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1 .0  INTRODUCTTqX 

1.1 GENERAT., 

T L - S  i 'epr t  p r e s e n t s  t h e  f i n a l  ana lyses  c t h e  i n f l i g h t  performance 

I 
of t h e  Guidance, Navigation and Control system of t h e  AS-503/CSM-103/ 

Apollo 8 s p a c e c r a f t  and is  intended as a supplement t o  t h e  MSC Mission 

Report f o r  Apollo 8. 

accomplished under MSC/TRW Task E-38B7 "Guidance and Control  T e s t  

Analysis. ' '  Con t r ibu t ions  t o  t h e  ana lyses  were made under MSC/TRW 

Task E-72, "Guidance and Control  Analysis" and MSC/TRW TAsk A-50, 

II T r a j e c t o r y  Reconstruction." 

Performance, Sec t ion  5.0; DAP A t t i t u d e  Con t ro l ,  and Sec t ion  8.0; 

Entry Analysis  were prepared by Task E-72 personnel.  

some of t h e  E-72 a n a l y s i s  w a s  included i n  Sec t ion  7.0; Onboard Navi- 

ga t ion /Op t i c s .  The i n e r t i a l  system e v a l u a t i o n  and t r a j e c t o r y  recon- 

s t r u c t i o n  t a s k s  are highly interdependent ,  and Task A-50 personnel 

con t r ibu ted  s i g n i f i c a n t l y  t o  Section 3.0. 

I 
Prepa ra t ion  and submi t t a l  of t h i s  r e p o r t  were 

S p e c i f i c a l l y ,  Sec t ions  4.0;  GNCS TVC 

I n  a d d i t i o n ,  

Sec t ion  3.0 inc ludes  the determinat ion of e r r o r  sou rces  pr, Dsent 

i n  t h e  Apollo 8 I n e r t i a l  Measurement Unit  (IMU) during t h e  f l i g h t .  

d e s c r i p t i o n  of t h e  IMU e r r o r  parameters considered appear i n  Table A-1. 

The parameters examined inc lude  platform misalignments,  gyro and 

accelerometer  e r r o r s  and accelerometer mounting e r r o r s .  

v a l u e s  were der ived from comparing t h e  CSM nav iga t ion  s t a t e  v e c t o r s  

w i t h  t h e  S-IVB XU guidance d a t a  during boost  and TLI .  

A 

The e r r o r  

Sec t ions  4.0 and 5.0 p r e s e n t  d e t a i l e d  ana lyses  of t h e  TVC DAP and 

t h e  A t t i t u d e  Control  DAP. 

Sect ion 6.0 con ta ins  an a n a l y s i s  of Pass ive  Thermal Control  v e h i c l e  

s t a b i l i t y  during t r a n s l u n a r  and t r a n s e a r t h  c o a s t i n g  f l i g h t .  

Sect ion 7.0 con ta ins  analyses  of midcourse nav iga t ion  based on 

SXT s i g h t i n g s  and luna r  landmark t racking us ing  t h e  SXT and SCT. 
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Sec t ion  8.0 con ta ins  f i n a l  ana lyses  of t h e  Entry DAP and EMS. 

1.2 BACKGROUND 

The purpose of t h e  Apollo 8 mission w a s  t o  s a t i s f y  CSM development 

and v e r i f i c a t i o n  o b j e c t i v e s  n o t  accomplished on previous missions and 

t o  ga in  experience i n  manned ope ra t ions  i n  deep space and l u n a r  o r b i t .  

O v e r a l l  spacec ra f t  performance d a t a  and mission event t i m e s  are presented 

i n  t h e  MSC Mission Report f o r  Apollo 8. 
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2.0 SUMMARY 

The i n e r t i a l  subsystem performance w a s  e x c e l l e n t  throughout t h e  

mission. The IMU remained powered up during t r a n s l u n a r  and t r a n s -  

e a r t h  f l i g h t  and considerable  d a t a  w a s  ob ta ined  on IMU f r e e  f l i g h t  

d r i f t  c h a r a c t e r i s t i c s  and PIPA b i a s  s t a b i l i t y .  

were accomplished providing a sample of d a t a  p o i n t s  adequate  f o r  statis- 

t i c a l  a n a l y s i s  of t h e  alignment process.  Analysis  i n d i c a t e d  an RMS 
e r r o r  of approximately 0.03 degrees p e r  a x i s  which i s  a 3 sigma ME1 

s p e c i f i c a t i o n  v a l u e s  (40 sec = l a ) .  

w a s  observable  as a r e s u l t  of t h e s e  e r r o r s .  PIPA b i a s  d a t a  w a s  ex- 

tremely s t a b l e  with d e t e c t a b l e  s h i f t s  i n  t h e  o r d e r  of 1 / 7  t o  1/10 of 

t h e  ME1 f l i g h t  s t a b i l i t y  s p e c i f i c a t i o n  ( l a  = 0.2 cm/sec2). 

Numerous real ignments  

No impact on mission performance 

The i n e r t i a l  subsystem performance parameters during powered f l i g h t  

were determined by s tandard v e l o c i t y  comparison techniques us ing  boos t  

and t r a n s l u n a r  i n j e c t i o n  da ta .  A set of e r r o r  terms f o r  each phase 

w a s  der ived which provided a s a t i s f a c t o r y  f i t  t o  t h e  observed performance 

of t h e  system. 

Midcourse nav iga t ion  using o p t i c s  w a s  s u c c e s s f u l l y  demonstrated 

i n  c i s l u n a r  f l i g h t  (star-horizon) and l u n a r  landmark t r a c k i n g  w a s  suc- 

c e s s f u l l y  accomplished. 

during t h e  t r a n s e a r t h  phase of f l i g h t ,  un in t e r rup ted  MSFN coverage being 

a v a i l a b l e ,  p o s t f l i g h t  s t u d i e s  have e s t a b l i s h e d  t h a t  t h e  s i g h t i n g s  were 

s u f f i c i e n t l y  a c c u r a t e  t o  allow t h e  crew t o  autonomously nav iga te  t o  

safe e n t r y  cond i t ions .  Numerous SXT measurements were conducted 

us ing  t h e  e a r t h  and l u n a r  horizons.  S t a r - e a r t h  ho r i zon  d a t a  i n d i c a t e d  

b i a s  e r r o r s  of 10 sec and random e r r o r s  of 18 s e c ,  both w i t h i n  t h e  3 

sigma ME1 system s p e c i f i c a t i o n s .  Bias e r r o r s  f o r  s t a r - l u n a r  horizon 

s i g h t i n g s  were considerably higher ,  approximately 72 s e c ,  appa ren t ly  

t h e  r e s u l t  of one o r  a combination of t h e  fol lowing:  (1) e r r o r  i n  

Although midcourse nav iga t ion  w a s  n o t  r equ i r ed  
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ass& lunar radius; 
t rue horizon due to  terrain irregularities. 

horizon bias is continuing. 
lunar sightings w e r e  generally the same as the star-earth horizon 
masurments . Althoqh approximately 200 masurerents e r e  made, 
there w a s  not enough data t o  establish any positive trends as i n  

correlation of masurement accuracy with star briqhtness, distance 

fran the body being viewed, etc. Without any editing of the n-easure- 
mts, the residuals indicate that the accuracy of masurments using 

stars of 1.5 magnitude and brighter was  twice that  using stars less 
bright. 

dim stars. 

w h i c h  could be attributed to astronaut fatigue, hmever, sane accurate 

masurmts w e r e  accanplished later in the mission. 

(2) inability of the observer to define a 
Analysis of this lunar 

As expected, the randan errors for  star- 

However ,  many accurate ~neasurarents w e r e  still  made using 

There w a s  also indication of grming inaccuracy with time 

Performance of a l l  phases of DAP were e x c e l l e n t .  During SPS t h r u s t -  

i n g ,  a t t i t u d e  e r r o r s  i n  t h e  p i t c h  and yaw axes  were never g r e a t e r  t han  

one-half degree. 

during t h e  LO1 and T E I  burns poss ib ly  t h e  r e s u l t  of cg mig ra t ion ,  however, 

t h e  s p e c i f i c  cause  has  n o t  y e t  been e s t a b l i s h e d .  

( 3.5 f t / l b ) r e s u l t e d  i n  0.45 l b s  of RCS p r o p e l l a n t  usage during LO1 1 

and 0 .36  l b  of p r o p e l l a n t  during T E I .  

mance during a t t i t u d e  maneuvers and a t t i t u d e  hold w a s  e x c e l l e n t .  

Automatic c o n t r o l  of t h e  s p a c e c r a f t  f o r , e n t r y  s t a b i l i z a t i o n  w a s  suc- 

c e s s f u l l y  accomplished. 

t h e  number of j e t  f i r i n g s  a t  low mach numbers w a s  s i g n i f i c a n t l y  h i g h e r  

than p red ic t ed  by p r e f l i g h t  e n t r y  s imula t ions .  

were adequate f o r  t h e  f l i g h t  consider ing t h e  d i s p a r i t y  between expected 

and a c t u a l  f l i g h t  performance. 

An unexplained r o l l  d i s tu rbance  torque w a s  p r e s e n t  

The r o l l  torque 

A t t i t u d e  Control  DAP Perfor-  

A s  has  been experienced on previous f l i g h t s ,  

P r o p e l l a n t  margins 

Passive Thermal Control  using t h e  X-axis r o l l  up wi th  t h e  space- 

c r a f t  i n  SCS minimum impulse mode (no continuous c o n t r o l  system) w a s  

i n i t i a t e d  during both t h e  t r a n s l u n a r  and t r a n s e a r t h  pe r iods .  I n  t h e  

2-2 



t r a n s l u n a r  conf igu ra t ion  t h e  "coning" b u i l t  up t o  an  i n t o l e r a b l e  

a n g l e  a f t e r  30 minutes,  and i n  the t r a n s e a r t h  c o n f i g u r a t i o n  limits 

were approached af ter  40 minutes. Add i t iona l  RCS p r o p e l l a n t  w a s  

r equ i r ed  t o  r e - i n i t i a l i z e  the  mode. For t h e  m a j o r i t y  of t h e  PTC, t h e  

a t t i t u d e  c o n t r o l  mode w a s  configured f o r  SCS maximum deadband high ra te  

a t t i t u d e  hold i n  p i t c h  and yaw. Based on t h e  d a t a  reviewed, i t  appears  

t h a t  t h e  SCS f r e e  d r i f t  mode has l i t t l e  o r  no advantage over t h e  SCS 

a t t i t u d e  hold. 
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3.0 IMU PERFORMANCE 

Analys is  of t h e  Apollo 8 lMU i s  conta ined  i n  Sec t ions  3.1 and 3 . 2 .  

Sect ion 3.1 p r e s e n t s  t h e  r e s u l t s  of a n  e r r o r  a n a l y s i s  performed f o r  t h e  

ascent  ??lase and t h e  t r a n s l u n a r  i n s e r t i o n  phase. The a n a l y s i s  was 

accomplis!ied i n  p a r t  u s ing  t h e  methodology o u t l i n e  i n  Appendix A. 

3.2 p re sen t s  PIPA b i a s  d a t a  and platform d r i f t  d a t a  eva lua ted  from t h e  

long p e r i d s  s f  c o a s t i n g  f l i g h t  a v a i l a b l e  from Apollo 8. 

Sec t ion  

3.1 ASCENT AND T L I  VELOCITY COMPARISONS 

Analys is  of t h e  Apollo 8 GEC system accuracy  was based on t h e  

de te rmina t ion  of a common set  of e r r o r s  which r e s u l t e d  i n  small r e s i d u a l s  

f o r  bo th  t h e  boost  t o  o r b i t  phase and t h e  t r a n s l u n a r  i n s e r t i o n  phase. 

A t  t h e  same t i m e ,  several c o n s t r a i n t s  were imposed on t h e  e r r o r s  used. 

The b i a s  va lues  f o r  acce lerometers  and gyros  were fo rced  t o  be i n  c l o s e  

agreement wi th  i n f l i g h t  determined v a l u e s  and o t h e r  e r r o r  terms which 

were p r e f l i g h t  c a l i b r a t e d ,  were chosen t o  ag ree  f avorab ly  wi th  c a l i b r a t i o n  

h i s t o r i e s .  Due t o  v a r i o u s  phys ica l  f a c t o r s  such a s  a c t u a l  a c c e l e r a t i o n  

s e n s i t i v e  parameter s h i f t s  du r ing  t h e  boost  phase and some degrada t ion  of 
t h e  r e fe rence  da ta  between t h e  t w o  f l i g h t  phases ( 3  hours  of d r i f t  between 

a s c e n t  and T L I )  it was recognized t h a t  a l l  of t h e  above cond i t ions  could 

not  be m e t  a t  a l l  t imes.  Based on engineer ing  judgement t h e  approach 

pursued was t o  determine two se t s  of error sources  w i t h  minimum v a r i a t i o n s  

between t h e  two f l i g h t  phases.  

are  presented  i n  Table 3.1-1, and us ing  these  v a l u e s ,  t h e  GcN c o r r e c t e d  

t r a j e c t o r i e s  f i t  t h e  r e s p e c t i v e  e x t e r n a l  measurement t r a j e c t o r i e s .  

The e r r o r  terms der ived  from t h e  ana lyses  

For  each of t h e  two f l i g h t  phases,  two t r a j e c t o r i e s  were generated 

by MSFN as a b a s i s  f o r  comparison. 

"Edi ted S-IVB I U  TM" t r a j e c t o r y  and t h e  o t h e r  was t h e  "Fina l  S-IVB Observed 

Mass Po in t  Tra jec tory"  (CMPT). The t r a j e c t o r y  des igna ted  "Fina l  S-IVB 

OMPT" i s  normally considered t h e  bes t  estimate t r a j e c t o r y  f o r  t h e  boost  

and T L I  phases but  was r e j e c t e d  due t o  i n c o n s i s t e n c i e s  i n  t h e  t r a j e c t o r y  

c h a r a c t e r i s t i c s  throughout t h e  boost phase. 

encountered wi th  t h e  CMPT on previous f l i g h t s  and i n  a l l  cases no reasonable  

set  of e r r o r s  was found which e f f e c t e d  a good boost  comparison. 

One boost/TLI t r a j e c t o r y  was t h e  

S imi la r  problems have been 
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(Reference 1 and 3.) A s  was done i n  t h e  past, t h e  "Edi ted S-IVB I U  TM" 

t r a j e c t o r y  wa8 accepted  as  t h e  most r ea l i s t i c .  

The major d i f f e r e n c e  expected between t h e  OMPT and "Edited S-IVB 

I U  TM" i s  that  t h e  OMPT has  been c o r r e c t e d  f o r  boos te r  guidance e r r o r s .  

No allowance has  been made f o r  these  e r r o r s ;  any t h a t  e x i s t  are inc luded  

i n  t h e  Apollo GEN e r r o r s .  

have less e f f e c t  on t h e  ind ica ted  performance of t h e  Apollo GEN t han  

t h e  " c o r r e c t  ions"  included i n  t h e  CMPT . (Reference 3. ) 

Analysis has  shown, however, t h a t  t h e s e  e r r o r s  

3.1.1 ISS E r r o r s  

The v e l o c i t y  d i f f e r e n c e s  before  any compensation f o r  e r r o r s  appear  

i n  F igures  3.1-1 through 3.1-6 f o r  t h e  boost  phase and T L I  phase. The 

e r r o r  set der ived  t o  f i t  t he  boost e r r o r s  and t h e  e r r o r  set der ived  t o  

f i t  t h e  T L I  e r r o r s  a re  presented i n  Table  3.1-1. The v e l o c i t y  r e s i d u a l s  

r e s u l t i n g  from a comparison of the Apollo GEN d a t a ,  c o r r e c t e d  f o r  t hese  

e r r o r s ,  compared t o  t h e  "Edited S-IVB I U  TM," are  shown i n  F igures  3.1-7 

through 3.1-12. Of t h e  34 e r r o r  sources  de r ived ,  none devia ted  by more 

than  one s tandard  d e v i a t i o n  from each o t h e r  f o r  t h e  two f l i g h t  phases 

eva lua ted .  (See Table  3.1-1.) Based on t h e  approach e s t a b l i s h e d  a t  t he  

onse t  of t h i s  a n a l y s i s ,  s a t i s f a c t o r y  ISS performance has  been e s t a b l i s h e d .  

Since a l l  previous mission IMU a n a l y s i s  has  been based p r imar i ly  on 

t h e  a scen t  phase,  t h e  Apollo 8 ascent  e r r o r  set should be reviewed a l s o  

f o r  comparative purposes. During t h e  a s c e n t  phase t h r e e  e r r o r  sources  

a r e  considered worthy of no t ing  and are  d iscussed  below. 

3.1.1.1 Misaligtnnent of t h e  Platform About X (MINX) 

The va lue  of MLMX was 92 a r c  secs. o r  1.8 sigma. This  e r r o r  

magnitude was cons t an t ly  required t o  o b t a i n  fits dur ing  t h e  evo lu t ion  of t h e  

a s c e n t  s o l u t i o n  and t h e r e f o r e  has a high  p r o b a b i l i t y  of being t h e  c o r r e c t  

va lue .  

t endencies  e i t h e r  i n  p r e f l i g h t  t e s t i n g  o r  during f l i g h t  measurements. 

s p e c i f i c  explana t ion  e x i s t s  f o r  t h i s  e r r o r .  

PIPA Y b i a s  which c o r r e l a t e s  d i r e c t l y  w i t h  MLMX showed no e r r a c t i c  

No 

3.1.1.2 X PIPA Scale  Fac tor  (SFEX) 

The X PIPA scale f a c t o r  d i f f e red  by 1.1 sigma from t h e  f l i g h t  

load va lue .  No s p e c i f i c  cause fo r  t h i s  apparent  instrument  S.F. s h i f t  
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e x i s t s ,  however, i t  appears t h e  e r r o r  estimate i s  v a l i d  due t o  t h e  c l o s e  

agreement between a scen t  and TLI phases. 

t e s t i n g  show ra the r  la rge  changes i n  t h i s  term dur ing  p r e f l i g h t  c a l i b r a t i o n s  

( o s c i l l a t i n g  i n  a band from 0 t o  -120 ppm), however, no va lue  as  l a rge  

as  t h a t  e s t ab l i shed  from f l i g h t  d a t a  was experienced.  Although numerous 

p o s s i b i l i t i e s  e x i s t  f o r  t he  cause ,  t h i s  type of s h i f t  has  been seen f o r  

o t h e r  P I P A ' s  ( re ference  Apollo 6 r e s u l t s )  and one i s  led  t o  b e l i e v e  t h a t  

a n  a c c e l e r a t i o n  s e n s i t i v e  scale f a c t o r  change e x i s t s ,  a phenomenon r e c e n t l y  

contended by MIT . 
3.1.1.3 Acce lera t ion  S e n s i t i v e  Drif t  of t he  Y Gyro Due 

P r e f l i g h t  h i s t o r i e s  f o r  KSC 

t o  Accelerat ion Along t h e  Spin Axis (ADSRA Y) 

The ADSRAY t e r m  va r i ed  by 2 sigma from t h e  f l i g h t  load value.  Nothing 

i n  t h e  p r e f l i g h t  t es t  h i s t o r y  of ADSRA Y s a t i s f a c t o r i l y  exp la ins  t h e  l a r g e  

d e v i a t i o n  noted i n  t h e  f l i g h t  d a t a ,  however, cons iderably  less confidence 

e x i s t s  f o r  t h i s  term than MLMX and SFEX s ince  ADSRA Y i s  i n s e n s i t i v e  dur ing  

t h e  T L I  phase, Th i s  term was u l t i m a t e l y  se l ec t ed  i n  o r d e r  t o  achieve  a 
good da ta  f i t  t o  t he  boost t r a j e c t o r y .  
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3.2 FREE FLIGHT PERFORMANCE OF GYROS AND ACCELEROMETERS 

I -  

Gyro non llgfl s e n s i t i v e  b i a s  d r i f t  (NBD) was eva lua ted  based on IMU 

alignments  accomplished t o  r e a l i g n  t h e  p l a t fo rm t o  REFSMMAT. Data i n d i c a t e d  

t h a t  f l i g h t  s t a b i l i t y  of t h e  NBD terms f o r  a l l  gyros w a s  w e l l  w i t h i n  

t h e  Master End Item (MEI) f l i g h t  s t a b i l i t y  s p e c i f i c a t i o n  ( l a  = 2 
meru) wi th  maximum measured dev ia t ions  from t h e  i n f l i g h t  NBD compensation 

of 0.57, 0.81 and 1.19 meru r e s p e c t i v e l y  f o r  X ,  Y and Z .  

number of real ignments  ob ta ined  it was p o s s i b l e  t o  s t a t i s t i c a l l y  eva lua te  

t h e  e r r o r  i n  t h e  alignment process.  

c o r r e c t i o n s  i s  assumed t o  be t o t a l l y  gyro d r i f t  (no systematic  alignment 

e r r o r s  and t h e  gyro b i a s  remains f i x e d )  then  t h e  v a r i a t i o n s  about t h i s  

mean can  be considered as u n c e r t a i n t i e s  i n  t h e  alignment process .  

on t h i s  hypothesis  an  average RMS e r r o r  of 0 . 0 3 3  degrees p e r  a x i s  was 

determined. This  i s  equ iva len t  to  a 30 ME1 e r r o r  (40 sec  = lo). 

Due t o  t h e  l a r g e  

I f  t h e  mean of t h e  IMU t r i m  ang le  

Based 

An abundance of PIPA b i a s  data was a v a l i a b l e  from t h e  mission,  s i n c e  

t h e  uncompensated AV pu l ses  were accumulated i n  T/M sampled r e g i s t e r s  during 

t h e  long pe r iods  t h a t  t h e  CMC was i n  a c o a s t i n g  f l i g h t  program. 

i n d i c a t e s  t h a t  t h e  PIPA s t a b i l i t y  was well w i t h i n  t h e  ME1 f l i g h t  s t a b i l i t y  

s p e c i f i c a t i o n  of 0.2 cm/sec , with maximum d e v i a t i o n s  from t h e  prelaunch 

compensation load of 0 . 0 3 3 ,  0.044 and 0.015 cm/sec2 f o r  X ,  Y and Z respec-  

t i v e l y .  

de t e rmina t ion  a f t e r  S-IVB separat ion.  

once t h e  i n f l i g h t  b i a s  was e s t a b l i s h e d ,  were s l i g h t .  

t h a t  t h e  magnitude of t h e  s h i f t s  a c r o s s  major burns was n e g l i g i b l e ,  

on ly  PIPA which i n d i c a t e d  any i n s t a b i l i t y  i n  a r e l a t i v e  sense was t h e  

PIPAX. T h i s  instrument had a near zero b i a s  during prelaunch c a l i b r a t i o n  

and a compensation v a l u e  of zero was loaded. From F igure  3 . 2 - 1  i t  car, be 

seen  t h a t  t h e  b i a s  s h i f t s  s i g n i f i c a n t l y  i n  a r e l a t i v e  sense ,  but  t h e  

a b s o l u t e  magnitude of t h e  s h i f t  i s  small. The reason f o r  t h i s  s h i f t  i s  

most probably t h e  n u l l  coincidence phenomenon discussed i n  Reference 3 .  

The only conclusions which can be deduced from t h i s  d a t a  i s  t h a t  t h e  

s t a b i l i t y  of t h e  b i a s  term i n  t h e  v i c i n i t y  of n u l l  i s  unpred ic t ab le  and 

t h e  cho ice  of zero f o r  a prelaunch load i s  a p r a c t i c a l  d e c i s i o n ,  

Data 

2 

The maximum d e v i a t i o n  was measured from the  f i r s t  good b i a s  

S h i f t s  a f t e r  S-IVB s e p a r a t i o n ,  

This  a l s o  i n d i c a t e s  

The 
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3.2.1 IMU Realignments 

Each realignment t i m e  and corresponding set  of gyro to rqu ing  

ang le s  i s  p re sen ted  i n  Table 3.2-1. Based on t h e s e  d a t a  p o i n t s ,  a 
long term d r i f t  determinat ion was made t o  minimize t h e  e f f e c t s  

of A 0  measurement e r r o r  and t iming e r r o r s .  

ment (change REFSMMAT) a new d r i f t  i n t e r v a l  

platform d r i f t s  f o r  t h e  i n t e r v a l s  eva lua ted  

From these  mean d r i f t s ,  a c a l c u l a t e d  s e t  of 

A f t e r  each new IMU a l i g n -  

was e s t a b l i s h e d .  Mean 

are p resen ted  i n  Table 3.2-2. 

expected to rqu ing  a n g l e s  

were e s t ab l i shed  f o r  each realignment.  These ang le s  were d i f f e renced  

from the a c t u a l  torquing ang le s  and l i s t e d  i n  Table 3.2-3 as r e s i d u a l s .  

The RMS of t h e  r e s i d u a l s  were 0.031', 0.025' and 0.045' f o r  X ,  Y and 

2 a x i s  r e s p e c t i v e l y .  I f  t h e  gyro d r i f t  i s  considered t o  be cons t an t  

and no systematic  alignment e r r o r s  e x i s t s ,  t h e  RMS v a l u e s  i n d i c a t e  

t h e  random u n c e r t a i n t y  a s s o c i a t e d  wi th  t h e  alignment process .  

r e p r e s e n t s  a 2.8,  2.3 and 4.1 sigma alignment u n c e r t a i n t y  pe r  X ,  Y 

and 2 r e s p e c t i v e l y ,  r e l a t i v e  t o  t h e  i n f l i g h t  alignment accuracy of 

0.011 per a x i s  s p e c i f i e d  i n  t h e  ME1 s p e c i f i c a t i o n .  

Th i s  

0 

3.2.2 PIPA Bias Determination 

PIPA AV accumulations during t h e  t r a n s l u n a r  phase,  a f t e r  LO1 

and during t h e  t r a n s e a r t h  phase are p resen ted  i n  F igu res  3.2-1, 3.2-2 

and 3.2-3 f o r  AVx, AVy, and AV 

l a t e d  f o r  pe r iods  where a group of PIPA coun t s  c o r r e l a t e d  c l o s e l y  

enough t o  e s t a b l i s h  a s lope.  I n  most cases enough da ta  was a v a i l a b l e  

t o  e s t a b l i s h  b i a s e s  preceding and fo l lowing  each major burn. The 

f i g u r e s  i n d i c a t e  t h a t  only t h e  X PIPA s l o p e  changes s i g n i f i c a n t l y  

a c r o s s  burns,  however, t h e  a b s o l u t e  v a l u e  of t h i s  s h i f t  i s  a n e g l i -  

g i b l e  c o n t r i b u t e r  t o  AV measuring e r r o r  f o r  t h e  expected burn dura- 

t i o n s .  A summary of t h e  b i a s e s  a t  d i f f e r e n t  p o i n t s  a long t h e  mission 

a re  shown i n  Table 3.2-4. I n  a l l  c a s e s  no s i g n i f i c a n t  s h i f t  a c r o s s  

t h e  burns i s  apparent  and t h e  s h i f t s  t h a t  do occur are i n  t h e  range 

of 1 / 7  t o  1/10 of t h e  one sigma f l i g h t  s t a b i l i t y  c r i t e r i a  (0.2 cm/sec ) 

e s t a b l i s h e d  i n  t h e  ME1 s p e c i f i c a t i o n .  

r e s p e c t i v e l y .  Bias w a s  on ly  calcu-  
Z 

2 
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Table 3.2,l 

Realign t o  
REF %MAT 
( g . e . t . >  

00: 54: 3 1 

03 : 40: 00 

e 
Gyro Torquing (deg) Remarks 

[These va lues  not used s ince  z - Y - X - 
0.026 0.035 0.119 

they include correction I for  gyro compassing errors .  
-0.012 0.000 0.001 

04: 2 1: 00 -0.034 
10: 12:40 _ _  
16:49:40 -0.122 

27: 30: 46 -0.242 

34: 08 : 48 -0.136 

36: 1O:OO -0.157 

44: 3 1:OO -0.201 

5 1 : 39: 00 -0.143 

Sum -1.047 

Drift (deg/hr) -0.0206 

Drif t  -1.37 meru 

60: 09: 00 Align t o  

66: 2 1 : 00 -0.089 

70: 09: 00 -0.077 

72: 17:OO -0.053 

74: 34: 00 -0.052 

76: 25:OO -0.022 

78: 27: 00 -0.060 

80: 28:OO -0.052 

82 : 28: 00 -0.022 

86 : 30: 00 -0.078 

Sum -0.505 

Drift  (deg/hr) -0.0192 

Drift  -1.28 meru 

90:03:50 Align t o  

99: 44: 00 -0.208 

106: 54: 56 (-0.148) 

119: 33:OO 

129: 29: 00 

-0.027 
-- 

-0.044 

+O. 049 
-0.013 

-0.018 

-0.003 

to. 003 

-0.105 

-0.0021 

-0.138 meru 

new REF SMMAT 

-0.007 

+0.017 

-0.007 

-0.007 

-0.006 

-0.013 

to. 002 

-0.004 

-0.006 

-0.050 

-0.0019 

-0.127 meru 

new REFSMMAT 

-0.010 

( -0 .015)  

0.100 

Data not ava i lab le  -- 
+O. 172 

+0.295 

+O. 192 
+0.216 

t0.255 

+O. 164 
+1.395 

~0.0275 

1.83 meru 

+O. 128 
to. 045 

+O. 047 
+0.053 

to.074 

+o .Ob0 
+0.071 

+O. 032 

+o. 102 
to. 592 

+O .0225 
t1.51 meru 

+0.242 

( to .  198) 

+O. 302 -0.262 -0.021 

-0.161 -0.096 +0.254 

Fine a l i g n  a f t e r  
inadvertent coarse a l i g n .  ! 
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Realign t o  Gyro Torquing (deg) REF M A T  
( g . e . t . )  - Y - z Remarks X - 

139: 2 3  : 48 -0.180 -0.011 +0.235 

143 : 03 : 00 . -0.096 -0.020 +0.083 

+0.043 144: 50:OO -0.034 +0.001 

Sum - 1.089 -0.173 +1.357 
- 

D r i f t  (dep/hr) -0.0199 -0.0032 +0.0248 

Drift -1.33 meru -0 .21  meru +165 meru 

( ) Torquing values estimated based on previous d r i f t  r a t e s .  
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Table 3.2-3 

REALIGN TO 
REF -T. 
(GET) 

03 : 40 : 00 

04:21:00 
10:12:40 
16 : 49 : 40 

2 7 : 30 : 46 

34:08:48 
36 : 10 :00 
44: 3 1 :00 
5 1 : 39 :00 

66 : 2 1 : 00 
70 :09 :00 

72: 17:OO 
74: 3 4: 00 

76 : 2 5 : 00 

78 :27:00 
80: 28 :00 

82:28:00 
86 : 30 : 00 
99 : 44: 00 
106 : 54: 56 
119 : 33 : 00 

129:29:00 
13 9 : 2 3 : 48 
143 :03 :00 

144: 50 : 00 

eE 
ESTIMATED GYRO DRIFT 

-0.055 

-0.012 
- 

-0.132 
-0.2.2 
-0.132 

-0.040 
-0.166 
-0.141 
-0.123 

-0.076 
-0.042 
-0.046 
-0.037 
-0.040 
-0 .om 
-0.040 

-0.080 
-0.191 
-0,143 
-0.251 
-0.198 
-0.197 
-0.073 
-0.035 

1 - 
-0 -007 

-0.002 
- 

-0.017 
-0.028 
-0.017 

-0 -005 
-0.022 

-0.018 
-0 .O 16 
-0 .o 10 
-0.005 
-0 006 
-0 -005 
-0.005 
-0 -005 
-0.005 
-0 .OlO 
-0.025 
-0.019 
-0.033 
-0.026 
-0.026 
-0.009 
-0 -005 

- 
0.068 

0.015 
- 

0.165 
0.266 

0.165 

0.050 
0.208 
0.177 
0.154 

0.095 
0.052 
0.057 
0.046 
0.050 
0.050 
0.050 
0.100 
0.239 
0.179 
0.314 
0.247 
0.247 
0.091 
0.044 

RESIDUALS 
(eA- e,) DEG 

X 

+O .043 

-0.022 

- 

- 
+ .010 
-0.030 
-0.004 
-0.117 

-0.035 
-0.002 
+0.034 

-0.001 

-0.011 
-0.006 
+0.015 
-0.020 
-0.012 
+0.018 
+o .002 
-0.017 

-0.005 
-0.011 

+O .037 
+O .017 
-0.023 
+0.001 

x 
+O ,007 

-0.025 
- 

-0.027 
+O .077 

+O .004 
-0 .O 13 

+O .019 
+o .02 1 
+O .009 
-0.027 
-0.002 
-0.001 
-0.001 
-0.008 
+O .007 
+0.001 
+O .004 
+0.015 
+O .004 
+0.012 
-0.070 
+O .015 
-0.011 
+O .006 

Z - 
-0,067 

+O .085 
- 
0.007 
0.029 
+0.027 
+O. 166 
+O .047 

-0.013 
-0.026 
-0.050 

-0.005 

-0.004 
+O .028 
-0.010 

0.021 
-0.018 
0.002 
0.003 

0.019 
-0,012 
0.007 
-0.012 
-0.008 
-0 .oo 1 

RMS = 0.031 RMS= 0.025 EMS= 0.045 
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Table 3 . 2 - 4  

P IPA 

2 P I P A  BIAS SUMMARY (cm/sec ) 

P RE LAUNCH AFTER S I V B  
LOAD SEPARATION 

0 

+0.80 

+O .60 

-0.033 

+O .a44 

+O.  615 

AFTER AFTER 
LO1 1 LO1 2 

-0.019 JC 

+O .812 + O .  796 

+O .590 J; 

JC I n s u f f i c i e n t  da ta  t o  e s t a b l i s h  accura te  b i a s  l e v e l .  

3-29 

AFTER 
T E I  

-0.007 

+ O .  828 

+O .600 



4.0 GNCS TVC DAP PERFORMANCE 

Four SPS c o n t r o l l e d  burns occurred during t h e  Apollo 8 mission;  t h e  

f i r s t  midcourse c o r r e c t i o n  (MCCl), t h e  Lunar Orb i t  I n j e c t i o n  Burn (LO1 l ) ,  

t h e  Lunar O r b i t  C i r c u l a r i z a t i o n  Burn (LO1 2 )  and t h e  Transear th  I n j e c t i o n  

Burn ( T E I ) .  

4.1 PITCH AND YAW ATTITUDE ERRORS 

TVC DAP opera t ion  during a l l  t hese  burns was exce l l en t .  

During SPS t h r u s t i n g ,  a t t i t u d e  e r r o r s  i n  t h e  p i t c h  and yaw axes  were 

less than  one-half degree.  

p i t c h  and yaw a t t i t u d e  e r r o r s  remained w i t h i n  +.l degree of zero.  

When s t e e r i n g  and m i s t r i m  t r a n s i e n t s  had subs ided ,  

- 
I n  Table  4-1 t h e  a t t i t u d e  e r r o r s  are t abu la t ed  a long  wi th  peak u l l a g e  

ra tes  f o r  t h e  T E I  burn. P l o t s  of some of t he  important parameters used i n  

eva lua t ing  TVC DAP f o r  t h e  LO1 1 and T E I  burns are  presented i n  F igures  4-1 

through 4-18. 

band on t h e  MCC 1 and LO1 1 burns where no u l l a g e  maneuvers were performed. 

On t h e  T E I  burn an  u l l a g e  maneuver w a s  performed and t h e  a t t i t u d e  e r r o r s  

were c l o s e  t o  the  deadband. The a t t i t u d e  e r r o r s  were a l s o  w i t h i n  a few 

hundredths of a degree of t h e  a t t i t u d e  e r r o r s  p red ic t ed  during u l l a g e  by 

p r e f l i g h t  s imula t ions .  

dur ing  t r a n s l a t i o n  account f o r  the improvement i n  a t t i t u d e  e r r o r s  during 

u l l a g e  over  t h e  SUNDISK Program. 

mately 1 degree were expected with SUNDISK.) 

4.2 VELOCITY RESIDUALS 

Table  4-2 l i s t s  v e l o c i t y  r e s idua l  information f o r  t he  Apollo 8 SPS 

A t t i t u d e  e r r o r s  a t  i g n i t i o n  were w i t h i n  t h e  .5 degree dead- 

The changes i n  COLOSSUS RCS DAP f i l t e r  ga ins  used 

(That is ,  a t t i t u d e  e r r o r s  of approxi- 

burns.  The only  l a r g e  v e l o c i t y  r e s i d u a l  occurred a f t e r  t h e  MCC 1 burn where 

a veloci ty- to-be-gained of 4.4 f t / s e c  remained i n  the  X c o n t r o l  a x i s .  

was subsequent ly  trimmed ou t  w i t h  a n  RCS burn us ing  t h e  THC. 

This  

The f i r s t  midcourse co r rec t ion  burn was a s h o r t  burn ( i . e . ,  du ra t ion  

was 2.4 seconds which i s  less than t h e  6 seconds t i m e  du ra t ion  used t o  

d i f f e r e n t i a t e  s h o r t  from long burns) and a s  a r e s u l t ,  no s t e e r i n g  occurred.  

The l a rge  r e s i d u a l  a f t e r  t h i s  burn h a s  been accounted f o r  by t he  f a c t  t h a t  

helium bubbles formed i n  t h e  SPS engine f u e l  l i n e s  and r e s u l t e d  i n  a slow 

t h r u s t  b u i l d  up fol lowing the  engine ON command. 

t h e  cu tof f  t i m e  was never recomputed and t h e  engine was shu t  down using, t h e  

Since t h i s  was a s h o r t  burn,  

4-1 
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i n i t i a l  computed burn d u r a t i o n ,  leaving a l a rge  veloci ty- to-be-gained r e s i d u a l  

a long  t h e  X body ax i s .  

4.3 ENGINE GIMBAL TRIM 

Funct ioning of t h e  TVC DAP was nominal during t h i s  burn. 

Estimated i n i t i a l  m i s t r i m s  a r e  presented i n  Table 4-3. The l a r g e s t  

m i s t r i m  was approximately -0.3 degree i n  t h e  p i t c h  a x i s  f o r  t h e  LO1 1 burn. 
These v a l u e s  were computed by comparing t h e  i n i t i a l  t r i m  and s ing le - sho t  t r i m  

va lues .  An examination of Figures  4-15 through 4-18 i n d i c a t e s  t h a t  a f t e r  

t h e  mig ra t ion  of t he  C.G. has been s u b t r a c t e d  from t h e  d i f f e r e n c e  between 

t h e  i n i t i a l  SPS engine gimbal t r i m  and t h e  t r i m  va lue  reached a f t e r  s l o s h  

o s c i l l a t i o n s  have subsided,  an i n i t i a l  m i s t r i m  va lue  w i t h i n  'lone b i t "  (M 87 S ~ C )  

of t h e  s ing le - sho t  va lue  i s  obtained.  

SPS gimbal support  compliance causes  t h e  sharp t r a n s i e n t  ev iden t  a t  
i g n i t i o n  t i m e  i n  t h e  p l o t s  of gimbal p o s i t i o n  ( F i g u r e s  4-15 through 4-18). 

The t r a n s i e n t  o s c i l l a t i o n  which fo l lows  i s  p a r t l y  due t o  t h e  t h r u s t  vec to r  being 

repost ioned t o  remove the  i n i t i a l  m i s t r i m  and s l o s h  d i s tu rbance .  

of engine gimbal t r a n s i e n t s  on t h e  LO1 1 burn (no u l l a g e )  and the  T E I  burn 

(15 second 4 - j e t  u l l a g e )  show t h a t  t h e  T E I  t r a n s i e n t s  were much more subdued 

immediately following i g n i t i o n .  

t r i m  va lues  encountered on LO1 1 r a t h e r  than t h e  l ack  of a n  u l l a g e  maneuver 

p r i o r  t o  i g n i t i o n .  

Comparison 

Th i s  may be t h e  r e s u l t  of t h e  higher  m i s -  

Tracking of t h e  migrat ing C.G. dur ing extended SPS burns i s  apparent  

f o r  both LO1 1 and T E I  burns. F igu res  4-4 through 4-7 and Figures  4-11 through 

4-14 show t h i s  c l e a r l y .  

4.4 ROLL TVC DAP ACTIVITY I 
During the LO1 1 and T E I  burns t h e r e  was cons ide rab le  r o l l  TVC DAP 

a c t i v i t y .  A l l  of t he  j e t  f i r i n g s  a p p l i e d  a nega t ive  r o l l  c o n t r o l  t o rque  t o  

t h e  veh ic l e .  The design of t h e  R o l l  TVC DAP provides  t h a t  j e t  p a i r s  should 

be a l t e r n a t e d  i f  t h e  r o l l  c o n t r o l  torque on success ive  j e t  f i r i n g s  has t h e  

same sign. 

10 and 12 were used t o  app ly  a l l  t h e  r o l l  c o n t r o l  t o rques  ; t he  a s t r o n a u t  

d i sab led  quads AC r o l l  c o n t r o l  during t h e s e  SPS burns.  

On t h e  Apollo 8 m i s s i o n , r o l l  c o n t r o l  j e t s  on quads B and D ( j e t s  

F igu res  4-1 and 4-8 i n d i c a t e  t h a t  a p o s i t i v e  s t eady  s ta te  r o l l  d i s t u r -  

bance to rque  was p re sen t  during t h e  L O 1  1 and TEI burns.  

n i t u d e  of t h i s  torque w a s  computed assuming a cons t an t  v a l u e ,  w a s  3.5 f t / l b .  

The approximate mag- 
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During the  LO1 1 burn t h i s  torque r e s u l t e d  i n  a t o t a l  r o l l  c o n t r o l  torque 

ON t i m e  of approximately .6 seconds and t h e  use  of approximately .45 l b  of 

RCS f u e l .  

comnanded u s i n g  .36 l b  of RCS fue l .  

were commanded. 

During t h e  T E I  burn approximately .5 seconds of r o l l  c o n t r o l  was 

I n  both cases 9 r o l l  c o n t r o l  j e t  f i r i n g s  

4.5 TIME DETERMINATION 

Values f o r  t h e  SPS engine i g n i t i o n  t i m e  and burn d u r a t i o n  were computed 

(Table 4-4) from t h e  b e s t  a v a i l a b l e  CMC c lock  information and t h e  b i - l e v e l  

t a b  engine-on d i s c r e t e  where a v a i l a b l e .  

t h e  - +.l second u n c e r t a i n t y  allowed f o r  t h e  b i - l e v e l  sampling ra te  f o r  t h e  

MCC 1 burn. For t h i s  burn t h e  d i f f e r e n c e  was 0.358 seconds. The r e l a t i o n -  

s h i p s  between Ground Elapsed Time (g.e . t .1  and CMC clock t i m e  used t o  compute 

t i m e  of i g n i t i o n  from the computer s t o r e d  TIG are: 

These v a l u e s  d i f f e r e d  by more than  

1. MCC 1 

g.e . t .  (seconds) = CMC clock (seconds) -.0084 seconds d r i f t  

+.89 seconds b i a s  

2.  LO1 1 

g.e.t .  (seconds) = CMC c lock  (seconds)+.0089 second d r i f t  

+.89 seconds b i a s  

3. LO1 2 

g . e . t .  (seconds)  = CMC c lock  (seconds) +.004 seconds d r i f t  

+.89 seconds b i a s  

4. T E I  

g.e. t .  (seconds)  = QlC clock (seconds) -.0113 seconds d r i f t  

+.89 seconds b i a s  

4- 3 
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5 .O DAE' ATTITUDE CONTROL 

. 

This  s e c t i o n  p resen t s  resul ts  of a n a l y s e s  of v a r i o u s  RCS DAP f u n c t i o n s  

dur ing  t h e  Apollo 8 mission. 

du r ing  pe r iods  of THC a c t i v i t y ;  s p e c i f i c a l l y ,  dur ing  t h e  n u l l i n g  of MCC 1 

AV r e s i d u a l s  and t h e  t r a n s e a r t h  MCC, which was a n  RCS burn. 

t o  va r ious  burn a t t i t u d e s  was examined. 

l i m i t  cyc l ing  i n  t h e  narrow deadband were examined. 

Narrow deadband a t t i t u d e  hold was i n v e s t i g a t e d  

The AUTO maneuver 

Also,  per iods  of DAP a t t i t u d e  hold 

5.1 RCS TRANSLATION (TRANSLUNAR) 

AV r e s i d u a l s  r e s u l t i n g  from t h e  Apollo 8 t r a n s l u n a r  MCC were nu l l ed  by 

approximately 22 seconds of +X THC a c t i v i t y .  Th i s  was accomplished wi th  4 X- 

j e t s  active f o r  t h e  t r a n s l a t i o n  burn. 

F igu res  5-1 through 5-3 present phase plane p r o f i l e s  f o r  t h e  per iod 

dur ing  and fo l lowing  t h i s  THC a c t i v i t y .  

a t  2 second i n t e r v a l s ,  t h e  p l o t s  can only  i n d i c a t e  t r ends ;  they  cannot be used 

f o r  d e t a i l e d . v e r i f i c a t i o n  of RCS DAP func t ions .  For example, f i r i n g  t i m e  

computations cannot be accu ra t e ly  v e r i f i e d  a l though,  cons ider ing  t h e  l ack  of 

d a t a ,  they  appear  t o  be reasonable.  

Because these  d a t a  were only  a v a i l a b l e  

F igu res  5-1 through 5-3 a r e  p l o t t e d  on i d e n t i c a l  scales t o  f a c i l i t a t e  

comparisons of c o n t r o l  a c t i v i t y  i n  t h e  t h r e e  axes.  I n i t i a l  veh ic l e  r o l l  

a c c e l e r a t i o n s  i n  Figure 5-1 a r i s e  from j e t  f i r i n g s  about t h e  p i t c h  and yaw a x e s ,  

which couple i n t o  t h e  X- d i r e c t i o n  v i a  product of i n e r t i a  terms. This  

n e c e s s i t a t e s  s e v e r a l  f i r i n g s  f o r  X-  r o t a t i o n  c o n t r o l ;  however, F igures  5-1 

through 5-3 show t h a t  X-axis a c t i v i t y  i s  of a low l eve l  compared t o  r e q u i r e -  

ments i n  t h e  o t h e r  axes .  

Y and Z axes  ra tes  r e su l t  pr imar i ly  from v e h i c l e  c.g. o f f s e t s  i n  t h e  

Z and Y d i r e c t i o n s  r e spec t ive ly .  During t h e  t i m e  per iod ana lyzed ,  t h e  c.g. 

p o s i t i o n  was approximately +4 inches i n  t h e  Y d i r e c t i o n  and +6.5 inches  i n  

2.  The f i g u r e s  show t h a t  t h e  RCS D A P  performed w e l l  i n  maintaining the  

v e h i c l e  s t a t e  w i t h i n  the  c o n t r o l  deadzone dur ing  t h e  per iod of t r a n s l a t i o n .  

Upon t e rmina t ion  of THC a c t i v i t y ,  the DAP c o n t r o l  began t o  evolve toward 

s t eady  s t a t e  minimum impulse l i m i t  cyc l e s  i n  a l l  t h r e e  axes.  

Two DAP e r r o r  r e s e t s  ( t o  zero) a re  i n d i c a t e d  i n  F igures  5-1 through 

5-3. These are normal ope ra t ions  performed by t h e  automatic  program e x i t  

5-1 



r o u t i n e  (ROO). In  Figure 5-1, t h e  v e h i c l e  state t r a c e  between 11:02:25 

and 11:04:11 g.e.t. v e r i f i e s  t h e  DAP's a b i l i t y  t o  adequate ly  measure a 

minute S/C r o l l  r a t e  of approximately .003 deg/sec.  

Only one t r a n s e a r t h  MCC was r equ i r ed  during Apollo 8. It occurred 

approximately 15 hours  a f t e r  T E I .  

mately 16 seconds of +X THC a c t i v i t y  followed by about  2 seconds of -X THC 

f i r i n g s .  

Th i s  was an  RCS burn c o n s i s t i n g  of approxi -  

F igu res  5-4 through 5-6 i l l u s t r a t e  t h e  RCS DAP's a t t i t u d e  hold per- 

The X and Y rate excurs ions  induced during t h i s  formance during t h i s  MCC. 

per iod  were s i g n i f i c a n t l y  greater than  dur ing  AV n u l l i n g  a f t e r  t he  t r a n s -  

lunar  MCC. This occurred because t h e  v e h i c l e  mass and i n e r t i a  va lues  had 

decreased considerably: Ixx by 45 percent  and Iyy by 25 percent .  Rates 

induced about the Z axis  dur ing  t h e  t r a n s e a r t h  MCC were not  as  g r e a t  as  

dur ing  MCC 1 AV t r imning because,  whi le  I z z  decreased by approximately 

25 pe rcen t ,  the  Y c.g. o f f s e t  va lue  more than  compensated by decreas ing  

approximately 65 percent .  

r a tes ,  F igures  5-4 through 5-6 v e r i f y  t h a t  t h e  RCS DAP adequate ly  maintained 

t h e  v e h i c l e  s t a t e  w i t h i n  t h e  c o n t r o l  deadzone. 

Even w i t h  t h e  l a r g e r  o v e r a l l  induced spacec ra f t  

F igure  5-5 i l l u s t r a t e s  a per iod of 24 seconds (104:00:53 t o  104:01:17 

g.e. t .1 during which t h e  DAP c o r r e c t l y  measured a n  S/C p i t c h  ra te  of .026 

deg/sec.  During t h e  per iod from 104:00:43 t o  104:00:52, F igure  5-4 shows 

t h e  DAP's rate measurement f u n c t i o n  being s l i g h t l y  i n  e r r o r .  

e r r o r  change during t h i s  t i m e  impl ies  a ra te  of -.041 deg/sec ,  while  t h e  

DAP computed value i s  -.035 deg/sec ,  a d i f f e r e n c e  of approximately 15 percent .  

Th i s  is not  a problem, because t h e  ra tes  involved are so low. The e r r o r  

appears  t o  be a cross-coupling e f f e c t ,  r e s u l t i n g  from Y - j e t  a c t i v i t y  dur ing  

t h i s  t i m e  period. This  small e r r o r  i s  not  s i g n i f i c a n t ;  it merely shows t h a t  

t h e  DAP l ags  behind ra te  changes induced by o f f - a x i s  jet  f i r i n g s .  Th i s  i s  

e s p e c i a l l y  t rue  f o r  l i g h t  veh ic l e  weights.  

5.2 AUTO MANEUVERS 

The a t t i t u d e  

A crew-defined automatic  maneuver t o  t h e  T E I  burn a t t i t u d e  was per- 

formed approximately 1 lunar  r e v o l u t i o n  before  t h e  a c t u a l  T E I  burn. This  

was p r imar i ly  a r o l l  maneuver. It l a s t e d  f o r  approximately 12 minutes and 

cons i s t ed  of a 140 degree change i n  o u t e r  gimbal ang le  toge the r  wi th  small 

5-2 
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changes of 10 degrees  o r  less i n  p i t c h  and yaw. A 0.2 deg / sec  maneuver ra te  

was employed. 

commanded about t h e  X-control axis. 
a t  low b i t  rate;  however, comparisons of comanded and a c t u a l  CDU v a l u e s  

show e x c e l l e n t  agreement, w i t h  e r r o r s  less than  .01 degree.  

Downlink d a t a  show t h a t  most of t h i s  (0 .198  deg / sec ,  was 

Data f o r  t h i s  per iod i s  on ly  a v a i l a b l e  

Two l a r g e  ang le  p i t c h  and yaw automatic  maneuvers a t  0.5 deg/sec and 

A f t e r  t h e  0.2 deg/sec were analyzed i n  d e t a i l  i n  t h e  post  f l i g h t  a n a l y s i s .  

0.5 deg/sec maneuver a t  g .e . t . ,  10 h r  48 min, t h e  DAP was configured f o r  

t h e  0.2 deg/sec maneuver rate and subsequent maneuvers du r ing  t h e  f l i g h t  

were performed a t  t h e  lower r a t e .  The automatic  maneuver t o  MCCl burn 

a t t i t u d e  was performed a t  0.5 deg/sec. 

f o r  t h e  maneuver were c a l c u l a t e d  by t h e  CMC as  .344, .0538 and -.3589 deg/sec 

r e s p e c t i v e l y  f o r  a t o t a l  d e s i r e d  angu la r  ra te  of 0.5 deg/sec.  

was i n i t i a t e d  a t  g.e. t . ,  10 h r  27 min 57 sec and terminated a t  g . e . t . ,  

10 h r  31 min 18 sec. 

maneuver are shown i n  Figure 5-7. DAP es t ima ted  and d e s i r e d  body ra tes  

du r ing  t h e  inaneuver are shown i n  Figure 5-8. F igu res  show t h a t  DAP o p e r a t i o n  

du r ing  t h e  maneuver was e n t i r e  l y  nomina 1. The DAP succe ssf  u 1 l y  maneuvered 

t h e  CSM a t  t h e  d e s i r e d  body r a t e s  t o  t h e  d e s i r e d  CDU a n g l e s  and terminated 

t h e  maneuver wi th  l i t t l e  o r  no overshoot. The fol lowing DAP f u n c t i o n s  f o r  

au tomat i c  maneuver were t h u s  v e r i f i e d .  

Desired X ,  Y and Z a x i s  body rates 

The maneuver 

F i n a l  CDU d e s i r e d  and CDU a c t u a l  a n g l e s  during t h e  

1) The maneuver ra te  of 0.5 deg/sec was resolved i n t o  d e s i r e d  
rates i n  each body a x i s ,  WBODY X ,  Y and Z. 

2 )  Desired CDU a n g l e s  were c o r r e c t l y  incremented du r ing  t h e  
maneuver r e s u l t i n g  i n  a c t u a l  body rates achieving d e s i r e d  
body rates. 

3) A t  terminat ion of t h e  maneuver, CDU-CDUD e r r o r s  r e so lved  
i n t o  body a x i s  errors were w i t h i n  t h e  DAP deadband and 
a t t i t u d e  hold was i n i t i a t e d .  

The maneuver t o  LO1 burn a t t i t u d e  was performed by t h e  DAP a t  0.2 deg/sec.  

Desired X, Y ,  and Z a x i s  body rates c a l c u l a t e d  by t h e  CMC were .0088, 

-.1651, and .1126 deg/sec r e s p e c t i v e l y  f o r  a t o t a l  angu la r  r a t e  of 0.2 deg/sec.  

The maneuver was i n i t i a t e d  a t  g.e. t . ,  66 h r  56 min 40 sec and terminated 

a t  g . e . t . ,  67 h r  07 min 10 sec. F i n a l  CDU d e s i r e d  and CDU a c t u a l  ang le s  

du r ing  t h e  maneuver are shown i n  Figure 5-9. DAP e s t ima ted  rates and d e s i r e d  

body ra tes  during t h e  maneuver are shown i n  Figure 5-10. 
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X ,  Y ,  and Z a x i s  phase plane p l o t s  are  shown i n  F igu res  5-11, 5-12 

and 5-13 f o r  DAP narrow deadband a t t i t u d e  hold. DAP opera t ion  was e n t i r e l y  

accord ing  t o  the phase plane design.  

DAP 

degrees .  

What appea r s  t o  be a n  overshoot  of t h e  
~ swi tch ing  l i n e  corresponds t o  t h e  IMU gimbal a n g l e  r e s o l u t i o n  of .011 
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Figure 5-6 &Axis Attttude Hold - Transearth Mid-course Correction 
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6.0 PASSIVE THERMAL CONTROL 

Three pe r iods  of passive thermal c o n t r o l  were examined. Coning 

Cone a n g l e s  during t h e  pe r iods  a r e  shown i n  F igu res  6-1, 6-2 and 6-3. 

ang le  i s  de f ined  as  t h e  dev ia t ion  of t h e  s p a c e c r a f t  X a x i s  from t h e  PTC 

i n i t i a l i z a t i o n  d i r e c t i o n .  

as a f u n c t i o n  of r o l l  angle.  

The f i g u r e s  p re sen t  cone a n g l e  ( r a d i a l  c o o r d i n a t e )  

F igu re  6-1 shows t h e  coning a n g l e s  du r ing  PTC i n i t i a t e d  a t  g.e.t.  

11 h r  13 min 14 sec. P r i o r  t o  i n i t i a t i o n  of PTC, t h e  SCS was configured 

i n  t h e  minimum impulse mode i n  a l l  axes  a t  g.e.t.  11 h r  5 min 57 sec and 

g.e . t .  11 h r  13 min 14 sec, a l a r g e  number of p i t c h  and yaw jet  f i r i n g s  

were executed i n  a n  at tempt  t o  n u l l  p i t c h  and yaw body rates. PTC r o l l  rate 
was introduced by f i v e  minus r o l l  a x i s  f i r i n g s  between g.e.t.  11 h r  13 min 

38 sec and 11 h r  13 min 40 sec. 

Between twenty and t h i r t y  minutes a f t e r  i n i t i a t i o n  of PTC, t h e  coning 

a n g l e  reached a maximum value of 27-1/2 degrees.  

yaw a x i s  f i r i n g s  were made during t h e  i n t e r v a l  t o  b r i n g  t h e  X a x i s  t o  t h e  

PTC o r i e n t a t i o n .  However, rates were no t  n u l l e d  a s  t h e  X a x i s  approached 

PTC a t t i t u d e  and t h e  coning angle r a p i d l y  diverged t o  over 95 degrees.  A 

l a r g e  number of p i t c h  and yaw a x i s  f i r i n g s  was a g a i n  r equ i r ed  t o  b r i n g  t h e  

X a x i s  t o  PTC a t t i t u d e .  

2745 seconds a f t e r  s t a r t  of PTC. 

Twenty-seven p i t c h  and 

SCS a t t i t u d e  hold i n  p i t c h  and yaw was i n i t i a t e d  

An a d d i t i o n a l  period of PTC w i t h  t h e  SCS i n  t h e  minimum impulse mode 

i n  a l l  axes  was attempted beginning a t  g.e. t .  112 h r  17 min 15 sec and coning 

a n g l e s  during t h e  per iod are shown i n  Figure 6-2. 

t h e  coning a n g l e  reached a maximum va lue  of 17.2 degrees  and n ine ty - fou r  

minimum impulse f i r i n g s  were required t o  maintain PTC a t t i t u d e .  

During t h e  40 minute per iod 

I n  c o n t r a s t  t o  PTC attempted w i t h  t h e  SCS i n  minimum impulse mode i n  

a l l  a x e s ,  coning a n g l e s  f o r  PTC w i t h  t h e  SCS i n  maximum deadband high r a t e  

a t t i t u d e  hold i n  p i t c h  and yaw a r e  shown i n  Figure 6-3. 

employed f o r  PTC during most of t h e  f l i g h t  appa ren t ly  as consequence of t h e  

d i f f i c u l t y  of maintaining PTC a t t i t u d e  i n  t h e  SCS f r e e  mode. 

Th i s  mode was 
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The excess ive ly  l a rge  numbers of minimum impulse f i r i n g s  du r ing  PTC 

wi th  t h e  p i tch  and yaw axes  i n  t h e  minimum impulse mode w i l l  be of i n t e r e s t  

f o r  RCS budgeting and mission planning. 

t o  main ta in  PTC a t t i t u d e  i n  t h e  SCS minimum impulse mode and t h e  appa ren t  

d i f f i c u l t y  of main ta in ing  PTC a t t i t u d e  i n  t h i s  mode i n d i c a t e s  t h a t  t h e  SCS 

f r e e  d r i f t  mode has  l i t t l e  o r  no advantage over  t h e  SCS a t t i t u d e  hold  i n  

p i t c h  and yaw mode f o r  pass ive  thermal c o n t r o l .  

The l a r g e  number of f i r i n g s  r e q u i r e d  
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7.0 ONBOARD NAVIGATION/OPTICS I 

7.1 MIDCOURSE NAVIGATION 

S ta r lho r i zon  measurements were accomplished on Apollo 8 dur ing  t h e  

t r a n s l u n a r  and t r a n s e a r t h  mission phases. 

were used and i n  a d d i t i o n  t h e  s i g h t i n g s  were made on both t h e  near  horizon 

and t h e  f a r  horizon of t he  body being viewed. 

eva lua ted  f o r  measurements obtained from geocen t r i c  a t t i t u d e s  of M.D,OOO 

n m i  t o  =167,000 n m i .  

ob ta ined  from lunar  a l t i t u d e s  of -5500 n m i  t o  -122,500 n m i .  

Both the  e a r t h  and lunar  horizons 

Ea r th  hor izon  da ta  were 

Lunar horizon da ta  were eva lua ted  f o r  measur'ements 

S t a r / e a r t h  horizon measurement da t a  ind ica t ed  a mean b i a s  e r r o r  of 

0.003 degrees  and a random error of :  

Near e a r t h  ho r i zon / s t a r  = 0.007' ( la)  

Far  e a r t h  h o r i z o n / s t a r  = 0.004' ( l o )  

The e a r t h  hor izon  da ta  included an  e a r t h  horizon b i a s  compensation va lue  

of 59,055 f t  o r  9.7 n a u t i c a l  m i l e s .  

S t a r / l u n a r  horizon measurement da t a  ind ica t ed  a mean b i a s  e r r o r  of I 
-0.022' and a random e r r o r  of :  
di- -- 

Near lunar h o r i z o n l s t a r  

Far  lunar h o r i z o n / s t a r  

= 0.015' (la) 

= 0.006' ( l a )  

N o  lunar  horizon b i a s  compensation was used i n  de te rmina t ion  of r e s i d u a l s .  

The mean e r r o r  on the  e a r t h  horizon measurements i s  probably a t t r i -  

bu tab le  t o  e r r o r  i n  the  assumed horizon b i a s  and v e h i c l e  s ta te  vec to r  e r r o r s .  

The mean e r r o r  on the  lunar  s igh t ings  appears  high and a n  e r r o r  i n  t h e  

assumed lunar  r ad ius  f o r  each s igh t ing  i s  suspected. S tudies  are cont inuing 

t o  determine whether o r  not  a mean lunar  b i a s  e x i s t s .  

The random e r r o r s  a r e  considered t o  f a l l  i n  t he  range of 0.004' t o  

The lunar  near  horizon e r r o r  is considered ques t ionable  due t o  0.007'. 

l a r g e  numbers of suspected inva l id  da t a  po in t s  i n  t h a t  sample. 

t o  0.007' range i s  a reasonable  e r r o r  and i s  equiva len t  t o  a 1.3 t o  2.4 

sigma number r e l a t i v e  t o  the  ME1 201-5000 s p e c i f i c a t i o n  va lue  of 0.003'. 

The 0.004' 
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For t h e  t r a n s e a r t h  s t a r / h o r i z o n  measurements,  s t u d i e s  a re  be ing  con- 

ducted where in  t h e  measurements a r e  t o  be i n c o r p o r a t e d  p o s t  f l i g h t  i n t o  

onboard v e h i c l e  s t a t e  v e c t o r s  and t h e  t r a j e c t o r i e s  propagated t o  e n t r y  

i n t e r f a c e .  Pre l iminary  r e s u l t s  i n d i c a t e  t h e  onboard s t a t e  v e c t o r s  were 

s u f f i c i e n t l y  a c c u r a t e  a f t e r  measurement i n c o r p o r a t i o n  t h a t  t h e  CMC could  

have autonomously guided t h e  s p a c e c r a f t  t o  a s a f e  e n t r y .  

The s t a r  b r i g h t n e s s  appeared t o  have some a f f e c t  on t h e  measurement 

accuracy.  Accuracy of t h e  measurements on s t a r s  b r i g h t e r  t h a n  1.5 magnitude 

improved by a f a c t o r  of two over  measurements on dimmer stars.  A t  t h e  

same t i m e  a d e t e r i o r a t i o n  of RMS r e s i d u a l s  o c c u r r e d  o v e r  t h e  l as t  f i v e  

b a t c h e s  of d a t a  by about  t h e  same f a c t o r  of two and may p o s s i b l y  be a 

measure of f a t i g u e  on t h e  p a r t  of t h e  a s t r o n a u t .  

A n a l y s i s  of t h e  s t a r l h o r i z o n  measurements was accomplished by 

de termining  t h e  d i f f e r e n c e s  between t h e  a c t u a l  onboard measurements and cal-  

c u l a t e d  measurements (measured minus computed) u s i n g  t h e  TRW Program HOPE. 

HOPE i s  a second g e n e r a t i o n  E d i t i n g  and S p e c i a l  P e r t u r b a t i o n  O r i b t  

Determinat ion (ESPOD) Program which can g e n e r a t e  dumny d a t a  f rom onboard 

o p t i c  ins t ruments  based on t h e  i n p u t  t r a j e c t o r y .  The t r a j e c t o r y  i s  a b e s t  

f i t  least  squares  t r a j e c t o r y  which i s  d e r i v e d  from inpuc  d a t a  d e r i v e d  from 

ground based s e n s o r s  and onboard i n s t r u m e n t s  u s i n g  t h e  TRW NAT Program. 

The d a t a  were processed  by t a k i n g  a NAT s ta te  v e c t o r  j u s t  p r i o r  t o  

t h e  s t a r t  of a ba tch  of measurements and  p r o p a g a t i n g  i t  by u s e  of HOPE 

over  t h e  t i m e  i n t e r v a l  r e q u i r e d  t o  complete t h e  b a t c h  of measurements. A t  

each mark t i m e  a computed t r u n n i o n  a n g l e  was d i f f e r e n c e d  w i t h  t h e  measured 

t r u n n i o n  a n g l e  and t h e  r e s i d u a l s  t a b u l a t e d .  Table  7-1 i s  a l i s t  of s t a r /  

hor izon  s i g h t i n g s  i n  c h r o n o l o g i c a l  o r d e r  by b a t c h e s  w i t h  t i m e  of mark, 

hor izon  i d e n t i f i c a t i o n ,  s tar number, b r i g h t n e s s  and d i s t a n c e  from t h e  e a r t h  

f o r  t h e  f i r s t  mark. 
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There are several ways of looking a t  t h e  da t a  i n  Table 7-1. 

t h e  f i r s t  batch of da t a  ind ica t e s  a n  RMS r e s i d u a l  of 0.008 degrees.  

remainder of t h e  t r ans luna r  da ta ,  without  regard  t o  t h e  body being s igh ted ,  

( through batch 6 )  i n d i c a t e s  an RMS r e s i d u a l  of 0.003 degrees .  

da t a  (ba t ch  7 through batch 12) i n d i c a t e s  an  RMS r e s i d u a l  of 0.004 degrees.  

The remainder of t h e  da t a  (batch 13 through batch 17) g ives  a n  RMS r e s i d u a l  

of 0.313 degrees.  

For in s t ance  

The 

Transear th  

The s i g h t i n g s  on s t a r  number 1 contained i n  batch 7 a r e  f a r  out of 

l i n e  w i t h  t h e  rest of t h e  da ta  taken during t h a t  batch.  

s t a r  was used f o r  t he  s i x  marks. The RMS r e s i d u a l  f o r  t he  six marks i d e n t i -  

f i e d  as  s t a r  1 i s  0.028 degrees. These s i x  d a t a  p o i n t s  were not  used t o  

compute t h e  RMS r e s i d u a l s  quoted i n  t h e  preceding paragraph. 

t h e  same s ta r  ind ica t ed  r e s i d u a l s  of about t h e  same magnitude; however, 

o t h e r  r e s i d u a l s  were a l s o  la rger  than  those noted before  and a f t e r  batch 7. 

Perhaps a wrong 

I n  batch 14 

For a l l  measurements evaluated,  t h e  s tar  b r igh tness  was anywhere 

from -1.6 magnitude t o  2.8 magnitude. 

t h e  b r i g h t e s t  naviga t iona l  star and the  2.8 magnitude s ta r  was Menkar, 

approximately one / f i f ty -e igh th  (1 /58)  the  b r igh tness  of S i r i u s .  From the  

da t a  eva lua ted ,  i t  appears  t h a t  t h e  accuracy of t h e  measurement i s  somewhat 

a func t ion  of t h e  s t a r  br ightness ;  v i z ,  RMS r e s i d u a l  of 154 s igh t ings  on 

stars of magnitude less than  1.5 i s  0.006 while  RMS r e s i d u a l s  of 63 s i g h t i n g s  

on s ta rs  of magnitude g r e a t e r  than 1.5 i s  0.011. 

The -1.6 magnitude star i s  S i r i u s ,  

7.2 LUNAR LANDMARK TRACKING 

A lunar  landmark t racking  s tudy  was conducted under Task E-72 A 

Navigation Analysis.  

no i se  i s  t h e  same f o r  both t h e  sex tan t  and t h e  scanning t e l e scope ,  0.6 m r  

pe r  a x i s .  Using t h e  s i g h t i n g s  p o s t f l i g h t  a landmark loca t ion  was der ived 

f o r  each set of s igh t ings .  The RMS change i n  landmark loca t ions  was 2000 
f t  i n  l a t i t u d e ,  1600 f t  i n  longi tude and 2390 f t  i n  a l t i t u d e .  (Where t h e  

f i r s t  l oca t ion  was t h e  CMC so lu t ion  based on t h e  f i r s t  mark.) A procedural  

e r r o r  r e s u l t e d  i n  the  marks being obta ined  wi th  l e s s  than  t h e  recomnended 

20 seconds of separa t ion  between marks. 

12 seconds. The c loseness  of t h e  measurements would have had a n  e f f e c t  on 

t h e  accuracy of t he  s i g h t i n g s  and t h e s e  r e s u l t s  may not  be t o t a l l y  repre- 
s e n t a t i v e  of onboard naviga t ion  c a p a b i l i t y .  A more d e t a i l e d  p re sen ta t ion  

The r e s u l t s  of t h e  s tudy i n d i c a t e  t h a t  the  RMS r e s i d u a l  

The average t i m e  s epa ra t ion  was 
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of t h e  methods used and t h e  d a t a  processed  a re  p r e s e n t e d  i n  Reference  2. 

Rather  t h a n  r e p e a t  t h e  s t u d y  conducted f o r  Task E-72A, t h e  Task 

E-38 e f f o r t  c o n s i s t e d  of u s i n g  t h e  TRW HOPE Program t o  provide  a c a n p l e t e l y  

independent  check on t h e  landing  s i t e  c o o r d i n a t e s  e s t a b l i s h e d  by E72 s t u d i e s .  

The e x c e l l e n t  agreement between t h e  two programs lends  c redence  t o  t h e  

r e s u l t s  of both s t u d i e s .  

On a r e v o l u t i o n  by r e v o l u t i o n  b a s i s  t h e  d i f f e r e n c e s  (HOPE - Reference 

2 )  i n  t h e  two program r e s u l t s  are  a s  f o l l o w s :  

LANDMARK B1 (LANDING SITE) 

A L a t i t u d e  A Longitude 

Revolu t ion  5 -0001 deg +.004 deg 

Revolu t ion  6 -.003 deg -.007 deg 

Revolu t ion  7 +moo6 deg +.007 deg 

A A l t i t u d e  

+ 800 f t  

- 50 f t  

+ 135 f t  

* 
1 degree  i s  approximately 16 n m i .  



TABLE 7-1 

STAR-HORIZON S l G H T l N G S  

OBSERVATION T I M E  BODY HOR I ZON MEASUREMENT STAR APPROXIMATE 
GMT T I M E  ( d a y / H r / m i  n/sec) ERROR NUMBER MAGNITUDE GEOCENTRIC 

A L T I T U D E  (NM) 

BATCH # I  
21/18/49/35.57 

53135.72 
5604.65 

l9/0l/l.04 
03127.35 
38/42,23 
40/16.89 
43/35.26 
47/51.44 
W23.40 
51/23 .OO 

BATCH #2 

22/06/25/54 .a 

3~52.87 
31/5.510 

39/15.240 
42/20.82 
4V20.25 
46/39. a5 

5 1133.98 
491 19.99 

55135.61 
57153.87 

07/00/58.7 1 

03/4 1 .69 
06/29.83 

BATCH #3 
22/17/16/34.39 

1915.83 
21121.65 
2417.37 

E a r t h  F a r  .oog 
.004 
.007 

.OOJ 

.004 

.006 
- .001 

.003 

.018 

. O l O  

-1.6 24,000 
-1.6 
-1.6 
0.5 
0.5 
-1.6 
-1.6 
- I  . 6  

0.5 
0.5 

.OQ8 SI4 0 . 5  

E a r t h  F a r  

E a r t h  F a r  

.OOl 514 0.5 79,000 

.002 514 0.5 

.004 SI4 0.5 

.003 SI4 0 .5  

.006 514 0.5 

.003 SI4 0.5 

.001 SI4 0.5 

.004 514 0.5 

.002 514 0.5 
- .003 S I 8  I .3 

.002 SI 8 I .3 

.OOl S I 8  1.3 

.004 S I 8  I .3 

.002 S I 8  1.3 

.003 514 0.5 114,000 

.OOl SI4 0.5 

.001 514 0.5 

.OOl 514 0.5 
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TABLE 7-1 

STAR-HORIZON SlGHTlNGS (Cont inued)  

OBSERVATION TIME BODY HORIZON MEASUREMENT STAR APPROXIMATE 
GMT TIME (day/hr /min/sec)  ERROR NUMBER MAGNITUDE GEOCENTRIC 

ALTITUDE (NM) 

26/12 .25  - .OOl 514 0 . 5  

28/21.21 - .001 S I 4  0 .5  

3217.31 E a r t h  F a r  .005  SI8 1.3  
34/52 .42  .003 S I 8  1 . 3  
37134.19 .003  518 1 . 3  
39/44 .26  .002  S 1 8  1 . 3  
41/14 .25  .004 S I 8  1 . 3  

4 3 0 . 4  .003 S I 8  1 .3  
4 6 / 5 l . l 3  .002 SI7 2 . 2  

5 0 / 3 . 6  1 .005 SI7 2 . 2  

5317.29 .003 SI7 2 . 2  

23/01/21/15 .63  E a r t h  Near - .004 522 1.2 

2 V 2 5 . 6 0  . 000 522 1 . 2  

25131.37 - .002 522 1.2 

2W34 .24  - .002 522 1 . 2  

3015.65 - .002 522 1 .2  

32/22.62 0 522 1 .2  

36/56 .22  .OOl S I 4  0 . 5  

3912.53 .OOl S I 4  0 . 5  

40/58 .33  .OOl SI4 0.5  

23/09/53/47. 1 1  .007  527 1 .2  

5?/2 1 .43 .004 527 I .2  

10/01/40.02 - .002 527 1 . 2  

10/12 .29  - .003  528 1.9 
I2 /45 .05  - .004  S28 1 .9  
15/10.51 - .005 S28 1 .9  
18/8.67 .OOl 528 1 .9  
22/29 .48  - .004  528 I .9  
26/40 .66  - .003 S28 I .9  
31/12 .47  I4oon Near - .OOl 532 0 . 9  

33/21 . 2 4  .OOl 532 0 . 9  

35/49 .23  - .001 532 0 . 9  

BATCH #4  

BATCH #5 

E a r t h  F a r  

Moon Near 

Moon F a r  

135,000 

155,000 
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‘CABLE 7-1 

STAR-HORIZON SlCHTlNCS (Contlnued) 

OBSERVATION TIME BODY HORIZON MEASUREMENT STAR APPROXIMATE 
GMT TIME (day/hr/min/sec) ERROR NUMBER MAGNITUDE GEOCENTIRC 

ALTITUDE (NM) 

38/ 17.1 1 

39149.99 
41/57 .82 

BATCH #6 

23/ 16/58/59.8 1 

17/1/23.59 

3 m . 2 6  

6132.02 

8/16.2 

10/1.44 

12/26.451 

1 4 0 1 . 5 9  

17/34.770 

2 V 1 0 . 2 7  

25/24.21 

27/53.82 

31/51.91 

35/4.64 

37/30.44 

BATCH #J 
25/07/25/23.7 

28/11.05 

3 115.72 

3413 7.96 

3 7125.20 

40144.2 1 

45135.79 

48138.45 

50/ 18.23 

52/47.78 

55127.43 

5 7149.49 

0 

- .004 
.003 

Moon Near .005 

.002 

.003 

.001 

.001 

.007 

.004 

.006 

.001 

Moon Far .003 

- .002 
.002 

Moon Near - .004 

- .006 

.008 

Moon Near .032 
.026 

.026 

.028 

.022 

.030 

- .oog 

- .006 

- .001 

- .004 

.OOl 

.002 

s32 
S32 

S32 

so 1 

so 1 

so 1 

so 1 

so 1 

so 1 

so2 

SO2 

SO2 

SO2 

SO2 

so2 

1.2 169,000 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

I .2 

1.2 

1.9 
1.9 
1.9 
0.9 

0.9 

0.9 

200,000 2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.2 

2.2 

2.2 

2.2 

2.2 

2.2 
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TABLE 7-1 

STAR-HORIZON SlCHTlNGS (Cont inued)  

~ ~~ 

OBSERVATION TIME BODY HORIZON MEASUREMENT STAR APPROXIMATE 
GMT TIME (day/hr/rni n/sec) ERROR NUMBER MAGNITUDE GEOCENTRIC 

ALTITUDE (NM) 

BATCH # 8  
25/17/05/42.2a 

07123.80 

09/ 17.59 
12/  14.71 

13/44.51 

16/2.77 
191 IO .94 
21/55.12 

24/32.43 
27/3 1 . 4 2  

29/33.80 
31/44.01 

BATCH #9 
25/22/11/5.27 

13/14.27 

15/15.36 
17/48.90 
19/22.28 

21 /28 .37 

25133.34 
3 l/34.01 
34l17.77 
38/13.44 

39/3 I .52 
41/0.52 
4V24.60 

44/34.67 

4615.57 
JATCH #IO 
25/23/04/35.910 

06/l2.44 

0817.33 
12/8.64 

13/51.03 

Moon Near .004 

- .OOl 
0 

.002 

0 

.OOl 
Moon Far - .OlO 

- .005 

- .005 
Moon Near .006 

.004 

.004 

E a r t h  Far  - .OOl 
,003 

.OOl 

.ooo 

.OOl 

. 00 1 

E a r t h  Near - .004 

- .OOl 
- .005 
- .005 

- .003 
- .004 
- .003 
- .OOl 

.002 

Moon Near - .006 

- .007 
- .QO4 

Moon Far  - .004 

- ,007 

SO2 

SO2 
SO2 

SO2 

SO2 

SO2 

so7 
so7 
so7 
so 1 

so 1 

so 1 

SI8 
S I 8  
SI8 
SI8 
SI8 
SI8 
522 

522 
522 

5-25 
525 
525 

S25 
525 

525 

SO2 

so2 

SO2 

so9 
SO9 

2.2 177,000 
2.2 
2.2 

2.2 

2.2 

2.2 
2.8 

2.8 

2.8 
2.1 
2.1 

2.1 

1.3 164,000 

1.3 
1.3 

1.3 
1.3 
1.3 
1.2 

1.2 

1.2 

0.2 

0.2 
0.2 
0.2 
0.2 

0.2 

162,000 2.2 
2.2 

2.2 
1 . 1  

1 . 1  
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TABLE 7-1 

STAR-HORIZON SlGHTlNGS (Continued) 

OBSERVATION TIME BODY HORIZON MEASUREMENT STAR APPROXIMATE 
ERROR NUMBER MACN ITUDE GEOCENTRIC GMT TIME (day/hr/min/sec) 

ALTITUDE (NM) 

15/45.610 
BATCH # I 1  

26/01/25/38.85 
2706.11 
2W27.12 

3513.31 
36/45.14 
38/45.28 
41/20.72 

44/19.96 
46/13.29 

5013.67 

5516.99 
56/17.83 

57156.78 
59130.76 

02/01/5.42 
BATCH #I2 
26/02/23/15.91 

28/10.47 

29/38.55 
3 1/20.01 
32/23.8 1 

33150.93 
36/14.52 
38/34.20 
40/2l. IO 
43/21. IO 
45/2 1 .04 
46/34.90 

- .002 

Earth Far - .001 

.OOl 
- .OOl 

Earth Near - .002 
.006 

- .002 
.004 

- .OOl 
- .OOl 

IO00 
.ooo 
.ooo 

- .003 
- .003 
- .003 

Moon Near - .003 
- .002 
- .OOj 
- .OOl 
- .OO8 

- .004 

Moon Far - .003 
- .oog 
- .012 
- .006 
- .004 
- .006 

so9 

S I 8  
S I 8  
S I 8  
522 
522 
522 
522 
s22 
522 

525 
525 
S25 
S25 
525 

525 

so2 
SO2 
so2 
SO2 
SO2 

SO2 

so9 
so9 
so9 
so9 
so9 
so9 

1 . 1  

1.3 
1.3 
1.3 
1.2 
I .2 
1.2 
1.2 
1.2 
1.2 

0.2 
0.2 
0.2 
0.2 
0.2 

0.2 

2.2 

2.2 
2.2 
2.2 
2.2 
2.2 
1 . 1  
1 . 1  
1 . 1  
1 . 1  

1 . 1  

1 . 1  

156,000 

154,000 
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TABLE 7-1 

STAR-HORIZON SlGHTlNGS ( C o n t i n u e d )  

ODSERVAT I ON TIME BODY HORIZON MEASUREMENT STAR APPROXtMATE 
GEOCENTRIC 

ALTITUDE (NH) 
NUMBER MAGN ITUOE GMT TIME ( d a y / h r / m i n / s e c )  ERROR 

BATCH # I 3  
26/12/56/51 .55 

5915.99 
1 3 / 0 ' / 4 3 . 4 6  

31/ .36 
04/ 2.07 

05/14.17 

0 m a . 9 2  
08/5 1 .90 

10/59.76 

12/37.90 

14/31.290 

1 7 / 2 . 4 4  
20/25.23 

22/04.15 

2 3 / 2 5 . 6 5  
BATCH # I 4  

26/ 15/49/12.30 

5 I /4 .04  

52/29.21 

5 V l 2 . 3 5  
56/22.69 

5712 1 .69 

16/00/48.96 

03/7.38 
04/ 16.93 

BATCH # I 5  
26/16/27/20.27 

2911 9 .97  

30/54.52 

32/27.10 

34/23.34 

36/15.28 

E a r t h  F a r  . .007 

. 009 

.007 

.007 

.007 

.006 

E a r t h  N e a r  - .013 

- .009 

- ,012 

- .009 

- .Oll 
- .012 

.011 

.OlO 

.009 

Moon N e a r  - .025 

- .028 

- .028 

- .028 
- .030 

- .031 

.Ol9 

.020 

.020 

E a r t h  F a r  .007 

.006 

.004 

.006 

.005 

.005 

S I 8  
S I 8  
S I 8  
SI8 
S I 8  
S I 8  
5 2 2  

522 

5 2 2  

5 2 2  

522 

522 

525 

525  

525 

SO2 

SO2 

SO2 

S O 2  

SO2 

SO2 

so 1 

so 1 

so 1 

S I 8  
SI8 

S I 8  

S I 8  
S I 8  
S I 8  

115,000 

1 . 3  124,000 

I . 3  
1 . 3  
1 . 3  
1 . 3  
I . 3  
1 . 2  

1 . 2  

1 . 2  

1 . 2  

1 . 2  

I . 2  

0 . 2  

0 . 2  

0 . 2  

2 . 2  

2 . 2  

2 . 2  

2 . 2  

2 . 2  

2 . 2  

2 . 1  

2 . 1  

2 . 1  

1 . 3  113.000 

1 . 3  
1 . 3  
1 . 3  
1 . 3  
1 . 3  
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TABLE 7-1 
STAR-HORIZON S l G H T l N G S  ( C o n t  lnued) 

STAR APPROXIMATE 
GMT T I M E  ( d a y / h r / m i  n/sec) ERROR NUMBER MAGNITUDE GEOCENTRIC 

OBSERVATION T I M E  BODY HORIZOY MEASUREMENT 

A L T I T U D E  (NM) 

38/42.71 

39155.05 
41/0.22 

44/18.24 

W 2 0 . 4 3  

4?/42.27 

49123.53 
51 /22.34 

5 U 5 0 . 6 3  

BATCH # I 6  

26/22/43/09 .51  

4713.63  
48/58.3 1 

52/7.01 , 

54/0 .80  

55/4 1 .96 
571 18.59 
58/40.01 

23/00/22 .62  

BATCH 117 
26/23/16/52 .72  

18/27 .05  

19/49.69 
21 /21 ,83  

22155.93 
24/34 .49  

28/1 .14  

29/3 1 .46 
31 /2 .58  

32/19 .24  

33/42 .02  

35129.38 

3918.85  

40/39.32 

42/2 .95  

E a r t h  N e a r  - .013  

- .Oll 
- .OlO 

.007 

.005 

.OOJ 

.OlO 

.008 

.008 

Moon N e a r  - .021 

- .018 

- .020 

.009 

.013  

.OlO 

.011 

.009 

. O D 9  

E a r t h  F a r  .009 

.OOJ 

.013  

.012 

.OlO 

.011 

E a r t h  Near - .013 

- .OI5 
- .011 

- .015 

- .012  

- .013  

.005  

.005 

.004 

522 

s22  

522 

525 

S25 

S25 

S25 

525 

525 

SO2 

SO2 

SO2 

so1 
so1 
so 1 

so 1 

so 1 

so 1 

S I 8  
S I 8  
S I 8  
S I 8  
S I 8  
S I 8  
522 

522 

522 

s22  

522 

522 

525 

525 

S25 

1 . 2  

1.2 

1 .2  

0 . 2  

0 . 2  

0 . 2  

0 . 2  

0 .2  

0 . 2  

2 . 2  91 ,000  
2 .2  

2 .2  

2.1 

2 .1  

2.1 

2 .1  

2 .1  

2.1 

1 . 3  89,000 

1 . 3  
1 .3  

1 . 3  
1 . 3  

1.3 
1 . 2  

1 . 2  

I . 2  

1 . 2  

1 .2  

I . 2  

1 .2  

1.2 

1 .2  



TABLE 7-1 

S T A R - H O R I Z O N  S l G H T l N G S  ( C o n t i n u e d )  

O B S E R V A T I O N  T I M E  BODY H O R I Z O N  MEASUREMENT STAR A P P R O X I M A T E  
NUMBER M A G N I T U D E  G E O C E N T R I C  GMT T I M E  ( d a y / h r / m i n / s e c )  ERROR 

A L T I T U D E  (NM)  

44/4 .07  
46/ 13.36  
w . 9 9  

.003 525  1 . 2  

.006 52 5 1 . 2  

.004 525 I . 2  
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8.0 ENTRY EVALUATION 

Th i s  s e c t i o n  p resen t s  r e s u l t s  of an  eva lua t ion  of t h e  performance 

of t h e  e n t r y  d i g i t a l  a u t o p i l o t  (DAP) and Ent ry  Monitor System (EMS) dur ing  

t h e  Apollo 8 Mission. 

obtained from t h e  onboard Data Storage Equipment (DSE). 

c o n s i s t s  of comnand module computer (CMC) words and v a r i o u s  o the r  measurements, 

such as  gyro d i s p l a y  coupler  (GDC) body r o t a t i o n  rates. 

Data of i n t e r e s t  f o r  t h i s  p o s t f l i g h t  a n a l y s i s  were 
This  i n f o m a t i o n  

8.1 ENTRY DAP PERFORMANCE 

CM/W sepa ra t ion  occurred approximately 17 minutes p r i o r  t o  en t ry .  

A f t e r  s epa ra t ion  t h e  conanander manually t racked  the  horizon wi th  t h e  S/C 
under SCS minimum impulse cont ro l  u n t i l  146 h r s  45 min 28 sec g.e.t . ,  when 

S/C c o n t r o l  was given t o  the CMC. 

a t t i t u d e  hold was maintained i n  p i t c h  and yaw whi le  t h e  2 second p r e d i c t i v e  

DAP provided r o l l  a x i s  cont ro l .  

a t  146:46:42 g.e.t.  and t h e  atmospheric e n t r y  DAP assumed c o n t r o l ,  changing 

t h e  p i t c h  and yaw func t ions  t o  r a t e  damping. 

of t h e  S/C throughout t h e  e n t r y  phase, u s ing  the  s i n g l e  "All r i n g  f o r  a l l  

j e t  f i r i n g s .  Drogue chutes  deployment occurred a t  146:54:48 g.e. t . ,  and 

s h o r t l y  t h e r e a f t e r  t he  e n t r y  DAP was d i sab led  by keying i n  PROCEED on the  

DSKY. 

For approximately 1 min and 15 sec, 

A drag  level of .05 g was sensed by t h e  CMC 

The DAP remained i n  c o n t r o l  

8.1.1 P reen t ry  Phase - Exoatmospheric Ent ry  DAP 

The S/C was under DAP con t ro l  f o r  approximately 1 min and 15 sec 

p r i o r  t o  .05 g .  During t h i s  time t h e  2 second p red ic t ive  DAP c o n t r o l l e d  

S/C r o l l  whi le  a t t i t u d e  hold about t h e  d e s i r e d  e n t r y  o r i e n t a t i o n  was main- 

t a i n e d  i n  p i t c h  and yaw ( s ide - s l ip  ang le  = 0 and angle  of a t t a c k  = -20 deg). 

Operat ion of t he  exoatmospheric e n t r y  DAP appeared nominal; however, l i t t l e  

a c t i v i t y  was requi red  during t h i s  per iod ,  because t h e  veh ic l e  was e s s e n t i a l l y  

i n  the  des i r ed  e n t r y  a t t i t u d e  before the  CMC assumed S/C cont ro l .  

8.1.2 Entry Phase (Post  .05 n) - Atmospheric Entry DAP 

After .05 g ,  S/C con t ro l  cons i s t ed  of the  2 second p r e d i c t i v e  DAP 

i n  r o l l  and ra te  damping i n  p i t ch  and yaw. 

e n t r y  DAP is t o  fo l low the  r o l l  connnands i ssued  by e n t r y  guidance, wh i l e  

main ta in ing  coordinated r o l l .  

The func t ion  of t he  atmospheric 
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Figure  8-1 p re sen t s  t i m e  h i s t o r i e s  of r o l l  coxrunand and r o l l  angle .  

They ag ree  c l o s e l y ,  i n d i c a t i n g  t h a t  t h e  r o l l  DAP performed a s  des i r ed .  . 
The condi t ions  f o r  coordinated r o l l  a re  a = p = B = 0 ,  where t h e  

a n g l e s  R ,  B ,  a spec i fy  t h e  t ransformat ion  from t h e  t r a j e c t o r y  t r i a d  (TT) 

coord ina te  frame t o  t h e  SIC body system. The TT system i s  def ined  as  

f 0 1 lows: 
+ 

XTT along negat ive  r e l a t i v e  v e l o c i t y  d i r e c t i o n  (-V re 1 
4 - 4  

ZTT along V X ( r  X Vrel) d i r e c t i o n  ( l i f t  up) re 1 

YTT completing t h e  r ight-handed coord ina te  set. 

The en t ry  DAP computes body r o t a t i o n  rates p ,  q ,  and r by d i f f e r e n c -  

i ng  gimbal angle  measurements every  .01 second and r e so lv ing  t h e  r e s u l t a n t  

gimbal ang le  r a t e s  a long t h e  S/C body axes.  If t h e  r o t a t i o n  of t h e  TT 

system w r t  t h e  re ference  i n e r t i a l  system i s  neglec ted ;  then  p = p = 0 resul ts  

i n  the  condi t ion  r = p t a n  a f o r  coordinated r o l l .  

sys t em i s  no t  neg l ig ib l e  a t  lower speeds,  where t h e  e f f e c t  i s  seen p r i n c i p a l l y  

as a change i n  f l i g h t - p a t h  ang le  (Y). Accordingly,  DAP computations f o r  

coordinated r o l l  i nco rpora t e  c o r r e c t i o n s  due t o  TT frame r o t a t i o n s  whenever 

Y exceeds .05 deglsec.  

p r e l ,  q r e l ,  and r r e l ,  where q re1 i s  damped t o  0 2 2 deglsec  and r re1 

i s  c o n t r o l l e d  t o  w i t h i n  2 2 deg l sec  of ( p  r e l ) ( t a n  a). 

Rota t ion  of t h e  TT 

e 
The r e s u l t i n g  c o n t r o l  q u a n t i t i e s  are denoted by 

A t  high speeds t h e  CM i s  so  s t a b l e  t h a t  t h e  p i t c h  and yaw ra tes  

r a r e l y  exceed the  2 deglsec  deadbands, and l i t t l e  RCS a c t i v i t y  i s  seen. 

For Apollo 8 ,  a t  v e h i c l e  speeds above approximately Mach 2 ,  p i t c h  and yaw 

je t  f i r i n g s  were requi red  only  dur ing  per iods  of s i g n i f i c a n t  r o l l  j e t  a c t i v i t y  

such as  r o l l  r e v e r s a l s ,  

RCS f u e l  usage dur ing  t h e  e n t r y  phase of Apollo 8 i s  summarized i n  

Table  8-1. 

two minutes  before  drogue chu te s  deployment - a f t e r  t h e  v e h i c l e  v e l o c i t y  

dropped below approximately Mach 2. This  phenomenon has  been noted on 

previous f l i g h t s .  F igure  8-2 i l l u s t r a t e s  t h i s  i nc reased  je t  a c t i v i t y .  

Values of GDC and CMC p i t c h  ra tes  are presented  f o r  a 7 .5  sec t i m e  i n t e r v a l .  

Je t -on  t i m e s  a re  a l s o  shown. 

P i t ch  and yaw jet  f i r i n g s  increased  d r a m a t i c a l l y  i n  t h e  f i n a l  

Because t h e  CMC p r e l ,  q r e l ,  and r re1 a r e  
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saved f o r  downlink every .02 sec,  on ly  ha l f  of t he  computed ra te  da ta  is 
a v a i l a b l e .  S ign i f i can t  d i f f e rences  are seen between t h e  GDC and DAP p i t c h  

ra te  va lues .  These d i f f e rences  a r i se  because t h e  DAP t a k e s  account of t h e  

r o t a t i o n  of t h e  TT frame, through c o r r e c t i v e  terms i n  Y. The t i m e  per iod  

presented  i n  t h e  f i g u r e  occurred near  t h e  end of t h e  Apollo 8 e n t r y ,  when 

Y e f f e c t s  were s i g n i f i c a n t .  

t hese  d i f f e r e n c e s ,  because t h e  CDUfs , f o r  gimbal ang le  rates above approxi-  

ma.tely 4 d e g / s e c , a l t e r n a t e  between a h igh  and low fo l lowing  rate. 
r e s u l t s  i n  noise  on t h e  o rde r  of 1 deg/sec.  

t h a t  of F igure  8-2 and p l o t s  of yaw c o n t r o l  a c t i v i t y  would b e  similar t o  

t h i s  f i g u r e .  

f a c t  t h a t  t h e  DAP uses  i t s  va r i ab le  measured va lue  of a i n  t h e  computation 

of p re1 and r re1 and a l s o  i n  the c o n t r o l  equat ion  r re1 = p re1 t a n  a 

- + 2 deg/sec. 

CDU sampling e f f e c t s  can  a l s o  con t r ibu te  t o  

This  

Yaw rate c o n t r o l  da t a  resembles 

An a d d i t i o n a l  f a c t o r  when cons ider ing  yaw rate  damping is t h e  

Summarizing, i n  t h e  f i n a l  2 minutes of e n t r y  t h e r e  is a marked 

inc rease  i n  jet a c t i v i t y  f o r  p i tch  and yaw rate damping. 

d i f f e r e n c e s  are seen between GDC and CMC rates. They are a t t r i b u t a b l e  t o  

CDU no i se  and,  more s i g n i f i c a n t l y ,  e f f e c t s  of a v a r i a b l e  a and Y c o r r e c t i o n s  

which are used i n  CMC computations. 

S ign i f i can t  

. 

Where CMC da ta  are  a v a i l a b l e ,  a l l  jet f i r i n g s  f o r  p i t c h  and yaw rate  

c o n t r o l  have been v e r i f i e d  as occurr ing when CMC ra te  measurements were 

ou t s ide  t h e  2 deg/sec con t ro l  deadbands. 

n e s s  of t h i s  RCS a c t i v i t y ,  t he  number of j e t  f i r i n g s  was s i g n i f i c a n t l y  

g r e a t e r  t han  predic ted  by p re - f l i gh t  e n t r y  s imulat ions.  

s imula t ion  problem and not  a vehic le  c o n t r o l  problem. 

made t o  d u p l i c a t e  t h i s  increased jet  a c t i v i t y  a t  low Mach numbers by 

inco rpora t ing  atmospheric winds data i n t o  a v a i l a b l e  e n t r y  s imulat ions.  

While CMC da ta  v e r i f i e s  t h e  c o r r e c t -  

Th i s  r e p r e s e n t s  a 

Attempts are being 

8.2 ENTRY MONITOR SYSTEM 

Figure  8-3 presents  t h e  EMS G/V trace f o r  Apollo 8, For t h i s  mission,  

t h e  splashdown t a r g e t  range from E1 was r a t h e r  s h o r t ,  approximately 1300 n m i .  

Th i s  range w a s  chosen t o  i n s u r e  t h a t  e n t r y  guidance would not a t tempt  t o  

l rskipl l  t h e  S/C out  of the  atmosphere and below .05 g a f t e r  i t s  i n i t i a l  plunge. 

For maximum s a f e t y ,  the  non-exit  EMS p a t t e r n  was chosen f o r  use  i n  Apollo 8 ,  

because t h e  s k i p  monitoring l i n e s  on t h i s  s c r o l l  are more conserva t ive  than  

those  on t h e  o the r  a v a i l a b l e  EMS p a t t e r n  (3500 n m i  range l i m i t e r ) .  
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The veh ic l e  G/V p r o f i l e  a s  computed by t h e  CMC i s  a l s o  presented  i n  

The two traces agree c l o s e l y ,  i n d i c a t i n g  that t h e  EMS provided Figure  8-3. 

a n  e x c e l l e n t  monitor of t h e  S/C e n t r y  t r a j e c t o r y .  

The G/V trace became tangent  t o  a skipout  monitor ing l i n e  s h o r t l y  

a f t e r  pullup. This  c o n s t i t u t e d  a I tv io la t ion t f  of t h e  monitor ing l i n e s .  I n  

such a s i t u a t i o n ,  t h e  crew i s  prepared t o  t ake  over s p a c e c r a f t  c o n t r o l  and 

manually r o l l  t h e  l i f t  vec to r  t o  180 degrees  ( l i f t  down). Th i s  a c t i o n  was 

no t  requi red  i n  t h i s  i n s t ance  because t h e  v i o l a t i o n  occurred a t  a t i m e  when 

t h e  CMC r o l l  cornnand and veh ic l e  bank ang le  were a l r e a d y  180 degrees .  Such 

a s i t u a t i o n  had been seen i n  p r e - f l i g h t  s i m i l a t i o n s ;  t h e  crew was aware of 

t h i s  p o s s i b i l i t y ;  and they  c o r r e c t l y  allowed t h e  CMC t o  cont inue  c o n t r o l l i n g  

t h e  spacecraf t .  

CMC va lues  of t a r g e t  range (THETA) are placed a t  10 second i n t e r v a l s  

beneath the  EMS s c r o l l  p a t t e r n  i n  F igure  8-3. 

w i t h  t h e  range p o t e n t i a l  l i n e s ,  shown dashed i n  t h e  Figure.  The S / C  commander, 

i n  h i s  t e r h n i c a l  d e b r i e f i n g ,  commented t h a t  when the  G/V trace crossed  t h e  

50 m i l e  l i n e ,  t h e  EMS range counter  had a l s o  counted down t o  50, as  des i r ed .  

The CMC value a t  t h i s  t i m e  i s  approximately 35 n m i ;  however, a t  low veloc-  

i t i e s  t h e  CMC range i s  simply a g r e a t  c i rc le  length  between two geographic 

p o s i t i o n s ,  while t h e  range p o t e n t i a l  l i n e s  and counter  va lues  are i n e r t i a l  

q u a n t i t i e s .  The cons is tency  t h a t  i s  seen between t h e  EMS and CMC range 

i n d i c a t o r s  demonstrates t h a t  t h e  EMS could be used wi th  confidence a s  a 

backup system f o r  ranging t o  t h e  splashdown t a r g e t ,  i f  a CMC f a i l u r e  r equ i r ed  

t h a t  t h e  en t ry  phase be c o n t r o l l e d  manually. 

The va lues  are  c o n s i s t e n t  
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TABLE a1 
RCS Fuel Consumption f o r  Apollo 8 Entry 

RCS Fuel ( l b s )  

Engine 

+ Rol l  - Rol l  
Total Roll  

+ P i t c h  

Total  P i t c h  
- P i t c h  

+ Yaw - Yaw 
Total Yaw 

Final  2 Minutes 
Before Drogue s After .05  g 

10.19 
11.71 
21.90 

.76 
1.97 
2.73 

3.20 
1.32 
4.52 

.73 
1.97 
2.70 

2.85 
1 . l l  
3.96 
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APPENDIX A 

ME THODOLOGY 

1. METHODOLOGY 

1. 1 Trajectory Reconstruction 

There a r e  two available measures of GReN performance which have 
cardinal significance in the spacecraft (S/C) postflight e r r o r  analysis. 
During non-G&N controlled missiov phases (GRR and Boost through Coast: 

S-IVB attached), the measurement of greatest significance is the accuracy 
with which the S/C IMU and CMC sense and record actual trajectory 

parameters. 
the accuracy with which targeted trajectory parameters (the nominal 
trajectory) a r e  attained by the spacecraft. F o r  both situations, reliable 
knowledge of the actual trajectory is an essential tool. 
analysis is centered on a reconstructed, best estimate trajectory (BET). 
This trajectory was obtained via a working interface between this task and 
Task A-50 (Trajectory Reconstruction, MSC/MPAD). The reconstruction 

and related e r r o r  analysis proceed a s  follows. 

During G&N controlled phases, focus shifts to a measure of 

To this end, 

a )  Basic Data Processing and EAP 

Before trajectory reconstruction or IMU e r r o r  analysis 
can be undertaken, the basic data tapes must be edited 
and processed so that they a r e  compatible with the 
trajectory computing programs. The configuration for 
the processing of the basic data sources, and the 
production of an EAP tape, is shown in Figure A - 1  
This i s  a straightforward procedure, and the function of 
each of the four programs involved is explained in the 
following subs e c tions. 

b)  C&N Processor Program 

The G&N Processor reads total position, total velocity, 
incremental PIPA counts, and time (ST, TT, AN, t )  
f rom the input CMC telemetry tape. 
editing capability provides for correcting data in 
individual records, deleting records, inserting new 
records, and reconstructing lost data by interpolating 
between the values of 3~ and ?T bounding the specified 
d ropout interval. 

The program 



C 
0 u 



Procers ing  of the edited data proceedr i n  two pharer :  

Phase I 

The incaeme~trl PIPA countr, AN, a r e  ured to 
compute ranred porition, velocity, and acceleration 
(p,, or, &). 
scale  factor urd biar may be loaded into the program 
for @io computation. 
a r e  rotated i a o  ECIC coordinater. 

The dorired valuer of each P I P A  

Total porition and velocity 

Update P h a r t  

If desired,  a tot i l  porition and velocity may be 
specified at any time in the trajectory,  and the 
program will re-compute the trajectory from thir 
"update state vector" and the incremental PIPA 
countr, 
short  burnr. 

Thir capability ir ureful for  reconstructing 
The following quantities are computed: 

a) FT, 3, in GScN coordinater 

b) PT, vT, rT in  ECIG coordinater 

c )  zf - acceleration due to gravity in G & N  
coordinate I. 

c)  S-IVB P r o c e r r o r  Program 

The S-IVB Proce r ro r  readr  renred velocity and 
acceleration, total inertial  porition and velocity, and 
t ime 

V,(S-IVB), X,(S-IVB), PT(S-IVB), VT(S-IVB), t(S-IVB) 

from the S-IVB telemetry tape, and W time, TGN, 
f rom the G%N coordinate frame and interpolated to 
the GScN time bare. The time hir tory (G4N time) of 
the following quantitier are computed: 

'1) 

2) 

3 )  

v,,, xr in G&N coordinater 

8,' 3, in G4N coordinrter 

p,, pT in ECIC coordinater 

d)  General  Data P rocc r ro r  P rogram 

The General Data  P roce r ro r ,  ar ured in  Apollo portflight 
evaluation, readr  porition and velocity ( u r u d l y  RAE or 
X Y Z  rur face  fixed) and time from a tracking data tape, 
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and G&N time from the G&N processor tape. 
tracking data is transformed into a Cartesian coor- 
dinate frame and interpolated to the G&N time base. 
The output tape contains the following trajectories 
in the  G&N time base. 

The 

1) T o t a l  position, velocity, and acceleration in 
ECIG coordinates. 

2 )  Position, velocity, and acceleration in the 
tracking system coordinates. 

c )  Position, velocity, and acceleration in an 
ESF coordinate frame (ENU or  Downrange- 
Crossrange -Up). 

e )  Apollo IMU Error  Analysis Program (EAP) 

T h e  E A P  Program reads sensed acceleration, AS, 
in guidance coordinates, and time, T, from the 
GPN processor tape. 
position and velocity e r ro r  partial derivatives (in 
guidance coordinates) with respect t o  each of 40 
IMU er ror  sources. These e r ro r  sources a re  
defined in Table A-1 . 

-. 

The output program is 

If the guidance coordinates are  not coincident with 
the accelerometer coordinater, xr is rotated into 
ascelerome te r coordinate 8 ,  and acceleration e r ror  6, 
aA/bei, a r e  computed for each of the 40 e r r o r  
sources, ei. These acceleration e r ro r s  a re  then 
trapezoidally integrated to obtain velocity and 
position e r ro r s  which a re  rotated back into guidance 
coordinates and written on the output tape. 
values of each e i  a r e  input to any of the programs 
which employ an EAP output to construct a corrected 
trajectory. 

. 

The 

f )  Boost Phase Trajectory Reconstruction 

The configuration for computing corrected C&N t r a -  
jectories, and comparing G&N with other trajectory 
data is shown below and in Figure A-2 .  

The Velocity Compariron Program (VELCOMP) 
corrects the G&N trajectory using the EAP partials 
and the values of IMU e r ro r s  input by load rheet. 
The corrected G&N trajectory i o  differenced in both 
sensed and total "coordinatestt with either S-IVB or 
high speed tracking data. 
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The configuration of Figure A-2 can also be ured to 
reconstruct burns, provided accurate, high speed 
position data i r  available throughout the burn. 

The VELCOMP program may be used in several 
configurations (#elected by load rheet options) in 
correcting and reconrtructing the G&N trajectory. 
The following diagram rhowr the general config- 
uration. 

A minimum of two taper a re  required ar input. 

0 (A) - Senred porition a d  velocity and total porition 
and velocity (Pa, Vu, VT) in C&N coordinates 
a re  read from the G&N R o c e r r o r  output. 

- The t a p e a r n a y  be an output from either the 0 @ 
S-IVB Procerror or  the General Data Proceiror. 
The program readr total porition and velocity in 
ECIG coordinater from th io  tape. 

Generally, an EAP output, (E), will alro be included, in which ca r t  
the program read8 the porition and velocity partialr for each of the IMU 
e r ro r  rourcea. 

VELCOMP program via load rheet. 
The valuer of the e r rore  themrelver a re  input t o  the 

If neither of the toper (A) or  0 being compared containr accurate 
porition information, another tape, 0, may be input. The program readr 
total porition in ECIG coordinrtei from thir tape and urea thir information 
only in computing the gravity profile. 
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In the discussion of the computations made by the VELCOMP pro- 

gram, the following notation will  be used: 
4 -  

P, V are position and velocity data f rom the G&N tape; 

TS, TT are  position and velocity data from tape 0;  
M is the matrix which trane€orms from ECIG to G&N coordinates; 

g1, VI are initial conditione in ECIG coordinates. 

Each of the following quantities are  computed and written on the 
V E L  C OM P out put tape. 

Guid anc e Computations 

Gravity Profile 

L3G, 'G, 'G1,CIG - There quantitier a r e  computed from total 
position data on any of the taper, (A), 0.0, for any epecified segment 
of the trajectory. 

"Tracking" Data (Tape 0 ) in Sensed Coordinates 

The gravity model aaaumcs the Fisher Ellipsoid. 

"Tracking" Data (Tape 0 )  in Total Coordinates 
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Sensed Position and Velocity Comparison 

Note: Let the compensated C&N data be represented by 

Total Position and Velocity Comparison 

Note: "Compensated" total G&N data is defined by 

Delta of Delta Comparison 

Reconstructed G&N Trajectory 

The total corrected G&N trajectory in ECIG coordinates is computed 
from 

g) Orbital Maneuver Reconstruction 

Since continuous (and accurate) high speed tracking is 
not expected during the orbital maneuvers, the con- 
figuration of Figure A - 2  cannot be used to compensate 
and reconstruct the G&N trajectory. The trajectory 
reconstruction program has the capability of recon- 
structing an entire G&N trajectory using only senred 
velocity (and EAP partiah) as an input. 
ration for reconstructing burns (and entry if applicable) 
is shown in Figure A-3. 

If tracking is available over segments of a burn, 
position and velocity cornparirons may be generated 
with the VELCOMP program using the configuration 
shown in Figure A-3. 
Program output (which containr corrected total position 

The configu- 

The Trajectory Reconstruction 
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data) is used to generate the gravity profile, and the 
comparisons are  made as  explained earlier. 

The trajectory reconstruction program utilizes two  
input tapes: sensed velocity is read from the C&N 
processor tape; bVs/aek is  read from the EAP tape. 

The e r ro r  magnitudes, ek, initial position and velocity, 
PI and VI in ECIC coordinates, and the Matrix, M, which 
transforms from ECIG to G&N coordinates are  input to 
the program via load sheet. 

The program output consist of the following quantities: 

0 PT V T  AT in ECIG coordinates. This is  the 
reconstructed trajectory which is computed as  
follows: The sensed velocity corrections a re  
computes from 

Total velocity at time "it' is computed from 

- 1  VTi  = VI t M (Vsi - 6Vsi) t VGi 

and AGi - 1 *Gi 
2 Where VGi = VGi-i t 

vTi- l  "Ti ot 
2 Total position is computed from PTi = PI t 

Vti - 'Ti-1 
6 t  Total acceleration is  computed from ATi = 

0 

0 Several NAT output quantities, viz. , NOS. 9, 10, 11, 12, 

PTD V T  rotated into G&N coordinates. 

13, 14, 15, 16, 19, 20, 21, 50 - 55. 
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h)  NAT Program 

c 

1 . 2  

The NAT (NASA Apollo Trajectory) Program accepts 
the output tapes from the G I N  Processor, VELCOMP 
Program, Trajectory Reconstruction Program, and 
ESPOD. 
atmospheric data which is used for computation during 
entry. The output tape contains 11 2 parameters which 
a re  listed in the NAT Index. 

The  program also accepts input tables of 

M U  Evaluation 

The VELCOMP program was a basic tool used in arriving at  a set  
of "most probable" M U  errors.  

loaded into this program and the output for each trial was examined for 

conformance with the BET. That se t  of e r ro r s  which reduced the "cor- 
rected" G&N trajectory residuals to a minimum for all accurate BET inter-  
vals was postulated as the most probable set  of e r ror  values. 
G&N calibration data provided a source of most probable e r ro r s  for initial 

trial values.. Subsequent trial e r ro r s  were selected based upon an exami- 
nation of the preceding VELCOMP position and velocity residuals (deltas 
with respect to the BET), A final most probable set  of e r r o r  values was 

obtained from the earlier estimates using a Kalman filter technique. 

Trial values of the e r r o r  quantities were 

Prelaunch 

The boost phase of any mirsion is most important for determining 
IMU e r ro r s  because acceleration levels a re  high and good high speed 
tracking is  available. For  thio reason, comparisons of "corrected" 
(trial) C&N trajectories with the boost phase BET will yield the most 
reliable eBtimates of IMU errors. 

2. ESPOD 

As will be noted, the principal source referred to for trajectory 
data during coasting phases of the flight is ESPOD. 
"Editing and Special Perturbation Orbit Determination. 'I This program 
is a comprehensive model of the principal and perturbing accelerations 
which act on a vehicle during free fall (non-thrusting, exo-atmospheric 

flight), A s  such, it is used to generate (L continuous estimate of the free 
fall trajectory of an orbitinq spacecraft based upon radar data and models 
of the earth's potential field, aerodynamic drag, lunar, solar, and plan- 
etary perturbations, and radiation preBsure. 

ESPOD denotes 
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