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PLANNED RENDEZVOUS TECHNIQUE FOLLOWING 

LM ABORT FROM POWERED DESCENT 

By Jerome A. B e l l  

SUMMARY 

The la tes t  rendezvous technique i s  presented f o r  a LM t h a t  a b o r t s  
from powered descent from PDI t o  PDI-plus-600-seconds. 
i nco rpora t e s  r ecen t  changes t o  t h e  LM software approved by t h e  Software 
Control Board; namely, v a r i a b l e  i n s e r t i o n  t a r g e t i n g  l o g i c ,  and an op t ion  
t o  c o n t r o l  t h e  p o s i t i o n  of  t h e  CDH maneuver by having it occur h a l f  a 
pe r iod  from CSI and p l ac ing  t h e  des i r ed  r a d i a l  v e l o c i t y  a t  i n s e r t i o n  
i n t o  e ra sab le  memory. 

The technique 

These changes have s impl i f i ed  t h e  rendezvous technique for both 
t h e  LM and CSM rendezvous. 

INTRODUCTION 

Several  LM software changes f o r  Apollo Mission G have been approved 
by t h e  Software Control Board s ince t h e  pub l i ca t ion  of t h e  r e fe rence .  
These changes s impl i fy  t h e  abort  and rescue p l ans  f o r  a LM abor t  from 
powered descent .  

The major change t o  t h e  LM AGS and t h e  PGNCS software has been 
t h e  a d d i t i o n  of t h e  v a r i a b l e  i n s e r t i o n  t a r g e t i n g  l o g i c  f o r  LM a b o r t s  
during powered descent .  The inclusion of t h i s  l o g i c  i n t o  t h e  LM s o f t -  
w a r e  provides t h e  following advantages f o r  most of t h e  powered descent 
phase : 

1. Allows t h e  LM t o  rendezvous from below t h e  CSM and always t o  
achieve t h e  nominal d i f f e r e n t i a l  a l t i t u d e  of 1 5  n.  m i .  

2 .  Maintain approximately t h e  nominal t ime l ine  between LM inser-  
t i o n  and rendezvous. 

3. Simplify CSM rescue by reducing t h e  t i m e  and number of burns 
r e q u i r e d ,  and by making t h e  maneuver sequence i d e n t i c a l  t o  t h a t  f o r  a 
LM rendezvous. 



2 

Other approved changes which improve not  only t h e  nominal rendez- 
vous b u t  a l s o  contingency rendezvous during t h i s  phase of  t h e  l u n a r  
mission are t h e  opt ion t o  c o n t r o l  t h e  p o s i t i o n  of t h e  CDH maneuver by 
(1) 
r a d i a l  v e l o c i t y  a t  i n s e r t i o n  i n t o  e ra sab le  memory, t h u s  providing t h e  
c a p a b i l i t y  t o  i n s e r t  with o the r  t h a n  a 0' f l i g h t - p a t h  angle .  

having it occur h a l f  a per iod from CSI, and ( 2 )  p l ac ing  t h e  d e s i r e d  

The l a t e s t  rendezvous technique planned i f  t h e  LM a b o r t s  from 
powered descent i s  presented i n  t h i s  document. 
prel iminary,  t h e  bas i c  technique w i l l  not change. The p r e c i s e  d a t a  which 
w i l l  be  presented i n  t h e  Mission G ope ra t iona l  abor t  and rescue p l an  w i l l  
depend upon both t h e  f i n a l  descent p r o f i l e  and t h e  answers t o  some 
quest ions t h a t  are, as y e t ,  unresolved. 
t a r g e t i n g  of both t h e  PGNCS and AGS are given i n  t h e  appendix. 

Although t h e  d a t a  i s  

The equations f o r  t h e  v a r i a b l e  

SYMBOLS 

AGS abort  guidance system 

CDH constant  d i f f e r e n t i a l  height  maneuver 

CSI c o e l l i p t i c  sequence i n i t i a t i o n  maneuver 

C SM command and s e r v i c e  modules 

LM lunar  module 

PDI powered descent i n i t i a t i o n  

PGNC S primary guidance, nav iga t ion ,  and c o n t r o l  subsystem 

TPF t e rmina l  phase f i n a l i z a t i o n  maneuver 

TPI terminal  phase i n i t i a l i z a t i o n  maneuver 

RENDEZVOUS PROFILE FOLLOWING LM ABORT FROM POWERED DESCENT 

LM Rendezvous 

The ob jec t ive  i n  e s t a b l i s h i n g  t h e  LM rendezvous procedures following 
an abor t  from powered descent i s  t o  r e t a i n  as much of t h e  nominal 
rendezvous p r o f i l e  as poss ib l e  ( e . g . ,  t h e  t i m e l i n e  between i n s e r t i o n  
and rendezvous, a c o e l l i p t i c  d i f f e r e n t i a l  a l t i t u d e  of 1 5  n .  m i . ) .  
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An a n a l y s i s  has shown t h a t  t h i s  o b j e c t i v e  i s  f e a s i b l e  from PDI t o  
approximately PDI-plus-600-seconds (about 90 seconds p r i o r  t o  nominal 
touchdown) by i n s e r t i n g  t h e  LM d i r e c t l y  i n t o  a phasing o r b i t .  
i s  feasible p r imar i ly  because t h e  r e l a t i v e  p o s i t i o n  of t h e  CSM with 
r e s p e c t  t o  t h e  LM (phase ang le )  changes as a func t ion  of t i m e  i n t o  
powered descent so t h a t  t h e  required performance from t h e  LM i s  reduced 
as t h e  LM c a p a b i l i t y  i s  reduced. 

This p l a n  

(See f i g u r e  1.) 

I n  o r d e r . t o  rendezvous from below, t h e  LM must be t r a i l i n g  t h e  CSM 
a t  CDH. Therefore ,  f o r  e a r l y  aborts  i n  which t h e  LM i n s e r t s  ahead of 
t h e  CSM, t h e  LM must be i n  a high enough o r b i t  both a f te r  i n s e r t i o n  and 
after CSI t o  be  a t  t h e  proper r e l a t i v e  p o s i t i o n  a t  CDH. S i m i l a r l y ,  f o r  
l a t e  a b o r t s  i n  which t h e  LM i s  t r a i l i n g  t h e  CSM a t  i n s e r t i o n ,  t h e  LM 
must be i n  an o r b i t  from which it w i l l  be a b l e  t o  ca t ch  up t o  t h e  CSM. 

One po in t  should be made a t  t h i s  t i m e .  The LM w i l l  be constrained 
so  as not t o  i n s e r t  i n t o  an o r b i t  with an apocynthion lower than 30 n.  m i .  
If an abor t  l a te r  than  PDI-plus-600-seconds with an apocynthion lower 
than  30 n. m i .  i s  computed, t h e  nominal Ah and poss ib ly  even t h e  nominal 
rendezvous t i m e  must be abandoned. 
up t o  PDI-plus-600-seconds are considered. 

However, f o r  t h i s  document only a b o r t s  

The LM i n s e r t i o n  o r b i t  depends d i r e c t l y  on t h e  maneuver p o i n t s  for 
t h e  remainder of t h e  rendezvous (CSI ,  CDH, TPI, TPF). It has been 
d e f i n i t e l y  e s t a b l i s h e d  t h a t  TPI should occur a t  t h e  second CSM passage 
of  t h e  midpoint of darkness following LM i n s e r t i o n .  
e s t a b l i s h e d  t h a t  CDH should occur h a l f  an o r b i t a l  per iod from CSI. The 
problem t h a t  now remains i s  t h e  loca t ion  of  t h e  CSI maneuver. 

It has a l s o  been 

It has  been determined f o r  the nominal mission t h a t  about 50 minutes 
i s  needed from i n s e r t i o n  t o  CSI t o  a l low f o r  a l l  t h e  r equ i r ed  crew 

. a c t i v i t i e s  and t h a t  t h i s  t i m e  i s  about t h e  l a t e s t  t i m e  t h a t  can be 
allowed i f  ample t i m e  i s  t o  be provided between CDH and TPI (about 
35 minu tes ) ;  it has a l s o  been recognized t h a t  CSI should occur a t  apo- 
cynthion i n  o rde r  t o  conserve RCS f u e l .  
requirements i s  t h a t  t h e  i n s e r t i o n  AV has a r a d i a l  component i n  order  
t o  s h i f t  apocynthion back t o  insertion-plus-50-minutes. 

The r e s u l t  of t h e s e  two 

For rendezvous following abort  from powered descent ,  t h e  ques t ion  
arises as t o  whether CSI should be performed a t  a f i x e d  t ime from 
i n s e r t i o n  o r  at t h e  apocynthion of t h e  i n s e r t i o n  o r b i t .  
v a l i d  t o  assume t h a t  a constant  value of r a d i a l  i n s e r t i o n  v e l o c i t y  w i l l  
e x i s t  i n  t h e  software even though t h e  apocynthion a l t i t u d e  of t h e  in se r -  
t i o n  o r b i t  w i l l  vary from about 130 n .  m i .  t o  30 n. m i .  , t h e  consequences 

Since it i s  
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o f  having CSI at apocynthion would be t h a t  CSI could occur e i t h e r  much 
ear l ier  or later than  50 minutes from i n s e r t i o n  depending on t h e  value 
of  t h e  r a d i a l  component, and would crowd e i t h e r  t h e  i n s e r t i o n  t o  CSI 
or t h e  CDH-to-TPI t ime l ine .  The value t h a t  w a s  s e l e c t e d  f o r  t h e  r a d i a l  
AV component was 19.5 f p s ,  which i s  based on t h e  LM passing through 
apocynthion 50 minutes a f t e r  i n s e r t i o n  when t h e  LM i s  i n  a 30-n. m i .  
apocynthion a l t i t u d e  o r b i t .  

The i n s e r t i o n  v e l o c i t y  and subsequent rendezvous parameters based 
on a CSI at 50 minutes a f te r  i n s e r t i o n  are shown i n  f i g u r e s  2 through 4. 
It can be  seen from f i g u r e  3 t h a t  t h e  CDH maneuver w i l l  have a r a d i a l  
component (AV ) varying between 150 f p s  and 0 f p s ,  depending on t h e  

t ime of abort .  It i s  a l s o  seen t h a t  t h e  minimum t i m e  between CDH and 
TPI i s  about 34 minutes. 

Z 

Data r e l a t e d  t o  performing CSI at apocynthion i s  shown i n  f i g u r e s  
5 through 7. It i s  seen t h a t  t h e  CDH maneuver w i l l  be h o r i z o n t a l ;  
however, two o the r  problems may e x i s t .  They are (1) CSI t ime may 
vary about 9 minutes,  and ( 2 )  
between CDH and TPI. 

a t ime i n t e r v a l  of 30 minutes may e x i s t  

An a n a l y s i s  of  both CSI l o c a t i o n s  shows t h a t  t h e  f i x e d  t i m e  of 
50 minutes i s  t h e  b e s t  approach t o  u s e .  Although it i s  obvious t h a t  
a AV penal ty  w i l l  occur ( f i g .  8 )  with t h i s  CSI l o c a t i o n ,  t h e  pena l ty  
decreases  with t i m e  and i s  zero a t  t h e  po in t  t h a t  f u e l  becomes c r i t i c a l .  

This technique does have t h e  advantages o f  s t a b i l i z i n g  t h e  t i m e  
from i n s e r t i o n  t o  CSI and providing t h e  maximum t i m e  between CDH and TPI. 
It must be  decided, however, i f  t h e  p i t ched  CDH maneuver i s  acceptable .  

Having e s t ab l i shed  t h e  CSI t ime ,  CDH w i l l  occur h a l f  a pe r iod  l a t e r .  
The a l t i t u d e  a t  CDH w i l l  be 1 5  n.  m i .  below t h e  CSM o r b i t .  Having 
performed CDH, t h e  LM then  i n i t i a t e s  a TPI maneuver f o r  a 130° t r a n s f e r  
a t  t h e  t i m e  t h e  e l eva t ion  angle reaches 26.6O, which nominally occurs 
a t  t h e  midpoint of darkness.  

Re la t ive  motion p r o f i l e s  f o r  t h r e e  abor t  t imes a r e  shown i n  f i g u r e  9.  

CSM Rescue 

Once t h e  LM has achieved t h e  proper i n s e r t i o n  o r b i t ,  CSM rescue 
w i l l  be i d e n t i c a l  t o  rescue procedures planned f o r  t h e  nominal l i f t - o f f .  
That i s ,  1 minute a f t e r  t h e  planned LM CSI maneuver, t h e  CSM w i l l  i n i t i -  
a te  i t s  own c o e l l i p t i c  f l i g h t  p l an  (CSI, CDH, TPI, TPF). 
maneuver sequence i s  i d e n t i c a l  t o  t h a t  f o r  a LM-active rendezvous. The 
rendezvous parameters a s soc ia t ed  with a CSM CSI maneuver 5 1  minutes a f t e r  
i n s e r t i o n  a r e  shown i n  f i g u r e s  10 through 1 2 .  

Note t h e  
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Two po in t s  should now be noted: (1) The time between CDH and TPI 
w i l l  be reduced pr imar i ly  because of t h e  de lay  i n  t h e  CSM i n i t i a t i o n  of 
t h e  CSI maneuver, and ( 2 )  t h e  Ah a t  CDH w i l l  vary depending on t h e  loca- 
t i o n  of CDH over t h e  LM i n s e r t i o n  o r b i t .  

CONCLUDING REMARKS 

The rendezvous procedure following a LM abor t  from powered descent  
has been g r e a t l y  s impl i f i ed  due t o  t h e  f a c t  t h a t  v a r i a b l e  i n s e r t i o n  
t a r g e t i n g  w a s  approved f o r  implementation i n t o  both t h e  PGNCS and t h e  
AGS . 

Not only i s  t h e  LM abort  rendezvous made similar t o  t h e  rendezvous 
following a nominal l i f t - o f f  from t h e  luna r  sur face  but t h e  rescue  prob- 
lem i s  a l s o  s impl i f i ed .  Ins tead  of being forced  t o  use t h e  six-impulse 
rescue sequence f o r  e a r l y  LM abor t s  and having a rendezvous t ime of 
about 10 hours ,  t h e  crew can accomplish a rescue i n  about 4 hours .  

A d e t a i l e d  d i spe r s ion  ana lys i s  of t h e  onboard t a r g e t i n g  equat ions 
must be performed not only t o  determine t h e  bes t  f l i g h t  cons tan ts  t o  
use but a l s o  t o  determine t h e  magnitude of inaccurac ies  a s soc ia t ed  with 
both t h e  PGNCS and AGS. 

An updated eva lua t ion  of t he  rendezvous f o r  LM abor t s  l a t e r  than  
PDI-plus-600-seconds w i l l  be published i n  a l a t e r  document. 
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SOFTWARE VARIABLE TARGETING EQUATION 

AGS 

The AGS equat ions f o r  determining t h e  i n s e r t i o n  v e l o c i t y  i s  as 
follows : 

= (K1 + K2$ - h)6076.115486 ha 

ra  = 'REF + ha 

r = r + h(6076.115486) 
P REF 

a = 0.5( ra  + r 
P 

Vr = 19.5 fps  

If VH < 5509 f p s ,  VH = 5509 fps  where 

ha = des i r ed  apocynthion a l t i t u d e ,  ft  
$ = phase angle  between CSM and LM ( p o s i t i v e  when CSM i s  ahead) ,  

r 

I 

deg 
= re ference  r a d i u s ,  f t  REF 

V 

Vr = des i r ed  r a d i a l  component 

h = LM predic ted  cu tof f  a l t i t u d e ,  n .  m i .  

= des i r ed  ho r i zon ta l  ve loc i ty  component H 

The AGS computes t h e  des i red  VH every computation cycle  ( 2  seconds) 

using t h e  phase angle  e x i s t i n g  at t h e  t ime of computation. 

The constant  K depends g rea t ly  on t h e  des i r ed  rendezvous p r o f i l e ,  1 
whereas K should not vary s i g n i f i c a n t l y .  Both cons tan ts ,  however , 
should be i n s e n s i t i v e  t o  descent t r a j e c t o r y  d ispers ions  although a 
d e t a i l e d  ana lys i s  should be performed t o  v e r i f y  t h i s  f a c t .  

2 
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These constants  are  a func t ion  of t h e  des i r ed  rendezvous t r a j e c t o r y  
and nominal descent t r a j e c t o r y .  A l s o ,  d i spers ions  i n  e i t h e r  t h e  CSM 
o r b i t  or descent t r a j e c t o r y  w i l l  e f f ec t  t h e  accuracy'  of t h e s e  equat ions.  
A s  f o r  t h e  AGS, a d i spers ion  ana lys i s  w i l l  have t o  be performed. 

I 

~ 

The one d ispers ion  t h a t  could e f f e c t  both cons tan ts  would be  a 
d i spe r s ion  i n  CSM o r b i t .  

For! preliminary planning, values  of K = 111.03 and K2 = -3.708 1 
can be used although they  a r e  l i k e l y  t o  change as l a t e r  descent da t a  
becomes ava i l ab le .  These va lues  are based on CSI occurr ing 50 minutes 
af ter  in se r t ion .  The a c t u a l  values  w i l l  need t o  be determined and 
loaded p r i o r  t o  e a r t h  l i f t - o f f .  

PGNCS 

The PGNCS w i l l  contain a polynomial curve f i t  (programs P70 and 
P7l )  based on t i m e  of abor t .  
an abor t  s i t u a t i o n  (DPS and A P S )  and one f o r  an  abort  s t age  (AF'S only)  
due t o  t h e  d i f f e rence  i n  performance c h a r a c t e r i s t i c s .  The equations 
which are computed only one t i m e  - a t  t h e  abort  - w i l l  have t h e  following 
form. 

There w i l l  be two equations - one f o r  

= K + K 2 t  + K t2 + K 4 t 3  
VHABORT 1 - 3 

''ABORT STAGE 
= K1' + K2 ' t + K 3 ' t 2  + K 4 ' t 3  

where t i s  abor t  t i m e ,  sec  

V i s  des i red  ho r i zon ta l  v e l o c i t y ,  f p s  

V i s  des i red  r a d i a l  v e l o c i t y ,  f p s  

VH < 5509 fps  

H 

. R  
VH = 5509 fps  

I v = 19.5 f p s  R 

For preliminary planning t h e  following values  can be used: 

K1 = 5644.2 

K2 = .09613 
K = -.0009345 

K 4  = .0000006857 
3 

Kll = 5646.6 
K2 '  = .05157 

K = -.O007615 
K4 '  = .00000048214 

3 
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They a r e  based on t h e  t r a j e c t o r y  r e s u l t i n g  from t h e  two-phase. 
descent  and on CSI occurr ing 50 minutes a f t e r  i n s e r t i o n  f o r  t h e  
rendezvous. 
descent .  
t o  e a r t h  l i f t - o f f .  

These values  should be changed based on t h e  s i n g l e  phase 
The a c t u a l  va lues  w i l l  need t o  be determined and loaded p r i o r  

. 
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