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GUIDANCE OF A LOW L/D VEHICLE ENTERING THE EARTH'S ATMOSPHERE 

I AT SPEEDS UP TO 50,000 FEET PER SECOND 

I 

By Henry C .  Lessing and Robert E .  Coate 
Ames Research Center 

SUMMARY , 

A guidance scheme has been developed f o r  use during t h e  atmospheric 
r e e n t r y  phase of a f ixed-tr im,  roll-modulated,  (L/D),, = 0.5 veh ic l e .  The 
scheme i s  b a s i c a l l y  a r e fe rence  t r a j e c t o r y  type  o f  guidance. 
v e l o c i t y  a f i x e d  r e fe rence  t r a j e c t o r y  i s  used,  bu t  during t h e  m o s t ' c r i t i c a l  
po r t ion  of t h e  r e e n t r y  a t  supe rc i r cu la r  speeds t h e  guidance cont inuously 
recomputes a r e fe rence  t r a j e c t o r y  dependent on t h e  s ta te  of t h e  veh ic l e .  

Below c i r c u l a r  

The scheme i s  capable  of handling v e l o c i t i e s  ranging from s a t e l l i t e  ' 
r e e n t r y  t o  t h o s e  expected a t  r e t u r n  from t h e  manned Mars mission which 
u t i l i z e s  t h e  Venus swing-by mode ( 5 O , O O O  f e e t  pe r  second) .  

, IT; i s  shown t h a t  f o r  parabol ic  and h igher  v e l o c i t i e s ,  t h e  guidance 
scheme i s  capable  of c o n t r o l l i n g  t h e  v e h i c l e  t o  ranges of 1,500 t o  11,000 
n a u t i c a l  mi l e s .  Reentry at angles  corresponding t o  t h e  extremes of  t h e  cor- 
r i d o r  def ined  by t h e  v e h i c l e  c a p a b i l i t y  can be handled i n  t h e  presence of 
l a r g e  v a r i a t i o n s  of atmosphere d e n s i t y  and r e a l i s t i c  con t ro l  dynamics. 

' 

INTRODUCTION 

The guidance of aerospace v e h i c l e s  r equ i r e s  information regard ing  t h e  
f u t u r e  consequences on t h e  veh ic l e  t r a j e c t o r y  of  a given c o n t r o l  a c t i o n ,  
information which i s  a v a i l a b l e  through so lu t ion  of  t h e  equat ions  of  motion. 
Schemes which have been proposed f o r  aerospace v e h i c l e  guidance i n  t h e  E a r t h ' s  
atmosphere can be l o o s e l y  c l a s s i f i e d  according t o  t h e  manner i n  which t h e s e  
s o l u t i o n s  are obta ined .  Most schemes f a l l  i n t o  one of t h r e e  broad c a t e g o r i e s ,  
namely : 

(1) Numerical s o l u t i o n s  of t h e  nonl inear  equat ions  of motion, 
( 2 )  Closed-form a n a l y t i c a l  s o l u t i o n s  of s i m p l i f i e d  equat ions of  motion, 
( 3 )  Approximate numerical  s o l u t i o n s  i n  t h e  neighborhood of an exac t  

precomputed numerical  s o l u t i o n  (nominal t r a j e c t o r y )  of  t h e  
equat ions  of mot ion .  

Examples of guidance schemes r e p r e s e n t a t i v e  of  t h e s e  ca t egor i e s  are given i n  
r e fe rences  1 through 3,  r e s p e c t i v e l y .  



c 

The guidance scheme of ca tegory  1 i s  based upon r a p i d  and repea ted  
so lu t ions  of t h e  equat ions of motion on board t h e  v e h i c l e .  There are many 
advantages of t h i s  t ype  of guidance accruing from t h e  l a r g e  amount of t r a j e c -  
t o r y  information which i s  generated i n  a d d i t i o n  t o  t h a t  s p e c i f i c a l l y  r e l a t e d  
t o  reaching t h e  d e s t i n a t i o n .  
with t h i s  type  of guidance a r e e n t r y  v e h i c l e  can be maneuvered t o  ranges as 
g rea t  as one-half t h e  E a r t h ' s  circumference i n  t h e  presence of r e a l i s t i c  con- 
s t r a i n t s ,  such as atmospheric dens i ty  v a r i a b i l i t y  and v e h i c l e  c o n t r o l  
dynamics. The primary disadvantage l i e s  i n  t h e  need f o r  r a t h e r  ex tens ive  and 
e l abora t e  computing equipment. 

It has  been demonstrated i n  re ference  1 t h a t  

An example of guidance of t ype  2 i s  given i n  r e fe rence  2 .  Closed-loop 
guidance schemes of t h i s  t y p e  have not  been i n v e s t i g a t e d  as thoroughly as 
those  based on t h e  o the r  two c a t e g o r i e s ,  and not  much can be s a i d  regard ing  
t h e i r  c a p a b i l i t y .  

Guidance based upon a nominal t r a j e c t o r y  (ca tegory  3 )  genera tes  much l e s s  
information than  i s  a v a i l a b l e  from t h e  r e p e t i t i v e  s o l u t i o n  t y p e  of guidance,  
and i n  t h i s  r e spec t  i s  less  d e s i r a b l e .  However, i t s  r e l a t i v e  s i m p l i c i t y  makes 
it much b e t t e r  s u i t e d  t o  t h e  c o n s t r a i n t s  imposed by t h e  on-board computer. An 
app l i ca t ion  of t h i s  scheme which has  demonstrated a p o t e n t i a l  c a p a b i l i t y  f o r  
guidance t o  one-half t h e  E a r t h ' s  circumference i s  given i n  r e fe rence  3. How- 
e v e r ,  f u r t h e r  i n v e s t i g a t i o n  of t h i s  scheme has revea led  s u b s t a n t i a l  d e t e r i o r a -  
t i o n  o f  i t s  c a p a b i l i t y  when a d d i t i o n a l  c o n s t r a i n t s  not  considered i n  
r e fe rence  3 were imposed, such as e r r o r  i n  one of t h e  s t a t e  v a r i a b l e s  used f o r  
guidance information,  r e a l i s t i c  c o n t r o l  dynamics, and g r e a t e r  v a r i a t i o n s  of 
atmospheric dens i ty .  

The present  guidance scheme w a s  developed as a r e s u l t  of t h e s e  f i n d i n g s .  
Bas i ca l ly  t h e  scheme remains one of nominal t r a j e c t o r y  guidance,  and t h u s  
preserves  t h e  r e l a t i v e  computational s i m p l i c i t y  a s soc ia t ed  wi th  t h i s  t y p e .  
Below c i r c u l a r  v e l o c i t y  a f i x e d  r e fe rence  t r a j e c t o r y  i s  used ,  as i n  r e f e r -  
ence 3. The guidance during t h e  most c r i t i c a l  po r t ion  of t h e  t r a j e c t o r y  a t  
supe rc i r cu la r  speeds w a s  made v a r i a b l e  i n  t h a t  a new re fe rence  t r a j e c t o r y  w a s  
cont inuously recomputed dependent on t h e  s t a t e  of t h e  v e h i c l e .  By t h i s  means 
t h e  shortcomings of t h e  previous system were overcome. 

NOTAT I O N  

A aerodynamic a c c e l e r a t i o n ,  g u n i t s  

A '  

CD drag c o e f f i c i e n t  

FA 

a A &  
av ' f t / s e c  

guidance ga in  ( e q .  (1) ) , g-I 

-I 

FA ' guidance ga in  ( e q .  (1)), (*) 
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guidance ga in  (eq .  (l)), (n.m.)- '  

a c c e l e r a t i o n  due t o  g r a v i t y  a t  E a r t h ' s  su r f ace  

a l t i t u d e ,  f t  

l i f t - d r a g  r a t i o ,  dimensionless 

v e h i c l e  r e fe rence  a r e a ,  f t 2  

t i m e ,  sec  

v e l o c i t y  r e l a t i v e  t o  r o t a t i n g  atmosphere, f t / s e c  

i n e r t i a l  v e l o c i t y ,  f t / s e c  

v e h i c l e  weight a t  E a r t h ' s  su r f ace ,  lb 

range t o  d e s t i n a t i o n  at t i m e  of i n i t i a l  r e e n t r y ,  n a u t i c a l  miles (n.m.)  

t r a v e r s e d  range,  n a u t i c a l  miles (n.m.)  

range t o  go,  xf - xT,  n a u t i c a l  mi les  (n.m.) 

s k i p  range,  n a u t i c a l  mi les  (n.m.1 

f l i g h t - p a t h  angle  r e l a t i v e  t o  t h e  r o t a t i n g  Ea r th ,  p o s i t i v e  f o r  
i nc reas ing  a l t i t u d e ,  deg 

v e h i c l e  roll angle ,  deg 

Subscr ip ts  

C command va lue  

e e x i t  from atmosphere 

i i n i t i a l  va lue  

r r e fe rence  va lue  

t ime d e r i v a t i v e ,  - d (  1 
d t  ( - 1  
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REQUIREMENTS AND CONSTRAINTS 

The guidance scheme w a s  developed and eva lua ted  i n  accordance wi th  t h e  
following requirements and c o n s t r a i n t s  regard ing  t h e  v e h i c l e ,  t ype  of 
s imula t ion ,  and guidance c a p a b i l i t y .  

The veh ic l e  w a s  assumed t o  be a l i f t i n g  capsule  with a f i x e d  angle  of 
a t t a c k ;  i t s  range con t ro l  was e f f e c t e d  by c o n t r o l l i n g  t h e  v e r t i c a l  component 
of l i f t  by varying t h e  veh ic l e  roll angle .  The c h a r a c t e r i s t i c s  of t h e  vehi- 
c l e ,  assumed coEstan t ,  were ( W / C D S )  = 50 l b / f t 2 ,  and a maximum 
R o l l  of t h e  veh ic l e  w a s  assumed t o  be c o n t r o l l e d  by means of' an on-off type  of 
con t ro l  system s imi la r  t o  t h a t  of r e fe rence  4 .  
r o l l  dynamics were as fo l lows:  

L/D = 0 . 5 .  

The c h a r a c t e r i s t i c s  of t h e  

M a x i m u m  r o l l  a c c e l e r a t i o n  +10°/sec2 
Maximum roll r a t e  t20°/sec 
R o l l  ra te  deadband +2O/sec 
R o l l  angle  deadband +40 

0 Time responses of t h e  veh ic l e  roll angle  t o  s t e p  inpu t s  of  90' and 180 
shown i n  f i g u r e  1. 

a r e  

The s imula t ion  incorporated a s p h e r i c a l  r o t a t i n g  Ea r th ;  however, f o r  t h i s  
i nves t iga t ion  t h e  veh ic l e  t r a j e c t o r y  w a s  r e s t r i c t e d  t o  t h e  e q u a t o r i a l  p l ane ,  
with the  v e h i c l e  f l y i n g  i n  t h e  d i r e c t i o n  of Ear th  r o t a t i o n .  The 1959 ARDC 
atmosphere model ( r e f ,  5 )  w a s  used as t h e  s t anda rd ,  and t h e  extremes of t h e  
dens i ty  v a r i a b i l i t y  from t h i s  s tandard  which were assumed a r e  shown i n  
f i g u r e  2 .  These dens i ty  extremes were taken from r e fe rence  6 .  

The c a p a b i l i t y  of t h e  guidance scheme should be determined p r imar i ly  by 
t h e  c a p a b i l i t y  of t h e  v e h i c l e ;  it i s  p r e f e r a b l e ,  of course ,  t h a t  t h e  guidance 
not unduly r e s t r i c t  t h e  v e h i c l e  from ope ra t ing  under t h o s e  cond i t ions  which 
a r e  reasonable  o r  d e s i r a b l e  from t h e  s tandpoin t  of mission success .  The range 
of en t ry  angles  f o r  t h e  assumed atmospheres i s  presented  i n  f i g u r e  3 f o r  
v e l o c i t i e s  of 30,000 t o  60 ,000  f e e t  pe r  second. The shal low angle  l i m i t  shown 
(cap tu re  boundary) i s  t h a t  f o r  which it i s  p o s s i b l e  for t h e  v e h i c l e  t o  a t t a i n  
s u f f i c i e n t  aerodynamic fo rce  t o  be a b l e  t o  remain t h e r e a f t e r  i n  t h e  atmos- 
phere.  The s t e e p  angle  l i m i t  shown i s  def ined  as t h e  s t e e p e s t  angle  f o r  
which t h e  v e h i c l e  i s  capable of not  exceeding a s p e c i f i e d  aerodynamic acce le r -  
a t i o n ,  taken he re  t o  be 1 0  g .  These l i m i t s  a r e  shown i n  f i g u r e  3 f o r  t h e  
s tandard atmosphere and f o r  t h e  assumed d e n s i t y  extremes. It w a s  f u r t h e r  
assumed t h a t  no information regard ing  atmospheric d e n s i t y  w i l l  be  a v a i l a b l e  
p r i o r  t o  r e e n t r y ,  and it i s  t h e r e f o r e  necessa ry ,  i n  o rde r  to assu re  cap tu re  
and t o  assure  compliance with t h e  maximum a c c e l e r a t i o n  c o n s t r a i n t ,  t o  use t h e  
most r e s t r i c t i v e  l i m i t s  shown. The pe rmis s ib l e  range of e n t r y  angles  r e s u l t -  
ing  from t h i s  assumption i s  then  given by t h e  crosshatched po r t ion  of t h e  
f i g u r e .  

The range c a p a b i l i t y  requirement f o r  t h e  guidance was s e t  e s s e n t i a l l y  
equal  t o  t h e  c a p a b i l i t y  achieved by t h e  guidance scheme of r e fe rence  3 ;  

4 
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I 
1 , 5 0 0  t o  11 ,000  n a u t i c a l  mi l e s ,  wi th  an accuracy a t  t h e  d e s t i n a t i o n  of +_lo 
n a u t i c a l  mi l e s .  These l i m i t s  are more than  adequate t o  s a t i s f y  t h e  c o n s t r a i n t  
of a s i n g l e  recovery s i t e .  

The f i n a l  c o n s t r a i n t  imposed on t h e  guidance w a s  t h a t  it must ope ra t e  i n  
t h e  presence of an unce r t a in ty  of  alinement of t he  i n e r t i a l  measurement u n i t  
on board t h e  v e h i c l e ,  t h a t  i s ,  an unce r t a in ty  of t h e  knowledge of t h e  l o c a l  
v e r t i c a l .  One consequence of t h i s  unce r t a in ty  i s  inaccura t e  knowledge of t h e  
a l t i t u d e  ra te  of t h e  v e h i c l e ,  one of t h e  s t a t e  v a r i a b l e s  which w a s  used 
f o r  guidance information i n  t h e  scheme of re ference  3. Reference 7 i n d i c a t e s  
t h a t  even wi th  advanced o p t i c a l  means, an unce r t a in ty  of  t h e  o rde r  of 0.2O i s  
p o s s i b l e .  A t  pa rabo l i c  speed t h i s  produces an unce r t a in ty  i n  a l t i t u d e  r a t e  of 
t h e  order  of 100 f e e t  pe r  second, a magnitude of e r r o r  which t h e  guidance o f  
r e f e rence  3 w a s  unable t o  handle .  A s  noted previous ly ,  t h e  present  i nves t iga -  
t i o n  w a s  undertaken as a r e s u l t  of t h e  d e t e r i o r a t i o n  of  t h e  c a p a b i l i t y  of  t h a t  
scheme when ope ra t ing  under t h e  c o n s t r a i n t s  d e t a i l e d  i n  t h i s  s e c t i o n .  The 
guidance scheme developed t o  overcome t h e s e  shortcomings i s  descr ibed  i n  t h e  
next s e c t  ion .  

6 

Descr ip t ion  of  Guidance Scheme 

The u n c e r t a i n t y  a s soc ia t ed  wi th  a l t i t u d e  r a t e  i s  obviously t h e  r e s u l t  of 
i n s u f f i c i e n t  accuracy i n  t h e  r e s o l u t i o n  of a small component of t h e  l a r g e  
v e l o c i t y  vec to r .  
l i m i t s  which make s i g n i f i c a n t  improvement i n  t h e  r e s o l u t i o n  accuracy somewhat 
doub t fu l ,  and t h e  g r e a t e r  r e e n t r y  v e l o c i t i e s  which w i l l  be  a s soc ia t ed  with t h e  
more d i s t a n t  p l ane ta ry  missions seve re ly  compounds t h e  problem. One of t h e  
more obvious s o l u t i o n s  t o  t h e  problem i s  t o  use f o r  guidance information those  
s t a t e  v a r i a b l e s  which do not  r e q u i r e  accu ra t e  angular  r e s o l u t i o n  f o r  t h e i r  
de te rmina t ion .  
or thogonal  components of a c c e l e r a t i o n  and t h e  appropr i a t e  angles  of t h e  ine r -  
t i a l  measurement u n i t .  The magnitude of  t h e  angular  u n c e r t a i n t y  does not pre-  
vent acceptab ly  accu ra t e  c a l c u l a t i o n  o f  ve loc i ty  V and range x and, of 
course ,  has no e f f e c t  on t h e  c a l c u l a t i o n  of acce le ra t ion  magnitude A. One 
f u r t h e r  q u a n t i t y  which can be c a l c u l a t e d  simply and accu ra t e ly  from t h e s e  
q u a n t i t i e s  by t h e  on-board computer i s  t h e  r a t e  of change of a c c e l e r a t i o n  with 
v e l o c i t y ,  A ' .  These a r e  t h e  s t a t e  v a r i a b l e s  chosen f o r  u se  i n  t h e  present  
guidance scheme. With v e l o c i t y  t h e  independent v a r i a b l e ,  t h e  c o n t r o l  equat ion 
a s s o c i a t e d  wi th  t h e s e  v a r i a b l e s  has t h e  general  form 

Reference 7 i n d i c a t e s  t h a t  t h e r e  a r e  probably phys ica l  

The primary measurements made on board t h e  v e h i c l e  a r e  t h r e e  

where 

It i s  understood t h a t  i n  genera l  each term i s  a func t ion  of V ,  and it i s  
f u r t h e r  understood t h a t  equat ion (1) r e f e r s  t o  t h e  v e r t i c a l  component of t h e  

5 



l i f t - d r a g  r a t i o ,  t h e  only component of s i g n i f i c a n c e  i n  t h e  present  i nves t iga -  
t i o n .  The command roll angle  of t h e  v e h i c l e  i s  thus  determined from 
equation (1) by I 

Figure 4 presen t s  a po r t ion  of an acce le ra t ion -ve loc i ty  t r a c e  of a 
r ep resen ta t ive  t r a j e c t o r y  d iv ided  i n t o  var ious  numbered phases .  The guidance 
scheme w i l l  be  descr ibed i n  terms of t h e  q u a n t i t i e s  of equat ion (1) used i n  
each phase.  A l i s t  of t h e s e  guidance q u a n t i t i e s ,  as w e l l  as t h e  switching 
condi t ion which i n i t i a t e s  each phase,  i s  given i n  t a b l e  I .  A block diagram of  
t h e  complete guidance i s  presented  i n  f i g u r e  5 .  

The c o n t r o l  l o g i c  f o r  t h e  f i r s t  t h r e e  phases i n  f i g u r e  4 i s  concerned 
only w i t h  i n su r ing  t h e  aerodynamic cap tu re  of t h e  spacec ra f t  and compliance 
with t h e  maximum a c c e l e r a t i o n  c o n s t r a i n t  ( 1 0  g ) ,  and i s  t h e r e f o r e  extremely 
simple. The c o n t r o l  l o g i c  f o r  phase 1 i s  simply f u l l  up or down l i f t  depend- 
ing  on whether t h e  i n i t i a l  f l i g h t - p a t h  angle  
some des igna ted  switching va lue  y,. That i s ,  

yi  i s  s t eepe r  or shal lower than  

where f o r  
(L/D), = +0.5 Y i  ' Ys 

Y i  > Ys (L/D), = -0.5 

It w i l l  be noted t h a t  t h i s  i s  t h e  only phase f o r  which t h e  c o n t r o l  a c t i o n  
depends on f l i g h t - p a t h  angle .  A s  w i l l  be d iscussed  subsequent ly ,  f o r  most of 
t h e  v e l o c i t i e s  i n v e s t i g a t e d ,  t h e r e  i s  a range of y i  va lues  f o r  which it i s  
immaterial  whether t h e  l i f t  vec to r  i n i t j a l l y  i s  f u l l  up or f u l l  down; t h e  
unce r t a in ty  i n  y which w i l l  r e s u l t  from i n e r t i a l  measurement u n i t  al inement 
u n c e r t a i n t i e s  p r i o r  tb  r e e n t r y  thus  e s s e n t i a l l y  has no e f f e c t  on guidance 
c a p a b i l i t y .  

The r ays  shown i n  f i g u r e  4 d e l i n e a t e  t h e  switching condi t ions  f o r  
i n i t i a t i n g  t h e  l o g i c  of t h e  subsequent phases .  Once a given phase has  been 
i n i t i a t e d ,  t h e r e  i s  no r e t u r n  t o  t h e  l o g i c  of a previous phase.  The switching 
condi t ions  which i n i t i a t e  phases 2 ,  3 ,  and 4 a r e  given by 

A = -0.0000577 (V - 24,000) ( 4 1 

and 

r e spec t ive ly .  

A = -0 .000333 (V - 25,000) 

A = -0.00125 (V - 25,000) 

The purpose of  each r ay  i s  t o  i n i t i a t e  t h e  l o g i c  of t h e  succeeding 
guidance phase so as  t o  provide t h e  g r e a t e s t  p o s s i b l e  guidance c a p a b i l i t y  over 
t h e  g rea t e s t  poss ib l e  range of r e e n t r y  v e l o c i t i e s .  The p o s i t i o n  of each r ay  
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i 
w a s  a compromise between t h e  requirements t h u s  generated and t h e  d e s i r e  t o  
maintain t h e  s i m p l i c i t y  of a s i n g l e  s lope  f o r  each r ay .  

I During phase 2 t h e  c o n t r o l  equat ion i s  given by 

where 

FA' = 1000 

and 

A; = 0.0027 

This  va lue  of A$ i s  in te rmedia te  t o  t h e  two extremes experienced by 
t h e  v e h i c l e  on t h e  capture  and 1 0  g boundaries ,  and so c o n t r o l s  t h e  veh ic l e  
t o  ensure cap tu re ,  and t o  enable  phase 3 l o g i c  t o  prevent  t h e  veh ic l e  from 
exceeding t h e  a c c e l e r a t i o n  c o n s t r a i n t .  I n  phases 2 ,  3,  and 4 ,  t h e  ga in  l e v e l  
shown w a s  experimental ly  determined on t h e  b a s i s  of  veh ic l e  response and 
s t a b i l i t y .  

The c o n t r o l  equat ion f o r  phase 3 i s  

( L / D ) ,  = ( L / D ) ,  + FAIA' 

1 where 
I 

I FA' = 1000 

I ( L / D ) ,  = -0 .2 

~ 

This  phase simply maintains  t h e  veh ic l e  a t  a constant  a c c e l e r a t i o n  l e v e l  u n t i l  
s u f f i c i e n t  v e l o c i t y  has been l o s t  t o  i n i t i a t e  t h e  l o g i c  of phase 4. 

The guidance l o g i c  u t i l i z e d  i n  t h e s e  f i r s t  t h r e e  phases i s  extremely 
s imple ,  s i n c e  i t s  func t ion ,  as mentioned, i s  s o l e l y  t h a t  of i n su r ing  capture  
and compliance wi th  t h e  maximum a c c e l e r a t i o n  c o n s t r a i n t .  
i s  somewhat more complex as t h e  accuracy of long-range guidance i s  d i r e c t l y  
dependent on t h e  c o n t r o l  a c t i o n  taken during t h i s  phase.  

The l o g i c  of phase 4 

I n  o rde r  t o  achieve guidance t o  long ranges,  it i s  gene ra l ly  necessary ,  
i n  t h e  case  of  t h e  low L/D type  of spacecraf t  being cons idered ,  f o r  t h e  
v e h i c l e  t o  e x i t  from t h e  s e n s i b l e  atmosphere. The range which w i l l  be tra- 
versed  during such a "skip" i s  a func t ion  of two v a r i a b l e s  a t  t h e  t ime t h e  
v e h i c l e  l eaves  t h e  atmosphere, t h e  v e l o c i t y  and f l i g h t - p a t h  angle  o r  any 
equiva len t  p a i r  of v a r i a b l e s .  For a given atmosphere and given v e h i c l e ,  t h e s e  
v a r i a b l e s  can be r e l a t e d  t o  two of t h e  va r i ab le s  used i n  t h e  present  guidance 
scheme, namely, v e l o c i t y  and r a t e  of change of a c c e l e r a t i o n  with v e l o c i t y .  

Since A' = A = 0 when t h e  veh ic l e  i s  ou t s ide  t h e  s e n s i b l e  atmosphere, 
s k i p  range must be r e l a t e d  t o  A '  whi le  the  veh ic l e  i s  s t i l l  i n  t h e  atmos- 
phere ;  t h a t  i s ,  while  measurable increments o f  a c c e l e r a t i o n  and v e l o c i t y  a r e  
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still occurring. The present guidance scheme utilizes skip range determined 
for various values of A& (A' 
ity, Ve. Skip range was defined as the 
distance traversed by the vehicle with L/D = 0 from the condition A =  -0.2 g 
during atmosphere exit to h = 100,000 feet at the second reentry. The reason 
for this choice of A will be discussed subsequently. The exit velocity Ve 
is defined as shown in the sketch, which represents the low acceleration 
portion of phase 4 (see fig. 4). 

at A = -0.2 g) and various values of veloc- 
These data are presented in figure 6. 

I 
Tan 8 = - A 0  

A 

-0.2 - 

v 
During the critical skip-out portion (phase 4) of the reentry, the data 

0 v0 

of figure 6 are used as the basis for a guidance which continually computes a 
nominal trajectory which is dependent upon the instantaneous state of the 
vehicle, and which causes the vehicle to exit at the conditions necessary to 
achieve the desired skip range. Since the range traversed during the skip is 
a function only of the exit conditions Ve and A&, the specific path in the 
A,V plane traced by the vehicle in achieving the proper exit conditions is 
immaterial; a linear variation of acceleration with velocity is the simplest 
and will be used in the results to be presented. More complex curves may be 
useful in some instances in order that the trajectory satisfy some desired 
auxiliary conditions. The vehicle is commanded to follow the nominal 
trajectory by means of the control equation 

(L/D), = (L/D), + F ~ ~ ( A '  - A;) (9) 
where 

FA' = 1000 

(L/D), = -0.1 
The slope A; 
nominal trajectory being used) 

of the nominal trajectory is given by (for the "linear" 

A (10) AI! = v - ve 
Throughout phase 4, in order to compute the correct value of Ve for use 

in equation (lo), it is necessary to know the distance the vehicle will be 
required to skip when it exits from the atmosphere. If xf is the total 
range, XT is the range the vehicle will have traversed at the time it leaves 
the atmosphere, and Xm is the range to the destination desired to remain at 
the end of the skip for the purpose of terminal maneuvering (chosen as 100 
nautical miles), then the required or command skip distance is equal to 
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(11) - 
X s c  - Xf  - XT - Xm 

With t h e  command sk ip  range and a c t u a l  va lue  of A '  known, it i s  poss ib l e  t o  
determine an approximate va lue  of Ve 
t h a t  A' = A;, t h a t  i s ,  t h a t  t h e  present  va lue  of A '  w i l l  be  maintained t o  
t h e  e x i t  condi t ion .  Equation (10) then  determines t h e  nominal t r a j e c t o r y  
s lope  A$ f o r  use  i n  t h e  c o n t r o l  equat ion ( 9 ) .  A s  t h e  v e h i c l e  maneuvers i n  
response t o  t h e  commands of equat ion (9), a new va lue  of i s  cont inuously 
computed corresponding t o  t h e  ins tan taneous  value of A ' .  This  process  con- 
t i n u e s  u n t i l  t h e  va lue  of A '  converges t o  the  s lope  of t h e  " l i n e a r "  nominal 
t r a j e c t o r y  connecting t h e  ins tan taneous  values  of A and V t o  t h e  computed 
va lue  of Ve which i s  s p e c i f i e d  a t  zero acce le ra t ion .  This  i s  t h e  nominal 
t r a j e c t o r y  which, if followed, w i l l  cause t h e  veh ic l e  t o  e x i t  a t  t h e  condi- 
t i o n s  necessary t o  achieve t h e  command sk ip  range. I n  t h e  absence of d i s tu rb -  
ances ,  and i f  t h e  c a l c u l a t i o n  of XT i s  accura te ,  no f u r t h e r  co r rec t ions  t o  
Ve 
r e s t  of phase 4. 

from t h e  d a t a  of f i g u r e  6 by assuming 

Ve 

w i l l  be made, and t h e  nominal t r a j e c t o r y  w i l l  remain unchanged during t h e  

The d a t a  of f i g u r e  6 w e r e  put  i n  a form s u i t a b l e  f o r  use  i n  t h i s  guidance 
scheme by f i t t i n g  it wi th  t h e  equat ion 

x s  = a + bAk + d(Akl2 
P 

and t h e  c o e f f i c i e n t s  a ,  b ,  and d s t o r e d  as a func t ion  of Ve ( t a b l e  11). 
lhe v a r i a t i o n  of t h e s e  c o e f f i c i e n t s  with Ve i s  shown i n  f i g u r e  7 .  The sub- 
s c r i p t  p ( f o r  p red ic t ed  s k i p  range)  i n  equation (12) i s  used t o  denote t h e  
f a c t  t h a t  t h e  va lues  t h u s  computed are accura te  only f o r  t h e  "standa?d" atmos- 
phere (and given v e h i c l e )  and f o r  va lues  of 
mately -0.0006. Equations (11) and ( 1 2 )  a r e  used i n  t h e  continuous 
computation of Ve according t o  

n- 

A &  more negat ive  than  approxi- 

The ga in  K of t h e  loop formed by t h i s  computation scheme i s  not  c r i t i c a l ;  it 
was chosen t o  in su re  a s u f f i c i e n t l y  r a p i d  r a t e  of convergence and s t i l l  main- 
t a i n  loop s t a b i l i t y .  Because of t h e  high r a t e  of convergence, t h e  i n i t i a l  
va lue  of V e  i s  a l s o  immater ia l .  

The use  of t h e  d e f i n i t i o n  given 
some means be a v a i l a b l e  f o r  p r e d i c t i n g  t h e  range t o  be t r a v e r s e d  to t h e  e x i t  
cond i t ion  during t h e  e n t i r e  phase 4. 
c a t i o n  and w a s  not  used. 
t r a v e r s e d ;  t h e  s k i p  range 
t h e  range t o  t h e  d e s t i n a t i o n  cont inuously decreased. A s  a r e s u l t ,  t h e  nominal 
t r a j e c t o r y  a l s o  v a r i e d  cont inuously,  converging, of  course ,  t o  t h e  e x i t  
cond i t ions  a c t u a l l y  necessary  as t h e  vehic le  l e f t  t h e  atmosphere. 

xT 

Actual ly ,  t h i s  i s  an unnecessary compli- 
w a s  def ined  as t h e  instantaneous range 

in  equat ion (11) would r e q u i r e  t h a t  

In s t ead ,  xT 
xsc thus  commanded v a r i e d  throughout phase 4 as 

Two d i f f i c u l t i e s  regard ing  t h e  l o g i c  of phase 4 a r e  as fo l lows:  
it can be seen from equat ion ( 1 0 )  t h a t  as t h e  v e h i c l e  i s  c o n t r o l l e d  t o  t h e  
nominal t r a j e c t o r y  and t h e  atmosphere e x i t  condi t ion  i s  approached, then  
A -+ 0 ,  V + V e ,  and A; 
t h e  v e h i c l e  equals  V 5  ( = V e l ,  t h e  con t ro l  l o g i c  of phase 5 i s  i n i t i a t e d .  

F i r s t ,  

becomes indeterminate .  Second, when t h e  v e l o c i t y  of 
It 
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w i l l  be r e c a l l e d  t h a t  equat ion ( 1 2 )  accu ra t e ly  r e p r e s e n t s  sk ip  range only f o r  
values of A '  more nega t ive  than  about -0.0006. However, as noted previously,  
A '  + 0 as A + 0 ,  and t h e r e f o r e  i n c o r r e c t  va lues  of Ve w i l l  always be com- 
puted by equat ion (13 )  as t h e  v e h i c l e  leaves t h e  atmosphere. To avoid t h e  
erroneous maneuvering and l o g i c  switching which r e s u l t s  from t h e s e  d i f f i c u l -  
t i e s ,  t h e  va lues  of were he ld  cons tan t  a t  t h e i r  l a s t  computed 
value as t h e  aerodynamic a c c e l e r a t i o n  became more p o s i t i v e  than  -0.2 g .  

A; and Ve 

L -  

Phase 5 i s  t h a t  p a r t  of t h e  t r a j e c t o r y  from V = V 5  t o  h = 100,000 f e e t  
Only t h e  i n i t i a l  p a r t  of t h i s  phase i s  ind ica t ed  i n  f i g u r e  4. 

A f ixed  nominal t r a j e c t o r y  i s  used f o r  c o n t r o l  information.  

a l t i t u d e .  
con t ro l  equat ion used during t h i s  phase of t h e  t r a j e c t o r y  i s  t h e  f u l l  equa- 
t i o n  (1). The 
t r a j e c t o r y  i s  e s s e n t i a l l y  t h a t  used i n  r e fe rence  3 ,  which i s  a r e l a t i v e l y  high 
s k i p  type  of t r a j e c t o r y ,  c h a r a c t e r i s t i c  of most of t h e  t r a j e c t o r i e s  produced 
by the  present  guidance scheme. The feedback ga ins  were computed on t h e  b a s i s  
of l i n e a r  pe r tu rba t ion  theory  as descr ibed  a l s o  i n  r e fe rence  3 .  The ga ins  and 
nominal s t a t e  v a r i a b l e s  a r e  presented  i n  t a b l e  I11 as func t ions  of v e l o c i t y ,  
t h e  independent v a r i a b l e  of equat ion (1). 

The 

Because t h e  guidance as descr ibed  causes  t h e  v e h i c l e  t o  s k i p  out of t h e  
atmosphere, one would expect t h a t  some modi f ica t ion  must be made i n  order  t o  
achieve shor t  ranges .  The most d i f f i c u l t  r e e n t r y  condi t ion  from which t o  
achieve short-range guidance occurs  a t  t h e  cap tu re  boundary f o r  t h e  reduced 
dens i ty  condi t ion .  Figure 8 p r e s e n t s ,  f o r  condi t ions  on t h i s  boundary, a com- 
par i son  of t h e  minimum range c a p a b i l i t y  of t h e  v e h i c l e  wi th  t h a t  ob ta inab le  
wi th  the  s k i p  guidance j u s t  descr ibed .  The v e h i c l e  c a p a b i l i t y  was determined 
by maintaining a 1 0  g a c c e l e r a t i o n  l e v e l  from t h e  e a r l i e s t  po in t  i n  t h e  t ra-  
j e c t o r y  permi t ted  by veh ic l e  r o l l  dynamics. The minimum range t h u s  a t t a i n a b l e  
depends d e c i s i v e l y ,  of course ,  on how c l o s e  t h e  t r u e  cap tu re  boundary i s  
approached. To t h e  accuracy with which t h e  boundary w a s  determined f o r  t h i s  
i nves t iga t ion  ( t h e  c l o s e s t  O . l o )  t h e s e  r e s u l t s  apply.  The comparison shows 
t h a t  considerable  improvement i s  poss ib l e  i n  short-range guidance c a p a b i l i t y .  

The modi f ica t ion  made t o  achieve short-range c a p a b i l i t y  w a s  a simple 
change t o  t h e  l o g i c  of phase 4; whereas ranges g r e a t e r  t han  2,500 n a u t i c a l  
mi les  were achieved by varying 
acce le ra t ion ,  Ab, a t  t h a t  v e l o c i t y ,  ranges less  than  2,500 n a u t i c a l  mi les  were 
achieved by maintaining a cons tan t  va lue  of 
acce le ra t ion  (=A5) a t  t h a t  v e l o c i t y  according t o  t h e  d e s i r e d  range .  The two 
modes of opera t ion  a r e  

V 5  ( = V e )  and main ta in ing  a zero va lue  of 

V g  (=23,586 f t / s e c )  and vary ing  

\ (14) v 5  = v, > 2,500 n a u t i c a l  mi l e s :  As = 0 Xf  - 

xf < 2,500 n a u t i c a l  mi l e s :  A 5  = -11.125 + 0.00375 xf V 5  = 23,586j 

A s  ind ica ted  i n  f i g u r e  8 ,  a cons tan t  switching cond i t ion  of 2,500 n a u t i c a l  
mi l e s  can be maintained a t  t h e  lower v e l o c i t i e s  only through r e e n t r y  a t  angles  
s t e e p e r  than t h e  capture  boundary; a t  30,000 f e e t  p e r  second t h e  c o r r i d o r  l o s s  
amounts t o  0.1'. 
c o r r i d o r  a t  t h e  lower v e l o c i t i e s .  

This l o s s  i s  probably inconsequen t i a l  because of t h e  l a r g e  
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Guidance System Performance 

Examples of t r a j e c t o r i e s  r e s u l t i n g  from r e e n t r i e s  i n t o  an atmosphere of 
s tandard  dens i ty  a t  angles  corresponding t o  t h e  reduced d e n s i t y  atmosphere 
cap tu re  boundary f o r  v e l o c i t i e s  of 30,000 t o  50,000 f e e t  pe r  second a r e  pre-  
sen ted  i n  f i g u r e  9 .  F igure  9 ( a )  shows t h e  rays  denot ing t h e  simple switching 
c r i t e r i a  descr ibed  i n  t h e  previous s e c t i o n ,  and t h e  r e s u l t i n g  acce le ra t ion -  
v e l o c i t y  h i s t o r i e s .  These t r a j e c t o r i e s  correspond t o  t h e  minimum and maximum 
ranges obta inable  with t h i s  guidance scheme; 1,500 and 11,000 n a u t i c a l  mi les  
f o r  t h e  higher  v e l o c i t i e s ,  1,500 and 8,000 n a u t i c a l  mi les  f o r  t h e  30,000 f e e t  
pe r  second r e e n t r y .  These short-range t r a j e c t o r i e s  a r e  shown i n  t h e  s m a l l  
i n s e t  t o  f i g u r e  9 ( b ) .  Figure 9 ( a )  shows t h e  v a r i a t i o n s  i n  t h e  acce le ra t ion -  
v e l o c i t y  h i s t o r i e s  caused by t h e  phase 4 l og ic  f o r  t h e s e  range extremes. 
c l a r i t y ,  t h e  a c c e l e r a t i o n  h i s t o r i e s  a r e  shown only f o r  v e l o c i t i e s  above V 5 .  

For 

The 8,000 naut ica l -mi le  t r a j e c t o r y  i s  the  only t r u e  maximum f o r  t h e  
guidance scheme as formulated;  increased  range c a p a b i l i t y  f o r  t h e  e n t r i e s  a t  
h igher  v e l o c i t y  can be accomplished simply by extending t h e  s t o r e d  c o e f f i c i -  
e n t s  of t a b l e  I1 ( f i g .  7 )  t o  t h e  value of 
increased  s k i p  range des i r ed .  No change i n  the  l o g i c  would be necessary.  
Increas ing  t h e  range c a p a b i l i t y  f o r  a r e e n t r y  v e l o c i t y  of 30,000 f e e t  pe r  
second would r e q u i r e  a change i n  l o g i c ;  t h e  switching c r i t e r i a  shown r e s u l t s  
i n  va lues  of aer.odynamic a c c e l e r a t i o n  which remove s u f f i c i e n t  k i n e t i c  energy 
from t h e  v e h i c l e  t o  prevent it from a t t a i n i n g  i t s  f u l l  range p o t e n t i a l  a t  t h i s  
e n t r y  angle .  

Ve necessary  t o  genera te  t h e  

The e f f e c t  of atmosphere dev ia t ions  on long-range t r a j e c t o r y  shape i s  
i l l u s t r a t e d  i n  f i g u r e  1 0  f o r  r e e n t r y  a t  parabol ic  v e l o c i t y .  The i n i t i a l  angle  
aga in  corresponds t o  t h e  capture  boundary fo r  reduced d e n s i t y .  The primary 
e f f e c t  of d e n s i t y  dev ia t ions  i s  on t h e  maximum s k i p  a l t i t u d e  as shown i n  
f i g u r e  1 0 ( b ) ,  and t h i s  only f o r  reduced dens i ty .  
d e n s i t y  were r e l a t i v e l y  minor. 

The e f f e c t s  of increased  

A comparison of 11 ,000  naut ica l -mi le  t r a j e c t o r y  shapes f o r  r e e n t r i e s  i n t o  
a s tandard  atmosphere a t  angles  corresponding t o  t h e  reduced dens i ty  cap tu re  
boundary and t h e  increased  d e n s i t y  1 0  g boundary i s  made i n  f i g u r e  11 f o r  
pa rabo l i c  i n i t i a l  v e l o c i t y .  Large d i f fe rences  i n  minimum sk ip  a l t i t u d e  and 
a c c e l e r a t i o n  l e v e l  a r e  ev ident .  
t h e  extremes of t h e  c o r r i d o r  r e q u i r e  i n i t i a l  c o n t r o l  a c t i o n  of f u l l  nega t ive  
lift a t  t h e  cap tu re  boundary and f u l l  p o s i t i v e  l i f t  a t  t h e  10  g boundary. For 
a range of angles  in te rmedia te  t o  t h e s e  t w o  extremes t h e  i n i t i a l  c o n t r o l  
a c t i o n  should be a r b i t r a r y .  This  region of a r b i t r a r y  i n i t i a l  con t ro l  a c t i o n  
i s  shown i n  f i g u r e  1 2 .  Also shown i s  t h e  r een t ry  c o r r i d o r  from f i g u r e  3 .  The 
upper boundary of t h e  shaded region w a s  def ined as t h e  angle  f o r  which t h e  
v e h i c l e  could r e e n t e r  a reduced dens i ty  atmosphere wi th  f u l l  p o s i t i v e  l i f t  and 
be  s u c c e s s f u l l y  guided t o  ranges of 1 , 5 0 0  t o  1 1 , 0 0 0  n a u t i c a l  mi les  f o r  t h e  
h igher  v e l o c i t i e s ,  and from 1 ,500  t o  8,000 n a u t i c a l  mi l e s  a t  30,000 f e e t  pe r  
second. For pa rabo l i c  and g r e a t e r  v e l o c i t i e s ,  t h e  lower boundary of t h e  
shaded r eg ion  w a s  def ined  as t h e  angle  at which t h e  v e h i c l e  could r e e n t e r  an 
atmosphere of i nc reased  dens i ty  with f u l l  nega t ive  l i f t  and not  exceed an 

A s  shown i n  f i g u r e  l l ( a ) ,  t h e s e  e n t r i e s  from 
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acceleration level of 10 g. Full range capability of 1,500 to 11,000 nautical 
miles was automatically satisfied. At velocities less than parabolic, however, 
the maximum range requirement became the controlling factor, as indicated by 
the sharp break in the boundary. In regard to the previous discussion of the 
logic of phase 1, it can be seen that the switching value y s  of the initial 
flight-path angle can be designated to lie anywhere within the shaded region 
of figure 12. At a velocity of 5O,OOO feet per second the boundaries have 
crossed; that is, at this velocity there is no region of arbitrary control 
action, and, in fact, there exists the possibility of reaching an acceleration 
level somewhat in excess of 10 g (if the atmosphere happens to have increased 
density) because full negative lift is necessary (in case the atmosphere 
happens to have reduced density) to insure full range capability. 
designing the switching logic for a reentry velocity associated with a spe- 
cific mission, or slightly increasing the complexity of the logic could remove 
this possibility. 
momentary condition and is probably of little importance. 

Either 

In any event, the excess acceleration (if it occurs) is a 

Guidance and vehicle capability for velocities of 30,000 to 50,000 feet 
per second are compared in figure 13. It can be seen that at 30,000 feet per 
second the guidance is able to utilize virtually full vehicle capability for 
ranges less than 8,000 nautical miles. At the higher velocities the vehicle 
range capability is greater than half the Earth's circumference for all angles 
within the reentry corridor and thus are not shown: guidance to ranges of half 
the circumference of the Earth was the desired goal, and this was achieved. 
The range capability of the guidance can be increased simply be extending the 
storage of the skip range coefficients, as has been discussed. 

It was shown in reference 3 that almost full vehicle capability at 
satellite velocity was possible with the phase 5 logic of the present guidance 
scheme. Figure 13 shows that the spectrum of reentry velocities which the 
guidance scheme is able to handle extends to velocities the vehicle will reach 
on return from the manned Mars mission which utilizes the Venus swing-by mode 
(ref. 8). 

CONCLUDING REMARKS 

A guidance scheme has been developed which is applicable to a low L/D 
type of capsule reentering the Earth's atmosphere. 

The scheme is capable of handling velocities ranging from satellite 
reentry to those expected at return from the manned Mars mission which 
utilizes the Venus swing-by mode. 

For parabolic and higher velocities, the guidance scheme is capable of 
controlling the vehicle to ranges of 1,500 to 11,000 nautical miles. Maximum 
range capability of the system can be extended easily. 

12 



Reentry at  angles  corresponding t o  t h e  extremes of t h e  co r r ido r  def ined  
by t h e  v e h i c l e  c a p a b i l i t y  can be handled i n  t h e  presence of l a r g e  v a r i a t i o n s  
of atmosphere d e n s i t y  and r e a l i s t i c  c o n t r o l  dynamics. 

Ames Research Center 
Nat ional  Aeronautics and Space Administration 

Moffett  F i e l d ,  Ca l i f . ,  March 4 ,  1965 
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TABLE I.- GUIDANCE QUANTITIES FOR BLOCK DIAGRAM OF FIGURE 5 

Guidance 
phase 

(See fig. 4) 

1 

4 

5 

2 

3 

Switching condition 

A = -O.O000577(V -24,000) 

A = -O.O00333(V - 25,000) 

A = -o.o0125(v - 25,000) 

V = V5 (See eqs. (14)) 

Guidance quantities 

See figure 12 
(L/D), = +0.5 

(L/D), = -0.5 

FA = FA! = F, = 0 

(L/D), = -0.2 

FA = F, = 0 

FAT = 1,000 

A; = 0 
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TABLE 11.- QUADRATIC COEFFICIENTS FOR SKIP RANGE COMPUTATION 

14,500 

18,200 

20,200 

22,200 

23,000 

23,400 

23,600 

23,800 

23 , 950 

24,000 

24,050 

24,100 

24,150 

24,200 

24,250 

a 

458 

458 

577 

696 

744 

670 

633 

596 

1,286 

1,962 

3,132 

5,034 

7,886 

10,765 

13,873 

bx10-6 

-0.03688 

- .O3688 

- .14188 

- -50563 

-1.05264 

-1.96194 

-2.85194 

-4.20889 

-5.18833 

-5.21569 

-4.81292 

-3.72805 

-1.71708 

.27875 

2.50687 

d x 1 0 - 8  

1 .055  

1 * 055 

1.101 

1.148 

.815 

- .786 

-2.836 

-6.572 

-10.033 

-10.649 

-10.304 

-8.364 

-4.196 

-. 125 
4.523 



TABLE 111.- PHASE 5 NOMINAL TRAJECTORY CONTROL VARIABLES 

v 
>23,586 

23,586 

22,000 

19,000 

15,000 

10,400 

6,000 

4,000 

0 

0 

0 

-1.80 

-3.45 

-4.40 

-4.70 

-4.15 

-3.40 

-1.50 

FA 

0 

0 

- .009 

- .027 

-. 050 
- .070 

- .230 

-1.120 

-1.120 

0 

.00145 

.00080 

.00037 

.00015 

0 

-. 00027 
-. 00045 
-. 00100 

FA ' 

12 5 

12 5 

129 

136 

145 

170 

260 

810 

810 

X 
TGr 

4 31 

4 31 

363 

234 

139 

66 

22 

7 

0 

FX 

0 

0 

0 

.001 

.002 

.007 

.038 

.197 

.197 
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