r o l  computer weighs approximately 35 pounds and i s  packaged 

i n  a 21" x 14" x 6" box. 



Ve. CONTROL RATE GYRO 

The c o n t r o l  r a t e  gyro i s  a  s i n g l e  deg ree  of freedom f l u i d  damped 

t ype ,  w i t h  an  a n g u l a r  v a r i a b l e  d i f f e r e n t i a l  t r an s fo rmer  p i c k - o f f .  The 

f ~ l l  s c a l e  range  of t h e  gyro i s  p l u s  and minus 1 0  deg ree s  p e r  second, 

w i t h  a n  a c  o u t p u t  of 0 . 2  v o l t s  p e r  degree .  

The gyros  have two s e l f - c h e c k i n g  f e a t u r e s  which a l l o w  o p e r a t i o n a l  

checks of t h e  i n s t rumen t s  remote ly .  A s i g n a l  g e n e r a t o r  i s  b u i l t  i n t o  

t h e  s p i n  motor t o  i n d i c a t e  t h e  speed a t  which i t  i s  t u r n i n g .  An 

e l e c t ro -magne t i c  t o r q u e r  i s  a t t a c h e d  t o  t h e  gimbal s o  t h a t  i t  may b e  

t o rque d ,  and t hus  g i v e  an  o u t p u t  s i g n a l  s i m u l a t i n g  an  i n p u t  r a t e  t o  t h e  

gyro .  With t h e s e  f e a t u r e s  i t  i s  p o s s i b l e  t o  de te rmine  i f  t h e  motor i s  

t u r n i n g  a t  t h e  p rope r  speed,  i f  t h e  gyro  gimbal i s  f r e e  t o  move, and 

i f  t h e  p i ck -o f f  and a s s o c i a t e d  c i r c u i t r y  a r e  o p e r a t i n g  p r o p e r l y .  

Three gyros  a r e  used i n  a  t h r e e - a x i s  package on S a t u r n  t o  measure 

t h e  a n g u l a r  r a t e  of movement of t h e  v e h i c l e  i n  t h e  p i t c h ,  yaw and r o l l  

p l a n e s .  A  p i c t u r e  of t h e  t h r e e - a x i s  package i s  shown i n  F i g u r e  18.  

Vf. CONTROL ACCELEROMETER 

The c o n t r o l  a cce l e rome te r  is a  l i n e a r ,  spr ing-mass ,  f l u i d  damped 

type ,  w i t h  a n  i n d u c t i v e  p i c k - o f f .  The range  of t h e  i n s t rumen t  i s  p l u s  

and minus 10  me te r s  p e r  second w i t h  a  b a s i c  a c  o u t p u t  of 0.5 
L 

v o l t s  p e r  meter  p e r  second*, a L e  Thi s  a c  s i g n a l  o u t p u t  i s  

amp l i f i ed  and demodulated, a l l  w i t h i n  t h e  acce l e rome te r  package, w i t h  
L 

a  r e s u l t a n t  d c  s i g n a l  ou tpu t  of 4.5 v o l t s  p e r  me t e r  p e r  second- 

m c o n d  . 
This  i n s t rumen t  a l s o  c o n t a i n s  a  f e a t u r e  which pe rmi t s  remote 

checking  a f t e r  i n s t a l l a t i o n  i n  t h e  v e h i c l e .  Through t h e  u s e  of a n  

i n t e r n a l  e l e c t ro -magne t i c  c o i l ,  i t  i s  p o s s i b l e  t o  d e f l e c t  t h e  s e i s m i c  

mass a  c a l i b r a t e d  amount,and t hus  check t h e  e l e c t r i c a l  o u t p u t  of t h e  

i n s t rumen t  w i thou t  s u b j e c t i n g  i t  t o  a c c e l e r a t i o n .  

Two c o n t r o l  a cce l e rome te r s  a r e  used on t h e  S a t u r n  v e h i c l e .  They 

w i l l  measure t h e  l a t e r a l  a c c e l e r a t i o n  p e r p e n d i c u l a r  t o  t h e  l o n g i t u d i n a l  

a x i s  i n  t h e  p i t c h  and yaw p l a n e s .  The o u t p u t  of t h e  i n s t rumen t s  i s  

used i n  t h e  c o n t r o l  system t o  reduce  l a t e r a l  s t r u c t u r a l  l oad ing .  A 

p i c t u r e  of t h e  c o n t r o l  a cce l e rome te r  i s  shown i n  F i g u r e  19.  



Vg. ACTUATOR 

As a n  example of t h e  t ype  of a c t u a t o r s  employed on t h e  Sa tu rn ,  a  

p i c t u r e  of t h e  S-1 a c t u a t o r  which gimbals t h e  H-1 engine  i s  shown i n  

F i g u r e  20. Th i s  h y d r a u l i c  a c t u a t o r  i s  of t h e  l i n e a r ,  double  a c t i n g ,  

e qua l  p i s t o n  a r e a  t ype .  The sou rce  p r e s s u r e  i s  3000 p s i .  The p i s t o n  

a r e a  i s  5 squa re  inches ,  and t h e  a c t u a t o r  i s  c apab l e  of p roducing  a  max- 

imum gimbal  v e l o c i t y  of approximate ly  25 deg ree s l s econd .  A p r e s s u r e  

feedback  v a l v e  i s  used t o  c o n t r o l  t h e  a c t u a t o r .  The p r e s s u r e  feedback 

v a l v e  has  a  h y d r a u l i c  feedback loop i n  which t h e  p r e s s u r e  on each  s i d e  

of t h e  a c t u a t o r  p i s t o n  i s  f ed  back t o  t h e  s e rvo -va lve  s p o o l .  Th i s  t ype  

v a l v e  has  a  s t r o n g  s t a b i l i z i n g  e f f e c t  on t h e  c o n t r o l l e d  l o a d .  The 

a c t u a t o r  a l s o  i n c l u d e s  an  i n t e r n a l l y  enc losed  l i n e a r  t r a n s d u c e r  which 

i s  used t o  i n d i c a t e  t h e  a c t u a t o r  p o s i t i o n  t o  t h e  c o n t r o l  computer and 

t o  t e l e m e t r y .  

V I .  APPLICATION OF ADAPTIVE GUIDANCE TO SATURN C -1 

A g r e a t  amount of e f f o r t  i s  be ing  expended i n  s t u d y i n g  t e chn iques  

f o r  de t e rmin ing  e m p i r i c a l  Adaptive Guidance equa t i ons  f o r  v a r i o u s  

mi s s ions  and v e h i c l e  combina t ions .  Numerous t e chn iques  f o r  numer ica l  

curve  f i t t i n g  o p e r a t i o n s  a r e  b e i n g  a p p l i e d  t o  de t e rmine  t h e  b e s t  method 

of r e p r e s e n t i n g  t h e  volume of expec ted  t r a j e c t o r i e s  which p rov ide  min- 

imum f u e l  consumption. The d a t a  g iven  h e r e  i s  t h e  r e s u l t  of on ly  one 

such  s t udy ,  b u t  i s  i n d i c a t i v e  of t h e  t ype  of i n fo rma t ion  t o  be  expec ted  

from o t h e r  s t u d i e s  w i t h  d i f f e r e n t  v e h i c l e s  and mi s s ion  c o n s t r a i n t s .  

The v e h i c l e  employed was a  S a t u r n  C 1 ,  Block 11. Th i s  i s  a  two 

s t a g e  v e h i c l e  w i t h  e i g h t  eng ine s  i n  t h e  f i r s t  s t a g e  and s i x  i n  t h e  

second s t a g e .  The t h r u s t  of each  engine  i n  t h e  f i r s t  s t a g e  was assumed 

t o  be  188K l b s ;  t h e  t h r u s t  of each  eng ine  i n  t h e  second s t a g e  was 

assumed t o  be 15K l b s .  The f i r s t  s t a g e  t r a j e c t o r y  was shaped t o  f a v o r  

seven  eng ine s  bu rn ing  i n  t h e  f i r s t  s t a g e  from l i f t o f f  t o  f u e l  d e p l e t i o n .  

This  t i lt  program has  been found t o  g i v e  s a t i s f a c t o r y  r e s u l t s  w i t h  

e i t h e r  seven  o r  e i g h t  engines  burn ing  d u r i n g  t h e  f i r s t  s t a g e .  

Three s i m i l a r  o r b i t a l  m i s s ions  were e s t a b l i s h e d  f o r  t h i s  s t udy .  

These o r b i t s  were r e q u i r e d  t o  be c i r c u l a r  a t  a l t i t u d e s  of 100, 200, and 

300 n a u t i c a l  m i l e s ,  b u t  no r e s t r i c t i o n s  were p l aced  upon t h e  p l a n e  of 

t h e  o r b i t s ,  o r  t h e  p o s i t i o n  of t h e  v e h i c l e  i n  t h e  o r b i t s .  Th i s  t ype  

of m i s s ion  i s  r e f e r r e d  t o  a s  be ing  range- independent .  
3 
8 A volume of optimum t r a j e c t o r i e s  were computed which s a t i s f i e d  t h e  R, 

miss ion  requi rements  and which r ep re sen t ed  t h e  p robab l e  volume of space  +!- 
go 



t h rough  which t h e  v e h i c l e  might  b e  expec ted  t o  f l y .  The volume i nc luded  

t h o s e  t r a j e c t o r i e s  r e s u l t i n g  from a n  engine  f a i l u r e  i n  t h e  f i r s t  s t a g e .  

A11 f l i g h t s  were c o n s t r a i n e d  t o  t h e  same p l ane .  

An a r b i t r a r y  sampling of "poin ts"  was made from t h e  volume of 

t r a j e c t o r i e s  f o r  each  mi s s ion .  These "po in t s "  c o n s i s t e d  of t h e  s e t  of 

pa r a me te r s  which a f f e c t  t h e  t h r u s t  ang l e ,  XZo, f o r  t h e  optimum t r a j e c -  

t o r y .  Although t h e  sampling was a r b i t r a r y ,  i t  was c o n s i s t e n t  f o r  t h e  

t h r e e  o r b i t s .  

Polynomials  were f i t t e d  t o  t h e s e  p o i n t s  t o  o b t a i n  e x p r e s s i o n s  f o r  

t h e  t i l t  angle ,  XZo. The polynomials  were s e l e c t e d  a r b i t r a r i l y  and, 

t h e r e f o r e ,  were n o t  t h e  b e s t ;  however, t h e  same polynomials  were used 

t o  f i t  t h e  p o i n t s  f o r  e ach  mi s s ion  and a r e  t y p i c a l .  The polynomia ls  

s e l e c t e d  con t a ined  8, 36, 47, and 5 7  terms.  

The c r i t e r i a  f o r  de t e rmin ing  t h e  b e s t  f i t  f o r  t h e  polynomials  i s  

d i f f i c u l t  t o  de te rmine .  Numerous i n d i c a t o r s  a r e  used ,such  a s  r e l a t i v e  

mi s s ion  achievement ,  r e l a t i v e  amount of p r o p e l l a n t s  consumed, and t h e  

root-sum-square e r r o r .  The root-sum-square i s  used i n  t h i s  r e p o r t  f o r  

comparison purposes .  Although a  sma l l  root-sum-square e r r o r  i s  

ne c e s sa ry  f o r  a  good s t e e r i n g  f u n c t i o n ,  i t  i s  n o t  a  gua ran t ee  of a  good 

s t e e r i n g  f u n c t i o n .  

The c u t o f f  equa t i ons  used  i n  t h e  s t udy  fo r ced  c u t o f f  t o  occur  

when t h e  c o r r e c t  v e l o c i t y  was ob t a ined  s o  t h a t  t h e  e r r o r s  would r e s u l t  

i n  p a t h  a n g l e  and a l t i t u d e  e r r o r s  on ly .  Moreover, t h i s  t ype  of c u t o f f  

c r i t e r i a  enabled  a  comparison t o  be  made between t h e  v a r i o u s  s t e e r i n g  

polynomia ls  w i thou t  b e i n g  i n f l uenced  by t h e  c u t o f f  polynomial .  

Table  I compares t h e  roo t - sum-square  e r r o r s  r e s u l t i n g  from t h e  

v a r i o u s  polynomials  f o r  t h e  t h r e e  o r b i t s .  

T r a j e c t o r y  s i m u l a t i o n s  were made f o r  t h e  l i m i t s  of t h e  volume of 

t r a j e c t o r i e s  used t o  o b t a i n  t h e  s t e e r i n g  polynomia ls .  Table  I1 g ive s  

t h e  r e s u l t s  of t h e  s i m u l a t i o n  f o r  t h e  100 n a u t i c a l  m i l e  o r b i t .  The 

e r r o r s  i n  p a t h  a n g l e  and a l t i t u d e  a r e  t h o s e  ob t a ined  when a  s i m u l a t i o n  

of gu idance  was made u s i n g  t h e  e m p i r i c a l l y  de te rmined  s t e e r i n g  f u n c t i o n s .  

The r e f e r e n c e  f o r  t h e  e r r o r s  was t h e  e x a c t  p a t h  a n g l e  and a l t i t u d e  r e -  

q u i r e d  t o  s a t i s f y  t h e  miss ion .  

The t e chn iques  used  i n  t h e s e  somewhat a r b i t r a r y  s i m u l a t i o n s  and 

t h e  r e s u l t s  ob t a ined  a r e  i n t ended  on ly  t o  g i v e  a n  i n d i c a t i o n  of t h e  

u s e f u l n e s s  of t h e  Adaptive Guidance Mode i n  t h e  S a t u r n  v e h i c l e  and t h e  

l e n g t h  of t h e  gu idance  polynomials  t o  be expec ted .  A g r e a t  number of 

d e t a i l e d  s i m u l a t i o n s  have been made u s i n g  t h e  Adaptive Guidance Mode 

w i t h  v a r i o u s  miss  i o n s .  I n  a d d i t i o n ,  s imu la t ed  gu idance  s t u d i e s  have 

been made i n  which p r e l i m i n a r y  hardware e r r o r  s p e c i f i c a t i o n s  were 

i nc luded .  The r e s u l t s  of t h e s e  combined s t u d i e s  i n d i c a t e  t h a t  t h e  

gu idance  concept  and t h e  implementing sys tem a r e  comple te ly  s a t i s f a c t o r y  

f o r  a l l  f o r e s e e a b l e  S a t u r n  v e h i c l e s  and mi s s ions  even under  t h e  cond i -  

t i o n s  of s e v e r e  d i s t u r b a n c e .  
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Center Of Earth 

X, = Down Range Dlrectlon Along Launch Horlzontol 

Ys = Dlrectton Of Launch Vertlcle 
Z, = D~rectlon Perpend~culor To Fl~ght Plane 

(,?,( = Inert101 Measulng Dlrectlons 

X,Y.Z = Space Flxed Coordinate System For Gravlty Computation 

Figure 15 



BASIC EQUATIONS 
YELOCITY 

DISPLACEMENT : VEHICLE PERFORMANCE: 
F 2 d5 2 -.&,' + ($1 + 

GRAVITY : 
gx = x s  3. ,r, 
9, = ( y  + r o ) S  

gz = z s  + cz 
s = do t dIx + d2y + d3z + d 4 x 2  + d 5 y 2  t d 6 z 2  + d T x 3  + d a y 3  t dgz3  

+ dla y2z  + dIgxyz + . . . where d i  and d are constants 

F i g u r e  5 

THRUST DIRE TI ON^ 
X,, ,x,, O O +  O I X S  + OzYs + a3x,+ o4ys+ 051 + as(;) + a 7 x l  +a8y; + agx; 

F 2 
+oloys2 + al l t2  + a 1 2 ( ~ )  + 013 X S Y S  + ~ I ~ X S X S  + ~ I ~ X S Y S  + a16xst 

where a, ore stored constants d~f ferent  for each stage 

t f  = bo + b, xs t b, ys t b,xs + b4ys + b5t  + b, (k) + b7 xs2 + b8ys2 + bg xsz + 
F 2 

b,oys2 f b l l f 2  f b 1 2 ( ~ )  + b13xS~S + b 1 4 x ~ x ~  + b15xS~S + b16xSt b17xS(k) 

+ b25 ySt + b26 y S ( k )  + b27 t(k) 

GUIDANCE COMPUTER GUIDANCE SIGNAL PROCESSOR 

ATTITUDE COMMAND MECHANIZATION (SIGNAL CHANNEL) 
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Gain Program,  Saturn C-1, Block 11, Control Accelerometer 

Figure 10 
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Gain Program,  Saturn C-1. Black 11, Angle-of-Attack Transducer 

Figure 9 
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Figure 12 
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SATURN STABILIZED PLATFORM 

Figure 15 
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ACCELEROMETER SHAPING NETWORK 

R A T E  GYRO SHAPING NETWORK 

T H R E E - A X I S  C O N T R O L  RATE GYRO PACKAGE 
Figure 18 



SATURN C - 1 :  100, 200 and 300 N. M. RANGE INDEPENDENT MISSION 

RMS C u r v e f i t  E r r o r s  i n  X Z o  f o r  Saturn C - 1  and Various P i t c h  S t e e r i n g  Polynomials 

TABLE I 

SATURN C-1:  100 N . M .  RANGE-INDEPENDENT CIRCULAR MISSION 

Number of Terms used 

f o r  S t e e r i n g  Funct ion 

8 Terms 

1 s t  Order 

36 Terms 

1 s t  and 2nd Order 

47 Terms 

l s t ,  2nd and Se lec ted  

3rd Order 

57 Terms 

1 s t :  2nd and Se lec ted  

3rd Order 

200 N.  M. ORBIT 

RMS E r r o r  i n  
Xz0  (deg) 

1.92 

.43 

.35 

.12 

100 N. M. ORBIT 

RMS E r r o r  i n  
Xz0 (deg) 

2 .31 

.64 

.45 

.22 

I 

INJECTION ERRORS WITH ADAPTIVE GUIDANCE USING VARIOUS PITCH STEERING POLYNOMINOLS 

TABLE 11 

300 N .  M. ORBIT 

RMS E r r o r  I n  
Xz0 (deg)  

1 . 7 6  

.25 

.21 

.16 

Number of Terms Used For 

S t e e r i n g  Funct ions  

1. 8 Terms 

1st Order 

2 .  36 Terms 

1st and 2nd Order 

3. 47 Terms 

l s t ,  2nd and Se lec ted  
3rd Order 

4 .  57 Terms 

lst, 2nd and Se lec ted  
3 rd  Order I - 

Engines Operat -  
i n g  i n  S- l  
Stage 

8 

7 

8 

7 

8 

7 

8 

7 

A e 
( deg ) 

.39 

-.67 

.10 

.01 

.04 

0 

.06 

05 

ah 
( km ) 

4 . 9  

-3.7 

. 2  

- . 3  

.4 

.4 

- . 2  

-.l 
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