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SUBJECT: Description of Apollo Entry Guidance DATE: August 4, 1966 
Case 310 

FROM: I. Bogner 

TM-66-2012-2 

TECHNICAL MEMORANDUM 

The requirements for entry guidance have been expli- 
citly defined in the Apollo Program Specification (1) as: 

1. 

2 .  

3 .  

1. 

2.  

. . . (Entry) shall be possible without exceeding 11 

10 g deceleration . . . I f .  

" .  . . (The guidance system) shall be capable of 
guiding the CM during entry to the preselected 
point of parachute deployment within a 10-NM CEP." 

. . . The guidance must be capable of reaching any 
landing site within the specified range, 1 , 5 0 0  NM 
to 2500 NM. 

Additional consideration for crew safety include: 

Insuring capture and preventing uncontrolled skip- 
out by precluding exit at super-circular speeds. 
(The CM normally carries only some two hours of 
life support supplies.) 

Guiding along a trajectory f o r  which the heat load 
is within the c a p a b i l i t y  of the heat shield. 

Proper entry initial conditions, which will permit 
the entry guidance to meet the above crew safety needs, are 
the responsibility of the transearth midcourse guidance. At 
the start of entry the spacecraft must find itself somewhere 
in what is known as an entry corridor. This can be defined 
as that small range of initial flight path angles, outside 
of which the spacecraft experiences excessive g-loads or 
uncontrolled skip, regardless of subsequent guidance. 
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I n  accompl i sh ing  t h e  above d e s i g n  g o a l s  t h e  gu idance  
i s  c o n s t r a i n e d  b y  o p e r a t i o n a l  and equipment c o n s i d e r a t i o n s .  
Two most i m p o r t a n t  c o n s t r a i n t s  a r e :  

1. Due to t h e  communication b l a c k o u t  t h e  gu idance  must 
be s e l f - c o n t a i n e d .  

2. No t h r u s t ,  excep t  t h a t  f o r  a t t i t u d e  c o n t r o l ,  i s  
p e r m i t t e d .  The on ly  c o n t r o l  e x e r c i s e d  by t h e  gu idance  
i s  t h a t  of  roll a t t i t u d e  which p e r m i t s  t h e  v e h i c l e  
l i f t  t o  b e  r o t a t e d  i n  any d i r e c t i o n  abou t  t h e  r e l a t i v e  
wind a x i s .  

The I n s t r u m e n t a t i o n  Labora to ry  a t  MIT has des igned  t h e  
gu idance  t o  meet t h e  above r e q u i r e m e n t s  under  a broad  spec t rum 
of env i ronmen ta l  and equipment c o n s t r a i n t s .  (1)(2)(3)(7) It i s  
t h e  purpose  of  t h i s  memo t o  a s s i s t  t h e  reader i n  g a i n i n g  a n  under-  
s t a n d i n g  o f  t h e  MIT-designed e n t r y  gu idance  by d e s c r i b i n g  i t  a t  
f o u r  d i f f e r e n t  l e v e l s  of d e t a i l . *  And s o ,  t h i s  r e p o r t  has f o u r  
major  s e c t i o n s  : 

1. A b r i e f  l o o k  a t  t h e  gu idance  f o r  a nominal e n t r y .  

2. 

3. 

A d e s c r i p t i v e  p r e s e n t a t i o n  of  t h e  gu idance  l o g i c .  

A p r e s e n t a t i o n  of  t h e  d e r i v e d  e q u a t i o n s  used i n  t h e  
gu idance  t o g e t h e r  w i t h  t h e  a s sumpt ions  made i n  t h e  
d e r i v a t i o n s .  T h i s  i s  fo l lowed  by a walk  t h r o u g h  
t h e  e n t r y  gu idance  l o g i c  f o r  a nominal 202 m i s s i o n .  

4 .  Detailed d e r i v a t i o n s  of t h e  e q u a t i o n s  used i n  t h e  
gu idance .  

I .  B r i e f  D e s c r i p t i o n  o f  E n t r y  Guidance 

F i g u r e  1 may be  used t o  d e s c r i b e  t h e  e n t r y  hardware. 
P r i o r  t o  e n t r y  t h e  command module i s  p r o p e r l y  o r i e n t e d  by  means 
of gu idance  commands t o  t h e  yaw, roll and p i t c h  r e a c t i o n  j e t s .  
O r i e n t a t i o n  i s  such  t h a t  t h e  t o r q u e s  g e n e r a t e d  by t h e  a e r o -  
dynamic f o r c e s  a r e  z e r o ,  i . e . ,  a s t ab le  or t r i m  c o n d i t i o n  i s  
a c h i e v e d .  Thereaf te r  a t t i t u d e  c o n t r o l  o p e r a t e s  c o n t i n u a l l y  t o  
damp o u t  yaw and p i t c h  o s c i l l a t i o n s .  With t h e  v e h i c l e  i n  t r i m  
t h e  heat s h i e l d  i s  fo rward ,  i n  t h e  p r o p e r  d i r e c t i o n  for e n t r y .  

* T h i s  memo i s  based on t h e  gu idance  used  i n  m i s s i o n  AS-202 as 
d e s c r i b e d  i n  Reference  3 .  Subsequent  m i s s i o n s  make u s e  of  
gu idance  which i s  fundamen ta l ly  t h e  same as t h a t  i n  AS-202 
b u t  which may d i f f e r  i n  i m p o r t a n t  d e t a i l s .  
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V e h i c l e  mot ion  and a t t i t u d e  a re  sensed  b y  a n  i n e r t i a l  
measurement u n i t  c o n s i s t i n g  o f  t h r e e  s ingle-degree-of - f reedom 
g y r o s  and t h r e e  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 .  Senso r  o u t p u t s  are 
used  by t h e  gu idance  computer t o  p l a n  t h e  t r a j e c t o r y  and t h e n  
t o  p r o v i d e  a roll command which p o s i t i o n s  t h e  l i f t  v e c t o r .  

v e c t o r  abou t  t h e  r e l a t i v e  wind ( d r a g )  a x i s  s o  t h a t  t h e  v e r t i c a l  
component o f  l i f t  i s  t h e  v a l u e  c a l l e d  f o r  by  t h e  gu idance .  Cross  
r a n g e  c o n t r o l  i s  ach ieved  by r e f l e c t i n g  t h e  h o r i z o n t a l  component 
o f  l i f t  about  t h e  v e r t i c a l  a x i s  when t h e  p r e d i c t e d  c r o s s  r a n g e  
miss exceeds  some f r a c t i o n  o f  t h e  v e h i c l e  c r o s s  r a n g e  c a p a b i l i t y .  

V e h i c l e  r ange  c o n t r o l  i s  o b t a i n e d  by r o t a t i n g  t h e  l i f t  

The t y p e  of  gu ided  e n t r y  s e l e c t e d  by t h e  d e s i g n e r s  i s  
based on two major  c o n s i d e r a t i o n s :  h e a t i n g  and t h e  a b i l i t y  
r e a d i l y  t o  d e t e c t  a n  u n c o n t r o l l e d  s k i p .  The l a s t  p o i n t  i s  re fer -  
red t o  as t h e  m o n i t o r i n g  c o n s i d e r a t i o n .  For h e a t i n g ,  the  g e n e r a l  
r u l e  i s  t h a t  t h e  h i g h e r  t h e  d e c e l e r a t i o n ,  t h e  h i g h e r  t h e  peak h e a t i n g  
r a t e  and t h e  lower  the  t o t a l  h e a t .  There i s  a l s o  the  c o r r e l a t i o n  
between h i g h e r  d e c e l e r a t i o n  and s h o r t e r  r ange .  

F i g u r e  2 i l l u s t r a t e s  a t y p i c a l  e n t r y .  The v a r i o u s  
phases a re  d e s c r i b e d  below. 

Phase 1: I n i t i a l  R o l l  ( I N I T I A L  ROLL*) 

For  m i s s i o n  AS-202 t h e  l i f t  v e c t o r  i s  d i r e c t e d  down a t  
t h e  s t a r t  o f  e n t r y .  A s  t h e  s p a c e c r a f t  p e n e t r a t e s  t h e  a tmosphere  
t h e  a c c e l e r a t i o n  b u i l d s  up,  and a t  0 . 2 g  t h e  l i f t  i s  d i r e c t e d  f u l l  
up.  T h i s  phase  l a s t s  u n t i l  a t h r e s h o l d  a l t i t u d e  r a t e  i s  r e a c h e d ,  
and t h e n  t r a j e c t o r y  m o n i t o r i n g  and p l a n n i n g  take  p l a c e .  T h i s  
sequence of l i f t  down and t h e n  l i f t  up  has two p u r p o s e s :  

a. t o  insure that t h e  v e h i c l e  does  not skip o u t  some t i m e  
l a t e r  bu t  

b .  t o  s i m u l t a n e o u s l y  i n s u r e  t h a t  t h e r e  i s  enough ene rgy  
l e f t  t o  pe rmi t  t h e  v e h i c l e  t o  r e a c h  t h e  l a n d i n g  p o i n t .  

Measured d e c e l e r a t i o n  i s  used  t o  p a r t i a l l y  compensate 
f o r  a tmosphe r i c  d e n s i t y  v a r i a t i o n s .  

( I t  might  be p o i n t e d  o u t  t h a t ,  f o r  t h e  500 s e r i e s  
m i s s i o n s ,  t h i s  sequence i s  changed. I n  t h e  500 se r i e s ,  f l i g h t s  
an  i n i t i a l  t e s t  i s  made t o  d e t e r m i n e  t h e  p o s i t i o n  o f  t h e  s p a c e c r a f t  

*Guidance program F o r t r a n  d e s i g n a t i o n .  
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i n  t h e  e n t r y  c o r r i d o r .  
l i f t  down w h i l e  a s low s t e e p  e n t r y  c a l l s  f o r  i n i t i a l  l i f t  u p . )  

A sha l low high-speed e n t r y  c a l l s  f o r  

Phase 2 :  P l a n n i n g  (HUNTEST) and Cons tan t  Drag ( C O N S T D )  

When t h e  r a t e  o f  d e s c e n t  r e a c h e s  700  f p s ,  p l a n n i n g  
s t a r t s .  A r a n g e  t o  t h e  l a n d i n g  s i t e  i s  p r e d i c t e d  based upon a 
c o n s t a n t  L/D f l i g h t  t h rough  p u l l - o u t  t o  e x i t .  I n c l u d e d  i n  t h e  
r a n g e  p r e d i c t i o n  a re  c a l c u l a t i o n s  f o r  t h e  b a l l i s t i c  p o r t i o n  and 
t h e  subsequent  second e n t r y .  H i g h l y  c r i t i c a l  p l a n n i n g  v a r i a b l e s  
g e n e r a t e d  i n  t h i s  computa t ion  phase  a re  t h e  p r o j e c t e d  e x i t  
v e l o c i t y  and i t s  a s s o c i a t e d  a l t i t u d e  r a t e .  
r a n g e  exceeds  t h e  des i r ed  r a n g e ,  t h e  s p a c e c r a f t  i s  d i r e c t e d  t o  
f l y  a c o n s t a n t  drag t r a j e c t o r y  u n t i l  such  t i m e  as  t h e  p r e d i c t e d  
m i s s  i s  l ess  t h a n  25 NM. 

I f  t h e  p r e d i c t e d  

I n  m i s s i o n  AS-202 t h e  c o n s t a n t  drag l e v e l  e q u a l s  t h e  
p r e d i c t e d  d r a g  a t  p u l l - o u t  bu t  i s  no t  l ess  t h a n  4 0  f p s 2 .  
500 se r ies  t h e  drag i s  f i x e d  a t  1 3 0  f p s * .  

I n  t h e  

There i s  a n  o v e r r i d e  "no l i f t d o w n "  command i f  t h e  
d e c e l e r a t i o n  exceeds  a safe  l i m i t .  

Phase 3:  Se l f  Genera ted  Reference  T r a j e c t o r y  (UPCONTROL)  

A t  some p o i n t  t h e  c o n s t a n t  drag phase  r e d u c e s  t h e  
v e l o c i t y  s u f f i c i e n t l y  t o  make t h e  t r a j e c t o r y  p l a n  a c c e p t a b l e .  
Assuming t h e  r a n g e  i s  such  tha t  t h e  b a l l i s t i c  phase i s  n e c e s s a r y ,  
i t  becomes n e c e s s a r y  t o  a c h i e v e  t h e  p lanned  e x i t  v e l o c i t y  and 
f l i g h t  p a t h  a n g l e .  T h i s  i s  pe rhaps  t h e  most c r i t i c a l  p o r t i o n  
o f  t h e  f l i g h t ,  f o r  t h e  b a l l i s t i c  r a n g e  i s  q u i t e  s e n s i t i v e  t o  
b o t h  e x i t  v e l o c i t y  and f l i g h t  pa th -ang le  ( i . e . ,  e x i t  a l t i t u d e  
r a t e ) .  The o r d e r  of magni tude i s  5 NM/fps f o r  b o t h  v e l o c i t y  
and a l t i t u d e  r a t e ,  a l t h o u g h  s l o w ,  s teep  exits are  l e s s  s e n s i t i v e  
t h a n  f a s t ,  sha l low e x i t s .  

s e n s i t i v i t y  t o  n a v i g a t i o n  e r r o r s .  T h i s  was a major  c o n s i d e r a t i o n  
i n  s e l e c t i n g  t h e  scheme used  i n  t h i s  p o r t i o n  o f  e n t r y .  The 
t e c h n i q u e  c la imed t o  be  l e s s  s e n s i t i v e  t o  a l t i t u d e  r a t e  e r r o r s  i s  
t o  g e n e r a t e  a n  i n  f l i g h t  r e f e r e n c e  t r a j e c t o r y  based upon t h e n  
e x i s t i n g  c o n d i t i o n s  and t h e  d e s i r e d  e x i t  c o n d i t i o n s .  Drag i s  t h e  
i n p u t  o r  s ensed  v a r i a b l e .  From i t ,  assuming a c o n s t a n t  L/D, a re  
computed a r e f e r e n c e  v e l o c i t y  and a l t i t u d e  r a t e .  The v e r t i c a l  
component of  l i f t  i s  t h e n  s p e c i f i e d  i n  a manner which n u l l s  t h e  
d e v i a t i o n  between est imated v e l o c i t y  and a l t i t u d e  r a t e  and t h e  
r e f e r e n c e  v a l u e s .  Here a g a i n  a g - l i m i t  t e s t  and o v e r r i d e  command 
a re  used .  

S e n s i t i v i t y  t o  a l t i t u d e  r a t e  and v e l o c i t y  means 
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Phase 4 :  B a l l i s t i c  Lob (KEPL) 

s t a t e s  a t  which t h e  sensed  a c c e l e r a t i o n  f a l l s  below and t h e n  
exceeds  approx ima te ly  0 .2g .  I n  t h e  t ime between these  condi -  
t i o n s  no c o n t r o l  i s  e x e r c i s e d  save  t h a t  of  roll a t t i t u d e  ho ld  
w i t h  p i t c h  m a i n t a i n e d  f o r  p r o p e r  aerodynamic t r i m .  

Atmospheric e x i t  and r e e n t r y  a re  d e f i n e d  as  t h o s e  

Phase 5 :  F i n a l  E n t r y  (PREDICT3) 

It i s  assumed t h a t  t h e  b a l l i s t i c  phase p u t s  t h e  space-  
c r a f t  c l o s e  t o  a nominal range-to-go f o r  t h i s  f i n a l  p o r t i o n  of  
e n t r y .  S t e e r i n g  t h e n  takes  p l a c e  a l o n g  a s t o r e d  r e f e r e n c e  
t r a j e c t o r y .  The p r e d i c t e d  r a n g e  i s  c a l c u l a t e d  based upon t h e  
v e l o c i t y  and c o r r e c t e d  f o r  off-nominal  c o n d i t i o n s  of  drag and 
a l t i t u d e  r a t e .  A v e r t i c a l  component of L/D i s  computed u s i n g  a 
nominal L/D p l u s  t h e  r a n g e  e r r o r  d i v i d e d  by aRANGE/a(L/D),the 
r ange  - L/D i n f l u e n c e  c o e f f i c i e n t .  T h i s  phase (and  g u i d a n c e  i n  
g e n e r a l )  s t o p s  when t h e  r e l a t i v e  v e l o c i t y  d r o p s  below 1,000 f p s .  

It i s  t h e  f i n a l  phase  which i s  c a l l e d  upon t o  n e g a t e  
t h e  e f f e c t s  o f  e r r o r s  i n  e a r l i e r  phases .  I f ,  f o r  example,  t h e  
v e h i c l e  a t  t h e  s t a r t  o f  second e n t r y  d e v i a t e s  as  much as 200  NM 
from t h e  nominal ,  t h e  gu idance  i s  s t i l l  c a p a b l e  of  mee t ing  t h e  
t e r m i n a l  e r r o r  c r i t e r i a .  

11. D e s c r i p t i o n  of  Guidance Logic 

Having completed t h e  b r i e f  d e s c r i p t i o n  o f  t h e  g u i d a n c e ,  
t h i s  s e c t i o n  examines t h e  i n d i v i d u a l  phases i n  g r e a t e r  d e t a i l .  
F i g u r e  3 ,  which r e p r e s e n t s  a s i m p l i f i e d  v e r s i o n  of  t h e  gu idance  
l o g i c ,  shou ld  b e  c o n s u l t e d  w h i l e  r e a d i n g  t h i s  s e c t i o n .  

Guidance c o m p u t a t i o n s  are made once e v e r y  two seconds .  
F i r s t  t h e  computer Derforms n a v i g a t i o n  and t a r g e t i n g  computa- 
t i o n s .  Fol lowing  t a r g e t i n g  t h e  computer i s  swi t ched  t o  one of  
a number of "modes", t h e  name g i v e n  a major  segment o f  t h e  gu id -  
ance  computa t ion .  The i n i t i a l i z a t i o n  r o u t i n e  se t s  t h e  mode 
s e l e c t o r  t o  t h e  mode I N I T I A L  ROLL. T h e r e  a r e ,  as t h e  f i g u r e  
shows, f i v e  such  modes. Guidance i s  ove r  when t h e  f i n a l  phase 
o r  mode (PREDICT3) f i n d s  t h a t  t h e  v e l o c i t y  has dropped below 
1 , 0 0 0  f p s .  

I N I T I A L I Z A T I O N  

T h i s  s e t  o f  computa t ions  i s  performed once o n l y  t o  supp ly  
t h e  remainder  of  t h e  gu idance  w i t h  n e c e s s a r y  c o n s t a n t s  and 
i n i t i a l  data  f o r  t h e  program t o  o p e r a t e  s a t i s f a c t o r i l y .  These 
i n c l u d e  i n i t i a l  p o s i t i o n  and v e l o c i t y ,  t a r g e t  c o o r d i n a t e s ,  and 
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an estimate of the entry range, and cross range miss. From the 
predicted cross range miss the program decides to roll left (or 
right) toward the target. 

NAVIGATION 

Navigation computations are performed during each pass 
through the guidance. Outputs of the on-board integrating 
accelerometers are used to estimate vehicle velocity and posi- 
tion using the "average-g" equations. 

TARGETING 

Using vehicle and landing site coordinates this section 
computes the predicted landing site, the range-to-go and the 
cross range miss. 

MODE SELECTOR 

Preceding entry, the mode selector is set to INITIAL 
ROLL. Following navigation and targeting the guidance assumes 
the mode designated. Mode switching is designated within the 
modes according to set criteria. Available modes are: 

1. INITIAL ROLL 

2. HUNTEST 

3. UPCONTROL 

4. KEPL 

5. PREDICT3 

INITIAL ROLL 

When the sensed acceleration, designated D, reaches 
0.2g, the vehicle is command full lift up. This lift is held 
until the altitude rate, RDOT, decreases in magnitude (from a 
nominal initial value of about 1;800 fps) to 700 fps. Trajec- 
tory planning then begins. The 700 fps occurs near the first 
deceleration peak. Aerodynamic forces are then considered 
sufficient to exercise control. 

HUNTEST (PLANNING PHASE) 

The guidance computer predicts the velocity, V1, and 
acceleration AO, at pull-out, i.e., when RDOT will equal zero. 
It then predicts the exit velocity, VL, and exit flight path 
angle, GAMMAL. 
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There  are  t h r e e  ways t o  e x i t  from t h i s  area o f  t h e  
gu idance  computa t ion .  

*l. A normal e x i t  i m p l i e s  t h a t  t h e  e x i t  c o n d i t i o n s  VL 
and GAMMAL are  a c c e p t a b l e .  T r a j e c t o r y  p l a n n i n g  
c o n t i n u e s  by go ing  t o  RANGE PREDICTION.  T h i s  p r e -  
d i c t i o n  i n v o l v e s  assuming a b a l l i s t i c  s k i p  and a 
f i n a l  a tmosphe r i c  e n t r y  phase .  

2 .  I f  t h e  p r e d i c t e d  e x i t  v e l o c i t y  i s  low, l ess  t h a n  
1 8 , 0 0 0  f p s ,  t h e  gu idance  i s  d i r e c t e d  t o  t h e  f i n a l  
phase ,  PREDICT3. 

3 .  I f  t h e  p r e d i c t e d  e x i t  v e l o c i t y  i s  g r e a t e r  t h a n  
s a t e l l i t e  v e l o c i t y  a c o n s t a n t  d r a g  phase  i s  s p e c i f i e d  
t o  p e r m i t  t h e  v e h i c l e  t o  s low down, u n t i l  such  t i m e  \ 

as p r e d i c t e d  e x i t  c o n d i t i o n s  a re  a c c e p t a b l e .  

RANGE PREDICTION 

P r e d i c t e d  r a n g e  t o  l a n d i n g ,  based upon t h e  p r e d i c t e d  
p u l l - o u t  and e x i t  c o n d i t i o n s  V 1 ,  VL and GAMMAL, i s  compared t o  
t h e  r e q u i r e d  range-to-go.  

There a re  t h r e e  ways t o  e x i t  t h e  computa t ion :  

*l. The p r e d i c t e d  r ange  i s  w i t h i n  2 5  NM of  t h e  r e q u i r e d  
range- to-go .  C o n t r o l  i s  t r a n s f e r r e d  t o  UPCONTROL. 
T r a j e c t o r y  p l a n n i n g  i s  now complete  and t h e  gu idance  
a t t e m p t s  t o  c a r r y  o u t  t h e  p l a n .  

2 .  The p r e d i c t e d  r ange  i n d i c a t e s  a n  ove r shoo t  of  more 
t h a n  25 NM. Guidance c a l l s  for a c o n s t a n t  d r a g  phase  
u n t i l ,  d u r i n g  some l a t e r  gu idance  c y c l e ,  t h e  p l a n  
becomes a c c e p t a b l e .  

3 .  The p r e d i c t e d  r a n g e  i n d i c a t e s  a n  unde r shoo t  o f  more 
t h a n  25 NM. It may be r e c a l l e d  t h a t  t h e  r a n g e  pre-  
d i c t i o n  i s  based upon p r e d i c t e d  p u l l - o u t  and e x i t  
c o n d i t i o n s .  Because t h e  p l a n  based upon these  condi -  
t i o n s  i s  found t o  be u n a c c e p t a b l e ,  p u l l - o u t  v e l o c i t y  
V 1  i s  p r o p e r l y  incremented  t o  produce a n  i n c r e a s e  i n  
r a n g e .  E x i t  c o n d i t i o n s  a re  t h e n  recomputed i n  HUNTEST. 
The i t e r a t i o n  on V1 c o n t i n u e s  u n t i l  a s a t i s f a c t o r y  p l a n  
i s  g e n e r a t e d  r e s u l t i n g  i n  a m i s s  o f  l e s s  t h a n  25 NM. 

*Normal p a t h .  
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CONSTANT DRAG 

For  a nominal speed ,  s h o r t  r a n g e  e n t r y ,  HUNTEST v i a  
RANGE PREDICTION c a l l s  f o r  a c o n s t a n t  d r a g  t r a j e c t o r y  t o  s low 
t h e  v e h i c l e  down s u f f i c i e n t l y  t o  p r e v e n t  a n  o v e r s h o o t .  The 
same i s  t r u e  f o r  a h i g h  speed nominal r ange  e n t r y .  The a c t u a l  
t r a j e c t o r i e s  f o r  t hese  c a s e s  might be q u i t e  d i f f e r e n t .  I n  t h e  
former  t h e  v e h i c l e  might  go from t h e  c o n s t a n t  drag p o r t i o n  
d i r e c t l y  t o  t h e  f i n a l  a tmosphe r i c  d e s c e n t .  I n  t h e  h i g h  speed  
e n t r y  t h e  v e h i c l e  might  e x p e r i e n c e  a l l  t h e  r ema in ing  normal 
phases i n c l u d i n g  a b a l l i s t i c  phase .  

UPCONTROL 

With a n  a c c e p t a b l e  p l a n  t h e  gu idance  f l i e s  t h e  v e h i c l e  
i n  one o f  two p r i m a r y  gu ided  phases,  pre-up and p u l l - o u t  t o  
e x i t .  I n  a d d i t i o n  there  a re  a number o f  con t ingency  p a t h s  which 
can  be t a k e n .  

*l. Pre -pu l l -ou t  t o  p u l l - o u t  phase.  (Pre-up Phase) .  I f  
V i s  g r e a t e r  t h a n  V 1  ( t h e  p r e d i c t e d  p u l l - o u t  v e l o c i t y ) ,  
t h e  l i f t  i s  d i r e c t e d  t o  a c h i e v e  V = V 1 ,  D = AO, and 
RDOT = 0 s i m u l t a n e o u s l y .  

* 2 .  P u l l - o u t  t o  e x i t  phase .  (Up-Phase) .  After  V1 i s  
r e a c h e d  and u n t i l  D I Q7, t h e  gu idance  checks  t h e  drag 
D .  The p r i m a r y  p a t h  i s  such  t h a t  f o r  A 0  > D > Q7,  
i . e . ,  p u l l - o u t  a c c e l e r a t i o n  > p r e s e n t  a c c e l e r a t i o n  > 
e x i t  a c c e l e r a t i o n ,  t h e  l i f t  i s  d i r e c t e d  t o  a c h i e v e  t h e  
c o n d i t i o n s  co r re spond ing  t o  V = VL, y = GAMMAL and 
D = Q7 s i m u l t a n e o u s l y .  

C o n t i n g e n c i e s  under  2 a re :  

( a )  If D > AO,  t h e  v e h i c l e  i s  d i r e c t e d  t o  p u l l  f u l l  
l i f t  up .  

( b )  During t h e  up-phase,  shou ld  a n e g a t i v e  l i f t  be 
c a l l e d  f o r ,  i t  i s  o v e r r i d e n  t o  z e r o  l i f t  i f  t h e  
t h e n  p r e s e n t  a c c e l e r a t i o n  i s  g r e a t e r  t h a n  5.44~5. 
I n  AS-501 t h i s  g - l i m i t  i s  i n c l u d e d  i n  t h e  pre-up 
phase  a l s o .  

3.  For D > Q7, e x i t  i s  assumed and c o n t r o l  i s  t r a n s f e r r e d  
t o  t h e  b a l l i s t i c  phase.  

*Normal p a t h .  
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4. Transfer to the final atmospheric entry phase is 
possible without going through the up-phase or the 
ballistic phase. The specific conditions for this 
transfer are: V - < V1, 

RDOT < 0, and 

V < VL + 500 
Specifically, a short entry range may result in a 
constant drag phase until the velocity has been re- 
duced to the point where only a pre-up phase and a 
final phase are necessary. 

*KEPL (Ballistic Phase) 

The r o l l  attitude at the start of KEPL is maintained 
until the sensed acceleration has built up to 6.5 fps2. 

*PREDICT3 (Final Phase) 

*l. Assuming a normal descent, the vehicle is flown to a 
stored reference trajectory, corresponding to a con- 
stant L/D of 0.18. Range-to-go (PREDANGL) is pre- 
dicted as a function of V, RDOT and D. Lift is 
directed to null the difference between the range 
capability and desired range. 
point. Aside from the initial plan in HUNTEST, 
PREDICT3 is the only phase where the vehicle is guided 
continuously to null the terminal range error. 

This is a noteworthy 

Following this lift calculation control is transferred 
to the GLIMITER. 

2. If the vehicle has passed the landing site the lift is 
designated as full down and control is transferred to 
GLIMITER. 

3. If the vehicle velocity is less than 1,000 fps the 
vehicle is directed to hold the last roll command and 
guidance is considered completed. 

*GLIMITER 

This portion of the guidance is used only during the 
final phase. It compares present and predicted accelerations 
with the maximum permitted in order to determine whether to per- 
mit or override the lift specified in the final phase. 

*Normal path. 
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*l. I f  t h e  p r e s e n t  a c c e l e r a t i o n  D i s  l e s s  t h a n  56, t h e  
l i f t  s p e c i f i e d  i n  PREDICT3 i s  a c c e p t e d .  

I f  t h e  p r e s e n t  a c c e l e r a t i o n  i s  e q u a l  t o  or g r e a t e r  
t h a n  l o g  f u l l  l i f t  up i s  commanded. 

I f  t h e  p r e s e n t  a c c e l e r a t i o n  i s  between 5 and l o g  a 
c r i t i c a l  a l t i t u d e  r a t e  X ( a  p o s i t i v e  number) i s  com- 
p u t e d .  The r a t e  such  t h a t  i f  f u l l  l i f t - u p  were 
m a i n t a i n e d ,  t h e  v e h i c l e  would e v e n t u a l l y  e x p e r i e n c e  

2. 

3 .  

l o g .  

( a )  If t h e  p r e s e n t  a l t i t u d e  r a t e  RDOT i s  e q u a l  t o  or 
g r e a t e r  t h a n  - X ,  t h e  l i f t  s p e c i f i e d  i n  PREDICT3 
i s  a c c e p t e d .  

( b )  I f  t h e  p r e s e n t  a l t i t u d e  r a t e  i s  l e s s  t h a n  -X a 
l i f t - u p  i s  c a l l e d  f o r  p r o p o r t i o n a l  t o  t h e  d i f f e r -  
ence  between X and RDOT, p l u s  a n  a d d i t i o n a l  
amount t o  b a l a n c e  t h e  c e n t r i f u g a l  and 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 s .  ( I n  m i s s i o n  AS-501 t h i s  
l a s t  s i t u a t i o n ,  RDOT - < - X ,  c a l l s  f o r  f u l l  l i f t  
U P . )  

*LATERAL L O G I C  

The l a t e r a l  l o g i c  makes a number o f  checks .  

1. If t h e  l i f t  c a l l e d  f o r  i s  g r e a t e r  t h a n  t h a t  cor respond-  
i n g  t o  a roll of 15' e i t h e r  way from f u l l  up or down, 
i . e . ,  IL/DI > 0 . 3  c o s  15", two o p t i o n s  a re  open:  

( a )  I f  t h e  p r e s e n t  d i r e c t i o n  o f  a c t u a l  l i f t  i s  such  
as t o  r e d u c e  t h e  c r o s s  r a n g e  m i s s ,  a roll of  15O 
from f u l l  up or down toward t h e  t a rge t  i s  c a l l e d  
f o r .  

( b )  If t h e  p r e s e n t  d i r e c t i o n  o f  l i f t  i s  such  as t o  
i n c r e a s e  t h e  c r o s s  r a n g e  m i s s ,  t h e  m i s s  i s  com- 
pa red  t o  t h e  r ema in ing  l a t e r a l  r a n g e  c a p a b i l i t y .  
I f  t h e  p r e d i c t e d  m i s s  i s  g r e a t e r  t h a n  h a l f  t h e  
r ema in ing  l a t e r a l  c a p a b i l i t y  t h e  roll c a l l e d  f o r  
i s  r e f l e c t e d  about  t h e  O o ,  160' roll l i n e  i n  o r d e r  
t o  head t h e  v e h i c l e  toward t h e  t a r g e t .  I f  t h e  
p r e d i c t e d  m i s s  i s  l ess  t h a n  half  t h e  r ema in ing  
l a t e r a l  c a p a b i l i t y ,  t h e  L/D i s  m e t  b u t  w i t h  t h e  
l i f t  p o i n t i n g  away from t h e  t a r g e t ,  t h u s  conserv-  
i n g  a t t i t u d e  maneuvering f u e l .  

*Normal p a t h .  
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2 .  

3 .  

If l e s s  l i f t  i s  c a l l e d  f o r  t h a n  t h a t  c o r r e s p o n d i n g  t o  
a 15O r o l l  from v e r t i c a l ,  t h e  l o g i c  checks  f o r  l a t e r a l  
r a n g e  c a p a b i l i t y  and t h e n  computes and commands t h e  
r o l l  a n g l e  based on t h e  command l i f t .  
s w i t c h i n g  i s  p i c t u r e d  i n  F i g u r e  4 .  

I f  t h e  t a r g e t  has been passed, a l l  c r o s s  r a n g e  cons id -  
e r a t i o n s  a re  bypassed .  F u l l  l i f t - u p  or down as 
s p e c i f i e d  i n  t h e  f i n a l  phase  and g - l i m i t e r  i s  passed 
on t o  t h e  roll a t t i t u d e  c o n t r o l .  

R o l l - l i f t  

During p o r t i o n s  of UPCONTROL and CONSTANT DRAG a n  
a c c e l e r a t i o n  check  i s  made i n  NEGTEST if l i f t  i s  n e g a t i v e .  
Should t h e  a c c e l e r a t i o n  exceed 5.44 g ,  z e r o  l i f t  i s  c a l l e d  f o r  
and a f l a g  i s  s e t  p r e v e n t i n g  r e v e r s a l  o f  roll a n g l e  r ega rd le s s  
of l a t e r a l  r a n g e  c o n s i d e r a t i o n s .  

111. E n t r y  Guidance Equa t ions  

gu idance  l o g i c  e v e n t s  which occur  i n  t h e  AS-202 nominal e n t r y .  
A t  e ach  e v e n t  major  r o u t i n e s  which a re  performed a re  i n d i c a t e d ,  
as  a re  t h e  r e s u l t s  o f  t h e  computa t ions .  The i m p o r t a n t  e q u a t i o n s  
used  i n  t h e  gu idance  t o g e t h e r  w i t h  t h e  assumpt ion  i m p l i c i t  i n  
t h e  e q u a t i o n s  a re  shown i n  F i g u r e  5". MIT/IL Flow c h a r t s  of  t h e  
gu idance  i n c o r p o r a t i n g  t h e  above e q u a t i o n s  appear i n  F i g u r e s  6 
t h r o u g h  1 8 ,  and T a b l e  1 l i s t s  t h e  v a r i a b l e s  and c o n s t a n t s  used  
i n  t h e  f low c h a r t s .  I n  t h e  remainder  of  t h i s  s e c t i o n  t h e  l o g i c  
sequence of  a nominal e n t r y  w i l l  be  d e s c r i b e d  u s i n g  t h e  c h a r t s .  
The d e s c r i p t i o n  c o n s i d e r s  on ly  t h e  p o i n t s  i n  t i m e  a t  which major  
l o g i c  changes  t ake  p l a c e .  

T h i s  t h i r d  s e c t i o n  of t h e  memo d e s c r i b e s  t h e  major  

T ime  = 0 .  s econds .  S t a r t  of  En t ry  
~ ~~ 

I n i t i a l  c o n d i t i o n s  a re  ( 3 ) :  

V e h i c l e  

Geode t i c  La . t i t ude  -5. 11° 
Longi tude  134.70' E 
A l t i t u d e  399,188.  f t  
V e  l o c  i t  y 28,706.  f p s  
Heading 58.65O E 
F l i g h t - p a t h  Angle -3 57O 

Target S i t e  

1 7 . 2 5 O  
170.O E 

*The l ess  t h a n  t e n a c i o u s  reader  i s  urged  to s p a r e  himself t h e  
d rudge ry  of  g o i n g  t h r o u g h  t h e  d e r i v a t i o n s  which a p p e a r  i n  tpe 
Appendix, t h e  l a s t  major  s e c t i o n  o f  t h e  memo. 
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Time = 2. seconds. 

Guidance 

Control : 

- 12 - 

First pass through guidance. 

Sequence: NAVIGATION, TARGETING, INITIAL 
ROLL, LATERAL LOGIC. 

Full lift down. 

Time = 94. seconds. Shift to lift up. 

Guidance Sequence: NAVIGATION, TARGETING, INITIAL 
ROLL, LATERAL LOGIC. 

At this point the drag exceeded the threshhold and 
full lift up was called for. 

D = 6.47 > KA = 6.44 fps 2 

Control: L/D = LAD = t0.3 

Time = 128. seconds. Trajectory planning takes place and 
vehicle begins guidance to pull-out. 

Guidance Sequence: NAVIGATION, TARGETING, INITIAL 
ROLL, HUNTEST, RANGE PREDICTION 
HUNTEST1, RANGE PREDICTION, 
UPCONTROL, LATERAL LOGIC 

The altitude rate had dropped below 700 fps starting 
the shift to HUNTEST. -RDOT = 696.98 < VCONTRL = 700. The 
sequence of calculations at this point is shown on the flow 
charts. A first pass through HUNTEST, HUNTESTl and RANGE 
PREDICTION r e s u l t e d  in an  u n d e r s h o o t  of  311,156 NM. This called 
f o r  an iteration, changing pull-out velocity V1 from 26,402.24 
fps to 26,902.24 fps. The second pass resulted in an acceptable 
miss of 15.718 NM permitting control to pass to UPCONTROL. 

Control: F l y  Along computed reference to pull-out. 

Time = 166. seconds. Pull-out is reached and vehicle begins 
guidance to exit. 

Guidance Sequence: NAVIGATION, TARGETING, UPCONTROL, 
NEGTEST, LATERAL LOGIC. 

At this point V has dropped below V1 calling f o r  the 
shift in control. 

Control: Fly along computed reference to exit. 
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Time = 314. s econds .  V e h i c l e  b e g i n s  t h e  b a l l i s t i c  phase .  

Guidance Sequence: N A V I G A T I O N ,  T A R G E T I N G ,  UPCONTROL, 

The d r a g  D ( 5 . 9 5 6  f p s 2 )  has f a l l e n  below t h e  e x i t  

KEPL, LATERAL L O G I C  

t h r e s h h o l d  Q7 = 6 f p s 2 ,  and t h e  v e h i c l e  i s  c o n s i d e r e d  i n  t h e  
b a l l i s t i c  phase .  

C o n t r o l :  A t t i t u d e  h o l d .  

T ime  = 4 4 0 .  s econds .  V e h i c l e  r e e n t e r s  a tmosphere ,  and b e g i n s  
gu idance  a l o n g  a s t o r e d  r e f e r e n c e .  

Guidance Sequence: N A V I G A T I O N ,  TARGETING, KEPL, 
PREDICT3, GLIMITER, LATERAL L O G I C .  

The d r a g  has b u i l t  up s o  t h a t  D > Q7 + K D M I N  
6 .567  > 6 .  + 0 . 5  f p s 2 .  

C o n t r o l :  F l y  a l o n g  s t o r e d  r e f e r e n c e .  

T ime  847 .6  seconds .  V e h i c l e  r e a c h e s  a 25,000 f t .  a l t i t u d e ,  w i t h  
i an  a c t u a l  miss of  t h e  t a rge t  s i t e  o f  0.917 - 

NM. P a r a c h u t e  i s  opened.  

I n  o r d e r  t o  round o u t  t h e  p i c t u r e  on t h i s  p a r t i c u l a r  
e n t r y ,  g r a p h s  o f  a number o f  key v a r i a b l e s  a re  i n c l u d e d .  F i g u r e  
19 shows t h e  c o n t i n u a l l y  d e c r e a s i n g  v e l o c i t y  as a f u n c t i o n  o f  
t i m e .  P o i n t s  o f  n o t e  i n c l u d e  t h e  r e v e r s a l  i n  l i f t  p r i o r  t o  p u l l -  
o u t ,  t h e  s t a r t  o f  r ange  c o n t r o l  and t h e  l o c a t i o n  o f  t h e  heat  r a t e  
and g-load peaks .  Note t h a t  t h e  peak a l t i t u d e  f o r  t h e  b a l l i s t i c  
p o r t i o n  was under  2 7 0 , 0 0 0  f e e t .  F i g u r e  2 0  i l l u s t r a t e s  t h e  t w o  
hea t - ra te  peaks  as  wel l  t h e  h e a t  l o a d .  
v e h i c l e  w i l l  e x p e r i e n c e  about  45 f p s 2  and 117 f p s  d e c e l e r a t i o n  
peaks  ( 1 . 4  g and 3 . 6  g ) ,  well  w i t h i n  s a f e t y  bounds.  F i g u r e s  22- 
24 are  i n c l u d e d  t o  g i v e  a n  i n d i c a t i o n  o f  t h e  r a n g e s  and form o f  
a l t i t u d e  r a t e ,  and f l i g h t  p a t h  a n g l e  and v e l o c i t y .  O f  p a r t i c u l a r  
i n t e r e s t  i s  t h e  f a c t  t h a t  t h e  f l i g h t  p a t h  a n g l e  r ema ins  s i g n i f i -  
c a n t l y  l e s s  t h a n  0 . 1  r a d i a n  most o f  t h e  t i m e ,  t h u s  j u s t i f y i n g  t h e  
small a n g l e  approx ima t ion  made th roughou t  t h e  gu idance  e q u a t i o n  
d e v i a t i o n s .  

F i g u r e  212shows t h e  
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ll") NAVIGATION 

+ 

START OF UP UPCONTROL 

LATERAL LOCK 

ROLL COMMAND 

F I GURE 6. RE-ENTRY STEER I NG 



READ CLEAR PIPAS 
SAVE VEL INCREMENT 
A S  bELV 

FIGURE 7. RE-ENTRY STEERING - NAVIGATION (AVG. G) 



v = ABVAL(V) 
VSQ = V2/V5AT2 
LEQ 5 (VSQ-I) GS 
RDOT = i * U N l T ( a )  
UNI = UNIT [ i  *UNIT(@)] 
D = ABVAL(BELV)/DT 

= UZTO + 6 T R  (COS WT-1) + @TE SIN WT 

LATANG: U@T* aNI  

C Z h  GO TO SELECTOR 

FIGURE 8. RE-ENTRY STEERING - TARGETING 



9 INITIAL 

1 

( I S  R O O T  + V R t D N T R L  N E G ?  1 

Lps-1 e, SELECTOR. HUNTEST 

I GO T O  H U N T E S T ]  

FIGURE 9. RE-ENTRY STEERING - I N I T I A L  ROLL 



T = I28 SEC. V = 28260.839 

D = 27.484 RDOT = - 696.975 

1 
I 

IS HUNTINDZEROQ YES 

26402.24 
47.3696 

OlFfOcD = 0 

I S  A O - C 1 9  NEC ? 1 y ~ ~ ~ o =  50=C19 47.3696 

T = 128 SEC. 
FROM RANGE PRED. 

f-- r- 1 

= .019367 
= 26923.672 

- 
6. - Q 7  : Q 7 F  - 
-018653 = ALP = 2AOHS/( LEWD VI2) 
27413.608 = FACTI Vl/(l-ALPI 

C T ~  : ALPIALP-~VAO 
: FACTI El- SQRT (FACT? Q7 + ALP1 

e--J - 23909.901 = 

G A M M A 1 1  : LEWD 

FIGURE 1 0 ,  RE-ENTRY STEERING - HUNTEST 



-0 - - + PREDICTION 

t 
685.347 = 
669.693 = 
337.912 = 
132.116 = 
22U.229 = 
2049.787 = - 15.718 = 

t +  
ASKEP f 2ATK SIN”(VBAR COSG GAMMAL/E)  , BALLISTIC RANGE 
A S P l  = Q 2 +  Q 3 V L  , FINAL PHASE RANGE 

ASPUP = A x ( H S / G A h W A L l )  LOG [AOV?/(Q7 V12)], UPPHASE RANGE 

ASP3 : Q5 ((26-GAMMAL) , GAMMA CORRKTION 
ASPOWN= -ROOT V ATK/ (AO LAD RE) 
ASP ASKEP+ ASPl + ASPUP + ASP3+ ASPDWN, TOTAL RANGE 
DlFF T H E T N M - A S P  

RE 

, RANGE TO PULLOUT 

a- 
1 1 

I S  ABS ( 0 I F F ) - 2 5  NM N E G ?  

I S  H I N D = Z E R O ?  

= 26902.239 

t 
= .36U.875 
= 635.206 
= 331.011 
= 167.096 
= 22U.729 
= 1722.922 
= 311. I56 

FIGURE I I .  RE-ENTRY STEERING - RANGE PREDICTION 



L/O -LEQ/DO + C16 (0-00) - C17(RDOT+ 2HS Don) c 
- -  - -  

a 0-czo POS? 

FIGURE 12. RE-ENTRY STEERING - CONSTD 



FROM RANGE PREDICTION 
OR MODE SELECTOR 

107.238 = ROOTREF: LEWD (Vl-VREF) 
-CHI GS(VS1-VREF) 

.0535 = I L/D : LEWD-KB2 FACTOR [ K B l  FACTOR(RDOT-RDOTREF)+V-VREF]B 

1 GO TO NEGTLST 1 

FIGURE 13. RE-ENTRY STEERING - UPCONTROL 



I EGSW 1 
SElECTOU 8 PUEOlCT3 
COT0 PWOKT3 

MAINTAIN ATTITUDE CONTROL 

( ZERO SlDtSlIP b ANGLE OF 

A m C K  NEAR ITS TRIM V U E )  

+ 
OUT TO CDU WITH 
ROLL, PITCH, b YAW COMMANOS 

FIGURE 14. RE-ENTRY STEERING - BALLISTIC 



IS v-VQUIT P O S ?  

c 

kto TO GLlMlTER I 
1 

I PRODANGL RTOGO(V) + F2 (V) [ROOT-ROOT REF (VI] 
+ F1 (V) [D-DREFR(V)] 

L/D 8 LOO + 4 (THETNM-PREDANGL)/ P3 (V)  

I GO TO GLlMlTER 1 

FIGURE 15. RE-ENTRY STEERING - PREDICT 3 
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m GO TO 310 

1 X = SQRT [?HS(GMAX-D)( LM/GMAX*LAD)+(ZHS GMAX/Vf] 1 

1 r 
i L/D 0.2 ( -X - UDOT)/D - LEQ/D 

FIGURE 17. RE-ENTRY STEERING - GLIMITER 



IS GONEPAST ZERO? 

T 

I Y * KLAT VSQ+LATBIAS b 

i"r Y Y/2 "111 
L/D 8 L/DCMINR SGN(L/O) * 

IS  KZROLL LATANG - Y PO 
I UTSW ZERO? 

KZROLL- -K2ROLL 

c 
ROUC * K2ROLL COS" ( L/D/LAO) 4 27r KlROLL 

1 1- 

I OUT TO CDU WITH ROLL COMMAND b 

FIGURE 18. RE-ENTRY STEERING - LATERAL LOGIC 



U g T O  
UZ 
iT 
R 
RTE 
GTR 
RE 

3 N I  
EELV 
E 

U E T  

A 0  
AHOOK 
A L P  
ASKEP 
A S P 1  
A S P U P  
A S P 3  
ASPDWN 
A S P  
COS0 

D 
D o  
DHOOK 
D I F F  
DIFFOLD 
DR 
D R E F  
DVL 

TABLE I - A  

VARIABLES FOR RE-ENTRY CONTROL 

INITIAL TARGET VECTOR 
UNIT VECTOR NORTH 
VELOCITY VECTOR 
POSITION VECTOR 
VECTOR EAST A T  INITIAL TARGET 
NORMAL TO RTE AND 32 
EARTH RATE VECTOR 
TARGET VECTOR 
UNIT NORMAL TO TRAJECTORY P L A N E  
INTEGRATED ACCELERATION VECTOR 
GRAVITY VECTOR 
INITIAL DRAG F O R  UPCONTRL 
T E R M  IN GAMMAL COMPUTATION 
C O N S T F O R U P C O N T R L  
K E P L E R  RANGE 
FINAL PHASE RANGE 
UPRANGE 
GAMMA CORRECTION 
RANGE DOWN TO P U L L - U P  
PREDICTED RANGE =*ASKEP+ASP 1 +ASPUP+ASP 3+ASPDWN 
COSINE (OAMMAL) 

T O T A L  ACCELERATION 
CONTROLLED CONST DRAG 
T E R M  IN GAMMAL COMPUTATION 
THETNM-ASP (RANGE DIFFEREPCE)  
PREVIOUS VALUE OF D I F F  
R E F E R E N C E D R A G F O R D O W N C O N T R O L  
R E F E R E N C E D R A G  
vs1 -VL 



TABLE I-A (Cont fd)  

E 
F1 
F2 
F3 
FACT1 
FACT2 
FACTOR 
GAMMAL 
GAMMAL1 

I K A  

KlROLL 
KlROLL 
LATANG 
LEQ 
L/D 
PREDANGL 
4 7  
RDOT 
RDOTREF 
RDTR 
ROLLC 
RTOCO 
SL 
T 
THETA 
THETNM 
V 
v1 
VlOLD 

(FINAL PHASE) 
(FINAL PHASE) 
(FINAL PHASE) 

ECCENTRICITY 
DRANGE/D DRAG 

DRANGE/D( L/D) 
CONST FOR UPCONTRL 
CONST FOR UPCONTRL 
USED IN UPCONTRL 
FLIGHT PATH ANGLE AT VL 
SIMPLE FORM OF GAMMAL 
ACCELERATION LEVEL TO ROLL LIFT U P  
INDICATOR FOR ROLL SWITCH 
INDICATOR FOR ROLL SWITCH 
LATERAL RANGE 
EXCESS C. F. OVER GRAV 
DESIRED LIFT TO DRAG RATIO (VERTICAL PLANE) 
PREDICTED RANGE (FINAL PHASE) 
MINIMUM DRAG FOR UPCONTROL 
ALTITUDE RATE 
REFERENCERDOTFORUPCONTRL 
REFERENCERDOTFORDOWNCONTRL 
ROLL COMMAND 
RANGE TO GO (FINAL PHASE) 
SIN OF LATITUDE 
TIME 
DESIRED RANGE (RADIANS) 
DESIRED RANGE (NM) 
VELOCITY MAGNITUDE 
MITU L VELOCITY FOR UPCONTRL 
PREVIOUS VALUE OF V1 

DRANGE/DRDOT 

(VSQ-1) GS 



TABLE I-A (Cont 'd)  

VCORR 
V L. 
vs 1 

VBA RS 

VSQ 
W T  
x 
Y 

SWITCHES 

RELVELSW 
EGSW 
HUNTIND 
HIND 
LATSW 
CONEPAST 

VELOCITY CORRECTION FOR UPCONTRL 
EXIT VELOCITY FOR UPCONTRL 
VSAT OR V 1 ,  WHICHEVER IS SMALLER 
VL2 / VSA T2 
NORMALIZED VELOCITY SQUARED = v2 / V S A T ~  
EARTH RATE X TIME 
INTERMEDIATE VARIABLE USED IN G LIMITER 
LATERAL MISS LIMIT 

INITIAL S T A T E  

RELATIVE VELOCITY SWITCH ( 0) 
FINAL PHASE SWITCH (0) 
INITIAL PASS THRU HUNTEST (0) 

(0 1 
(0) 

INDICATES OVERSHOOT OF TARGFT (0) 

INDICATES INTERATION IN HUNTEST 
NO LATERAL CONTROL WHEN ON 



TABLE I-B. GUIDANCE CONSTANTS 

Pacif ic  recovery point: Lati tude 

Constant d r a g  gain (on d rag )  
Constant d r a g  gain (on RDOT) 

Lead velocity f o r  up control  s t a r t  
hl i ni m urn c on s t ant d r a g  
Minimum D fo r  lift up 
F a c t o r  in AHOOK computation 
F a c t o r  in G A N h l A L  computation 
G -l imit  
Minimum drag  for  lift up if down 
Up control  gain,  optimized 
Up control gain,  optimized 
F a c t o r  i n  V1 computation 
F a c t o r  i n  A0 computation 
L a t e r a l  switch gain 
Increment  to Q7 to  end kep le r  
T i m e  of flight calculation gain 
Max L / D  

L a t e r a l  switch b i a s  t e r m  

LAD c o s  (15') 

Up control L / D  
Final  P h a s e  L / D  
Acceptable tolerance to  s top  range i terat ion 
Final  phase range (-23500 Q3) 

Final phase d R / d V  

Longitude 

Interval between s t e e r i n g  updates  

b'inal phase  c l t { / ( lC ;A  R l i l l r l l ,  

Fina l  p h a s e  in i t i a l  G A R l h l A L  

h l i n i n - ~ u m  d r a g  fni. up c o n t r o l  

L i m i t  va lue  ( i f  \'COfIti 

h l in imum fiI)OT t o  c l o s e  loop  

Veloci ty  t o  s w i t c h  to  r e l a t i v e  veloci ty  

Min imum VIA 

Veloci ty  to s t o p  s t e e r i n g  

N o r m a l i z a t  ion fact  o r ,  a c c e l e r a t i o n  

A t m o s p h e r e  Sca le  Height 

N o r m a l i z a t i o n  f a c t o r ,  veloci ty  

Nomina l  e a r t h ' s  r a d i u s  ( e n t r y  only) 

Range a n g l e  to nau t i ca l  m i l e  f a c t o r  

Symbol 

C16 
C17 
C18 
c 1 9  
c 2 0  
CHOOK 
CHI 
CMAX 
KAFIX 
KB2 
K B 1  
KC 1 

KC 2 
KLAT 
KDMIN 
KTEI'A 
LAD 
LATBIAS 
I> / DC MIN R 
.LEWD 

LOD 
25NM 

Q2 

Q3 

DT 

Q5 

Q6 

Q7F 
VC 0 R L I h.1 
V RCONT R L  
VMIN 

VLhlIN 

VQ UIT 

cs 
HS 
VSAT 

R E  

ATK 

Value 

17.25ON 
170.  OOoE 

0 1  

0. 00497 
500 St/s 

40 S t / s / s  
175 f t / s / s  
0. 25 
0 . 7 5  

1% 
0. 2g 
0 .0034  

3 . 4  
0 .  8 
0 . 7  
0.0075 
0 . 5  f t / s / s  
1000 
0 . 3  

0.00012 
0.2895 
0 . 2  
0 18 

2 5 n  m 
-1002n m 
007nm 

/ f t / s  
2 sec 

7050 n. r n .  

0. 0'349 

6 f t / s / s  

700 f t / s  

1 2 , 8 8 3  f t /s  

1000 f t / s  

18 .000  f t / s  

1 , 0 0 0  f t / s  

32 2 f t / s / s  

2 8 , 5 0 0  ft 

2 5 , 7 6 6 .  197 
i t l s e c  

2 1 , 2 0 2 , 9 0 9  
ft  

3437 7468 
n m / r a d  
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2 200,000 
+ 
+ 
U 

.- 
c 

160,000 

I 20,000 

80.000 

~0,000 

0 

h 
. c , .  

0 PEAK DECELERATION 

- 
CQ 

+ 
L 

.- 
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FIGURE 19. ALTITUDE AND INERTIAL VELOCITY FOR THE NOMINAL TRAJECTORY 
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APPENDIX 

Notation 

A more complete list is given in Table 1-A following 
the reentry flow charts. 

cD 
cL 
D 
G 
H 

HS 
L 

LAD 
LEQ 

drag coefficient. 
life coefficient. 
drag acceleration, fps . 
gravitational acceleration, fps . 
spacecraft altitude, feet. 
atmosphere scale height, feet. 
vertical component of lift acceleration, fps . 
maximum possible value of L/D 
2 2 V /R - G, excess centrifugal acceleration, fps . 

2 
2 

2 

M spacecraft mass, slugs. 
R spacecraft distance from Earth center, feet. 
RE Earth radius, feet. 

2 S spacecraft frontal area, feet . 
V spacecraft velocity magnitude, fps. 
y spacecraft flight path angle, radians. 
p atmosphere density, slugs/ft . 3 

Entry Guidance Equations 

Following a presentation on the targetting scheme 
this section describes first the basic differential equations 
of motion for planar entry. Assumptions are made to permit 
simplifications in the equations which result in ease of 
handling. Finally the derived equations are compared to the 
equations used in the guidance computer. Use is made of 
material in the listed references. 

A. Targetting 

Targetting geometry may be described by referring 
to Figure Al. 
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v - v e h i c l e  i n e r t i a l  v e l o c i t y  v e c t o r .  
- v e h i c l e  p o s i t i o n  v e c t o r .  

DNI - u n i t  normal v e c t o r  t o  p l a n e  o f  mot ion .  

UETO- u n i t  v e c t o r  a l o n g  p o s i t i o n  v e c t o r  o f  l a n d i n g  s i t e ,  

UZ - u n i t  v e c t o r  a l o n g  Z a x i s .  
DTR - p r o j e c t i o n  o f  URTO o n t o  t h e  s i t e  l a t i t u d e  p l a n e .  
RTE - ( n o n - u n i t )  east  v e c t o r  on u n i t  s p h e r e .  
FTE = UZ x URTO 

c o r r e s p o n d i n g  t o  some r e f e r e n c e  t ime.  

VTR = RTE x Uz 

The t a r g e t  a t  any t ime ,  measured from t h e  r e f e r e n c e  
t ime,  may b e  w r i t t e n  i n  terms o f  U R T O ,  UTR and RTE as 

UFT = URTO + U'TR(COS WT-1) t RTE s i n  WT 

t h e  argument WT i s  t h e  e a r t h ' s  s ide rea l  r a t e  times t h e  t i m e  
between l i f t o f f  ( T = O )  and p r e d i c t e d  l a n d i n g .  

Dur ing  t h e  ear ly  p o r t i o n  of  t h e  f l i g h t  t h e  
approx ima t ion  used i s  

WT = W ( l O O 0  THETA t T ) .  

THETA i s  t h e  downrange angle- to-go i n  r a d i a n s .  Thus,  a p p r o x i -  
m a t e l y ,  t h e  fo rmula  assumes i t  takes  1 0 0 0  seconds  t o  t r a v e r s e  
1 r a d i a n  r a n g e  a n g l e .  ( S a t e l l i t e  v e l o c i t y  g i v e s  a n  e q u i v a l a n t  
c o n s t a n t  o f  815 seconds  p e r  r a d i a n  a t  2 5 0 , 0 0 0  f e e t  a l t i t u d e .  

I n  t h e  f i n a l  phase  i f  

V > 12,883 f p s  

t h e  approx ima t ion  used i s  
:RE THETA + T'; 

V WT = 
I 

RE = 2 1 , 2 0 2 , 9 0 9 .  f e e t ,  t h e  nominal  e a r t h  r a d i u s  f o r  
e n t r y  o n l y .  
11 ave rage"  e n t r y  a l t i t u d e .  ) 

(Rear th  + 277,171 f t ,  t h e  

If V < 12,883 f p s  t h e  t h e n  p r e s e n t  t a rge t  c o o r d i n a t e s  are  u s e d .  - 
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Down range- to-go  THETA, and cross range- to-go  LATANG 
are  g i v e n  b y  r 

and from 

s i n  (LATANG) 2 LATANG = URT UNI = c o s  ( g o  - L A T A N G )  

I n  Figure A 1  t h e  L A T A N G  shown i s  a n e g a t i v e  a n g l e .  Thus f o r  

LATANG > 0 t a r g e t  i s  t o  r i g h t  o f  p l a n e  o f  mot ion .  

LATANG < 0 t a r g e t  i s  t o  l e f t  of  p l a n e  of  mot ion .  

B. Equa t ions  of  Motion 

p r e s e n t e d  are  c e r t a i n  assumpt ions .  
Bas i c  t o  t h e  d i f f e r e n t i a l  e q u a t i o n s  of mot ion  t o  be 

- a s t a t i o n a r y  a tmosphere .  

- a s p h e r i c a l  e a r t h  and i n v e r s e  

- a n  e x p o n e n t i a l  a tmosphere .  

s q u a r e  g r a v i t y .  

The two e q u a t i o n s  f o r  p l a n a r  mot ion  are  

V = -D- G sin y 

v2 V y  =(r - G )  COS y +L 

Drag,  l i f t  and d e n s i t y  a r e  g i v e n  by 

1 2 L = - p V  
S 

'D - 
M 

cL 
M 

-H 
P = P o e  jq-g 

A d d i t i o n a l  e q u a t i o n s  used  are: 

d H  = R 
d t  
- 

R = V s i n  y 



- 
D 

L 

RQ 

i 
RANGE 

L I H  

- 
d t  

* I  R0 I 

i I  
i 

RANGE I 
I 

I 

H i  
e 

i 
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d RANGE - R 0  
d t  RE 

- -  

RO - V C O S  Y 
RE RE 
- -  

From e q u a t i o n s  3 ,  4 and 5 d i f f e r e n t i a t i o n  y i e l d s  

For  a l l  a n a l y s i s  y i s  assumed small s o  t h a t  

c o s  y = 1 

s i n  y = y ( o r  z e r o )  

It  i s  a l w a y s  assumed t h a t  G s i n  y can  be n e g l e c t e d  
w i t h  r e s p e c t  t o  D ,  and i n  many burt n o t  a l l  c a s e s  g r a v i t y  i s  
assumed t o  b a l a n c e  c e n t r i f u g a l  f o r c e .  

To p r o v i d e  a t i d y  set  o f  e q u a t i o n s  from which t o  
d e r i v e  a lmos t  a l l  o f  t h e  gu idance  e q u a t i o n s  t h e  above s e t  i s  
p u t  i n  a m a t r i x  form.  

r .  
0 0 0 0 

R 0 0 -- HS 
l 

0 ;  0 0 

0 

0 

0 1 

0 0 0 
I 

0 
L 

0 0 1 0 
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RANGE 

H 

- 6 -  

The above equation may be summarized as 

= [A] [Y] t [B] dt 

where 

cy1 

In some of the work the independent variable is changed. 
One may make use of the following: 

where from equation (13) 

= L  dR 
dt 
- 
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C. Derived Equations 

One can now proceed to the equations used in each 
phase of the guidance. 

1. Descent t o  pull-out (Pre-up Phase). The tasks are: 

- predict pull-out velocity V1. 
- predict pull-out acceleration AO. 
- predict range t o  pull-out. 

- guide the vehicle along a constant L/D trajectory 
to the desired pull-out conditions. 

A key assumption is that the vector [B] in equation 
14 is zero. 

(a) To determine V1. 

From equations 1 3  line 3 and equations 16 and 
19 one obtains 

Let 

= LAD, a constant. L 
D 

RQ = v .  

- 
and 

Integration to pull-out results in 

\VI = v t RDoT( LAD 
L J 

(b) To determine AO. 

From equation 13 line 1 
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With the same assumptions as above, one integrates 
to pull-out, 

. .  0 
r 

- A 0  

R d R  ( 2 5 )  1 
dD = HS LAD 

D J  RDOT 

to yield ..- 1 
‘ A 0  = D + - 1 2 H S  ( L A D )  RDOT2J  L 

The equations in HUNTEST are 
RDOT 

LAD VI = V + 0 . 8  - 

0 . 7  R D O T ~  2HS ( L A D )  A 0  = D +  

M I T / I L  has added the 0 . 8  and 0.7 factors. 

(c) To determine RANGE.  

From equation 13 line 5 

d RANGE - R B  1 
- R E  rn . d R  

Additional assumptions are: 

RQ = V, a constant. 

D = AO,  a constant. 

Integrating equation 29  results in: 

- R A N G E  p 
dR ( 3 2 )  V 1 d RANGE = RE LAD 

- 0 R ~ O T  

RDOT (33) v 
R E  LAD RANGE = - 

- 
This i s  the same as that used in the guidance except 

for ATK, the conversion factor from nm to radians. 

(d) To determine L/D. Assume V1 and A0 are known. 
The task of computing the commanded L / D  to fly to the 
desired pull-out is handled as follows: 
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Equation 23 and 26 may be used to specify the desired 
or reference values of D and RDOT at each instant prior to 
pull-out. These are designated DR and RDTR. - 

[RDTR = LAD(V~-V) ( 3 4 )  - c 

P e 

= A0 -1 RDOTR' 
Z H S  (LAD) 

I DR 
, .  

The guidance uses 

RDTR = LAD 0.8 ( V l - V )  

(35) 

0.7 RDTR~ (37) = 2HS (LAD) DR 

MIT/IL has added the 0.8 and 0.7 factors. 

The commanded L/D is then given by 

- LAD t C 16 (D - DR) -C 17(RDOT - RDTR) E -  
where c16 and Cl7 are gain constants added by MIT/IL. 

2. Pull-out to Exit Phase (Up Phase) 

Assume pull-out conditions V1 and A0 are known. The 
tasks are as follows: 

- predict the exit velocity and flight-path angle VL 
and GAMMAL. 

- p r e d i c t  t h e  range t o  e x i t .  

- guide to the exit condition. 
(a) To determine VL. 

Assume 

Again from equation 13 line 4 and equation 1 6  and 19 

dR - L 
- -5 d(R6) 

( 3 9 )  
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Now assume additionally 

= LEWD, a constant. b 
R 8  = V 

Integrating from pull-out to V, and R 

dR = -LEWD ,( dV 
0 JR v1 

R = LEWD (V1 - V) 
From equation 13 line 6 

Combine equations 43 and 44 and make 

Use is also made of equation 5 in 45 

use of 41. 

1 scD K1 = 7 p0  M (47) 

Equation 46 integrates to form 

(48) -HL/HS -Hl/HS 1 K1 HS (e -e 1 - v ~ t  l n V L =  - LEWD 
v1 

If Q7 is defined as the drag accelera$ion at exit 
H = HL, equation 48 becomes: 

-(1 - + In v1 - -- HS A 0  - Q7 V d 1  v1 
2 1  VL LEWD V12 

By expressing 

( 4 9 )  
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(expanding  and i g n o r i n g  h i g h e r  t h a n  f i r s t  o r d e r  t e rms) ,  
one a r r i v e s  a t  

Q7 V l  [E -1) = ALP (1 - z) ¶ 

2 

VL 
where ALP i s  g i v e n  by 

r- 7 

I 2A0 H S  ALP = I LEWD V12 L J 

Equa t ion  51  i s  a q u a d r a t i c  i n  Vl/VL which when 
s o l v e d  y i e l d s :  

[ALP(ALP-l)] Q7 + A L P ’  
A 0  

v1 
vL = 1-ALP 

The n e g a t i v e  s q u a r e  r o o t  i s  used  because  V L < V l .  
( E x i t  o c c u r s  a f t e r  p u l l - o u t ) .  

By d e f i n i n g  
FACT1 = v1 

1-ALP 
ALP(ALP-1) 

A 0  FACT2 = 

( 5 3 )  

( 5 4 )  

t h e  e q u a t i o n  f o r  VL may be w r i t t e n  as 

[ VL = FACT1 [ 1 - 7 /  FACT2 Q7 + ALP’]] . ( 5 5 )  

Equa t ions  5 2  and 55 are used i n  HUNTEST. 

( b )  To d e t e r m i n e  GAMMAL. 
Assume [ B ]  # [ O ]  
From e q u a t i o n  13 l i n e  4 

c 

F u r t h e r  new as sumpt ions  are 

RQ = v  
GR = V S A T ~ ,  a c o n s t a n t .  

L/D = LEWD, a cons t an t .  
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2 -H/HS R e c a l l i n g  D = K1 V e 

1 ( 6 0 )  dR - G 1 
dv V S A T ~  -H/HS [ 7 - - LEWD t - 

K1 e 

To make a u s e f u l  s u b s t i t u t i o n  f o r  e -H/HS, one 
f i rs t  writes i t  as 

Hl/HS eAH/HS = e  ( H 1  t AH)/HS = e  H/HS e 

where H1 i s  t h e  a l t i t u d e  where V = VS1*. One 
t h e n  assumes 

where t h e  s l o p e  a i s  t o  b e  d e t e r m i n e d .  The 
r e s u l t i n g  approx ima t ion  t h e n  takes  t h e  form 

H/HS ‘L Hl/HS e = e  

E q u a t i o n  6 2  i s  

Assume 

vs1 = 

E q u a t i o n  63 i s  

R 

dR = 

s u b s t i t u t e d  i n t o  60 t o  y i e l d  

VSAT. 

now i n t e g r a t e d  

r . . . . . d V  

( 6 3 )  

( 6 4 )  

( 6 5 )  

* H 1  and VS1 are t h e  names g i v e n  a l t i t u d e  and v e l o c i t y  a t  t h e  
t i m e  t h e  GAMMAL computa t ion  i s  made. The g u i d a n c e  d i r e c t s  
t h a t  VS1 u s e  t h e  minimum o f  V 1  and VSAT. 
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Following the integration the assumption is 
made that 

I 

‘VS1 - v 1/vs1 - V)* ( 6 6 )  vs1 , L * -  I - T i  vs1 I 

= -  vs1 - vi 
; vs1 ; In 1 1  - I  

After much manipulation the result takes the 
form 

t LEWD (VS1 - V) = Rvsl 
- G ‘ 1  t a(VS1 - V)’ (VS1 - VI2 . (67) DvslV :- 

The assumption is made that 

RVSl 0. 

Equation 67 then becomes 

From equation 10 with assumptions noted 
earlier 

dR = Vdy . 
Assuming 

V = VL a constant, 

equation 70 can be integrated as follows 

The lower limits of zero are consistent with 
the assumption of equation 68. Applying equation 
6 9  to 72 with the note that at 

R = RL V = VL. 



a 
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LEWD ( V S I  - V L )  
V L  GAMMAL = 

i J 

The f i rs t  term on t h e  r i g h t  i n  e q u a t i o n  ( 7 3 )  i s  
GAMMALl i n  H U N T E S T .  

To  e v a l u a t e  t h e  t e r m  i n  b r a c e s  assume V i s  
c o n s t a n t .  Then 

= Q7 -AH e -  D V S l  H S  

Using approx ima t ion  i n  e q u a t i o n  6 2 ,  

r 
= Q7 tl t a(VS1 - V L )  D V S l  

From t h i s  
I- 

... 
- Q7 i 

, a  = D V S l  
Q7 ( V s l  - V L )  ! 

- 

( 7 4 )  

( 7 5 )  

DVSl r ema ins  t o  be e v a l u a t e d .  

Note t h a t  t h e  q u a d r a t i c  e q u a t i o n  i n  (51 )  which 
y i e l d s  52 and 55 r e l a t e s  t h e  v e l o c i t y  V L  and 
a c c e l e r a t i o n  Q7 t o  t h e  p u l l - o u t  c o n d i t i o n s  V 1  and 
AO.  The e q u a t i o n  c l e a r l y  a p p l i e s  t o  any i n t e r -  
mediate p o i n t  between V1 and V L .  One can  t h e r e f o r e  
adapt e q u a t i o n  55 t o  t h e  form 

- - -__ 
V S 1  = F A C T l  [l - \ 'FACT2 DVSl + ALP) 7 ( 7 7 )  

and t h e r e f o r e  

) 2  - A L P  1 - F A C T l  - - 
I F A C T 2  I 

, D V S l  

Make t h e  f o l l o w i n g  d e f i n i t i o n s :  
A 
= DHOOK D V S l  
A 

DVL = vs1 - VL 
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The gu idance  e q u a t i o n s  wr i te  e q u a t i o n  76 as 

DHOOK - Q7 1 CHOOK i Q7 D V L /  AHOOK = ¶ 

where 

CHOOK = . 25  . 

One can  t h e n  w r i t e  t h e  c a l c u l a t i o n  f o r  
GAMMAL 

GAMMAL = GAMMALl 

- C H 1  GS DvL2 [l t AHOOK DVL] 
DHOOK VL2 

(81) 

(83 )  

( 8 3 )  

where 
a G - G S  - 

C H 1  above i s  a n  a d d i t i o n a l  f a c t o r  u sed  by t h e  
g u i d a n c e  e q u a t i o n s .  

If GAMMAL i s  n e g a t i v e  t h e  i n f e r e n c e  i s  t h a t  
t h e  v e h i c l e  w i l l  no t  e x i t .  It i s  t h e r e f o r e  
n e c e s s a r y  t o  d e t e r m i n e  t h e  V = V 2  a t  apogee ,  i . e . ,  
a t  GAMMAL = 0 .  T h i s  i s  t h e n  used  as t h e  VL. The 
r e s u l t  i s  o b t a i n e d  by a f i r s t  o r d e r  T a y l o r  
expansion. 

RL 

= vL - dV dRI V=VL vll.o v 2  = 

dR 
dV 
d i f f e r e n t i a t i n g  69 .  

i s  o b t a i n e d  n o t  f rom e q u a t i o n  63 b u t  by  
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The t h i r d  term on t h e  r i g h t  i s  n e g l e c t e d .  Using 
e q u a t i o n  86 and e q u a t i o n  87, 

= VL GAMMAL ( 8 7 )  

-,..- . I--- 
.. 

V L  = V L  + VL GAMMAL 
LEWD - [ ~ ~ ( V S I  - VL)* t 2(vs1 - VL)]:G i 

With a p p r o p r i a t e  s u b s t i t u t i o n s  e x c e p t  as n o t e d  
below 

I- ( 8 9 )  v2 = VL + VL GAMMAL 
LEWD - [ 3  AHOOK DVL2 t 2DVLI ' GS C H l j  

DHOOK VL i 

The gu idance  i n t r o d u c e s  C H 1  = 0 . 7 5  which would 
n o t  f o l l o w  d i r e c t l y  from 88.  

A new a c c e l e r a t i o n  a t  t h i s  V2 i s  computed i n  
t h e  manner d i s c u s s e d  p r i o r  t o  e q u a t i o n  77. 

( 9 0 )  
-I 

(1 - V2/FACT1)2 - ALP j 
FACT2 ,Q7  = 

I _. 

( c )  To d e t e r m i n e  RANGE. 
The a s sumpt ions  are 

RQ = V = VL,  a c o n s t a n t .  

R =  R L ,  a c o n s t a n t .  

from e q u a t i o n  1 3  l i n e  5 and 6 

VL dRANGE - dRANGE dH - 
d t  dH dt - R E  - 

= RL dH 
d t  
- 

1 - dRANGE - VL 
RE - 

dH 
RL 

(91) 

( 9 2 )  
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Integrating from pull-out t o  exit 

RANGE = vL - - AH 
RE I i  

L 
To express the increment in altitude in terms of  
V1, AO, Q7, VL consider 

-H1 
2 'DS HS e 1 A0 = 7 pV1 - M 

-HL 
2 'DS e 1 Q7 = 2 pVL - M 
AH 

e HS = e  HS - - A0/Vl2 
Q7/VL2 

- HL-H1 

AH = HS I n i  /A0/Vl2 \ 
Q7/VL2 ,I 

i 

Combining 96, 98, 87 and 73 

HS In 1 A0/Vl2 
RANGE = RE GAMMAL Q7,vL2 

The assumption is made that 

GAMMAL = GAMMALl 
L 

I HS In A0/Vl2 
j R A N G E  = RE GAMMALl 
L Q7/vL21 , 

(97) 

(98) 

(99) 

(d) To determine L/D. 
From the work earlier we have 

- .  -__ _________ 
VL = FACTl 11 -': FACT2 Q7 + ALP" . (55 )  

As previously noted this holds for any pair of V 
and D.along this phase. The V may be designated 
as the desired or reference VREF. 

! - - -  - 
I VREF = FACTl 11 -\'FACT2 D + ALP') 

A reference altitude rate is obtained from 
equation 69 assuming 

vs1 = v1 

and 

V = VREF 
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Appropriate substitutions are made f o r  DVS1, G 
and a, and CH1 is included. 

[RDOTREF = LEWD (V1 - VREF) I 
I 

VREF I I 
I ii 

2 1 t AHOOK (V1 - VREF); 1. - CHI GS(V1 - VREF) 1 DHOOK 
The guidance defines a variable gain 

D - Q7 
A0 - Q7 FACTOR = (106) 

and commands an L/D according to the deviations 
from the referenced V and R. 

= LEWD - KB2 FACTOR YKBl FACTOR (RDOT - RDOTREF) b 

KB1 = 3.4 

KB1 and KB2 are MIT/IL specified gain constants. 

3 .  Constant Drag Phase. 

During the descent to pull-out, trajectory planning 
may predict an overshoot of 25 nm or more. The assumption 
is then that the anticipated pull-out velocity is too 
large and must be reduced. The guidance calls for flying 
a constant-drag trajectory until, at some subsequent pass 
through the guidance calculations, the predicted miss 
becomes less than 25 nm. The value of reference drag DO, 
is designated in the planning phase (HUNTEST) as the 
minimum of A0 an$ Cl9. Thus DO is set equal to A0 but not 
less than 40 fps . 

From equation 13 line 1 

Assume, in equation 13 line 
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Along the constant-drag trajectory 

D = DO and D = 0. Hence 

This is the reference altitude rate in the guidance. 
Equation 13 line 4 reads 

' v2 - G I  GR - 11 L = -  dR 
dt 

\ I 
and from 109 

The lift is then 

( 8 )  

The guidance, defining G v2 GR -1, as LEQ, commands 
L/D as 

(k,  = --LEQ t C16 (D-DO) - C17 RDOT t 2HS DO' I (112) 

It may be seen that the first term on the right of 
equation 111 has been neglected. 

4.  Range Prediction 

Range calculations f o r  all but the ballistic phase 
are included in the sections on those phases. This 
section describes the Keplerian range computation. It 
then describes the method f o r  incrementing pull-out 
velocity V1, should an excessive undershoot be predicted. 

(a) Ballistic Phase. To determine ASKEP. 
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The t e c h n i q u e  i s  t o  compute 2 f ,  where f i s  t h e  t r u e  
anomaly h a s  1 8 0 ~ .  The p o l a r  form o f  t h e  c o n i c  p a t h  
i s  g i v e n  by  

R 
1 t e cos  f R =  

P 

o r  

R = k  
1 - e c o s  f 

From p r e v i o u s  work 

R = V s i n  y 

and 

= v cos  y . 
Rf P 

The a n g u l a r  momentum and s e m i - l a t u s  r ec tum f o r  
t h e  p o l a r  c o n i c  are g i v e n  by  

h = R 2 h p  = RV C O S  y 

and  

Combine 115 and 116  t o  form 

Make the f o l l o w i n g  d e f i n i t i o n s :  

GR = V S A T ~  

= V/VSAT 

The e q u a t i o n  f o r  R/R may t h e n  be w r i t t e n  as 

2 = T2 cos y R 
T h i s  w i l l  b e  used  l a t e r .  
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D i f f e r e n t i a t i n g  e q u a t i o n  113  r e s u l t s  i n  

R (1 + e cos f ) = e R  f s i n  f . 
P P P 

Make a p p r o p r i a t e  s u b s t i t u t i o n s  t o  y i e l d  

R V s i n  y = eTT c o s  y s i n  f . 
P 

T h e r e f o r e  
R s i n  f' = - t a n  y P e R  

From 113 

R 
(1 - $ 1 c o s  f = - - P e 

The above two e q u a t i o n s  may be combined. 

By making u s e  of e q u a t i o n  117 t h i s  r e d u c e s  t o  

e2 = 1 - 2 v2 cos 2 y t v -4 cos  2 y . 
From e q u a t i o n  1 1 4  

It t h e n  follows, t h a t  - -  . 

Equa t ion  119 i s  used  t o  compute ASKEP when t h e  
f o l l o w i n g  s u b s t i t u t i o n  i s  made: 

(118) 

e 

R 
E l i m i n a t i n g  e and i n  t h e  numera to r  by u s i n g  

e q u a t i o n s  117  and  118, one a r r i v e s  a t  
' --L -1 ' V  c o s  y s i n  y i  

e I f = s i n  l 

v2 = VBARS = VL2 9 

V S A T ~  
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and t h e  f a c t o r  o f  2 i s  used  t o  g i v e  t h e  f u l l  b a l l i s t i c  
r a n g e  r a t h e r  t h a n  t h e  range from apogee.  

( b )  To d e t e r m i n e  VCORR. 
The f i rs t  p a s s  th rough  t h e  p l a n n i n g  stage HUNTEST, 
g e n e r a t e s  a V l O L D  

V l O L D  = V 1  + c18 

V l O L D  = V 1  + 500.  

F o r  t h e  f i r s t  i t e r a t i o n ,  t h e  increment  i n  V 1 ,  c a l l e d  
VCORR, i s  t a k e n  as 500 f p s .  Checks are made on VCORR 
as f o l l o w s :  

a )  VCORR i s  l i m i t e d  1 , 0 0 0  f p s .  

b )  If V L  t VCORR > VSAT t h e  increment  i s  c u t  i n  h a l f ,  
Subsequent  p a s s e s  th rough  t h e  l o o p  use  

VCORR = (120) 

T h i s  i s  a d i r e c t  l i n e a r  e x t r a p o l a t i o n  t o  a DIFF (miss)  
o f  z e r o .  

DIFF 

v1 

5.  F i n a l  Phase 

( a )  To d e t e r m i n e  RANGE-TO-GO. 
The r a n g e  t o  go d u r i n g  t h e  f i n a l  p h a s e  i s  o b t a i n e d  from 
a ser ies  expans ion  about  t h e  s t o r e d  r e f e r e n c e .  
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RANGE = R A N G E / r e f .  + AR (121) 

AD 
r e f .  

T h i s  i s  c a l l e d  PREDANGL i n  t h e  gu idance .  

( b )  To de te rmine  L/D. 
The increment  i n  r ange  as a f u n c t i o n  o f  v e r t i c a l  component 
o f  l i f t  as g i v e n  by 

The e r r o r  between range c a p a b i l i t y  PREDANGL and 
r e q u i r e d  r ange  THETNM t h e n  i s  n u l l e d .  

PREDANGL + ARANGEl = THETNM. 

L THETNM - PREDANGL 
A(j=j) = aRANGE 

T h i s  i nc remen t  i s  added t o  t h e  r e f e r e n c e  5 t o  
g i v e  t h e  command va lue .  

T h i s  r ange  p r e d i c t i o n  i s  needed f o r  t r a j e c t o r y  p l a n n i n g .  
Range i s  expanded i n  a s e r i e s  abou t  t h e  nominal  w i t h  V 
and  GAMMAL as t h e  pa rame te r s .  

( e )  To de te rmine  Range P r e d i c t i o n .  

RANGE I r e f .  
RANGE ( V ,  GAMMAL) = 

VREF=23,500 
GAMMAL=2' 

' aGAMMAL aRANGE I AGAMMAL 
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This reduces to 

-GAMMAL) aRANGE 
aGAMMAL/ (GAMMAL) 

ref. 'ref. 

This is the form of the equation in RANGE PREDICTION. 

6. Glimiter 

, The section checks existing and predicted accelerations 
for the case where sensed acceleration is between 5 and 10 g. 
A calculation is made of the altitude rate which will result 
in log acceleration if full lift up is commanded. From 
earlier work 

dR dR dH 
dt dH dt - = -  

combining the above leads to 
. .  
RdR = (LEQ t L) dH . 

Assume V is constant and replace L by its function of  
altitude and integrate. 

- ( H - H l )  i 2  H? 
r . . 

, RdR = (LEQ t L1 e HS )dH 
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ri22 -I;12 = 2 HS LEQ lnls) -2HS (L2 - L 1 )  
( 1 2 8 )  

This equation enables R2 to be predicted from R 1  in 
going from L 1  to L 2 .  

The maximum acceleration maybe obtained by differ- 
entiating the equation for D and setting it to zero. This 
was shown in the section on constant drag t o  result in: 

Thus when D is specified as the maximum acceleration GMAX 
the corresponding I? is given by 

Equation 1 2 9  is combined with 128, 

L 2 
i12 = j 2HSVGMAX) - 2HS LEQ ln(...) 

t 2HS (LMAX - L )  

L For a constant 5 

L = (L/D) D 
LMAX = (L/D) GMAX 
L/LMAX= D/GMAX 

Using the above equations in equation 130 results in 

L-LMAX \ (131) 2 

- 2HS LE& In 1” LMAX ,! 

2HS GMAX i12 = ( ) 
t 2HS I(5) ‘ L  GMAX - ( 5 ) D !  L . 

\ I 

Approximating the In term by the first term in its series 
expansion 
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;112 = ' 2HS GMAX l 2  t 2HS LE& (1 - D ) 
I V  I GMAX 

f 2HS(k) (GMAX - D) 

Finally rearranging terms 

L 1  i12 = 2HS (GMAX - D )  [a f . 
J ( 1 3 2 )  

2 '2HS GMAX , 

\ v f 

- 
The above equation with set to LAD = 0.3 is the 

form for computing the altitude rate which results in GMAX. 
(The guidance uses X = t -1. 

If the then present altitude rate RDOT is such that 

the guidance calls for a lift up proportional to the differ- 
ence plus sufficient L/D to balance the LEQ term. 
subsequent missions this proportional scheme is eliminated 
in favor of full lift up. 

In 


