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PREFACE 

This report  has been prepared as supplement 2 t o  t h e  Apollo 12 
Mission Report (MSC-01855). 



. . . .  

CONTENTS 

Page 

1 . 0 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  
1.1 General . . . . . . . . . . . . . . . . . . . . . . . .  

2.0 SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3.0 CSM IMU PERFORMANCE . . . . . . . . . . . . . . . . . . . . .  

3.1 TLI Veloc i ty  Comparisons . . . . . . . . . . . . . . .  
3.2 I S S  Errors . . . . . . . . . . . . . . . . . . . . . .  

4.0 CSM DIGITAL AUTOPILOT . . . . . . . . . . . . . . . . . . . .  
4.1 Plane Change 2 Maneuver . . . . . . . . . . . . . . .  
4.2 Excessive PTC J e t  F i r i n g s  . . . . . . . . . . . . . .  

5.0 LM DIGITAL AUTOPILOT . . . . . . . . . . . . . . . . . . . .  
5.1 LM DAP Performance During Early Phases o f  Powered 

Descent . . . . . . . . . . . . . . . . . . . . . . . .  
5.2 LM DAP Performance During Powered Descent Approach 

Phase . . . . . . . . . . . . . . . . . . . . . . . . .  
5.3 LM DAP Performance During Powered Descent Landing 

Phase . . . . . . . . . . . . . . . . . . . . . . . .  
5.4 Powered Ascent . . . . . . . . . . . . . . . . . . . .  

5.4.1 Lunar L i f t o f f  . . . . . . . . . . . . . . . .  
5.4.2 Pi tchover Maneuver . . . . . . . . . . . . . .  
5.4.3 Manual X-Axis Maneuver . . . . . . . . . . . .  
5.4.4 Steady State 0p.eration . . . . . . . . . . . .  

5.5 LM Deorb i t  . . . . . . . . . . . . . . . . . . . . . .  
5.5.1 Burn Implementation . . . . . . . . . . . . . .  
5.5.2 DAP Performance . . . . . . . . . . . . . . . .  

6.0 AGS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6.1 Functional Analysis . . . . . . . . . . . . . . . . .  

6.1.1 State Vector Updates . . . . . . . . . . . . .  
6.1.2 A t t i  tude Reference A1 i gnments . . . . . . . .  
6.1.3 ASA Cal ibrat ions . . . . . . . . . . . . . . .  
6.1.4 Post Burn Residuals . . . . . . . . . . . . . .  

6.2 Sensor Performance . . . . . . . . . . . . . . . . . .  
6.2.1 Powered Descent . . . . . . . . . . . . . . . .  
6.2.2 Powered Ascent . . . . . . . . . . . . . . . .  

1-1 
1-1 

2-1 

3-1 
3-1 
3-2 

4-1 
4-1 
4-2 

5-1 

5-1 

5-3 

5-5 
5-6 
5-6 
5-7 
5-8 
5-8 
5-9 

5-9 
5-10 

6-1 
6-1 
6-1 
6-2 
6-3 
6-3 
6-4 
6-4 
6-5 

iii 



CONTENTS (Continued) 

Page 

6.2.3 Accelerometer Errors . . . . . . . . . . . . . . .  6-6 
6.2.4 

6.2.5 

Attitude Reference Misalignment and Gyro 
Drift . . . . . . . . . . . . . . . . . . . . . . .  6-6 
Comparison of Sensor Analysis Results t o  AGS 
Error Models 6- 7 
6.2.5.1 Total and Dynamic Errors . . . . . . . .  6-7 

. . . . . . . . . . . . . . . . . . .  

6.2.5.2 Bias Performance 6- 8 

7.0 STAR HORIZON MEASUREMENTS . . . . . . . . . . . . . . . . . . .  7-1 

. . . . . . . . . . . .  

8 .0  LM IMU PERFORMANCE . . . . . . . . . . . . . . . . . . . . . . .  8-1 

8.1 LM IMU Errors . . . . . . . . . . . . . . . . . . . . . .  8-1 
8 . 2  Accelerometer Bias Shi f t s  Determined by P57 G 

Measurement Data . . . . . . . . . . . . . . . . . . . . . .  8-3 

9.0 LM LUNAR SURFACE . . . . . . . . . . . . . . . . . . . . . . . .  9-1 
9.1 Least Squares Attitude Processor . . . . . . . . . . . . .  9-1 

9.1.1 Touchdown and Liftoff Misalignments . . . . . . .  9-1 
9.1.2 Comparison of P57 Gyro Torquing Angles w i t h  

Results of Attitude Processor . . . . . . . . . .  9-2 
9.2 LM Landing S i t e  . . . . . . . . . . . . . . . . . . . . . .  9-2 

R E F E R E N C E S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ - 1  

i v  



3.1 

3.2 

5.1 

5.2 

5.3 

6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

6.7 

6.8 

6.9 

6.10 

6.11 

6.12 

6.13 

6.14 

7.1 

* -  
I 

TABLES 

CSM IMU System Errors . . . . . . . . . . . . . . . . . . . .  
IMU Error Sources . . . . . . . . . . . . . . . . . . . . . .  
Maximum Established Rates. Rate Gyro Signals. A t t i t u d e  
Errors. and Rate Errors During Various Phases of Powered 
Descent . . . . . . . . . . . . . . . . . . . . . . . . . . .  
RCS Propel 1 ant Required t o  Maintain Atti tude Control 
Dur ing  Various Phases of Powered Descent . . . . . . . . . . .  
Time Duration o f  Descent Programs . . . . . . . . . . . . . .  
AGS Navigation In i t i a l i za t ion  . . . . . . . . . . . . . . . .  
AGS/PGNCS Residual Comparisons (LM Active Rendezvous) . . . .  
ASA Determined Errors . . . . . . . . . . . . . . . . . . . .  
Performance Summary . . . . . . . . . . . . . . . . . . . . .  
Equivalent Accelerometer Bias Error. pg . . . . . . . . . . .  
Equivalent Gyro Bias Error. deg/hr  . . . . . . . . . . . . . .  
Performance Summary . . . . . . . . . . . . . . . . . . . . .  
Equivalent Accelerometer Bias Errors. pg . . . . . . . . . .  
Equivalent Gyro Bias Errors. deg /h r  . . . . . . . . . . . . .  
Accelerometer & Gyro Bias Performance . . . . . . . . . . . .  
LM 6 ASA 010 Gyro Dr i f t  (deg/hr) . . . . . . . . . . . . . .  
LM 6 ASA 010 Accelerometer Bias (pg) . . . . . . . . . . . . .  
Accelerometer Bias Time Stab i l i ty  . . . . . . . . . . . . . .  
ASA 010 Accelerometer Bias Performance from IFC t o  Post- 
ascent Freeflight . . . . . . . . . . . . . . . . . . . . . .  
Star-Horizon Measurement Errors . . . . . . . . . . . . . . .  

Page 

3-5 

3-7 

5-13 

5-15 

5-16 

6-9 

6-10 

6-11 

6-12 

6-12 

6-13 

6-13 

6-14 

6-15 

6-15 

6-16 

6-17 

6-18 

6-18 

7-3 

V 





I L L USTRAT I ON S 

P 
* '  

3- 1 

3- 2 

3- 3 

3-4 

3-5 

3-6 

4- 1 

4- 2 

4- 3 

4-4 

4- 5 

4- 6 

4- 7 

4-8 

4- 9 

4-1 0 

4-1 1 

5- 1 

5- 2 

5- 3 

5-4 

5- 5 

5-6 

Uncompensated TLI Veloc i ty  Comparison (G&N Minus S.IVB) . . .  
Uncompensated TLI Ve loc i ty  Comparison (G&N Minus S.IVB) . . .  
Uncompensated TLI Ve loc i ty  Comparison (G&N Minus S.IVB) . . .  
Compensated TLI  Veloc i ty  Comparison (G&N Minus S.IVB) . . . .  
Compensated TLI  Veloc i ty  Comparison (G&N Minus S.IVB) . . . .  
Compensated TLI  Veloc i ty  Comparison (G&N Minus S.IVB) . . . .  
Spacecraft Dynamics During MCC2 . . . . . . . . . . . . . . .  
Spacecraft Dynamics During LO11 . . . . . . . . . . . . . . .  
Spacecraft Dynamics During LO12 . . . . . . . . . . . . . . .  
Spacecraft Dynamics During Plane Change One . . . . . . . . .  
Spacecraft Dynami cs During P1 ane Change Two . . . . . . . . .  
Spacecraft Dynamics During Transearth I n j e c t i o n  . . . . . . .  
MCC-2 Veloci ty.to.be.Gained . . . . . . . . . . . . . . . . .  
LOI-1 Veloci ty.to.be.Gained . . . . . . . . . . . . . . . . .  
LOI-2 Veloci ty.to.be.Gained . . . . . . . . . . . . . . . . .  
TEI Veloci ty.to.be.Gained . . . . . . . . . . . . . . . . . .  
CDU Mec han i z a t i on . . . . . . . . . . . . . . . . . . . . . .  
Incorporat ions o f  ARLS During Powered Descent . . . . . . . .  
Actual and Desired CDUY During Pi tchover . . . . . . . . . .  
Downrange Redesignations During P64 . . . . . . . . . . . . .  
Crossover Redesignation During P64 . . . . . . . . . . . . .  
Augular Rates and Accelerat ions a t  L i f t o f f  from the Moon . . 
APS Transient Dry S t a r t  Chamber Pressure versus Time . . . .  

Page 

3- 8 

3-9 

3-10 

3-11 

3-12 

3-13 

4-5 

4-7 

4-9 

4-11 

4-13 

4-15 

4-17 

4-18 

4-19 

4-20 

4-21 

5-17 

5-18 

5-19 

5-20 

5-21 

5-22 

v i  i 



. . .  
9 

t Y  
.. 

ILLUSTRATIONS (Continued) 

5- 7 

5-8 

5-9a 

5-9b 

5-1 0 

5-1 1 

5-1 2 

5-13 

6-1 

6- 2 

6- 3 

6-4 

6- 5 

6- 6 

6-7 

6-8 

6- 9 

6-1 0 

Pitchover Maneuver . . . . . . . . . . . . . . . . . . . . .  
Manual X-Axis Maneuver . . . . . . . . . . . . . . . . . . .  
Spacecraft Dynamics D u r i n g  APS Lunar Ascent . . . . . . . .  
Spacecraft Dynamics During APS Lunar Ascent . . . . . . . .  
LM Deorbit Pitch Rates . . . . . . . . . . . . . . . . . . .  
LM Deorbit Roll Rates . . . . . . . . . . . . . . . . . . .  
LM Deorbit U '  Phase Plane . . . . . . . . . . . . . . . . .  
LM Deorbit V '  Phase Plane . . . . . . . . . . . . . . . . .  
A1 t i  tude During Descent . . . . . . . . . . . . . . . . . .  
Case 1 Uncompensated Velocity Differences f o r  Descent 
( X-Axis ) . . . . . . . . . . . . . . . . . . . . . . . . . .  
Case 1 Uncompensated Vel oci ty Differences fo r  Descent 
(Y.Axis) . . . . . . . . . . . . . . . . . . . . . . . . . .  
Case 1 Uncompensated Velocity Differences fo r  Descent 
(Z.Axis) . . . . . . . . . . . . . . . . . . . . . . . . . .  
Case 2 Uncompensated Velocity Differences fo r  Descent 
(X-Axi s )  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Case 2 Uncompensated Velocity Differences fo r  Descent 

Case 2 Uncompensated Velocity Differences f o r  Descent 
(Z.Axis) . . . . . . . . . . . . . . . . . . . . . . . . . .  
AGS and PGNCS Sensed Acceleration Reconstruction During 
32 Degree Pi tchover Maneuver (Z-Axis) . . . . . . . . . . .  
Case 1 Uncompensated Velocity Differences fo r  Ascent 

(Y.Axis) . . . . . . . . . . . . . . . . . . . . . . . . . .  

( X- Axi s ) . . . . . . . . . . . . . . . . . . . . . . . . . .  
Case 7 Uncompensated Velocity Differences f o r  Ascent 
(Y.Axis) . . . . . . . . . . . . . . . . . . . . . . . . . .  

Page 

5-23 

5-24 

5-25 

5-27 

5-29 

5-30 

5-31 

5-32 

6-19 

6-20 

6-21 

6-22 

6-23 

6-24 

6-25 

6-26 

6-27 

6-28 

v i i i  



ILLUSTRATIONS (Continued) 

Page 

6-1 1 Case 1 Uncompensated V e l o c i t y  Di f ferences f o r  Ascent 
(Z-Axis) . . . . . . . . . . . . . . . . . . . . . . . . . 

6-12 Case 2 Uncompensated Ve loc i ty  Di f ferences f o r  Ascent 
(X-Axis). . . . . . . . . . . . . e . . . . . . . . . . 
Case 2 Uncompensated Ve loc i ty  Di f ferences f o r  Ascent 
(Y-Axi s )  . . . . . . . . . . . . . . . . . . . . . . . . . . 
Case 2 Uncompensated Ve loc i ty  Di f ferences f o r  Ascent 
(Z-Axis). . . . . . . . . . . . . . . . . . . . . . . . . . 

6-13 

6-14 

6-15 Compensated Ve loc i ty  D i f fe rence f o r  Descent (X-Axis). . . . 
6-16 Compensated V e l o c i t y  D i f fe rence f o r  Descent (Y-Axis). . . . 
6-17 Compensated V e l o c i t y  D i f fe rence f o r  Descent (Z-Axis). . . . 
6-18 Compensated V e l o c i t y  Di f ferences f o r  Ascent (X-Axis). . . . 
6-19 Compensated V e l o c i t y  Di f ferences f o r  Ascent (Y-Axis). . . . 
6-20 Compensated V e l o c i t y  Di f ferences f o r  Ascent (Z-Axis). . . . 

6-29 

6-30 

6-31 

6-32 

6-33 

6-34 

6-35 

6-36 

6-37 

6-38 

i x  





NOMENCLATURE 

AGS 

AOS 
APS 
ASA 
BET 
BMAG 
CDH 
CDU 
CES 

cg 
CM 
CMC 
cs I 
C SM 
DA P 
DO I 
DPS 
FC I 
FDA I 
GDA 

GET 
GN&C 
HOPE 
I MU 
I ss 
I U  
LGC 
LM 
LO1 1 
LO1 2 

Abort Guidance System 
Of f se t  Accelerat ion 
Ascent Propulsion System 
Abort Sensor Assembly 
Best Estimate Tra jectory  
Body Mounted A t t i t u d e  Gyro 
Concentric Del ta  Height 
Coupling Data U n i t  
Control E lect ron ics Section 
Center o f  g r a v i t y  
Command Module 
Command Module Computer 
Concentric Sequence I n i t i a t i o n  
Comnand & Service Module 
D i g i t a l  Au top i l o t  
Descent O r b i t  I n s e r t i o n  
Descent Propulsion System 
F l i g h t  Control I n teg ra t i on  
F l i g h t  D i rec to r  A t t i t u d e  Ind i ca to r  
Gimbal Dr ive Actuator 
Ground Elapsed Time (from l i f t o f f )  
Guidance, Navigation & Control 
Houston Opera t i ons Pred i c t o r  Estimator 
I n e r t i a l  Measurement Uni t  
I n e r t i  a1 Subsys tem 
Instrumentation Uni t  (Saturn S-IVB) 
Lunar Modul e Guidance Computer 
Lunar Module 
Lunar O r b i t  I n s e r t i o n  #1 
Lunar O r b i t  I n s e r t i o n  #2 ( c i r c u l a r i z a t i o n )  

x i  



Omega P er ror  
Omega U' error  
Omega V '  e r ror  
P er ror  
U error  
U' error  
V error  
V '  error  

Y 
a 

Rate error  about P axis 
Rate error  about U' ax is  
Rate error  about V '  axis 
Yaw ax i s  error  
Computed errors - refer  t o  Figure 6-1 
Computed errors  - refer  t o  Figure 6-1 
Computed errors  - re fer  t o  Figure 6-1 
Computed errors  - refer  t o  Figure 6-1 
Measured gravity vector i n  IMU coor- 
dinates ( X )  
Measured gravi ty  vector in IMU coor- 
dinates ( Y )  
Measured gravity vector i n  IMU coor- 
dinates ( Z )  

xi i 



1 .O INTRODUCTION 

1.1 GENERAL 

This report presents the conclusions of the analyses of the in f l igh t  
performance of the Apollo 12 mission Guidance, Navigation and Control 
equipment onboard the CSM-108 and LM-6 spacecraft. The analyses will 
supplement t ha t  presented i n  the Apollo 12 Mission Report (Reference 
1 ) .  
"G&C Test Analysis. 'I 

This document was prepared and submitted under MSC/TRW Task E-38CY 
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2.0 SUMMARY 

CSM IMU performance was good dur ing  the mission. Error separation 
studies conducted f o r  the TLI burn  indicated 31 of the 34 error  sources 
evaluated were w i t h i n  one sigma of the pref l ight  expected error .  The 
other three were easi ly  w i t h i n  three sigma of the pref l ight  expected 
error  value. 

The CSM DAP exhibited no anomalous behavior d u r i n g  the Apollo 12 
mission. 
on previous missions; the other burn exhibited an unexpected 60% over- 
shoot i n  the i n i t i a l  a t t i t ude  t ransient .  
damped and the rest of the burn was nominal. 
was caused by an undesirable combination of mistrim error  and a t t i t ude  
error.  
coast was investigated. Detailed analysis indicated the cause was most 
probably a CDU t ransient  which generated a short  term unreal is t ic  a t t i -  
tude error.  

Five of the six SPS burns were typical of TVC DAP performance 

The transients were quickly 
The large t ransient  

A disturbance to  the PTC limit-cycle dur ing  LM docked lunar orb i t  

Performance of the LM DAP during powered descent was qui te  similar 
t o  the Apollo 11 mission resu l t s  with the exception of two new functions. 
A landing s i t e  redesignation of 4200 f e e t  downrange was implemented i n  P63 
via the ARLS procedure w i t h  no adverse guidance/control interaction. 
The a t t i t ude  error  deadband was decreased to  0.3 degree i n  P64 which re- 
sulted i n  reduced a t t i tude  errors  du r ing  the Vis ib i l i ty  Phase. Slosh 
osci l la t ions of 0.55 to  0.60 HZ were apparent i n  the P63 phase b u t  were 
attenuated i n  amplitude i n  the P64 phase by the deadband change. The 
spacecraft response and RCS propel 1 ant consumption dur ing  the P63 and 
P64 phases agreed closely w i t h  resu l t s  from the MSC bit-by-bit simulator. 
The LM DAP performed well i n  damping the fire-in-the-hole t ransients  a t  
lunar 1 i f t o f f  and performed the pitchover maneuver smoothly. The steady- 
s t a t e  response duplicated the Apollo 11 powered ascent response. The 
three RCS bu rns  i n  the rendezvous sequence were nominal. A new mission 
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phase required a LM deorbit burn  t o  impact the empty ascent stage on the 
moon. The deorbit burn was essent ia l ly  a long four- je t  ullage maneuver. 
Biased limi t-cycle responses d u r i n g  the burn  resulted from the torques 
caused by the cg of fse t  from the geometric center of the RCS quads. 
This response was ver i f ied t o  be nominal. 

Star-horizon (P23) data were processed. Reasonable and consistent 
values for  earth-horizon b i a s  were obtained and the t r u n n i o n  noise was 
w i t h i n  specification fo r  the sextant.  
b i a s  was 51,300 f t  (15.6 km) and the one sigma trunnion er ror  was 0.003 
degree. 

The average value for hor izon  

LM IMU performance was sat isfactory.  Correcting of sensed I M U  data 
during descent and ascent burns t o  meet best estimate terminal conditions 
(lunar touchdown location and insertion s t a t e  vectors) yielded se t s  of 
errors which will account for  most of the differences between IMU data 
and the reference d a t a .  None of the determined er ror  sources were 
greater t h a n  two sigma. The P I P A  bias s h i f t  which occurred across the 
IMU shutdown period accounted fo r  d majority of  the ascent insertion 
e r ror .  

The l u n a r  surface IMU alignment (P57)  star sighting d a t a  were pro- 
cessed i n  the i te ra ted  weighted leas t  squares program fo r  the purpose 
of determining IMU misalignments. Results indicate the platform was 
aligned prior t o  POI and prior t o  LM l i f t o f f  within the one sigma 
AOT accuracy (0.06 degree) . 

AGS performance as a mission monitor was excellent and i n  general AGS 
accuracy was i n  agreement with current capabi l i ty  estimates. All of the 
estimated sensor errors  f o r  the descent and ascent burns were w i t h i n  the 
AGS e r ror  budget l imi t s .  
expected values based on pref l ight  tes t ing of the ASA flown on Apollo 12. 
During descent a l l  of the estimated errors  were within the predicted 30 
range. 

The sensor errors  were also compared t o  a s e t  of 

During ascent,  only one e r ro r ,  X accelerometer dynamic bias ,  
exceeded the predicted 30 range. 
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3.0 CSM IMU PERFORMANCE 

Performance o f  CSM IMU #46 was based e x c l u s i v e l y  on the  t rans lunar  

i n s e r t i o n  (TLI)  phase. The e l e c t r i c a l  anomaly which occurred a t  approxi-  
mately t+30 seconds a f t e r  l i f t o f f  rendered t h e  GN&C system non-usable f o r  
the  remainder o f  the  boost phase. 
abbreviated e r r o r  ana lys is  was performed f o r  t h e  f i r s t  30 seconds o f  
f l i g h t  and no severe e r r o r s  were present. 

s e t  o f  e r r o r s  which f i t s  both t h i s  small t ime segment and the  TLI  
phase i s  n o t  p r a c t i c a l  o r  meaningful. I M U  performance was s a t i s f a c t o r y  
dur ing  the  TLI  phase o f  f l i g h t .  

For re ference purposes only ,  an 

However, d e r i v a t i o n  o f  a 

3.1 TLI VELOCITY COMPARISONS 

For previous missions, ana lys is  o f  the  CSM IMU system accuracy was 

based upon a common s e t  o f  e r r o r s  which, when used t o  c o r r e c t  t h e  Apol lo  
data, r e s u l t e d  i n  small  res idua l  v e l o c i t i e s  between Saturn I U  data and 
Apol lo  data f o r  both the  boost t o  o r b i t  phase and the  TLI  phase. This 
was n o t  poss ib le  f o r  Apol lo  12 because o f  t h e  occurrence o f  t h e  e l e c t r i -  
ca l  discharge s h o r t l y  a f t e r  l i f t o f f .  

accuracy was based on v e l o c i t y  comparisons between Saturn I U  data and 
Apol lo  data f o r  t h e  TLI phase only.  Uncompensated v e l o c i t y  comparisons 
f o r  TLI a r e  presented i n  Figures 3-1 through 3-3. 

Therefore, f o r  Apo l lo  12, I M U  

Several cons t ra in ts  were placed o n - t h e  se lected e r r o r  sources. 

Other e r r o r  sources 
Accelerometer biases and constant gyro d r i f t  biases were fo rced t o  be 
i n  c lose agreement w i t h  i n f l i g h t  measurements. 
were chosen which agreed w i t h  p r e f l i g h t  c a l i b r a t i o n  data. 
acce le ra t ion  s e n s i t i v e  parameter s h i f t s  between boost and TLI  could n o t  

be considered because o f  the references anomaly. 
judgement, the  approach implemented was t o  determine a s e t  o f  e r r o r  

sources which r e s u l t e d  i n  small v e l o c i t y  res idua ls  and minimum devia- 
t i o n  from t h e i r  corresponding a p r i o r i  values. 

from the  ana lys is  a re  presented i n  Table 3.1. 

Actual 

Based upon engineer ing 

The e r r o r  terms der ived 

Using these values, 
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the corrected G&N TLI t ra jectory f i t s  the corresponding external mea- 
surement t ra jectory. .  The compensated velocity comparison plots are 
presented as Figures 3-4 through 3-6 .  

3.2 ISS ERRORS 

Of the 34 derived er ror  sources, only 3 deviated by more t h a n  1 
sigma from the i r  corresponding a pr ior i  values. These e r ror  sources 
were well within the 3 sigma range. 
cussed in detai 1 bel ow. 

Each of three errors  are dis- 

X Gyro Drift  Due t o  Acceleration Along I n p u t  Axis ( A D I A X )  

The a priori value f o r  th i s  e r ror  source was -7.53 meru/g. 
This was established usin the available s ix  samples of 
d a t a  (pref l igh t  d a t a  mean 3 and subtracting the CSM compen- 
sation load  value ( i  .e .  , preflight d a t a  mean minus pre- 
f l i g h t  load).  Using -7.53 meru/g as an a priori  value, 
the derived value (5.66 meru/g) represents a deviation of 
1.65 sigma (1 sigma = 8 meru/g) from the a p r ior i .  
t h a t  the pref l ight  da ta  mean was established using only s ix  
samples of d a t a ,  a second a priori  value was established 
by using zero as an i n i t i a l  input value instead of -7.53 
meru/g. A corresponding er ror  value of 11 . l l  meru/g re- 
sulted showing t h a t  the e r ror  source was seeking a compara- 
t ively large positive value. For consistency purposes , 
the f i r s t  value derived for  ADIAX using the preflight d a t a  
mean minus mission load as an a p r io r i ,  will be reflected 
in Table 3.1.  

Realizing 

The Apollo 1 2  ADIAX pref l ight  calibration d a t a  evi- 
denced a pronounced s h i f t  from a small value t o  a large 
positive value (=15 meru/g) for  the l a s t  two KSC ca l i -  
brations. Since the compensation load was 13 meru/g a 
possible explanation for the 5.66 meru/g error  i s  t h a t  
the value continued t o  s h i f t  more posit ive.  

Z Gyro Drift  Due t o  Acceleration Along I n p u t  Axis ( A D I A Z )  

The derived A D I A Z  error  source deviated by 2.2 sigma from 
the i n i t i a l  ADIAZ a priori  value established ( i . e . ,  pre- 
f l i g h t  d a t a  mean minus compensation load).  
equivalent t o  the ADIAX error  source development, the 
pref l ight  d a t a  mean for  ADIAZ was established from s ix  

In a manner 
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samples of data. As a consequence, an investigation’was 
conducted which was identical  t o  tha t  described f o r  the 
ADIAX er ror  source. 
of 0.484 meru/g, the derived ADIAZ value was -17.3 meru/g. 
Using zero as an i n i t i a l  value, a second ADIAZ error  of 
-1 5.92 meru/g was established , again confirming t h a t  the 
value was seeking a comparatively 1 arge negative value. 

Investigation of the available pref l ight  data f o r  ADIAZ 
revealed no e r r a t i c  trends dur ing  the April t o  September 
1969 KSC test period. The maximum pref l ight  data mean 
excursions during t h i s  time interval were from -4.2 
meru/g to  1.8 meru/g. Consequently, i t  is  d i f f i c u l t  t o  
a r r ive  a t  a conclusion as t o  the cause of the ADIAZ 
er ror  source deviation of approximately 17 meru/g from 
i t s  a priori  value. 

Using the a pr ior i  established value 

Y Accelerometer Scale Factor (SFEY) 

The derived value fo r  SFEY was -18 ppm o r  0.155 sigma 
i n  an absolute sense ( 1 sigma = 116 ppm). However, a 
comparison of this derived value o f  -18 ppm w i t h  the a 
pr ior i  value of 119 ppm (us ing  pref l ight  data mean minus 
compensation load) shows a deviation of 1.18 sigma. 

Preflight SFEY data shows a pronounced negative data 
trend dur ing  the November 1968 t o  September 1969 KSC 
test period w i t h  data trending from +126 ppm to  -319 
ppm. 
value was expectedly h i g h  and a negative e r ror  of the 
s i ze  obtained i s  reasonable. 

Since the data was trending negatively the a pr ior i  
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4.0 CSM DIGITAL AUTOPILOT 

The COLOSSUS 26 D i g i t a l  A u t o p i l o t  (DAP) was implemented f o r  the 
Apo l lo  12 (CSM 108) mission. 
plemented f o r  t h i s  mission. 

the performance o f  the CSM Thrust  Vector Control (TVC) DAP w i t h  the 
only  coast ing f l i g h t  DAP analys is  d i rec ted  toward areas o f  questionable 
performance determined from r e a l  t ime monitor ing.  I n  p a r t i c u l a r ,  a 
disturbance t o  the PTC l i m i t - c y c l e  occurred i n  l una r  o r b i t  p r i o r  t o  

LM separat ion and luna r  descent. 

cause was most probably a CDU t r a n s i e n t  which generated a sho r t  t e r m  
u n r e a l i s t i c  a t t i  tude e r r o r .  
DAP r e i n s t a t e d  the vehic le  i n t o  the nominal l i m i t - c y c l e .  However, i n  

the process e x t r a  p rope l l an t  was expended. 
def ic iency i n  the CDU design b u t  have n e g l i g i b l e  e f f e c t  upon DAP per- 

formance. 

No major CSM DAP mod i f i ca t ions  were i m -  

This p o s t f l i g h t  analys is  i s  o r i en ted  toward 

Deta i led analys is  i nd i ca ted  the i n i t i a l  

No serious problem r e s u l t e d  s ince the 

CDU t rans ien ts  are a known 

The TVC DAP performance was nominal throughout the mission. Per- 
formance o f  the CSM TVC DAP dur ing f i v e  o f  the s i x  SPS burns were s i m i l a r  

t o  SPS burns on previous missions; the second plane change burn exh ib i t ed  
a 60% overshoot i n  the i n i t i a l  a t t i t u d e  t r a n s i e n t  and w i l l  be the on ly  
burn discussed. The spacecraf t  dynamics dur ing the burns are shown i n  
Figures 4-1 through 4-6. Velocity-to-be-gained p l o t s  dur ing MCC-E, LOI-1, 

LOI-2 and T E I  are shown i n  Figures 4-7 through 4-10. 

4.1 PLANE CHANGE 2 MANEUVER 

The i n i t i a l  t r a n s i e n t  dur ing the second CSM plane change were 
more complex than f o r  the other  undocked burns on Apol lo 12. 

r a t e  reached 1.6 deg/sec and caused a 60% overshoot i n  the i n i t i a l  a t t i t u d e  

co r rec t i on .  

s i s t  f o r  about three seconds be fore  the DAP could n u l l  t he  p i t c h  a t t i t u d e  
e r r o r .  
t i o n  o f  the small m is t r im  and a l a rge  i n i t i a l  a t t i t u d e  e r r o r .  The yaw 

m i s t r i m  opposed the  i n i t i a l  yaw e r r o r  and prevented the DAP from n u l l i n g  
the i n i t i a l  e r r o r  f o r  about the  same length o f  t ime. The t rans ien ts  

The p i t c h  

The momentum o f  the s losh caused the  a t t i t u d e  e r r o r  t o  per- 

The l a r g e  i n i t i a l  t r a n s i e n t  was caused by a worst-case combina- 
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l as ted  about s i x  seconds i n  bo th  p i t c h  and yaw; the  r e s t  o f  the  burn 

was rou t i ne .  No adverse e f f e c t  on s losh  con t ro l  was ev ident  from 

e i t h e r  combination o f  i n i t i a l  e r ro rs .  

During an Apo l lo  12 debr ie f ing ,  the  p i l o t  r e f e r r e d  t o  a y a w l r o l l  

A r o l l  o s c i l -  sensation dur ing  the second CSM plane change maneuver. 

l a t i o n  o f  over one deg/sec a t  the  s losh frequency was combined w i t h  both 
p i t c h  and yaw t rans ien ts .  
con t ro l  a c t i v i t y  i n  the p i t c h  and yaw TVC channels and was no t  unusual 
i n  amplitude. 
and yaw acce le ra t ion  which were equiva lent  t o  a "yaw l e f t ,  bank r i g h t "  

maneuver i n  an a i rp lane.  The peak r o l l  r a t e  was 1.5 deg/sec which 
compares we l l  w i t h  the 0.7 deg/sec peak r a t e  dur ing  the  f i r s t  plane 
change maneuver. 

4.2 E X C E S S I V E  PTC JET F I R I N G S  

The r o l l  o s c i l l a t i o n s  was most l i k e l y  due t o  

The sensation was due t o  the  phasing between the  r o l l  

A p a i r  of abnormally long RCS j e t  f i r i n g s  occurred dur ing  the l a s t  

sleep cyc le  before LM undocking f o r  descent t o  the  l una r  surface. The 
docked spacecraf t  was i n  a t t i t u d e  he ld  w i t h  a ten  degree deadband used 
f o r  Passive Thermal Control (PTC) by the CSM DAP. 

g rad ien t  torques, the DAP was expected t o  mainta in  con t ro l  near one 

deadband us ing minimum-impluse f i r i n g s .  

appeared normal u n t i l  100:27:12.4 GET when p i t c h  and yaw j e t s  began 
f i r i n g  simultaneously and continued t o  f i r e  0.440 seconds i n  p i t c h  and 
0.755 seconds i n  yaw. The f i r i n g  times are cons is ten t  w i t h  the  DP.P 

a t t i t u d e  e r r o r s ,  bu t  are no t  cons is ten t  w i t h  the spacecraf t  dynamics, 
C9U angles o r  the BMAG ra tes .  

Due t o  g r a v i t y -  

The operat ion o f  t he  CSM DAP 

The i n c o r r e c t  DAP a t t i t u d e  e r r o r  was most probably generated by 
a CDUY t r a n s i e n t  which was subsequently resolved i n t o  DAP p i t c h  and yaw 
e r r o r s  by the k-matr ix .  A t r a n s i e n t  e r r o r  o f  0.38 degree i n  CDUY would 

have caused DAP a t t i t u d e  e r r o r s  s u f f i c i e n t  t o  cause the 0.440 and 0.755 

second p i t c h  and yaw j e t  f i r i n g s .  
c e r t a i n l y  l ess  than 1 second because i t  d i d  n o t  appear on the  one sample 

per second te lemetry  data. 
(20 ms) s ince the DAP l o g i c  i s  such t h a t  anfaengine orl ' t ime once ca lcu la ted  

and set i s  not  r e s e t ,  even i f  on the  next DAP cyc le  the  a t t i t u d e  e r r o r  is 

back wi th in  t h e  deadband. 

The dura t ion  o f  the  t r a n s i e n t  was 

I t may have on ly  l a s t e d  f o r  one DAP cyc le  
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1. 

The philosophy of the analog-to-digital loop of the LM Coupling 
Data U n i t  (CDU)  i s  depicted in Figure 4-11. 

The CDU receives analog signals from the IMU gimbal angle 1X and 
16X resolvers. The magnitude of these signals varies w i t h  the angular 
displacement of the resolver;  the phase is indicative of the direction 
of angular displacement . 

These s ignals ,  a f t e r  appropriate phase s h i f t s ,  at tenuation, and 
If the magnitude of mixing are i n p u t  t o  an e r ro r  detection c i r c u i t .  

the 800 cps e r ror  signal exceeds a deadband, a t ra in  of d ig i ta l  pulses, 
each equivalent t o  20 sec of gimbal displacement, are generated. The 
pulse ra te  i s  dependent on the amplitude of the e r ror  s ignal ;  the phase 
of the e r ror  signal determines whether the d ig i ta l  signal increments or 
decrements the counter. 
read counter consisting of 16 binary b i t s  o r  stages.  

The d ig i ta l  pulse t ra in  i s  i n p u t  t o  a binary 

The read counter provides incremental 9 angles t o  be used in the 
coarse-fine mixing and switching logic which mechanizes the t r igono-  
metric identify s in  (eG - $). 
equal (within a small deadband) to  eG the e r ror  signal i s  nulled and 
the read counter will n o t  receive additional pulses until  a change i n  
gimbal angle occurs. 

When the read counter has accumulated $ 

The most s ignif icant  b i t s  i n  the read counter control switches in 
the "coarse" e r ror  network and are mixed with the 1X resolver signals.  
The l eas t  s ignif icant  b i t s  control switches in the "fine" e r ror  network 
and are  mixed with the 16X resolver signals.  

Transient switching in the coarse and f ine  e r ror  system have been 
observed in laboratory tes t ing .  
in the CDU counter which represents an e r ror  in the CMC's knowledge of 
the IMU gimbal positions. Coarse error  switching t ransients  observed 
in the laboratory only occur a t  0 degree and plus or minus integer multi- 
ples of 45 degrees, which was not the case a t  the time of t h i s  problem. 
Fine e r ror  t rans ien ts ,  which was probably the cause of the problem on 
Apollo 1 2 ,  have been observed i n  the laboratory when the CDU is f i r s t  

The t ransients  cause a short  term er ror  

4- 3 



turned on and when the CDU s e t s  a t  the same value for a re la t ively long 
period of time. The t ransients  resu l t  from a design deficiency i n  the 
t rans is tor  switches of  the read counter. Since the problem normally 
causes only short  tern effects  ( less  t h a n  a second) hardware changes 
have not been implemented. 

*‘ , 
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Figure 4-1 1 CDU MECHANIZATION 
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5.0 LM DIGITAL AUTOPILOT 

The LUMINARY 1B D i g i t a l  Au top i l o t  was implemented i n  the LM Gui- 
dance Computer (LGC) f o r  the Apol lo  12 (LM-6) mission. Emphasis f o r  
the  p o s t f l i g h t  analys is  was placed on DAP changes incorporated i n t o  
LUMINARY 1B and on changes i n  DAP requirements due t o  the steeper t ra jec -  
t o r y  used f o r  the Apol lo 12 mission. 
the cont ro l  l o g i c  f o r  coast ing f l i g h t  were implemented f o r  t h i s  mission. 

5.1 LM DAP PERFORMANCE DURING EARLY PHASES OF POWERED DESCENT 

No s i g n i f i c a n t  modi f icat ions i n  

Powered descent i n i t i a t i o n  began using LGC program P63. RCS j e t s  
6 and 14 were used f o r  a two- je t  8.0 second u l lage.  
dur ing u l lage t o  maintain a t t i t u d e  cont ro l .  
approximately 0.236 second before ul 1 age termination. The condit ions 
e x i s t i n g  a t  DPS i g n i t i o n  as observed on the DSKY were: 

Je t  6 toggled 
DPS i g n i t i o n  occurred 

LM i n e r t i a l  v e l o c i t y  magnitude: 
A1 t i t u d e  ra te :  
A l t i t ude :  48,656 ft 

5562.4 fps 
- 3.3 fps  

The delta-V monitor performed s a t i s f a c t o r i l y  through the burn, 
threshold l i m i t  o f  36 cm/sec was exceeded a t  the second sampling o f  the 
PIPA counts (approximately 4 seconds a f t e r  i g n i t i o n )  and the accumulated 
AV over two-second i n t e r v a l s  remained we l l  above the delta-V monitor 
threshold l i m i t  f o r  the durat ion o f  the burn. 

The AV 

A f t e r  t h r o t t l e  up a DSKY en t ry  was used t o  change the landing s i t e  
downrange v i a  the  ARLS method. The f l i g h t  con t ro l l e rs  suppl ied a value 
o f  4200 f e e t  as the desired downrange landing s i t e  change. The landing 
s i t e  cor rec t ion  was displayed i n  Register 1 on the DSKY a t  110:22:16.808 
GET. 
the DSKY the  data was incorporated i n t o  the  LGC by s t r i k i n g  the  ENTER key 
a t  approximately 110:22:26.808 GET. Since the  ARLS method was used a f t e r  
t h r o t t l e  up, the  landing s i t e  was changed immediately. Figure 5-1 shows 

A f t e r  i t  was v e r i f i e d  t h a t  the proper value had been loaded i n t o  
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a change o f  4200 f e e t  i n  the downrange position o f  the landing s i t e  i n  
s table  member coordinates. 
s i t e  worked properly, verifying this LUMINARY 1 B  modification. 

The ARLS method f o r  changing the landing 

Throttle down i n  P63 began a t  6 minutes and 22.995 seconds a f t e r  
DPS ignit ion.  This actual throttle-down time agrees closely w i t h  the 
value of 6 minutes and 23 seconds supplied by the ground pr ior  t o  the 
b u r n .  

Table 5.1 shows the maximum values during P63 f o r  the estimated body 
r a t e s ,  body r a t e  gyro s ignals ,  control axes a t t i t ude  e r ro r s ,  and control 
axes r a t e  errors .  

The P-axis a t t i t ude  e r ro r  exhibited a tendency t o  "hang" on the -P 
deadband showing the e f f ec t  of an X-axis torque. 
the P-axis a t t i t ude  e r ro r  was observed during Apollo 11 postf l ight  
analyses (Reference 2 ) .  
b u r n  were compared with the preflight simulations and the maximum 
estimated rates  showed good agreement with the simulation r e su l t s ,  The 
at t i tude errors about the control axes obtained during the Apollo 1 2  
powered descent b u r n  (P63) were s l i gh t ly  higher t h a n  predicted by the 
simulation resul ts  and the Apollo 1 2  ra te  e r ro r  data showed s l igh t ly  
lower values than the simulation predicted. 
simulation resul ts  show good correlation with the actual f l i g h t  resul ts .  

Similar behavior of 

The data from the Apollo 12  powered descent 

I n  general, the pref l ight  

T h e  down1 ink computer words monitoring accumulated commanded torques 
about the control axes (POSTORK, NEGTORK)  were used t o  obtain information 
concerning the RCS j e t  on-time and RCS propellant required t o  maintain 
a t t i t ude  control d u r i n g  P63. This information relates  only to  the RCS 
j e t  f i r i ngs  which produce torques about the P ,  U', or  V '  axes and does 
not include ullage o r  any other translations produced by appropriate 
RCS j e t s .  
Descent with pref l ight  simulations. T h e  to ta l  RCS propellant required 
to  maintain a t t i t ude  control d u r i n g  P63 was 15.69 pounds. 
e l a t e s  well w i t h  the predicted value of 15.16 pounds. 

Table 5.2 compares the RCS propellant required f o r  Powered 

This core- 
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Table 5.3 compares the durations of the LGC programs fo r  the actual 
f l i g h t  and the simulation, 
du r ing  P63 for  the Apollo 12 mission. 

No manual control of the LM was exercised 

Body r a t e  gyro data were examined during the P63 phase t o  determine 
the general trends. 
mately 200 seconds a f t e r  i g n i t i o n .  
wh ich  were apparently due t o  slosh was approximately 0.55 t o  0.60 Hz. 
Oscil lations i n  the ro l l  ra te  were observed approximately 300 seconds 
a f t e r  ignit ion.  These osci l la t ions occurred a t  a frequency of approxi- 
mately 0.60 Hz. No signif icant  changes i n  the magnitudes on frequencies 
o f  the osci l la t ions i n  the pitch and ro l l  axes were observed during the 
i n i t i a l  stages of t h ro t t l e  down. The osci l la t ions observed were expected 
and the amount o f  RCS ac t iv i ty  was nominal. 

Oscil lations i n  the p i t c h  ra te  were observed approxi- 
The frequency of these osci l la t ions 

5.2 LM DAP PERFORMANCE DURING POWERED DESCENT APPROACH PHASE 

Upon entering P64, the phase-plane deadband was changed from 1.0 
degree t o  0.3 degree. 
observed on the DSKY displays were: 

The conditions a t  the in i t i a t ion  of P64 as 

LM Iner t ia l  Velocity Magnitude: 477.5 fps 

A1 ti tude: 7328.0 f t  

A1 t i  tude Rate : - 169.8 fps 

Approximately 0.7 seconds a f t e r  entering P64, the automatic pitchover 
maneuver was in i t ia ted .  
gimbal angle ( C D U Y )  du r ing  p i  tchover. The to ta l  pi tchover maneuver 
was -32.8161 deg. The maximum recorded estimated pitch rate  during 
pitchover was -12.1542 deg/sec. These values were i n  good agreement 
w i t h  the simulation resul ts .  The maximum inner gimbal angle overshoot 
during pitchover was approximately 2 degrees. Table 5.1 shows the maxi- 
mum estimated ra t e s ,  rate gyro s ignals ,  a t t i tude  e r rors ,  and r a t e  errors 
during the pitchover phase of P64, the overshoot during pitchover, and P64 
exclusive of the p i  tchover maneuver. 
errors were approximately twice the predicted values and the rate  errors  

Figure 5-2 shows the actual and desired inner 

During p i  tchover the a t t i  tude 
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were s l igh t ly  less  t h a n  twice the values predicted by the pref l ight  
simulations. 
ra te  e r ro r s ,  and actual ra tes  were s l igh t ly  larger  t h a n  the corresponding, 
maximum val ues predicted by the simulation resu l t s  . 

During P64 (exclusive of pitchover) the a t t i t u d e  errors  

Table 5.2 shows the RCS propellant required t o  maintain a t t i tude  
control d u r i n g  P64. 
control d u r i n g  P64 was 16.35 pounds. This compares extremely well w i t h  
the predicted value of 16.88 pounds. More RCS j e t  f i r ings  were required 
i n  P64 than i n  P63. This resu l t s  was expected based on pref l ight  simula- 
tions and was par t ly  due to the reduced phase-plane deadband used d u r i n g  
P64. 

The to t a l  RCS propellant required fo r  a t t i t ude  

The redesignations during P64 were identified and no problems were 
encountered even t h o u g h  some coupling was observed between the cross- 
range and downrange redesignations . Redesignations are performed by 
deflecting the rotational hand  controller in the direction of the desired 
displacement of the landing s i t e .  Figures 5-3 and 5-4 show the changes 
in the downrange and crossrange positions of the landing s i t e  in s table  
member coordinates d u r i n g  the time o f  expected redesignations . 
figures indicate the following sequence of input redesignations: 

These 

a )  One redesignate right (110:29:43.308) with coupling 
observed i n  the downrange position o f  the landing 
s i t e .  

b )  Two redesignates downrange (110:30:01.328). 

c )  One redesignate right (110:30:11.308). 

d )  Two redesignates uprange (110:30:29.328) with coupling 
observed in the crossrange position of the landing 
s i t e .  

e )  One redesignate r ight  (110:30:41.308). 

The total  e f f ec t  of the redesignations observed from Figwes 5-3 and 
5-4 was t o  change the position of the landing s i t e  by approximately 
360 f ee t  downrange {long) and 750 f ee t  t o  the r i g h t  (crossrange). 
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The mode control switch was changed from AUTO t o  ATT HOLD a t  
110:30:45.688 GET. T h i s  was 3.14 seconds p r io r  t o  entering P66. 
this time interval  of P64 i n  the ATT HOLD mode, no RHC input comnands 
were observed i n  the LGC i n p u t  reg is te r  (Channel 31) monitored on tele- 
metry. 
which would not  be seen on Channel 31 due t o  the two second data rzad 
cycle and the use of the hand controller f o r  redesignation. 

During 

The only manual control exerted during P64 would be short commands 

Nominal behavior was observed during the P64 phase of Apollo 12 
powered descent. 
t o  0.3 degree appears t o  reduce the magnitude of the slosh osc i l la t ions  
w i t h  an increase i n  RCS j e t  f i r i ngs  being obtained. 
nation capabi l i ty  was exercised extensively and appears t o  have per- 
fomed we1 1 . 
5.3 LM DAP PERFORMANCE DURING POWERED DESCENT LANDING PHASE 

The change i n  the phase-plane deadband from 1.0 degree 

The P64 redesig- 

The LM DAP performance during P66 cannot be compared t o  preflight 
testing since the MSC bit-by-bit simulation does not eas i ly  lend itself 
t o  tes t ing  manual control modes. 
accurately predict f l i g h t  conditions due t o  the profusion of RCS ac t iv i ty  
obtained i n  achieving lunar touchdown. 

Indeed, any simulation of P66 will not 

The  conditions observed on the DSKY a t  the entrance t o  P66 were: 

Hori zontal vel oci t y  : 

A1 t i  tude : 

78.7 fps 
A1 ti tude rate: - 8.8 fps 

368.0 f t  (P66 entered a t  
h i g h e r  a1 ti tude 
on Apollo 11) 

the maximum estimated r a t e s ,  r a t e  gyro s ignals ,  
r a t e  errors during P66 (excluding the region near 
unar touchdown. 

6% of the usable DPS propellant was st i l l  available 
af ter  the DPS engine was cutoff .  Table 5.2 shows the RCS propellant 
required t o  maintain a t t i t ude  control during P66 (Apollo 12) and P65 
(pref l igh t  simulation). 

Table 5.1 shows 
a t t i  tude errors, and 
touchdown) and near 

Approximately 3 
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The to t a l  RCS propel 1 a n t  required t o  maintain a t t i  tude control 
during P66 was 60.2550 pounds. The to t a l  RCS propellant required t o  
maintain a t t i t ude  control during Powered Descent (P63, P64, and P66) 
was 92.2966 pounds. 
GET which i s  approximately 0.24 seconds a f t e r  touchdown occurred. 
Approximately 9.21 pounds more RCS propellant was used d u r i n g  P66 f o r  
Apollo 12 than f o r  Apollo 11. 

5.4 POWERED ASCENT 

No RCS j e t  f f r ings  were observed a f t e r  110:32:37.04 

The Ascent Propulsion System (APS) was u t i l i zed  from lunar ' l i f toff  
t o  lunar o rb i t  inser t ion.  
(P12) during this phase. 
t ions a t  fire-in-the-hole were close t o  those experienced on Apollo 11. 
For b o t h  Apollo 11 and 1 2  data indicated the dynamics had higher pitch 
e f fec ts  and lower ro l l  e f fec ts  than were modeled i n  pref l ight  simulators. 
Control dynamics during the steady s t a t e  periods of the b u r n  were i n  
cl  ose agreement wi t h  pref 1 i g h t  predi c t i  ons . A 32.5 f t / sec  overburn was 
experienced a t  o rb i t  insertion as the resul t  of a procedure e r r o r ,  The 
additional CV was quickly detected by the LM crew and the RCS thrusters  
were used t o  remove the extra AV. 

The LM DAP u t i l i zed  the powered ascent program 
Review of the f l i g h t  data indicated body accelera- 

5.4.1 Lunar Lif toff  

The ignition signal t o  the APS engine occurred a t  142:03:47.75 G E T .  
From Figure 5-5, a short  period (0.5 seconds) of low amplitude t ransients  
in the spacecraft angular rates can be de.tected a f t e r  the "on" s ignal .  
Later s ignif icant  ra te  changes are evident indicating the l i f t o f f  from 
the descent stage.  To correlate  the small, i n i t i a l  t ransient  period 
with the APS thrust bui ldup , the theoretical  engi ne-start  th rus t  profi l e  
(Figure 5-6) indicates tha t  a f t e r  receipt o f  the engine-start signal 
the thrust suf f ic ien t  fo r  l i f t o f f  could have occurred as long as 0.520 
seconds l a t e r .  The telemetry sample ra te  of 0.1 seconds caused an 
uncertainty, so the l i f t o f f  could have occurred 0.1 seconds e a r l i e r  than 
shown on Figure 5-5. The time a t  which large angular accelerations were 
f i r s t  detected was 0.5 seconds a f t e r  the engine-start s ignal .  Hence, 

5-6 



a good correlation existed between the theoretical  thrust bu i ldup  and 
the occurrence of the large angular motion which is  concluded t o  be 
start of l i f t o f f .  The small, i n i t i a l  t ransients  p r io r  t o  l i f t o f f  were 
caused by a l i f t i n g  force exerted by 1000 PSIA oxygen entrapped i n  an 
ECS line running  from the descent t o  the ascent stage. The ECS l ine  
has a telescope type interface connection tha t  i s  he ld  i n  the retracted 
position by the separation bolts.  
scoped l ine  expands and acts as a pneumatic shock absorber, t h u s  the 
i n i t i a l  1 ow amp1 i tude "rocki ngl' of the vehi cl e .  

When the bolts are blown the te le-  

The maximum angular ra tes  experienced a t  l i f t o f f  were -1.09, 4.25 
and 3.06 deg/sec about the yaw, pitch and r o l l ,  axis ,  respectively. The 
values obtained from pref l ight  simulations were -0.3, 3.5 and 10.9 deg/sec. 
The actual dynamics had higher pitch effects  and lower ro l l  e f fec ts  than 
were modeled. This ra te  response was essent ia l ly  the same as tha t  ob- 
served from Apollo 11 data. Estimates of the angular accelerations a t  
l i f t o f f  were obtained by determining the slopes of the r a t e  data pre- 
sented i n  Figure 5.9. The maximum indicated accelerations were 4.0, 
38, and 18 deg/sec about the yaw, pi tch,  and ro l l  axes, respectively. 
The correponding accelerations observed from the f l i g h t  of Apollo 11 

2 were -6.0, 25, and 12 deg/sec . The staging or  fire-in-the-hole (FITH) 
forces modeled i n  the simulator are defined i n  Reference 2. The yaw 
and roll accelerations are less  than the values obtained from the MSC 
bit-by-bit simulator. The pitch acceleration i s  over twice the value 
expected from the preflight simulations. Indeed, the model of FITH 
moments predicts ro l l  accelerations an order of magnitude greater than 
the pitch accelerations. 
f l i g h t  data of both Apollo 11 and 12. 

5.4.2 Pitchover Maneuver 

2 

However, the converse was true from the 

The pitchover maneuver was in i t i a t ed  a t  142:03:57.06 GET. The 
dynamic response of the LM dur ing  the pitchover i s  shown i n  F i g u r e  5-7, 
The graph of CDUY (actual)  less CDUY (desired) is the approximate body 
a t t i tude  e r ro r  w i t h  respect t o  the X-axis steering vector. One may 
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observe from the figures tha t  the pitchover was accomplished smoothly 
w i t h i n  5 seconds w i t h  no s ignif icant  overshoot. The CDUY output r a t e  

The low frequency osc i l la t ion  apparent on the pitch ra te  data i n  Figure 
5-16 was the l imi t  cycle frequency caused by the eccentric thrust vector. 
The magnitude and frequency of the pitch ra te  limit-cycle du r ing  the 
pitchover maneuver were the same as experience on Apollo 11 and as predic- 
ted by the pref l ight  simulations. 

5.4.3 Manual X-Axi s Maneuver 

was 16.1 deg/sec and the maximum angular acceleration was 11.05 deg/sec 2 . 

A t  142:04:48.0 GET the astronaut yawed the LM 20 degrees t o  the 
r i g h t  to  improve communications. The ra te  and a t t i tude  responses f o r  
this  maneuver are shown in Figure 5-8 . The maximum ra te  experienced 
in the maneuver was 4.7 deg/sec. There was no s ignif icant  a t t i tude  
o r  ra te  overshoot when the astronaut commanded the rate  t o  zero. The 
predominate osci l la t ions apparent i n  the yaw rate  trace are the resu l t  
of a cross-couple w i t h  the p i  tch-roll 1 imi t-cycle. This cross-ccuple 
osci l la t ion in yaw i s  apparent throughout the b u r n ;  however, i t  never 
reached a magnitude large enough t o  cause a control j e t  t o  f i r e .  

5 .4 .4  Steady State Operati on 

During the course of the ascent burn  the pitch and yaw rates  ex- 
hibi ted 1 imit-cycle response caused by the eccentric thrust  vector. 
Averaging over several osci l la t ion cycles a t  various times i n  the 
burn  gave a frequency range of 0.34 t o  0.37 Hz for  the limit-cycle 
frequency, which agrees w i t h  the pref l ight  simulation estimates of 0.32 
t o  0.36 Hz. Following the pitchover maneuver, the maximum peak-to-peak 
amplitudes of the pitch and rol l  limit-cycle ra tes  were 5.3 deg/sec 
and 3.3 deg/sec, respectively. 
magnitude of those experienced on Apollo 11 and as predicted by the 
pref l ight  simulation estimates. 
of the pitch and rol l  rates may be seen i n  the d a t a .  As the b u r n  pro- 
gressed, the cg moved in to  close alignment w i t h  the thrus t  vector so 
tha t  a t  cutoff the limi t-cycle magnitudes had been reduced essent ia l ly  
t o  zero. This behavior was also as predicted by the pref l ight  sirnula- 

These rates were approximately half the 

As predicted, a low frequency modulation 

” \  
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3 

t ions-  
the limit-cycle osc i l la t ions  were - + 3 degrees i n  both pitch and rol l  
w i t h  an approximate average deviation throughout the burn of - +1.5 degrees. 
Spacecraft dynamics during ascent are  shown i n  Figures 5-9a and 5-96. 

5.5 LM DEORBIT 

Following the pitchover, the maximum a t t i t ude  errors  result ing from 

To provide a lunar surface disturbance of known magnitude and loca- 
t ion ,  the LM ascent stage was deorbited by an RCS burn and subsequently 
impacted on the lunar surface. 
rendezvous burns i n  t ha t  two of the four RCS j e t s  toggled dur ing  the burn 
t o  provide control torques for a t t i t ude  control. The phase-plane plots 
f o r  the burn indicated tha t  the a t t i tude  errors  were small i n  amplitude 
and were biased a t  the expected 1.8 degrees. 
exhibited a ra te  of fse t .  
the ra te  estimator d i d  not incorporate any estimates of of fse t  accelera- 
tions i n  i ts  computations of ra te .  
the of fse t  of the cg from the geometric center of the RCS quads created 
"unmodeled accelerations" causing the ra te  of fse t .  The LM DAP performed 
nominally throughout the LM deorbit burn. 

The burn  was quite similar t o  the RCS 

Also, the limi t-cycles 
Since the APS engine was never u t i l i zed ,  

Hence, the torques result ing from 

5.5.1 Burn Implementation 

The RCS burn was implemented by ground comnand. The APS (Ascent 
Propulsion System) external AV program P42 was requested on the DSKY 
and normal program sequencing was maintained through ullage. A t  this 
point i n  P42, the LGC awaits depression of the PROCEED key to permit 
APS ignit ion and subsequent continuation th rough  the program. 
i n p u t  is not received, the ullage is continued and existing displays 
are maintained. 
LGC fur ther  interrogates the DSKY t o  determine i f  i t  i s  desired t o  
complete the burn via the RCS. 
t o  the LGC t ha t  the burn has been sa t i s f ac to r i ly  completed via the RCS. 
T h i s  was the procedure followed f o r  the deorbit. The downlink RCS b i -  
level data indicates s h u t t i n g  off of the translational ,jets w i t h  the 
telemetered depression o f  the ENTER key. To compensate fo r  the com- 
munication time lag associated w i t h  the remote control of the burn ,  

If this 

Also i f  the PROCEED comnand has not been received, the 

Depression o f  the ENTER key indicates 
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the command t o  depress the ENTER key was issued when the to ta l  AV 

accumulated was approximately 169.7 f t / s e c  (86 sec)  compared t o  a 
desired AV of 191.0 f t / s ec .  
i n  the cutoff s ignal .  
a t t i tude  errors  were zeroed by se t t ing  the desired CDU's equal t o  the 
present actual CDU's. 
program PO0 was entered. 
with the DAP a t t i tude  ho ld  about the l a s t  s e t  of desired CDU's defined. 

T h i s  produced an effect ive two second lead 
Also, w i t h  the depression of the ENTER key, the 

W i t h  the completion of the b u r n ,  the LGC id le  
Entrance t o  PO0 places the LGC in an id le  mode 

The actual A V  achieved, as observed on the DSKY a t  termination of 
the b u r n ,  was 196.2 f t / s ec .  The overburn i s  most reasonably at t r ibuted 
t o  inaccuracies in the lag compensation required for  remote termination 
of the b u r n .  

5.5.2 DAP Performance 

The DAP configuration fo r  th i s  type of b u r n  u t i l i ze s  a composite 
of  powered and coasting f l i g h t  parameters. Even though the LGC was 
in powered f l i g h t  program P 4 2 ,  the DAP was configured for  coasting 
f l i g h t  and no of fse t  accelerations were expected (DRIFTBIT discrete  
of DAPBOOLS s e t  to  one). 
suff ic ient ly  f a r  t o  rese t  the RCS deadband t o  1 degree ( the  nominal 
powered f l i g h t  a t t i t ude  e r ror  deadband). 
performed on the d r i f t i ng  f l i g h t  phase plane with a 1 degree deadband. 

The flow through P42 had, however, proceeded 

The deorbit RCS b u r n  was 

AS shown in Figures 5-10 and 5-11 , the maximum rates  observed 
d u r i n g  the ignit ion t ransients  period were 1.9 deg/sec and -1.54 deg/ 
sec in pitch and r o l l ,  respectively. The maximum control axes a t t i tude  
errors during th i s  period were 2 .17  deg i n  U '  and 2.05 deg i n  V ' .  The 
ignition transients were damped q u i c k l y  by toggling of the translational 
j e t s .  Substantial j e t  toggling was present th roughou t  the b u r n .  This 
j e t  toggling was necessary for a t t i t ude  control of the vehicle under the 
influence of disturbance torques due t o  cg of fse t .  The result ing l imit-  
cycle was centered in the vicini ty  of 1.8 degrees, the expected deadband 
when rates  are  low. Also due to steady-state r a t e  errors  generated by the 
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s t a t e  est imator,  the l i m i t - c y c l e  was displaced above ( o r  below) the 

a t t i t u d e  e r r o r  ax is .  The phase planes f o r  a p o r t i o n  o f  the d e o r b i t  
burns are presented i n  Figures 5-1 2 and 5-13. 
cycles are based around the deadbands and a l so  displaced v e r t i c a l l y  

due t o  steady-state e r ro rs .  The steady-state i nd i ca ted  by the data 
are approximately +.44 deg/sec and -0.30 deg/sec i n  U '  and V '  , respec- 

i v e l y .  
a t t i t u d e  e r r o r  axes a t  - + 1.8 degrees. The l i m i t - c y c l e  i s  biased around 
the deadband s ince a constant disturbance i s  present due t o  the cg o f f -  

s e t  r e l a t i v e  t o  the geometric center  o f  the f o u r  t r a n s l a t i o n a l  j e t s  being 
f i r e d .  Since the APS engine was never u t i l i z e d ,  the r a t e  es t imator  d i d  

no t  incorporate any estimates o f  o f f s e t  acce le ra t ions  i n  i t s  r a t e  computa- 
t i ons .  Hence, the torques r e s u l t i n g  from the o f f s e t  o f  the cg f rom the 

geometric center o f  the RCS quads created "unmodeled accelerat ions.  " An 
es t imat ion  o f  these "unmodeled acce le ra t ions"  was made and the e f f e c t  o f  
these acce le ra t ions  on the r a t e  es t imator  c o r r e l a t e d  we1 1 w i t h  the steady- 
s t a t e  r a t e  e r r o r  evidenced i n  the phase plane p l o t s .  This phenomenon 
has been observed du r ing  RCS burns on previous f l i g h t s  and i s  no t  

considered a ser ious problem. 

As shown, the RCS l i m i t -  

The swi tch ing  l i n e  de f ined f o r  t h i s  con f igu ra t i on  i n t e r c e p t s  the 

As shown i n  F igure 5-10 and 5-11, the v e h i c l e  steady-state r e -  

sponse was quiescent and w e l l  bounded. Rate amplitudes as de f ined by 
data from the body mounted gyros were 20.5 deglsec i n  both p i t c h  and 

r o l l  . A t t i  tude errors ,  whi 1 e biased around the deadbands osc i  11 ated 
w i t h  very smal 1 amp1 i tudes. 

The onboard est imate o f  v e h i c l e  mass a t  i g n i t i o n  was 5335 l b s  

and j u s t  p r i o r  t o  impact the v e h i c l e  mass was 5254 lbs .  As these 
values i n d i w t e ,  the LM-deorbit burn represents f l i g h t  o f  the l i g h t e s t  

ascent v e h i c l e  ever f lown i n  a RCS t r a n s l a t i o n a l  burn. 

As mentioned e a r l i e r ,  a s l i g h t  overburn r e s u l t e d  from remote 
te rm ina t ion  o f  t he  burn. 
NOUN 85 were: 

The res idua ls  as d isp layed on the DSKY v i a  
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VG(X) = -5.1 f t / s e c  
V G ( Y )  = +1.0 f t / s e c  

VG(Z)  = -8.2 f t / s e c  

A t  approximately 149:53:0.0 GET, the  DSKY d e f i  ed a t t i t u d e  maneuver 

rou t i ne ,  R62, was entered v i a  VERB 49. An a t t i t u d e  maneuver t o  r e t u r n  

the  veh ic le  t o  burn a t t i t u d e  was performed. 

maneuver and invo lved on ly  a few degrees change i n  a t t i t u d e .  
t ime, the  veh ic le  was i n  d r i f t i n g  f l i g h t  a t t i t u d e  ho ld  w i t h  a 5 degree 
deadband w i t h  small overshooting. 
e x i s t i n g  when the "Enter" was up l inked t o  command RCS c u t o f f .  
the DAP was main ta in ing  a t t i t u d e  about a des i red a t t i t u d e  s l i g h t l y  

d i f f e r e n t  than t h a t  de f ined a t  t he  beginning o f  the  burn. 
a t t i t u d e  maneuver i n  e f f e c t  re tu rned the DAP t o  a t t i t u d e  ho ld  about 
the o r i g i n a l  burn a t t i t u d e  which was on ly  s l i g h t l y  d i f f e r e n t  from the  
present des i red a t t i t u d e .  Overa l l ,  the downlink data shows nominal 

a t t i t u d e  con t ro l  f o r  t he  e n t i r e  deo rb i t  event. 

This was a th ree  a x i s  
A t  t h e  

The CDUD's a t  t h i s  t ime were those 
Thus, 

The 
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Table 5. 3 TIME DURATION OF DESCENT PROGRAMS 

Program P r e f l i g h t  Simulat ion Apol lo 12 

DPS I g n i t i o n  t o  End 
o f  P63 504.51 5 seconds 51 2.364 seconds 

P64 144.21 7 seconds 98.00 seconds 

P65 t o  Touchdown 30.065 seconds N/A  

P66 t o  Touchdown N/A 107.972 seconds 
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Figure 5-1 INCORPORATIONS OF ARLS DURING POWERED DESCENT 
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Figure 5-2 ACTUAL & DESIRED CDUY DURING PITCHOVER 
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F i g u r e  5-3 DOWNRANGE REDESIGNATIONS DURING P64 
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Figure 5-4 CROSSRANGE REDESIGNATION DURING P64 

\ 
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Figure 5-5- ANGULAR RATES AND ACCELERATIONS 
AT LIFTOFF FROM THE MOON 
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Figure 5 - 6  APS TRANSIENT DRY START .CHAMBER PRESSURE VERSUS TIME 
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Figure 5-7 PITCHOVER MANEUVER 
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Figure 5-8 MANUAL X-AXIS MANEUVER 
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Figure 5-10 LM D E O R B I T  P I T C H  RATES 
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Figure 5-11 LM DEORBIT ROLL RATES 
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Figure 5-12 LM DEORBIT U ‘  PHASE PLANE 
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Figure 5-13 LM DEORBIT V '  PHASE PLANE 
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6.0 AGS 

During the Apollo 12 f l i g h t  the AGS performance as a mission monitor 
was excellent.  During a l l  phases of powered f l i g h t  favorable comparisons 
were obtained between AGS and PGNCS. During coasting f l i g h t  s t a t e  vector 
updates , sensor calibrations and a t t i  tude reference a1 ignments were made 
w i t h o u t  apparent d i f f icu l ty .  On the lunar surface,  gyro calibrations and 
a t t i  tude reference lunar alignments were successfully accomplished. 
general, Abort Sensor Assembly performance was i n  agreement w i t h  current 
capabili ty estimates. 

6.1 FUNCTIONAL ANALYSIS 

In 

6.1.1 State Vector Updates 

PGNCS/AGS Transfers 

Eight known s t a t e  vector t ransfers  from the primary system were 
performed. 
were performed on the lunar surface. 
differences a f t e r  completion of the t ransfer  are presented i n  Table 6.1. 
The average magnitude of the p o s i t i o n  and velocity errors  a f t e r  a t ransfer  
were 1294 f t  and 0.99 ft/sec.. These are reasonable values when considering 
the onboard quantization errors  (512 f t  and .5 fps in each axis)  and the 
e r ro r  i n  the postf l ight  analysis technique. 

A1 t i  tude Updates 

Five were performed prior t o  lunar touchdown and the others 
The result ing p o s i t i o n  and velocity 

Three AGS a l t i tude  updates v i a  DEDA entry were performed dur ing  
descent. The f i r s t  occurred approximately 5.5 minutes a f t e r  s t a r t  of 
PDI a t  3@,976.ft,,the second a t  24,000 f t  and the t h i r d  a t  6,000 f t .  
Because of these updates, good agreement between the AGS and PGNCS 
indicated a l t i t ude  was obtained through most of the descent phase. 
Although no a l t i t ude  rate  update 
compared favorably w i t h  PGNCS throughout descent. 
PGNCS a l t i tude  are shown- i n  Figure 6-1. 
a l t i tude  updating d u r i n g  the l a s t  3.5 minutes of powered descent and 

capabili ty ex i s t s ,  these data a lso 
Plots of AGS and 

Due t o  the absence of AGS 
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no AGS a l t i tude  rate updating for the duration of powered descent, the AGS 
a l t i tude  diverged from PGNCS a l t i tude  and was i n  error by approximately 
-1000 f t  a t  touchdown. 
would cause the observed -1000 a l t i tude  e r ror .  

Rendezvous Radar Updates 

For example an average ra te  error of -1.4 f t / s ec  

Based on p i lo t  reports,  rendezvous radar updating of the AGS LM s t a t e  
Since vector was successfully accomplished d u r i n g  most of the rendezvous. 

most of the updating operations were accomplished on the back s ide  of the 
moon limited data are available. A procedural e r ror  pr ior  t o  the CSI 
maneuver degraded the s t a t e  vector and as a resu l t  the AGS was externally 
targeted f o r  the CSI b u r n .  The problem i s  discussed in detai l  i n  the 
Mission Report (Reference 1 ) .  

6.1.2 Attitude Reference Alignments 

PGNCS/AGS Alignments 

The AGS was aligned to  the PGNCS iner t ia l  reference ten times d u r i n g  
the mission. Six of the alignments were made in f ree  f l i g h t  and four on 
the lunar surface. Comparisons of the PGNCS gimbal angles and corres- 
ponding AEA direction cosine euler  angles a f t e r  each alignment are shown 
in the Reference 1 report. All comparisons f o r  in f l igh t  alignments were 
within the 0.067 degree specification and a l l  lunar surface alignments 
were within the 0.12 degree specification. 

Lunar  Surface A1 ignments 

Immediately a f t e r  touchdown the crew set  the lunar surface f l ag  which 
stored the touchdown azimuth. A t  approximately two minutes a f t e r  touch- 
down the f i r s t  lunar alignment was entered. Compar 
gimbal angles and AGS Direction cosine euler  angles 
align are shown below: 

PGNCS - AGS A ANGLE 

CDUX 350.497 350.501 -0.004 
CDUY 3.098 3.012 0.086 
CDUZ 356,243 356.31 1 -0.068 

*AGS performance and interface speci f i cati  on 
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following lunar 

AGS 30 SPEC" 
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The AGS was p u t  in to  the lunar align mode the second time a t  approximately 
30 minutes pr ior  t o  l i f t o f f  and l e f t  i n  this mode until  two minutes before 
APS ignit ion.  Since the AGS reference is  holding a local vertical  a t t i -  
tude unt i l  l i f t o f f  and the PGNCS IMU i s  not equivalent t o  local vertical  
unti l  the time of l i f t o f f ,  an AGS t o  PGNCS comparison is not valid 
until  l i f t o f f  time. A comparison shortly before ignit ion is  shown 
below: 

PGNCS - AGS A ANGLE AGS 3a SPEC* - 
CDUX 349.640 349.634 0.006 N/A 

CDUY 2.878 2.886 -0.006 0.12O 

CDUZ 356.210 356.21 7 -0.007 0.12O 

6.1.3 ASA Calibrations 

During the mission one in f l igh t  calibration (IFC) and three lunar sur- 
face calibrations (LSC) were successfully accomplished. 
brations along w i t h  f r ee  f l i g h t  data ,  lunar surface data,  and pref l ight  
data were grouped together t o  indicate the degree of s t a b i l i t y  of the 
instruments. Results of the calibrations are included in the Sensor 
Performance Section 6.2. 

Data from the Cali- 

6.1.4 Post Burn  Residuals 

AGS monitoring accuracy fo r  short burns (AGS and PGNCS ta rge t  vectors 
approximately equal ) is evidenced i n  the comparison of velocity remaining 
to-be-gained a f t e r  engine cutoff w i t h  PGNCS indicated velocity-to-be- 
gained. Burn residuals f o r  DOI, CSI, C D H ,  and TPI are shown i n  Table 
6.2. The only s ignif icant  differences are i n  the CSI aVZ and TPI A V ~ .  
The TPI X component i s  explainable i n  tha t  the AGS TPI target  vector was 
3 f t / s e c  greater than PGNCS vector. 
i n  tha t  the AGS ta rge t  vector had a 0.8 f t / s ec  Z component b u t  the PGNCS 
Z component was zero. 

*AGS performance and interface Specification. 

The CSI Z component i s  explainable 
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6.2 SENSOR PERFORMANCE 

6.2.1 Powered Descent 

S t a r t  o f  powered descent (PDI) occurred a t  approximately 11 :20:38 

GET. Touchdown was a t  110:32:36 GET. Average t h r u s t  acce le ra t ion  dur ing  

the burn was 9.5 f t / sec  and the  t o t a l  accumulated v e l o c i t y  was approxi- 

mately 7000 f t / sec .  
t rac ted  from the AGS sensed v e l o c i t y  and the r e s u l t i n g  d i f fe rences ,  subse- 
quent ly  r e f e r r e d  t o  as Case I uncompensated v e l o c i t y  d i f fe rences ,  a re  shown 
i n  Figures 6-2 through 6-4. Estimates o f  AGS accelerometer b ias  e r ro rs  

and scale f a c t o r  e r r o r s  were obtained from these graphs by assuming the 
PGNCS data are co r rec t .  Case 1 v e l o c i t y  d i f fe rences  are independent o f  

AGS gyro performance. 
the AGS sensed v e l o c i t y  was corrected by the  AGS accelerometer e r r o r s  
deduced from the Case I di f fe rences .  I n  add i t i on ,  the AGS d i r e c t i o n  
cosine ma t r i x  was used i n  p lace o f  the PGNCS gimbal angle d i r e c t i o n  

cosine ma t r i x  i n  the  recons t ruc t ion  o f  the PGNCS sensed v e l o c i t y  i n  body 

axes. These d i f fe rences  subsequently r e f e r r e d  t o  as Case I1  d i f fe rences ,  

conta in  the e f f e c t s  o f  AGS gyro d r i f t  and a t t i t u d e  reference i n i t i a l  
misaliqnments and are presented i n  Figures 6-5 through 6 - 7 .  

2 

PGNCS sensed v e l o c i t y  data i n  body axes were sub- 

A second s e t  o f  d i f fe rences  were der ived i n  which 

The Z v e l o c i t y  e r ro rs ,  (Figures 6-4 and 6 -7 )  show a 1 .O f t / s e c  

step change a t  110:29:10.83 when the PGNCS entered the Approach Phase 

Program (P64). 
maneuver o f  32 degrees t o  permi t  p i l o t  v i s i b i l i t y  o f  the land ing  s i t e .  
The most s i g n i f i c a n t  acce le ra t ion  on the IMU and ASA i n  the Z body 

d i r e c t i o n  dur ing  t h i s  maneuver i s  t h a t  due t o  angular r o t a t i o n  and the 
f a c t  t h a t  both systems are o f f s e t  from the  body center  o f  r o t a t i o n .  

F igure 6-8 i s  a recons t ruc t ion  o f  t h i s  acce le ra t ion  us ing the PGNCS and 
AGS te lemetry  data. 

cu la ted  values based on o f f s e t  and body r a t e  data. 
recons t ruc t ion  d i f f e r s  s i g n i f i c a n t l y  and a t  the end o f  the t r a n s i e n t  

A t  the entrance i n t o  P64 PGNCS commanded a p i tchover  

The AGS recons t ruc t ion  agrees c l o s e l y  w i t h  the ca l -  
However, the  PGNCS 
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a net posit ive acceleration is  observed which when integrated amounts t o  
1 .O f t / s ec  more velocity than AGS. 
comparison, the r e su l t  is  a 1.0 f t / s ec  s tep  i n  the Z velocity e r ror  
plots .  
sample r a t e  of the downlink data and the re la t ive ly  h i g h  frequency of 
the body acceleration across this period The accumulated PIPA count 
( 2  second interval)  must be expressed as acceleration and then rotated 
into body coordinates. These steps requ r e  s ignif icant  interpolations 
and a re  probably the major e r ror  sources A comparison of change of 
velocity across the 10 second period i n  which the 32 degree maneuver 
occurred was made using the AGS s t a t e  vector velocity and a PGNCS 
reconstructed s t a t e  vector t ha t  does not contain LR updating. 

comparison shows a difference of .01 f t / s ec  between AGS and PGNCS 

indicated change of  velocity i n  the platform ine r t i a l  coordinate system. 
Other 10 second time intervals  i n  the vicini ty  of the maneuver were 
examined and the chanqe of velocity as seen by AGS d i f f e r s  from t h a t  
seen by PGNCS up to  . 3  f t / s ec .  Over a longer time period the differences 
appear t o  get smaller, indicating a s ignif icant  p a r t  of these differences 
m u s t  be due to  downlink sample ra tes  and interpolations.  

When forming the AGS minus PGNCS 

The cause of the problem i s  d i f f i c u l t  t o  i so l a t e  due $0 the low 

T h i s  

G:3 

I t  i s  therefore concluded tha t  the e f fec ts  noted i n  the Case I and 
Case I1 Z component comparisons are par t ia l ly  due t o  some actual dif-  
ferences in onboard data ,  par t ia l ly  due to  downlink sample r a t e s ,  and 
par t ia l  ly due to methods used to reconstruct accelerations and a t t i tudes  
from the telemetry data. 

6.2.2 Powered Ascent _ -  

Powered ascent s ta r ted  a t  approximately 142:03:48 GET and lasted 
until  o rb i t  insertion a t  142:10:56. Average thrust acceleration d u r i n g  
the burn  was 14 f t / s e c  and the to ta l  accumulated velocity was approxi- 
mately 6000 f t / s ec .  
differenced from the AGS data t o  form Case I and Case I1 differences i n  
the same manner described i n  the above section. The Case I and Case I1 
differences are presented i n  Figures 6 9  through 6-14. 

2 

PGNCS sensed velocity outputs du r ing  ascent were 
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6.2.3 

S 
ascent 

Accelerometer Errors 

nce the Case I uncompensated comparisons fo r  both descent and 
were based on gimbal angles which define spacecraft axes re la t ive  

t o  the PGNCS platform, the velocity differences are independent of the 
AGS a t t i tude  reference and no AGS gyro errors  appear i n  the comparison. 
The comparison i s ,  however, AGS re la t ive  t o  PGNCS and thus contains PGNCS 
accelerometer scale fac tor ,  CDU and quantization errors  as well as the 
AGS accelerometer errors .  The AGS accelerometer errors  suf f ic ien t  t o  
null the Case I velocity differences are l i s t ed  i n  Table 6.3. 
accelerometer biases were divided i n t o  two par ts ;  dynamic b i a s  which 
represents the difference between the to ta l  biases used to  null the 
residuals during the burn  and the s t a t i c  biases determined from coasting 
f l i g h t  d a t a .  
accelerometer errors  except the dynamic biases. For a l l  three instru-  
ments a considerable increase in dynamic bias was detected fo r  the 
ascent b u r n .  

6 .2 .4  Attitude Reference Misalignment and Gyro Drift  

T h e  

Reasonably consistent resul ts  were obtained for  a l l  

The Case I1 velocity differences include a l l  gyro errors  and i n i t i a l  
misalignment of AGS a t t i tude  reference relat ive t o  PGNCS. The i n i t i a l  
misalignment i s  due to  AGS/PGNCS alignment computational e r rors ,  PGNCS 
gimbal angle quantization and accumulated AGS/PGNCS re la t ive d r i f t  
since the time of the l a s t  alignment. Misalignments are solved for by 
determining the difference between two se t s  of body coordinates; one 
formed from gimbal angles, the other formed from AGS euler angles. 

PGNCS i s  assumed perfect.  Gyro s t a t i c  errors  for  descent and ascent were 
based on the AGS/PGNCS angular differences calculated over coasting f l i g h t  
intervals prior to  descent and a f t e r  inser t ion,  respectively. The gyro 
dynamic errors  selected which f i t  the velocity e r ror  a f t e r  compensation 
fo r  misalignment errors  and gyro s t a t i c  bias are  shown i n  Table 6 . 3 .  
errors  were comparable t o  previous mission resu l t s  and were small, 

Gyro 
Like 
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the accelerometers, the Z gyro dynamic e r ror  exhibited a marked variation 
i n  value between descent and ascent. The difference is  possibly due 
to  non-symmetric gyro scale factor  which would be most s ignif icant  
d u r i n g  ascent where h i g h  frequency body limit-cycling ex is t s .  The Z 
gyro asymmetry e r ror  was small, however, d u r i n g  pref l ight  tes t ing.  

Compensating the descent and ascent velocity e r ror  prof i les  f o r  the 
e r ror  values l i s t ed  i n  Table 6.3 yields the compensated velocity d i f -  
ferences presented i n  Figures 6-15 through 6-20. The clustering of 
the residuals about zero indicates the chosen er ror  sources provided 
a reasonable f i t  t o  the velocity e r ro r  prof i les .  

The e r ro r  uncertainties i n  Table 6.3 are due t o  velocity and CDU 
quantization, AEA computational e r r o r ,  and sampling and processing 
errors .  Comparisons of the values i n  Table 6.3 w i t h  the ASA 010 Error 
Model and the Capability Estimate Error Budget are presented i n  Tables 
6.5 and 6.6 fo r  Descent and Tables 6.8 and 6.9 f o r  Ascent. A discussion 
of the errors  i s  presented i n  Section 6.2.5. 

6.2.5 Compari son of Sensor Analysis 
Results t o  AGS Error Models 

6.2.5.1 Total and Dynamic Errors 

Descent Burn  

Based on the AGS Capability Estimate, the estimates of the dynamic 
and to ta l  sensor errors  are a l l  w i t h i n  the expected 30 ranges. 
6.4 l i s t s  the r a t i o  of the parameter values minus  t he i r  expected means 
t o  t h e i r  expected l a  values. The expected values were determined from the 
ASA 010 Performance Estimate. Excellent corroboration of the a priori  
system modeling is  obtained. I t  i s  concluded tha t  ASA 010 performed well 
w i t h i n  mission requirements dur ing  the descent burn .  

Table 

Tables 6.5 and 6.6 present the inf l igh t  e r ro r  estimates i n  the form 
of the model used i n  the AGS Capability Estimate (Reference 3 ) .  

Two comparison models are used. The f i r s t  is  an estimate of system 
performance based on the ASA 010 Monte Carlo e r ro r  models of data from 
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KSC, HSSC, and GAC t e s t s .  
Capabil i t y  Estimate. 

The second i s  the Error Budget from the AGS 

Ascent Burn 

Table 6.7 l i s t s  the r a t i o  of the parameter values minus the i r  ex- 
pected mean t o  the i r  expected la value. The expected values were deter-  
mined from the ASA 010 Performance Estimate. Except for the X-accelero- 
meter, a l l  the estimated dynamic and total  sensor errors  were within the 
Performance Estimate 30 ranges; causes of the large X-accelerometer 
dynamic bias are unknown. 
b i l i t y  Estimate Error budget. 
of the in f l igh t  e r ro r  estimates w i t h  the ASA 010 Monte Carlo e r ror  model 
and the Error Budget from the AGS Capability Estimate. 

None of the sensor errors  exceeded the capa- 
Table 6.8 and 6 .9  present a comparison 

I t  must be noted here that  the Ascent ASA 010 pref l ight  performance 
estimates were developed assuming tha t  AGS was guiding the LM. 

PGNCS guided the LM and determined the limi t-cycle environment result ing 
i n  a more severe environment, higher ra tes  and frequency 
pected under AGS guidance. Since the major AGS error  :,ources (Aysmmetry 
and HVSIR) are highly rate  dependcnt i t  may be expected t h a t  higher 
rates will cause larger e r rors .  Postfl ight analysis indicated t h a t  the 
Z gyro  was most sensi t ive t o  the l ivi t -cycle  environment. 
ra te  d a t a  were used t o  reproduce the actual 2 axis environment prof i le  
t h a t  existed during Ascent. 
Z gyro pref l ight  estimate o f  Table 6 . 9 .  
and HVSIR will produce a mean d r i f t  of -0.03 deglhr. 
guidance Asymmetry and  HVSIR wi 1 1  produce a mean d r i f t  o f  - . 28  
deg 1 h r . 

Actually, 

t h a n  i s  ex- 

Consequently, 

This environment was used t o  develop the 
Under AGS guidance Asyinmetry 

Under PGNCS 

6 . 2 . 5 . 2  B i  as Performance 

Based on the Capability Estimate, the b i a s  time s t a b i l i t i e s  f o r  
b o t h  gyros and accelerometers were well within t h e i r  3a ranges. The 
gyros also exhi bi ted excel 1 ent b i  as repeatabi 1 i t y  w i  t h  values w i  thin 
the i r  expected la  ranges. Table 6.10 presents the rat ios  o f  the means 
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of the s t a b i l i t y  and repeatabi l i ty  values t o  t h e i r  l a  capabili ty estimate 
values . 

Gyro s t a t i c  drifl: is measured d i rec t ly  by the IFC and the ,lunar sur- 
face calibrations (LSC). 
the gyro d r i f t  measurements are presented i n  Table 6.11. 

One IFC and three LSC's were accomplished and 

Accelerometer bias measurements are presented i n  Table 6.12. 
6.13 presents accelerometer 64-day time s tabi  1 i ty  comparisons w i t h  the 
Error Budget and Capability Estimate models. 
accelerometer bias s t a b i l i t y  is  apparent from the comparison of the IFC 
value pr ior  t o  descent w i t h  the post-ascent accelerometer bias.  Table 
6.14 compares the total  s h i f t  across t h a t  period w i t h  the Capability 
Estimate 3a values. The 3a values a re  the RSS of a l l  the 3a values of 
the e r ror  sources d u r i n g  ascent and descent from the Capability Estimate. 
Clearly, the accelerometer bias s h i f t s  were well w i t h  the 3a value 
which implies t ha t  performance was good. 

Table 

A measure of short  term 
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Tab1 e 6-2 AGS/PGNCS RESIDUAL COMPARISONS 
(LM ACTIVE RENDEZVOUS) 

C S I  

A V X  

AvY 

AvZ 

CDH 

*"X 

Av Y 

AvZ  

T P I  

*"X 

AvY 

AvZ 

AGS - 

0.3 

0.1 

-0.6 

-0.4 

+0.4 

+0.6 

0 

-0.2 

-0.1 

+2.9 

-0.3 

-0.2 

6-1 1 

PGNCS 

0 

0.2 

-0.6 

+0.1 

-0.1 

-0 .3  

-0.1 

0 

-0.2 

-0.1 

-0.1 

0 



Table 6.3 ASA DETERMINED ERRORS 

Error Source 

Acce 1 e rome t e  r Errors 

X accelerometer bias ( U s )  
S t a t i c  
Dynami c 

S t a t i c  
Dynamic 

S t a t i c  
Dynamic 

Y accelerometer bias ( u g )  

Z accelerometer bias (us) 

X accelerometer scale  f ac to r  (ppm) 
Y accelerometer misalign toward X 

( S F C )  

Z accelerometer sca le  fac tor  
( STC ) 

Gyro Error & I n i t i a l  Misalignment 
In i t i a l  misalign about X (sTc) 
In i t i a l  misalign about Y (STC) 
In i t i a l  misalign about Z ( z c )  
X Gyro bias ( d e g / h r )  

S t a t i c  
Dyn ami c 

S t a t i c  
Dynami c 

S t a t i c  
Dynami c 

Y Gyro bias (deg/hr) 

Z Gyro bias ( d e g / h r )  

Y Gyro sca le  fac tor  

Descent Value ( 1 )  

- 29.6 + 16 
- 25.1 - 30 

- 9.9 + 16 
0 T 3 0  - 

- 29.6 + 16 
- 98.4 30 
- 60.0 + 85 - 

- 15.1 - + 18 

- 45.0 - + 18 

- 27.0 + 35 
- 8.0  + 35 
- 9.0 + 35 

- 

- 

- 

0.05 2 0.18 
0.05 - + 0.25 

- 0.07 + 0.18 
- 0.17 7 ' 0 . 2 2  - 

- 0.03 + 0.18 
0.08 7' - 0.23 

-215.0 - + 119 

Ascent Value (1)  

- 52.6 i- 19 
-165.4 - 32 

- 19.7 + 19 
91.3 T - 32 

- 59.1 i- 19 
-104.9 T - 32 
- 60.0 - + 53 

10.0 - + 12 

- 55.0 - + 12 

100.0 + 35 
6.0 - + 35 

- 

62.0 - + 35 

0.05 + 0.19 
- 0.30 T 0.27  - 

0 + 0.13 
- 0.40 - 0.25 

- 0.14 + 0.19 
- 0.46 T - 0.32 
-215.0 - + 102.0 

(1)  Comparisons o f  these values w i t h  the ASA 010 Error Model and the 
Capability Estimate Error Budget a re  presented i n  Tables 6.5 and 
6.6 f o r  Descent and Tables 6.8 and 6.9 f o r  Plscent. 
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TABLE 6 .4  PERYOKMANCE SUI‘ll’lhRY 

Descent 

Ra t ios  of I’eraneter Values P!hus Expccted 

X Y Z 

P’eaas :o E l l 2  3:E:?rCt2i: l a  V a l u E s ”  

Accelerometer 1)yriami c lh-ror -1.1 1 . 6  -2.5 

T o t a l  Acceler onieter Powered 1 . 3  1 . 3  -2.6 

Gyro Dynamic Error . 7  .3  1 .2  
T o t a l  Gyro Powered F l i g h t  E r ro r  .61 -12 - 3  

F l i g h t  E r ro r  

* From t h c  ASA 010 Performance Estimates. 

TABLE 6.5 EQUIVALENT ACCELEROMETER DIAS ERROR, rig 

Des c en t 

ASA 010 
ASA 010 P r e f l i g h t  Error  Budget 

Inf l i g h t  E s  t inla t c fyom AGS 
Est imate  Performance f&I S r c c i f i c a t i o n  

Nean 30 Mean Gaussian 35 
-~ -_-.- 

- - 
Accelerometer Bias X - 30 0 106 0 246 

Y - 10 0 9 3  0 2 40 and Non l inea r i ty  (1) 

Z - 30 0 93 0 240 

X-Scale Factor  and X - 25 0 66 0 100 
Dynamic E r r o r s  ( 2 )  

Y and Z Dynantic Y 0 -96 183 0 39 2 
E r r o r s ,  ASA Aceel-- 
erome t cr  5 n t er i:al 2 - 98  +51 180 0 39 2 

Misalignment and 
ASA t o  I M U  flaunting 
Po in t s  Misalignment ( 2 )  

TOTAL (vg) x - 55 0 125 0 266 

Y - 10 -96 205 0 4 59 

Z -128 +51 203 0 459 

. 
- -- - - 

- -- 
NOTES: (1) I n f l i g h t  Estjniate: Last  Free-Fl ight  Data Period before  descen t ,  

(2) I n f l i g t i t  E s t i m a t e :  D i f f e rence  between measured t o t a l  e r r o r  and 

The a3ig:imcnt and s c a l e  f a c t o r  e r r o r  in t h i s  t a b l e  appear d i s s i m i l a r  
t o  t h e  c a p a b i l i t y  e s t i m a t e  t a b l e s  because they have been converted 
to eqiiivilc.?t hja.: e r r o r s  i n  l ip,’?.  

measured f i x e d  b i a s .  
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TABLE 6.6 DQUTVAl.RKT GYRO BIAS RKKOK, DEG/HI< 

D e s  c e n t  

ASA 010 
ASA 010 P r e f l i g h t  E r r o r  Budget 
Inf 1 i g h  t: Es t i i i : a  tc from AGS 
Es t imate  fc2rfoi-iiiance P 6 I  S p e c i f i c a t i o n  -- -.I_I__--- 

Mean 33 Gaussian 30 -__-- -- 
Gyro Fixed 1)r i.f t (1) 

X-Gyro Dynamic 
D r i f t  (2)  

X-Gyro S p i n  A:-is 
P!ass Unbalanrc. (2) 

Y and Z Gyro Dynamic 
I I r i f L  ( 2 )  

TOTAL (deg/hr)  

x 
Y 
z 

X 

'I' 

2 

X 

Y 

Z 

-.OS 0 .56 59 

-.07 0 .58  .60 

-. 03 0 .58  .60 

-.05 .35 .52  

+.05 
0 .22 .52 

-. 1 7  -.20 .30 .58 

+.08 -.04 .30 - 5 8  

+. 10 -.os .75 .34  

-.24 -.20 '65 .83 

+. 05 - .04 .G5 83  

- - -- -- 

N O T I S :  (1) I n f l i g l t t  Estimate: Last Free-Fl igh  t Data I 'criod befor- descer,c. 
( 2 )  I n f l i g h t  Estimate: Dif f c rence  between measured t o t a l  e r r o r  

and measured f i x e d  b i a s .  

TAISLE 6.7 PERFOKhIANCE SUEPfiRY 

Ascent 

X Y z 

Accelerometer Dynamic Error -5.4 2.5 . 3  

T o m 1  Acce%cromcter Powered 
I"l ij;ht Erro r  

-4 .3  2 .3  - .4  

Gyro Dynamic Error 1.7 -1.6 -1.3 

Total Gyro l'owcred FI iglit Erro r  - .8 -1.0 -1.6 
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TABLE 6 . 8  EQUIVALENT ACCEZEROMETER BIAS ERRORS LIE: 

Ascent 

Accelerometer Bias 
and E o n l i n e a r i t y  (1) 

X-Scale Fac to r  and 
Dynamic Er ro r s  (2)  

ASA 010 
ASA 010 P r e f l i g h t  E r ro r  Eudget 

I n f l i g h t  E s  timatre ,- Q o q A G S  
E s t i m a t e  Performance Pgf Spei+kca? --- -- cion 

Hean Gaussian 30 - - - Mean __ 35 

x - 5 3  0 112 0 280 

Y - 20 0 3 0 276 

2 -59 0 2 0 276 

X -165 + 7  96 0 122 

Y and Z Dynamic Y + 9 1  -133 265 0 565 

Z +lo5 + 76 261  0 565 E r r o r s ,  ASA Acccl- 
erome ter I n t e r n a l  
$lis a1 ignmen t and 
ASA t o  IPIU Movnting 
P o i n t s  W.salignment ( 2 )  

TOTAL (ug) X -218 + 7 148 0 306 

Y + 7 1  -133 265 0 628 

Z + 46 + 76 261  0 628 

- - - - - 

NOTES: (1) I n f l i g h t  Estimate: Free-Flight Data Period a f t e r  O r b i t  I n s e r t i o n .  
(2)  I n f l i g h t  Estimate: D i f f e rence  between measured t o t a l  e r r o r  and 

The alignment and scale f a c t o r  e r r o r  i n  t h i s  t a b l e  appear  d i s s i m i l a r  
to  t h e  c a p a b i l i t y  estimate t a b l e s  because they have been converted 
t o  equ iva len t  b i a s  e r r o r s  i n  ye’s. 

measured f i x e d  b i a s .  
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T ~ ~ B L E  6.9 EQUIVALENT GYRO BIAS ERRORS, d e g / h r  

Ascent 

Gyro Fixed  D r i f t  (1) X e 05 

Y . 00 

Z -.14 

X-Gyro Pyian?ic 
Llrj f t ( 2 )  

>;-Gyro S p i n  A x i s  x 
Plass Unbalnncc ( 2 j  

1 -.30 

Y and Z Gyro Dynairric Y -.40 

Z - . 4 6  D r i f : :  ( 2 )  (3)  

ASA 010 

E s  t j m a  t e  
P r e f l i g h t  E r r o r  Budget 

f rom AGS 
Performnncc P & I  S D e c i f j  c a t i o n  

-._--I_ -_-..- -----I 

)lean 3~ Gauss ian  32 
PI_  

0 .49 

0 .46 

0 .46 

50 

.49 

.49 

-.07 .26. .SI 

0 .32  .52 

- . 2 2  .32 .56 

-.2a . 3 8  . GO 
TOTAL (deg/li r) 

----.. - -  -- 
X .25  -.07 .64 .88 

Y -.40 - . 2 2  . 5 6  .74 

Z -.GO - .28  .GO .77 

NOTES: (1) I I? f l ig l1 t  E s t i m a t e :  Free-Fl ight  Data Per iod  a f t e r  O r b i t  I n s e r t i o n .  
( 2 )  I n f l i g h t  E s t i m a t e :  D i f f e re i i ce  b e t v e e n  measured t o t r l  e r r o r  

(3) 
and measured f i x e d  b i a s ,  
2 gyro p r e f l i g h t  estimate dynamic d r i f t  i s  based on t h e  a c t u a l  
Apollo 1 2  l imi t - cyc le  rate environment. 

TABLE 6.10 ACCELEROMETER & GYRO BIAS PERFORMANCE 

R a t i o s  of Pa rame te r  Value to 
t h e  Expected l o  \ lalucsA 

X Y z 

Accel.crornet cr llias Time S t a b i l i t y  0.8 0 . 6  0.9  
(GO days )  

Gyro Eias Repent -ab i l i  t y  -0.9 -0.9 + 0.7 

Gyro Bias T ime  S t a b i l j  ty (30 clays) 1 . 2  0 . 6  0.0 
----.__I_ 

* From tilt AGS C a p a b i l i t y  E s t i m n t c t  



Table 6.11 LM 6 ASA 010 GYRO DRIFT (DEG/HR) 

Pre-installation calibration (PIC) 
9/ 15/69 
Final earth pre-launch calibration 
(EPC) 10/23/69 
Inflight calibration (IFC) 
11/18/69 
1st lunar surface calibration* 
(LSC #1) 11/19/69 
2nd 1 unar surface calibration" 
(LSC #2) 11/20/69 
3rd lunar surface calibration* 
(LSC #3) 11/20/69 

l a  of bias shifts** 
Mean of bias shifts** 

X 

f .  06 
- 

-.27 

-.04 

-.19 

-.20 

-.20 

-.07 
-.05 

Y 

-.16 

- 

-.31 

-.19 

-.25 

-.26 

-.27 

-.03 
-.03 

Z 

-.07 

- 

-.06 

.oo 

-.Ol 

-.07 

-.06 

-.02 
-.02 

* 
Y and Z gyro calibration values have been corrected to account for the 
known Calibration Error. 
along moon rotation vector, but actual direction was 15 degrees from 
north. 

Calibration Software assumes Y input axis is 

** 
Evaluated for data from IFC to LSC #3. 
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Table 6.12 LM 6 ASA 010 ACCELEROMETER BIAS (pg) 

Biases X - Y - Z - 

Pre- i ns t a l  1 a t  ion cal i b ra t i  on (PIC) 
9/15/69 46 2 119 - 79 

Free f l i g h t  da ta  Pre-IFC 
(106:lO - 106:48 GET)  394 68  - 155 

I n f l i g h t  Cali b ra t ion  (IFC) 40 5 93 -124 

Free f l i g h t  - Post-IFC, pre- 
descent  11/18/69 (107:57 - 
108:19 GET) 375 84 -1 53 

Free f l i g h t ,  Post-IFC, post-  
ascent  11/20/69 (143:23 - 
143:35 G E T )  363 71 -1 69 
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TABLE 6 . 1 3  ACCELEROMETER BIAS TIME STABILITY 

Ens emb 1.e Error Budget 
A-Time Cap. E s t  (30) (3a) 

Channel (Days) A - B i a s  (60 days) (60 days) 

X 64 -5 8 263 4 30 

Y 64 -5 1 263 4 30 

2 64 -82 263 4 30 

TABLE 6 .14  ASA 010 ACCELEROMETER BIAS PERFORMANCE 
FROM IFC TO POST-ASCENT FREEFLIGHT 

Actual Bias S h i f t  

X -42 

Y -22 

z -45 

w 

6-39 

Capability Estimate 
(30) 

47 
47 

47 
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Figure 6-1 ALTITUDE DURING DESCENT 
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GET (Hr:Min:Sec) 

Figure 6-2 CASE 1 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR DESCENT ( X  AXIS) 
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GET (Hr :Min: sec) 

F igure  6-3 CASE 1 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR DESCENT ( Y  A X I S )  
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Figure 6-4 CASE 1 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR DESCENT (z  AXIS) 
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110 !O 

GET (Hr:Min:Sec) 

Figure 6-5 CASE 2 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR DESCENT ( x  AXIS) 
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F igu re  6-6 CASE 2 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR DESCENT ( Y  AXIS) 
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Figure 6-7 CASE 2 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR DESCENT ( Z  A X I S )  
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Figure 6-8 AGS & PGNCS SENSED ACCELERATION RECONSTRUCTION 
DURING 32 DEGREE PITCHOVER MANEUVER (Z AXIS) 
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Figure 6-9 CASE 1 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR ASCENT ( X  A X I S )  
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Figure  6-10 CASE 1 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR ASCENT (Y  A X I S )  
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GET (Hr:Min:Sec) 

Figure 6-11 CASE 1 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR ASCENT ( Z  A X I S )  
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GET (Hr  :Mi n : Sec) 

Figure 6-12 CASE 2 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR ASCENT (X A X I S )  
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GET (Hr:Min:Sec) 

Figure 6-13 CASE 2 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR ASCENT (Y AXIS) 
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GET (Hr :Mi n : Sec) 

Figure 6-14 CASE 2 UNCOMPENSATED VELOCITY 
DIFFERENCES FOR ASCENT (Z A X I S )  
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GET (Hr:Min:Sec) 

F igure  6-15 COMPENSATED VELOCITY DIFFERENCE 
FOR DESCENT ( X  A X I S )  
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GET (Hr:Min:Sec) 

Figure 6-16 COMPENSATED VELOCITY DIFFERENCE 
FOR DESCENT (Y  AXIS) 
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Figure 6-17 COMPENSATED VELOCITY DIFFERENCE 
FOR DESCENT (Z AXIS) 

*I  
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j GET ( H r  :Mi  n : Sec) 

F igure 6-18 COMPENSATED VELOCITY DIFFERENCES 
FOR ASCENT (x AXIS) 
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Figure 6-19 COMPENSATED VELOCITY DIFFERENCES 
FOR ASCENT ( Y  A X I S )  
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Figure 6-20 COMPENSATED VELOCITY DIFFERENCES 
FOR ASCENT (Z AXIS) 
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7 .O STAR HORIZON MEASUREMENTS 

Star-horizon (P23) data were processed u s i n g  the i n f l  i g h t  measured 
trunnion bias. 
earth-horizon bias and trunnion noise. The value of computed earth- 
horizon bias ranged from 16,700 f t  t o  82,300 f t  w i t h  an average value 
o f  51,300 f t  (15.6 km), excluding Batch 1. 
the trunnion errors  was .003 degree (13 seconds) and is  w i t h i n  speci- 
f icat ions for  the sextant. 

Reasonably consistent values were obtained f o r  the 

The computed sigma for  

The trunnion bias and horizon bias were solved f o r  simulcaneously, 
however, the resu l t s  were somewhat questionable. 
measured trunnion bias was used as  a constant and a l l  errors were then 
forced into the solution f o r  horizon bias. The trunnion bias was deter- 
mined by an RMS of a l l  in f l igh t  measured-values. E i g h t  (8) measurements 
gave -.003 degree and six (6) measurements gave -.006 degree. 
suiting value used was -.0045 degree. 
f o r  a l l  marks taken. 
according t o  t ranscr ipts  o f  the voice communications, the horizon 
used for marking d u r i n g  Batch 1 was recognized as being higher t h a n  
the one used f o r  the remainder of the marks. The.residuals l i s t e d  
are the differences between theoretical  and measured t r u n n i o n  angles 
and are taken i n  the sense of measured angle minus computed angle. 
Sigma's were computed for  each s t a r  i n  each batch of data and  a re  a 
measur$ of the consistency of the marks on  each star. 
the s c j t t e r  was w i t h i n  the three sigma l imits  f o r  trunnion noise 
(0.009:degree) and i n  most cases was less  t h a n  0.003 degree. Jupiter 
consistently exhibited a negative b i a s  of .006 degree, however, the 
sigma computed each time i t  was used indicates t h a t  the Jupi ter  marks 
were very consistent. The three dimmest s t a r s  (112 ,  113, and 118) were 
used once each and evaluated as a batch, indicate the most inconsistency 
i n  marking.  Star 118 taken seperately gave nominal resul ts  whereas s t a r  
113 gave the worst resul ts .  I t  shoclld be noted t ! ia t  the sl ;bstellar ooint 

Consequiwtly, the inf l igh t  

The re- 
\ 

Table 7.1 contains the resul ts  
Batch number 1 shows a large horizon b i a s ,  b u t  

For a l l  cases 
!I 

I 
t 
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f o r  s t a r  113 was nearer t h e  terminator than for  the other s t a r s ,  and 
probably contributed most o f  the error, however, tha t  represents only one data 
p o i n t  and cannot be concluded as the cause w i t h  any degree of confidence. 

A second analysis approach was t r ied  for  the Apollo 1 2  midcourse 
s i g h t i n g s  which  consisted o f  processing two batches of data together. 
The HOPE program was modified t o  accept two in i t ia l iza t ion  times, w i t h -  
o u t  having t o  integrate over the interval between the times, and then 
to  solve f o r  trunnion bias and horizon bias u s i n g  a l l  the observations 
taken near each of the i n i t i a l  times. T h i s  improves the geometry and 
allows a better separation of the effects  o f  trunnion bias and horizon 
bias. 

A l l  possible pairs of Batches 2 th rough 6 were processed. 
computed trunnion bias ranged from -.002 degree t o  -.006 degree w i t h  
the average value of -.004 degree. 
bias ranged from 22,440 f e e t  t o  77,660 f e e t  w i t h  an average value of 
43,600 f e e t  (13.3 km). 
and show less  sca t te r  than ones obtained by using the fixed trunnion 
bias o f  -.0045 degree. 

The 

The computed value o f  horizon 

These values o f  horizon bias are  smaller 
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TABLE 7.1 STAR-HORIZON MEASUREMENT ERRORS 

l. 
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8.0 LM I M U  PERFORMANCE 

8.1 LM I M U  ERRORS 

Performance o f  t h e  LM IMU was based on t h e  cor rec t ions  requ i red  t o  
s a t i s f y  des i red end cond i t ions  f o r  the descent and ascent t r a j e c t o r i e s .  
Based on t h e  r e s u l t s  obtained IMU performance was s a t i s f a c t o r y ,  however, 

unexpecedly l a r g e  b ias  s h i f t s  were encountered across t h e  IMU power 

down w h i l e  on t h e  l u n a r  surface. For the  descent t r a j e c t o r y  t h e  des i red 
end c o n d i t i o n  was; minimal moon r e l a t i v e  v e l o c i t y  a t  t h e  known touch- 
down t ime. 
w i t h  t h e  bes t  known pre-PDI s t a t e  vector  and shaped t h e r e a f t e r  us ing 
P I P A  count data. That t r a j e c t o r y  was then a l t e r e d  using t h e  I M U  e r r o r  
model and se lected e r r o r  c o e f f i c i e n t s  t o  meet t h e  des i red end p o i n t  
condi t ions.  A s e t  o f  e r r o r s  which f i t  the  des i red end cond i t ions  was: 

The approach used was t o  recons t ruc t  a t r a j e c t o r y  i n i t i a l i z e d  

E r r o r  Magnitude S i  gma 

4 X  (PI  a t form misa l  ignment 157.2 sec 0.79 

+Y (P1 at form misal ignment 

XZMSL (X PIPA misal ignment 

ZXMSL (Z  P I P A  misal ignment 

about X) 

about Y )  -110.0 sec 0.55 

toward Z) - 53.8 sec 2.69 

toward X) - 59.5 sec 2.97 

Using t h e  corrected t r a j e c t o r y  t h e  landing p o i n t  coordinates agree w e l l  

w i t h  t h e  "Best Estimate" land ing  s i t e .  
f rom Rev. 15 Rendezvous Radar t r a c k i n g  o f  t h e  CSM and Rev. 16 SXT 
s igh t ings  on the  LM. The land ing  s i t e  comparison i s  shown below: 

The bes t  est imate was der ived 

Source L a t i  tude Longitude A l t i t u d e  

Reconstructed -3.027" -23.426" -6354 f t  
Best Estimate -3.043" -23.41 6" -6861 f t  
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For ascent, the desired end conditions were; match the f ree  f l i g h t  t ra -  
jectory conditions near insertion. 
were determined from MSFN doppler data,  SXT s i g h t i n g  data,  VHF ranging 
data and RR data. 
PIPA count data and subsequently altered us ing  the IMU error model w i t h  
selected error coefficients unti l  the desired end conditions were 
achieied. A s e t  o f  errors which f i t  the desired end conditions was: 

Free f l i g h t  trajectory conditions 

Again the ascent trajectory was reconstructed from 

Error Magnitude Sigma 

BX ( X  accelerometer bias) 0.15 cm/sec 0.75 
BY ( Y  accelerometer bias) 0.20 cm/sec 1 .oo 
BZ < Z  accelerometer bias) -0.29 cm/sec 1.45 

abou t  Y )  -21.6 sec 0.11 
3Y (platform misalignment n 

+Z (platform misalignment 
about Z )  -43.2 s% 0.22 

The P I P A  bias errors were predicted errors based on preliminary f ree  
f l i g h t  data before PDI and a f te r  insertion. An improved estimate of 
the free  f l i g h t  biases indicate the s h i f t s  while on the lunar surface 
were s l ight ly  larger t h a n  indicated here. The bias change i s  believed 
t o  be a resul t  of removing power t o  the IMU and i s  further discussed 
i n  Section 8.2. 

Confidence i n  the platform misalignment values i s  enhanced based 
on the resul ts  from the postfl ight IMU at t i tude determination program 
discussed in Section 10.0. 
with resul ts  well within the one sigma uncertainty of the a t t i tude  
determi nation processor. 

The table below indicates good agreement 
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Atti tude Processor Best F i t  
Misalignment Angles Misalignment Angles 

$Jx -47 5 90 sec No ne 
$Jy -36 5 90 sec -21.6 sec 
@Z -25 5 90 sec -43.2 sec 

Using the above e r r o r  se t ,  the following t r a j ec to ry  match i s  obtained 
a t  inser t ion .  

Best Estimate 
Free F1 i g h t  Powered F l i g h t  Powered F1 i g h t  

T i  me Coordinates Reconstruction Trajectory Error 

142:ll :51.77 X 5604697.1 5604377.1 320 
Y 736.1 - 293.3 1029 
Z l 31 7309.3 131 6757.5 552 

- 1227.86 - 1227.99 0.13 
- 1.05 - 0.88 - 0.17 

5401 .84 5403.27 - 1.43 

"X 
"Y 
"z 

8.2 ACCELEROMETER BIAS SHIFTS DETERMINED BY P57 G MEASUREMENT DATA 

Real time computations f o r  PIPA biases  d u r i n g  free f a l l  before 
lunar landing, and then a f t e r  o r b i t  inser t ion  show s ign i f i can t  bias 
shifts i n  a l l  channels. The values obtain just before PDI and soon 
a f t e r  o r b i t  inser t ion  were: 

349' 
Bias before PDI = (-.(I \ 

\+.677/ 
cm/sec2 

-.154 
Bias a f t e r  o r b i t  inser t ion  = (+.ZOO) cm/sec2 

+. 265 

Let 

ABF=(Bias before PDI) - (Bias a f t e r  o r b i t  inser t ion)  
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then 

-.195 
nBF = (;::--:) cm/sec2. 

An a n a l y s i s  t o  determine t h e  accelerometer b i a s  w h i l e  on t h e  l u n a r  sur -  

f ace  was made. 

t h e  IMU al ignment program (P57) were used. 

t h e  CDU values and t h e  DELV ( X ,  Y ,  Z )  sca led  P I P A  counts.  
t a t i o n s  were made f o r  GET = 110:43 (be fo re  power shutdown), and f o r  

GET = 141:18 ( a f t e r  power back on).  

Data generated d u r i n g  t h e  u n i t  g measurements w h i l e  i n  
The bas i c  data used were 

The compu- 

The va lues  found were: 

- ,360 
bl = b i a s  b e f o r e  power shutdown = (i.020) cm/sec2 

+. 708 

and 

/-.192\ 
b = b i a s  a f t e r  power back on = (,-I-: G;:) cm/sec2 2 

L e t  

then 

-.168 
ab = (;:;;;) cm/secZ 

The change i n  b i a s  computed from t h e  P57 da ta  compares f a v o r a b l y  w i t h  
t h e  change i n  f r e e  f a l l  b i a s :  

-.195 -.168 - .027 
nBF - Ab = (+.412) -.2OO 

- (;I:;:) = (:::it) cm/sec2' 
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The d i f ferences i n  the i nd i v idua l  comparisons are  somewhat l a rge r :  

(Free f a l l  before PDI )  - bl = (:;!;;) cm/sec 

/+.038\ 
(Free f a l l  a f t e r  i nse r t i on ) -  bp = (1 ACI;) cm/sec 

This p a r t i c u l a r  case (Apol lo  12) therefore,  impl ies t h a t  the b e t t e r  
p red ic t i on  o f  t r u e  b ias f o r  ascent i s  obtained by forming Ab and sub- 
t r a c t i n g  t h i s  from the l a s t  f r e e  f a l l  value; as opposed t o  using bp 
as the p red ic t i on  o f  b ias dur ing ascent. 

) 
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9 .O LM LUNAR SURFACE ALIGNMENTS 

9.1 LEAST SQUARES ATTITUDE PROCESSOR 

The P57 Alignment Technique 2 (AT-2) s t a r  sighting data for  Apollo 
12 has been processed i n  the i terated weighted leas t  squares program. 
IMU misalignment a t  touchdown and l i f t o f f  and the LGC P57 computed gyro 
torquing angles for  each lunar surface alignment as compared with those 
calculated by the postfl ight IMU at t i tude determination program are pre- 
sented. 
gravity measured onboard during P57 Alignment Technique 2 ,  LM Landing 
s i t e  can be obtained. 
landing s i t e  data in Section 10.2. 

Using the at t i tude resul ts  from this program and the lunar 

These results are  compared w i t h  other available 

gravity vectors. 
sul t i n g  a t t i  tude 
duced i n  the e s t  

9.1 . 1 Touchdow 

To determine the GTA's  fo r  the AT-3 alignments and the l i f t o f f  
misalignment, i t  was necessary t o  assume that  the LM body s h i f t  with 
respect t o  the lunar surface was accurately measured by the PGNCS 

If a s h i f t  about the gravity vector occurs, a re- 
error approximately about the LM X-axis will be in t ro-  
mate of platform orientation in the at t i tude program. 

and Liftoff Misalignments 

Misalignments about the X ,  Y ,  and Z platform axes a re  presented 
below. The misalignments are  defined as the small Euler angle rotations 
about the X, Y ,  and Z platform axes, respectively, which would be required 
to  rotate the platform t o  the desired orientation. 

Event Time (GET)  Misalignment (deg) 
Z - Y - X - 

Touchdown 110 : 32 : 37 +.019 +.017 -.018 

Liftoff 142 :03 :47 -.013 -.010 - .007 
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Considering t h a t  the a t t i tude  processor has an uncertainty of 0.025 
degree ( l a ) ,  the above resul ts  indicate t h a t  the platform was aligned 
prior t o  PDI and prior t o  l i f to f f  w i t h i n  the one-sigma AOT accuracy 
( .06 degree). 

9 .1 .2  Comparison of P57 Gyro Torquing Angles 
With Results of Attitude Processor 

The a t t i tude  processor was used t o  generate estimates of the gyro 
t o r q u i n g  angles j u s t  prior to  the time of torquing for  the four P57 
lunar surface s t a r  alignments. 
computed values for  the gyro torquing angles: 

The resul ts  are compared below w i t h  the LGC 

Time of Torque LGC Computed GTA's Attitude Processors GTA's 
A 1  i qnmen t (GET) (Degrees) (Degrees) 

Z - Y - X - Z - Y - X - 

+.027 +.017 -.045 +.046 +.028 -.OZ9 AT-2 ( 1 )  111:18:57 

111 :30:39 +.034 +.036 +.(I19 +.011 +.017 +.OK!  

t.001 +.057 +.033 -.019 +.048 +.037 139: 34 : 32 

+ .004 

AT-2 ( 2 )  

AT-3 ( 1 )  

AT-3 ( 2 )  141 :29:01 -.023 +.004 +.015 - ,011 0 

The above resul ts  indicate t h a t  a l l  alignments were performed within the 
one-sigma accuracy of the AOT. 

9 . 2  LM LANDING SITE 

Following the calculation of the body a t t i tude  i n  iner t ia l  space 
(determined using platform orientation and  gimbal angles),  the LM landing 
s i t e  was determined from the f i r s t  two lunar gravity vectors measured i n  
the P57 Alignment Technique 1 .  The resul ts  are given below: 
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1)  Using f i r s t  AT-1 gravi ty  vector :  

+ = - 3.040 deg 
r, = -23.406 deg 

2) Using second AT-1 gravi ty  vector:  

@ = - 3.047 deg 
A = -23.422 deg 

where + is l a t i t u d e  
A is longi tude.  

The average o f  t he  above r e s u l t s  = -3.044 deg, XAVE = -23.414 
deg) compares very c lose ly  w i t h  the  current pos t f l i gh t  es t imate  f o r  the 
LM landing s i te :  

@BEST = - 3.036 deg 

= -23.418 deg  BEST 
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