
NATIONAL AERONAUTICS A N D  SPACE ADMINISTRATION 

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

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

MANNED 

. . .  

-T@-X-72249) APOLLO 12 (EISS 
YSIS. ~~L~~~ 4 
XSPERSIOH ABJBL 
T (NASA) 4 1  P 

SPA 
H O U S  

I O N  

YSES. 
. 

MSC INTERNAL NOTE NO. 69-FM-280 

November 4, 1969 
1 

A P O L L O  12 ( M I S S I O N  H-1) 
D I S P E R S I O N  A N A L Y S I S  

D E S C E N T  AND A S C E N T  
I S P E R S I O N  A N A L Y S E S  

PART 2 
AR A S C E N T  

Landing Analysis Branch 

M I S S I O N  PLANNING A N D  ANALYSIS 

CECRAFT 
TON.TEXAS 

00198 

CENTER 



MSC INTERNAL NOTE NO. 69-FM-280 

PROJECT APOLLO 

APOLLO 1 2  (MISSION H-11 DISPERSION ANALYSIS 
VOLUME IV - DESCENT AND ASCENT DISPERSION ANALYSES 

P A R T 2  -LUNARASCENT 

By J. V. West 
Landing Analysis Branch 

November 4, 1969 

MISSION PLANNING AND ANALYSIS DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

MANNED SPACECRAFT CENTER 

HOUSTON, TEXAS 

Approved: de fi 
Floyd V. Bennett, Chief # / 
Land i ng Anal ys i s Branch 0 

Approved: 

Miss i o n v  lanning and Analysis Division 





CONTENTS 

Section Page 

1.0 SUMlvIARY . . . . . . . . . . . . . . . . . . . . . . .  1 

2.0 INTRODUCTION . . . . . . . . . . . . . . . . . . . .  1 

3.0 SYMBOLS . . . . . . . . . . . . . . . . . . . . . . .  2 

4.0 DESCRIPTION OF STUDY . . . . . . . . . . . . . . . .  3 

4.1 Monte Carlo Technique . . . . . . . . . . . . .  3 

4.1.1 Coordinates . . . . . . . . . . . . . . .  3 
4.1.2 Random e r r o r  i n i t i a l i z a t i o n  . . . . . . .  4 
4.1.3 S t a t i s t i c a l  sampling points  . . . . . . .  5 
4.1.4 Exclusion of  cer ta in  cases f’rom 

the  s t a t i s t i c s  . . . . . . . . . . . .  5 

4.2 Error Sources . . . . . . . . . . . . . . . . .  6 

4.2.1 Input state vector uncertaint ies  . i . . 6 
4.2.2 I n e r t i a l  sensor e r rors  . . . . . . . . .  7 
4.2.3 Propulsion and mass properties 

deviations . . . . . . . . . . . . . .  7 

5- 0 DISCUSSION OF RESULTS . . . . . . . . . . . . . . . .  8 

5.1 Trajectory Dispersion Time Histories . . . . . .  8 

5.2 Trajectory Dispersion Cross P lo ts  . . . . . . .  9 

rise) . . . . . . . . . . . . . . . . . . . .  9 
5.3 Dispersions at fl > 50 f’ps (end v e r t i c a l  

5.4 Dispersions at Inser t ion  . . . . . . . . . . . .  9 

5.5 Dispersions i n  LM/CSM Relative Parameters . . .  10  

5.6 Covariance Matrix . . . . . . . . . . . . . . .  1 0  

5.7 Propellant and AV Dispersions . . . . . . . . .  1 0  

6.0 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . .  1 0  

REFERENCES . . . . . . . . . . . . . . . . . . . . .  36 

iii 



TABLES 

Table 

I N I T I A L  CSM COVARIANCE MATRIX . . . . . . . . . . . .  12 I 

I N I T I A L  LM STATE VECTOR UNCERTAINTIES . . . . . . . .  
APS PERFORMANCE D I S P E R S I O N S  . . . . . . . . . . . . .  

13 I1 

13 I11 

I V  I N I T I A L  c.g. D I S P E R S I O N S  . . . . . . . . . . . . . .  1 4  

APS ENGINE LOCATION AND THRUST DIRECTION 
D I S P E R S I O N S  . . . . . . . . . . . . . . . . . . . .  V 

1 4  

1 5  

16 

I N P U T  WEIGHT D I S P E R S I O N S  . . . . . . . . . . . . . .  V I  

V I  I 

V I  I1 

. I X  

X 

PGNCS IMU DEVIATIONS . . . . . . . . . . . . . . . .  
16 AGS SENSOR DEVIATIONS . . . . . . . . . . . . . . . .  

D I S P E R S I O N S  I N  ACTUAL I N S E R T I O N  PARAMETERS . . . . .  17 

D I S P E R S I O N S  I N  PGNCS TARGET PARAMETERS AT 
I N S E R T I O N  . . . . . . . . . . . . . . . . . . . . .  18 

18 D I S P E R S I O N S  I N  O R B I T  PARAMETERS . . . . . . . . . . .  X I  

D I S P E R S I O N S  I N  LM/CSM RELATIVE PARAMETERS AT 
I N S E R T I O N . . . , . . . . .  . . . . . . . . . . . .  X I  I 

19 

19 

20 

X I 1 1  AV D I S P E R S I O N S  . . . . . . . . . . . . . . . . . . .  
APS O X I D I Z E R  D I S P E R S I O N S  . . . . . . . . . . . . . .  X I V  

APS FUEL D I S P E R S I O N S  . . . . . . . . . . . . . . . .  20 xv 
APS PROPELLANT D I S P E R S I O N S  . . . . . . . . . . . . .  20 XVI 

TWENTY-FOUR-BY-24 COVARIANCE MATRIX . . . . . . . . .  21 X V I I  

(a) Format.. . . . . . . . . . . . . . . . . . . .  
(b) C o l u m n l . .  . . . . . . . . . . . . . . . . . .  
( c )  C O l w l . L n 2 .  . . . . . . . . . . . . . . . . . . .  
(d) C o l u m n 3 . .  . . . . . . . . . . . . . . . . . .  
( e )  c o l u m n 4 . .  . . . . . . . . . . . . . . . . . .  

21 
22 
23 
24 
25 I 

iv 



Figure 

1 

2 

3 

4 

5 

6 

7 

' 8  

9 

10 

FIGURES 

Page 

Dispersions i n  a l t i t ude  . . . . . . . . . . . . . .  26 

Alti tude r a t e  dispersions . . . . . . . . . . . . .  27 

Actual out-of-plane distance deviations . . . . . .  28 

Dispersions i n  the angle at center of moon 
between landing s i te  and LM . . . . . . . . . . .  29 

. . . . . .  Dispersions i n  actual  i n e r t i a l  veloci ty  30 

Actual dispersions i n  p i tch  from l o c a l  
v e r t i c a l  . . . . . . . . . . . . . . . . . . . .  31 

Terrain clearance over highest elevations 
near lunar  ascent groundtrack ( s i t e  7 )  . . . . .  32 

I n e r t i a l  veloci ty  versus fl ight-path angle . . . .  33 

Alti tude versus a l t i t ude  rate. (Actual) . . . . . .  34 

30 posi t ion e l l i p so id  a t  t + 460 seconds 35 . . . .  IG 

V 



APOLLO 12 (MISSION H-1) DISPERSION ANALYSIS 

VOLUME I V  - DESCENT AND ASCENT DISPERSION ANALYSES 

PART 2 - LUNAR ASCENT 

By J. V. West 

1.0 SUMMAkY 

A 100-case Monte Carlo analysis of t he  lunar  module (LM) ascent 
phase of Apollo 12 (Mission H-1) w a s  performed, and the  results are 
presented i n  s t a t i s t i c a l  t ab les ,  inser t ion e l l ipso ids ,  t i m e  h i s to r i e s ,  
cross p lo ts ,  and covariance matrices. 

There were no violat ions of ascent mission o r  system constraints.  
The mean time of powered f l i g h t  i s  431 seconds with a 30 dispersion of 
rt16 seconds. 
r ad ia l ,  down-range, and cross-range semiaxis dimensions of 0.8 n. m i . ,  
11.6 n. m i . ,  and 2.9 n. m i . ,  respectively. 
i n  t he  magnitude of t he  ac tua l  velocity vector i s  13  fps ;  and, i n  the  
corresponding estimated vector onboard the spacecraft ,  t he  dispersion i s  
8 fps. The 30 dispersion i n  t h e  wedge angle between the  command/service 
module (CSM) and LM orb i t s  i s  0.3O. 

The 30 posi t ion e l l ipso id  at 460 seconds a f t e r  l i f t - o f f  had 

A t  inser t ion,  t he  30 dispersion 

2.0 INTRODUCTION 

The results of dispersion analyses for  t h e  nominal launch and 
powered ascent from t h e  lunar surface a re  presented and described i n  
t h i s  document. I n i t i a l  CSM s t a t e  vector uncertaint ies  described i n  
reference 1 and LM state uncertaint ies  described i n  reference 2 were 
used as inputs f o r  t h i s  study. I n i t i a l  state vectors were taken from 
reference 3,  and a gravi ty  model based on Apollo 8 navigation experience 
(Boeing R2 lunar po ten t ia l  model, reference 4)  was used fo r  state vector 
integration. 

In  addition t o  t h e  CSM and landing s i t e  uncertaint ies ,  deviations 
were applied t o  t h e  propulsion systems (refs. 5 and 6 ) ,  i n e r t i a l  measure- 
ment un i t  ( I M U )  (ref. '71, and m a s s  properties (ref. 8). The abort 
guidance system (AGS) i n  the  followup mode, and its i n e r t i a l  sensor 
e r rors  (ref. 7 )  were a l so  dispersed. 
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3.0 SYMBOLS 

AGS 

APS 

CANT 

c .g. 

C SM 

DAP 

FDA1 

h 

h 

I 
SP 

LAB 

LGC 

LM 

LOS 

PGNCS 

PSI 

RCS 

R 

t I G  

abort  guidance system 

ascent propulsion system 

engine gimbal angle about Y-body axis, deg 

center of gravi ty  

comand/service module 

d i g i t a l  autopi lot  

Fl ight  Director Atti tude Indicator 

a l t i t u d e ,  f t  

a l t i t u d e  rate, fps 

i n e r t i a l  measurement un i t  

spec i f ic  impulse 

Landing Analysis Branch 

lunar module guidance computer 

lunar module 

l i n e  of s ight  

primary guidance and navigation control subsystem 

engine gimbal angle about Z-body axis, ‘ideg 

react ion control  system 

r a d i a l  rate, f p s  

thrust-to-weight r a t i o  

time of ign i t ion  (lunar l i f t - o f f )  

l o c a l  v e r t i c a l  coordinate system i n  which covariance 
matrices are computed, f t  
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XB, YB, ZB 

x , Y  Y c*g. c.g. 

c.g. Z 

Y 

locat ion of APS engine i n  X, Y, Z body s t a t ion  
coordinates 

center  of  g rav i ty  i n  X, Y,  Z body s t a t ion  coordinates, 
in.  

f l ight-path angle, deg 

4.0 DESCRIPTION OF STUDY 

The techniques used t o  obtain dispersion data  for t h e  nominal LM 
ascent from the  lunar surface are described i n  t h i s  section. These 
techniques are the  same as those described i n  reference 9 except t ha t  no 
l i nea r  analysis w a s  performed and a modified IMU e r ro r  model has been- 
incorporated i n  t h e  DAMP program referred t o  i n  section 4.1. 
control of  t he  PGNCS guidance, t h e  LM ascent' ,trajectory consis ts  of a 
v e r t i c a l  r i s e  from t h e  lunar surface u n t i l  t h e  a l t i t ude  rate exceeds 
50 fps ,  a t  which point t h e  vehicle pitches over approximately 52' from 
t h e  ve r t i ca l  and ascends t o  a point (determined by veloci ty)  a t  which 
t h e  AF'S i s  cut off  (ref. 10). 
LM ascent t r a j ec to ry  i s  the  source of t h e  dispersion data presented i n  
t h i s  document. 

Under'the 

A 100-case Monte Carlo simulation of t h e  

4 .1  Monte Carlo Technique 

The basic elements of t h e  Monte Carlo method of dispersion analysis 
w i l l  be described i n  t h i s  section. Data for t h e  100-case Monte Carlo 
dispersion analysis  were generated by the  LAB DAMP program which per- 
formed t h e  Monte Carlo simulations and t h e  TRW PROC program which w a s  
used fo r  addi t ional  s t a t i s t i c a l  processing. S ta te  vector uncertain- 

t ies ,  (refs. 1 and 2), systems dispersions (refs. 5,  6, and 7 ) ,  and mass 
propert ies  deviations ( r e f .  8) were applied t o  the  Monte Carlo simulation 
of t h e  ascent t ra jec tory .  These i n i t i a l  deviations are  shown i n  tab les  I 
through VIII, and i n i t i a l  state vectors were taken from reference 3. 

4 .l. 1 Coordinates. - Covariance matrices were computed i n  a loca l  
v e r t i c a l  U,  V ,  W coordinate system which i s  defined below. 

r E=m, v e r t i c a l  

- V = x E, down range 

E= E , cross range 
Iml 
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where 

r = posi t ion vector 
c 

m_ = momentun vector (g x v-) 

- v = veclo i ty  vector 

The U, V, W system used for t h e  landing s i t e  covariance matrix wa,s 
fixed at t h e  nominal landing s i te ,  and t h e  coordinates for t h e  matrices 
produced during t h e  powered ascent were fixed on t h e  nominal t ra jec tory  
a t  t h e  par t icu lar  point of i n t e r e s t  (e.g., tIG plus 460 sec or at 
inser t ion) .  

compute t h e  desired th rus t  direct ion are computed i n  a system defined 
below. 

. . .  
Local v e r t i c a l  ve loc i t ies  ( R ,  Y ,  Z )  used by the  ascent guidance t o  

r - R =  - , v e r t i c a l  
1El- 

- Y = z x E, cross range 

- z =  L X &  down range 
--FZiT-, 

where 

r = LM posi t ion vector - 
v = LM veloci ty  vector - 
9 = CSM negative momentum vector (v x 2) 

It is  important t o  note t h a t  both t h e  LM and CSM state vectors 
were used i n  t h e  LGC t o  form t h i s  coordinate system; therefore,  t h e  
uncertaint ies  i n  both state vectors contribute t o  powered ascent 
dispersions. Actual and estimated ve loc i t ies  presented i n  t a b l e  I X  
are i n  t h i s  coordinate system. 

4.1.2 Random er ror  in i t ia l iza t ionz-  For each Monte Carlo run, a 
random number was chosen fo r  each dispersed system parameter. 
random number generation scheme shaped t h e  s t a t i s t i c a l  d i s t r ibu t ion  
of t h e  chosen numbers such t h a t  t h e i r  variance was  1 and t h e i r  mean 
value w a s  zero. These Gaussianly d is t r ibu ted  random numbers were 

The 
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multiplied by t h e  l a  deviations of t h e  parameters t o  be dispersed, and 
the  products were added t o  t h e  nominal values. 
of t h e  powered ascent w a s  then run, and these randomly modified values 
w e r e  used t o  define the  input conditions. This process w a s  repeated 
100 times, and a new set of random numbers was  used f o r  each simulation. 
Note t h a t  a l l  i n i t i a l  dispersions were assumed t o  f i t  a normal distri-  
bution. The sampling of covariance matrices i s  described i n  reference 11. 

A computer simulation 

4.1.3 S t a t i s t i c a l  sampling points.- A t  s i x  points along t h e  LM 
powered ascent t r a j ec to ry ,  various t r a j ec to ry  and system parameters w e r e  
sampled and retained during t h e  100 simulation runs. 
were processed s t a t i s t i c a l l y  by the  DAMP and PROC programs. 
matrices, standard deviations,  and cumulative d is t r ibu t ions  fo r  parameters 
such as perilune a l t i t u d e  and r a d i a l  r a t e  w a s  computed. 

Then these data 
Covariance 

A U ,  V,  W coordinate system w a s  defined and f ixed on t h e  nominal 
t r a j ec to ry  a t  each of t h e  s ix  points where s t a t i s t i c a l  samples were 
taken. During each dispersed run, t h e  ac tua l  and t h e  estimated s t a t e  
vectors were transformed in to  t h e  nominal U,  V ,  W system; then t h e  
differences between t h e  ac tua l  and nominal and the  estimated and the  
ac tua l  state were computed. After s t a t i s t i c a l  processing, these 
differences were used t o  determine t h e  ac tua l  and estimated covariance 
matrices. The s i x  points  at which sampling took place are defined below. 

a. R > 50 fps (end of v e r t i c a l  r i s e  phase) 

b. tIG plus 120 seconds 

plus 240 seconds 
'* t I G  

d. tIG plus 360 seconds 

e. Inser t ion 

f .  tIG plus 460 seconds 

Except fo r  t h e  samples taken when R f irst  exceeded 50 fps  and a t  
Sampling a t  tIB plus 460 seconds inser t ion ,  a l l  samples were time fixed. 

w a s  necessary t o  obtain time-fixed covariance matrices after burnout f o r  
t h e  i n i t i a l i z a t i o n  of a rendezvous dispersion analysis. 
always occurred before t h a t  time, and Encke integrat ion w a s  used t o  
advance t h e  state vector t o  tIG plus 460 seconds. 

Inser t ion 

4.1.4 Exclusion of ce r t a in  cases from t h e  s t a t i s t i c s . -  Cr i t e r i a  
used t o  exclude Monte Carlo simulation cases from the f i n a l  s t a t i s t i c s  
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were included i n  t h e  program. These cons t ra in ts  were as follows. 

a. Perilune a l t i t u d e  above t h e  radius of t h e  landing s i te  less 
than 30 000 feet a t  inser t ion  

b. Wedge angle greater  than 2' a t  inser t ion  

c . APS propellant depletion 

The o r b i t a l  l i m i t s  were chosen because f l i g h t  cont ro l le r  commanded switch- 
over t o  AGS guidance would occur i f  t h e  limits were approached and t h i s  
switchover could not be simulated. If these constraints  are violated,  
t h e  results w i l l  be included i n  mission success probabili ty.  
study, no cases violated these contraints .  

In  t h i s  

4.2 Error Sources 

The i n i t i a l  dispersions of t r a j ec to ry  and vehicle parameters which 
were used as input for these analyses are described below. 

4.2.1 Input s t a t e  vector uncertainties.-  Because both the  CSM 
and t h e  LM state vectors are used by t h e  AGC t o  compute inser t ion t a r g e t s ,  
covariance matrices fo r  both vehicles must be considered i n  an ascent 
dispersion analysis.  
vector covariance matrix i n  the  U ,  V ,  W system i s  shown below. 

The def in i t ion  of and format f o r  a six-by-six state 

where 

= i t h  U ,  V,  W ,  f i ,  t ,  fi s t a t e  vector xi 

N = number of state vectors 
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[ o j  = covariance matrix whose format i s  as follows 

w (T w 0 

W (T 

(symmetrical) 

(T w uw 0 0 u w w  (T 

For t h i s  study, it w a s  assumed t h a t  i n i t i a l  deviations of t he  
actual  state vector from t h e  nominal could be considered t o  be zero 
because t h e  actual  landing site and CSM posi t ion w i l l  be determined by 
various sighting and tracking techniques and updated information w i l l  
be sent t o  t h e  CMC and LGC before launch. 
of each Monte Carlo run, only uncertaint ies  i n  t h e  estimated state 
vectors were considered. 
t ab l e s  I and 11. 

Therefore, fo r  i n i t i a l i z a t i o n  

Input covariance matrices a re  shown i n  

4.2.2 I n e r t i a l  sensor errors.- The PGNCS DIU er rors  and deviations 
are l is ted i n  table V I I .  
through t h e  estimated posi t ion vector 1 5  minutes before l i f t - o f f .  
AGS estimated state vector w a s  computed with t h e  AGS i n  t h e  followup 
mode (al ined t o  PGNCS 5 min before igni t ion,  state updated during f l i g h t )  
during t h i s  dispersion analysis.  
w e r e  randomized and included i n  t h e  simulation. The er rors  and deviations 
used a re  shown i n  tab le  VIII, and t h e  basic source fo r  both the  PGNCS and 
AGS data was  reference 6. 

The IMTJ platform w a s  assumed t o  be al ined 
An 

The AGS gyro and accelerometer e r rors  

4.2.3 Propulsion and mass properties deviations .- Because t h e  
ascent engine is  not gimballed, it cannot be used for steer ing purposes, 
and t h e  thrust vector must be controlled by pointing t h e  en t i r e  ascent 
stage i n  t h e  desired direct ion;  RCS jets are used for t h i s  purpose. 
t he  th rus t  vector does not pass through t h e  center of gravi ty ,  there  
w i l l  be a ro ta t fona l  moment about t h e  body axes caused by the  APS t h r u s t  
which must be balanced by RCS thrus t .  
(whenever possible)  only RCS j e t s  t h a t  thrust along t h e  posi t ive X-body 
axis so t h a t  t h e  thrust ing required t o  balance t h e  APS moments adds t o  the  
APS th rus t .  
unusually sens i t ive  t o  t h e  c.g. locat ion and thrust direction. 

If 

The DAP i s  programmed t o  use 

These designed charac te r i s t ics  make t h e  powered ascent phase 
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To include t h e  effects discussed above and t h e  APS performance 
var ia t ions  i n  t h i s  dispersion analysis,  t h e  following parameters were 
randomly dispersed. 

a. 

b. 

C.  

d. 

e. 

f .  

g*  

h. 

i. 

3. 

k. 

1. 

Ine r t  weight 

APS oxider weight 

APS fuel weight 

RCS oxidizer weight 

RCS fuel weight 

X,  Y, Z c.g. locat ion 

Y ,  Z engine mounting locat ion 

APS t h rus t  direct ion i n  XZ body plane 

APS t h rus t  direct ion i n  XY body plane 

APS th rus t  

ms I 
SP 

APS mixture r a t i o  

The nominal values and their deviations are shown i n  tab les  111, IV, V, 
and V I .  The sources f o r  these data and for  t h e  mathematical model used 
t o  compute t h e  unbalanced moments and RCS th rus t  were references 5 and 
6 ,  

5.0 DISCUSSION OF RESULTS 

Dispersion data  which result from the  analyses described i n  t h i s  
document are presented i n  t h e  form of time h i s to r i e s ,  cross p lo ts ,  
posi t ion e l l ipso ids ,  covariance matrices, and tab les .  

5 .1  Trajectory Dispersion Time Histor ies  

P lo ts  of various t r a j ec to ry  sarameters versus time are presented 
i n  f igures  1 through 6 .  
inser t ion  point i s  shown, and it indicates  t h e  time deviation as w e l l  

A dispersion cross centered on t h e  nominal 



as the time-fixed dispersion of t h e  parameter of i n t e re s t .  
boundaries were not extended t o  t h e  inser t ion  crosses t o  avoid ambiguous 
in te rpre ta t ion  of t h e  data.  

The dispersion 

5.2 Trajectory Dispersion Cross P lo ts  

Cross p lo t s  of dispersed parameters such as a l t i t u d e  versus a l t i t u d e  
rate and fl ight-path angle 
f igures  7 ,  8, and 9.  Three-sigma dispersion crosses a re  shown i n  the  
f igures  at t h e  times when one-dimensional time-fixed dispersions were 
computed . 

y versus veloci ty  V are presented i n  

5.3 Dispersions a t  R > 50 fps  (end v e r t i c a l  r ise)  

The uncertainty i n  %he T/W r a t i o  causes some of t he  Monte Carlo cases 
t o  simulate a 10-second v e r t i c a l  r ise time instead of a 12-second r i s e  
time simulated by other cases. 
computer cycle (2  sec) past  t h e  nominal rise time of 10  seconds, t he  
required AV increases by approximately 12 fps ,  and the  a l t i t u d e  a t  t h e  

'beginning of pitchover changes from approximately 250 f e e t  t o  350 fee t .  
The 10.3-second mean duration of t h e  v e r t i c a l  r ise phase computed by 
the  Monte Carlo study implies t h a t  i n  approximately 1 5  percent of t h e  
100 cases 12-second v e r t i c a l  r ise  times were simulated. 

If t he  v e r t i c a l  r ise  time extends one 

5.4 Dispersions a t  Inser t ion 

A t  inser t ion ,  t h e  dispersions which a re  of grea tes t  i n t e re s t  include 
the  burn time, posi t ion e l l ipso id ,  guidance t a r g e t s ,  and o r b i t a l  param- 
eters. The mean burn time w a s  432 seconds w i t h  a 30 deviation of 
15.9 seconds. 
and c.g. dispersions.  The dispersions i n  several  parameters a t  inser t ion  
a re  given i n  t a b l e  I X .  The dispersions i n  t h e  veloci ty  components appear 
l a rge  with respect t o  t h e  dispersion i n  t h e  magnitude of t h e  t o t a l  inser t ion 
veloci ty  because e r rors  such as platform misalinement change the  direct ion 
of t h e  veloci ty  vector but do not change t h e  magnitude. A comparison 
of t h e  desired guidance t a rge t s  with t h e  nominal, mean, and 30 dispersion 
values f o r  t h e  PGNCS estimated state vector i s  shown i n  t a b l e  X. The 

vector i s  caused by t h r u s t  t a i l o f f  uncertaint ies  and can be removed by 
a trim maneuver. 
vector i s  13 fps  and t h e  dispersion i n  the  PGNCS estimated velocity vector 
is  8 fps. 

This la rge  burn time deviation resulted from U S ,  weight, 

r e l a t ive ly  la rge  down-range veloci ty  res idua l  i n  t h e  estimated s t a t e  . I / .  

The uncertainty i n  the  magnitude of t h e  actual  veloci ty  

The 30 three-dimensional e l l i p so id  of ac tua l  posi t ion uncertainty i s  
presented i n  f igure  10.  Data for  f igure  10  were computed from t h e  r e s u l t s  
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of a time-fixed sampling of posi t ion vectors taken 460 seconds after l i f t -  
off .  
Apollo 11 which r e f l e c t s  t h e  increase i n  th rus t  dispersion given i n  
reference 5. 

The down-range component i s  la rger  than t h e  corresponding one for 

A summary of dispersions i n  t h e  parameters of t h e  o rb i t  achieved 
by powered ascent i s  given i n  t a b l e  X I .  
o rb i t  achieved a t  inser t ion  had 30 dispersions of 2040 f e e t  and 37 800 feet ,  
respectively.  
0.3' f o r  t h e  wedge angle. 

Perilune and apolune of t h e  

Other 30 dispersions w e r e  9' fo r  t h e  t r u e  anomaly and 

5.5 Dispersions i n  LM/CSM Relative Parameters 

Dispersions of LM t o  CSM r e l a t i v e  parameters a re  shown i n  table X I I .  

The range of 260n. m i .  i s  within rendezvous 
The 12-fps dispersion i n  range rate gives some indicat ion of t h e  rendezvous 
radar accuracy a t  inser t ion.  
radar capabi l i ty .  

5.6 Covariance Matrix 

Covariance and cross  covariance terms for  t h e  CSM estimated, LM 

The 
actual ,  LM estimated, and AGS estimated s t a t e  vector uncertaint ies  a re  
shown i n  a 24- by-24 covariance matrix presented i n  t ab le  XVII. 
format of t h e  matrix i s  a l so  presented i n  t a b l e  XVII. This covariance 
matrix w a s  computed i n  t h e  nominal U,  V,  W coordinate system described 
i n  section 4.1.1 from 100 simulation samples taken 460 seconds a f t e r  
l i f t - o f f .  

5.7 Propellant and AV Dispersions 

In  t ab le s  X I V ,  XV, and XVI, summaries a re  presented of t h e  loaded, 
required, t o t a l  remaining, and usable remaining propellant with 30 
dispersions fo r  APS oxidizer,  fue l ,  and propellant. The t ab le s  include 
t h e  usable remaining propellant because t h e  required propellant weights 
do not r e f l e c t  mixture r a t i o  uncertaint ies .  None of t h e  cases i n  t h e  
100-sample Monte Carlo simulation burned t o  depletion. 
information f o r  t h e  t o t a l  powered ascent i s  presented i n  t a b l e  X I I I .  

The AV 

6.0 CONCLUSIONS 

None of t h e  100 Monte Carlo simulations violated mission or system 
constraints ,  and no case burned t h e  usable propellants t o  depletion. 
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The 30 dimensions of the position ellipsoid 460 seconds after lift-off 
are 0.8 n. mi. in the radial direction, 11.6 n. mi. in the downrange 
direction, and 2.9 n. mi. in the crossrange direction. The 30 magnitude 
of the true velocity dispersion at insertion is 13 fps, and the uncertainty 
in the PGNCS estimate of the 30 residual velocity magnitude is 8 fps .  
30 dispersions in perilune and apolune after thrust termination are 
approximately 0.34 n. mi. and 6.2 n. mi., respectively. 

The 
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Thrust, lb 

Isp,  sec 

Oxidizer/fuel, n.d. 

TABLE 11.-’INITIAL LM STAm VECTOR UNCERTAINTIES 

3470 

309.5 

1.605 

a 

U v W 6 .iT 

1.6~10~ 0 0 0 

~ 6 x 1 0 ~  o 0 

0 0 ’  0 0 0 

.( symmetric ) 0 0 

0 

TABLE 111.- APS PERFORMANCE DISPERSIONS 

6“ 
107.4 

3.639‘ 

.0282 

a Integrated ave. ; ac tua l  t h rus t  computed by poly- 
nomial f i t  t o  data i n  r e f .  5. . ”  * 

I sp  dispersion as suggested i n  ref. 5 .  
bActual t h rus t  dispersion includes correlat ion w i t h  
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Vehicle body 
axis 

TABLE 1V.- INITIAL C.g. DISPERSIONS 

~~~ r 

b I n i t i a l  c.g.  
a locat ion , i n t  I 

b 3 ~ ,  i n .  

I X I 243.4 I 0.7 I 

l y  . lo ,  I O o 4  I I Z I 2.5 I 0.4 I 

a Actual c.g.  loca t ion  w a s  programed as a function of 
weight (ref.  8 ) .  

bBody s t a t i o n  coordinates. 

TABLE V.- APS ENGINE LOCATION AND THRUST DIRECTION DISPERSIONS I- CANT 

PSI 

Nominal I 30 I units 

232.96 I 0.7 I inchesa 

0.0 

3.75 

-1.5 

inches 0.4 

0.4 inches 

1.0 degrees 

a 
1 Body s t a t i o n  coordinates. 
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TABLE VI.- INPUT WEIGHT DISPERSIONS ’ 

Weight component 

Available APS oxidizer 

Available APS f u e l  

Available RCS oxidizer 

Available RCS fuel 

Nonpropulsive weight 

Total weight 

Nominal, lb 

3189.7 

1997.4 

* 391.8 

200.6 

4954.8 

10 734.3 

30, lb 

8 

5 

3.3 

1-7  

25.0 

26.9 
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TABLE VI1.- PGNCS IMU DEVIATIONS 

Parameter 3a 

Platform misalinement, rad . . . . . . . . . . .  0.00115 

Gyro drift (powered flight ) . rad/sec . . . . . .  .00000112 

Gyro drift (surface), rad/sec . . . . . . . . . .  .000000489 

Accelerometer bias, ft/sec2 . . . . . . . . . . .  .00656 

Accelerometer scale factor, ppm . . . . . . . . .  
Gyro spin reference axis g-sensitive 

300 

drift, $ad/Qs * 0 * 0.0000000339 

Gyro input axis g-sensitive drift, 
drift, rad/f'ps . . . . . . . . . . . . . . . . .  0.00000005~2 

TABLE VII1.- AGS SENSOR DEVIATIONS 

Parameter 30 

Misalinement (lunar surface), rad . . . . . . . . .  0.0015 

Gyro drift (ascent ) . rad/sec . . . . . . . . . . .  .00000952 

Gyro drift (surf ace ) . rad/sec . . . . . . . . . . .  .00000728 
Gyro scale factor, ppm . . . . . . . . . . . . . .  551 

Accelerometer bias, ft/sec2 . . . . . . . . . . . .  .01858 

Accelerometer scale factor, ppm . . . . . . . . . .  900 

Accelerometer misalinement (x  only), rad . . . . .  .00063 
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+35 

8 

42.7 

36 

33 

- 

TABLE XIV.- APS OXIDIZER DISPERSIONS 

Percent i le  

F i r s t  Ninety ninth 

a a 

2975 3040 

a a 

a a 

I------ 

3223.9 

APS oxidizer 
parameter 

Loaded, lb 

Required, lb 

Remaining , lb 
Usable remaining, lb 

?Not available. 

3223.9 

Nominal 

Loaded, lb 2012.1 

Required, lb 1873 

Remaining , lb 139.1 

Usable remaining, lb 109 
4 

Mean 

2012.1 

1874 

138.1 

107 

5 a a 

36.2 1846 1900 

31 a a 

21.6 a a 

3016 

5236 
4889 
347 
283 

207 9 

5236 9.5 
4892 52.8 
344 67 
278 55.8 

3018 

205 9 

TABLE XV.- APS RIEL DISPERSIONS 

Nominal APS fue l  
parameter 

Percentile ~1 

TABLE XVI.- APS PROPELLANT DISPERSIONS 

APS propellant 
par amet e r  

Loaded, lb 

Required, lb 

Remaining, lb 
Usable remaining, lb 

Nominal I Mean 1 230 
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TABLE X V I 1 , -  TWENTY FOUR-BY-24 COVARIANCE MATRIX 

(a) Format 
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Figure 8.- Inertial velocity versus flight-path angle. 
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