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AP0110 10 SPACECRAFT DISPERSION ANA1YSIS

V01UME III - 101, TEl, and APS BURN-TO-DEP1ETION MANEUVERS

R. 1eroy McHenry

SUMMARY

A spacecraft dispersion analysis is presented for the 101-1, the
101-2, the TEl, and the APS burn to depletion maneuvers of Apollo 10
(Mission F). The analysis was performed in two parts. The first part
consisted of a trajectory sequence which modeled the targeting and
performance of 101-1, 101-2, and TEl, and the second part was an indi
vidual dispersion analysis of the APS burn to depletion maneuver.

Analysis of the first part showed that the primary effect of trans
lunar midcourse correction errors was to increase the required 101-1 ~V.

The MSFN inaccuracies prior to 101-2 were the primary cause of the
dispersions for 101-2. The MSFN dispersions at TEl update time caused
large deviations in TEl ignition time. However, there was a negligible
increase in the ~V requirements for the TEl maneuver.

The analysis of the APS burn to d~pletion maneuver showed that the
~V targets were sufficiently biased to prevent the occurrence of a
guided cutoff prior to APS propellant depletion.

INTRODUCTION

The results of a dispersion analysis for the 101-1, the LOI-2, the
TEl, and the APS burn-to-depletion maneuvers of Apollo 10 (Mission F)
are presented in this report. One hundred and thirty random trajectories
were generated for this analysis by use of a Monte Carlo sampling
technique.

Except for the APS burn to depletion maneuver, an estimated MSFN
state vector and target update was simulated prior to each maneuver.
Targeting of the maneuvers was modeled as closely as possible to reflect
real-time targeting procedures. However, the capability to retarget
101-1 and 101-2 to any orbital plane which passes within the allowable
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range of azimuths over the landing site was not available in th~ computer
program simulation. The program does have the capability to compute
targets to obtain a selected set of desired conditions of the nominal
trajectory. This capability allows L01-1 and LOl-2 to be targeted such
that the resultant orbits will have a satisfactory shape, even though
they are not constrained to pass over the landing site. The nominal
plane change was applied to each dispersed trajectory at L01-1 since
neglect of relatively small adjustments to the nominal plane change
has little effect on the total 6V requirement.

The TEl maneuver was targeted for a selected set of nominal con
ditions at cutoff. Even though this targeting does not insure the
proper conditions at earth entry interface, it was felt that targeting in
this manner would yield a good representation of the total 6V require
ment for this maneuver.

NOMENCLATURE

•
•

AGS lunar module abort guidance system

MS

6V

L01-1

LOl-2

MCC-H

MSFN

PGNCS

BPS

TEl

lunar module ascent propulsion system

incremental change in velocity

lunar orbit insertion maneuver

circularization maneuver

Mission Control Center-Houston

Manned Space Flight Network

primary guidance and navigation control system

service propulsion system

transearth injection maneuver

•

•
•
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METHODS OF ANALYSIS

The dispersion analysis for the LOI-l, the LOI-2, and the TEl
maneuvers was performed in a trajectory sequence so that the targeting
and performance of LOI-l on any given trajectory directly affected the
performance requirements for LOl-2; similarly, the targeting and per
formance of LOI-2 affected the performance requirements for TEl. For
each of the trajectories simulated, an actual state vector at nominal
LOI-l ignition time was constructed by random sampling of a covariance
matrix of the expected errors at LOI-l which result from translunar
midcourse maneuver errors. An MCC-H update was simulated prior to
LOI-l ignition as an estimated state vector which differed from the
actual state vector by random errors in the best MSFN estimate.

Targeting of LOI-l for pericynthionand apocynthion and the nominal
out-of-plane ~V was based on the updated state vector. After the tar
gets were computed, the maneuver was simulated with all of the signifi
cant spacecraft errors applied.

The actual state vector at the time of pre-LOI-2 ignition search
was computed from the actual state vector at LOI-l cutoff time by the
lunar analytic ephemeris generator (LAEG). The estimated state vector
used to compute the targets and to simulate an MCC-H update was
determined by application of randomly sampled MSFN state vector errors
to the actual state vector.

The LOI-2 maneuver was targeted to circularize the spacecraft orbit
at the 60-n. mi. altitude prior to perigee if the initial pericynthion
altitude was less than 60 n. mi. For cases in which the initial peri
cynthion altitude equaled or exceeded 60 n. mi., the maneuver was tar
g~ted to occur at pericynthion.

After the LOI-2 maneuver simulation was performed, the actual state
vector was advanced with the LAEG to a fixed elapsed time prior to the
TEl maneuver. At this point, an estimated state vector was constructed
by application of random MSFN state vector errors to the actual state
vector, thereby simulating an MCC-H update. From the updated state
vector, a TEl ignition time was computed based on the time of passage
over the longitude at nominal TEl ignition. Delta V targets for the
TEl maneuver were then computed. The targeting criteria for the TEl
maneuver were the nominal velocity magnitude, flight-path angle, and
azimuth at cutoff .
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A 20-second two-jet RCS ullage maneuver was simulated prior to the
main engine ignition for the TEl maneuver. After 75 seconds of the
SPS burn, crossover from the propellant storage tank to the sump tank
was simulated. The effect of crossover is a slightly higher thrust
and propellant flow rate.

The LOI-l, LOI-2, and TEl maneuvers were all simulated under con
trol of the PGNCS. For these maneuvers, it was assumed that the PGNCS
platform was alined 55 minutes prior to nominal ignition time.

The dispersion analysis for the APS burn to depletion maneuver was
performed separately from the dispersion analyis for the trajectory
sequence described previously. No retargeting of the maneuver was
simulated. The maneuver was simulated with AGS control. The last
1M PGNCS alinement time was assumed to be 5.5 hours prior to ignition.
Also, it was assumed that the AGS was alined to the drifted PGNCS at
1.5 hours prior to ignition.

The results of this dispersion analysis are presented in tables I,
II, III and IV. The coordinate systems used for the parameters presented
in the tables are defined in appendix A. The error sources and
their respective values that were modeled in this analysis are presented
in appendix B.

ANALYSIS OF RESULTS

Lunar Orbit Insertion Maneuver - LOI-l

Errors in the translunar midcourse correction maneuvers and MSFN
uncertainties cause a 9-n. mi. dispersion in pericynthion altitude at
LOI-l ignition time as shown in table I. In fact, the effect of the
errors upon the mean ignition time caused the maneuver to be performed
10 seconds earlier than nominal.

•
•

•

However, the most significant consequence of the translunar mid
course correction errors, combined with LOI-l performance errors, is
that they tend to increase the ~V required for the maneuver. The 30
deviation in the total ~V gained was 34 fps which was caused primarily
by targeting dispersions.

The 1.22 fps
certainty.

V residual was caused by SPS thrust tailoff un-gx •
•
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Cir~ularization Maneuver - LOI-2

Prior to the LOI-2 maneuver, the best estimate of the MSFN tracking
of only one .orbital pass was used to update the onboard computer. As
might be expected, the MSFN dispersions increased the 6V requirements
for this maneuver. Results of the LOI-2 maneuver (table II) show that
the mean of the required 6V was 146.84 fps, which is approximately
8 fps more than nominally required. The 30 dispersion of 42.87 fps
shows that the required 6V can be as much as 50 fps more than nominal.
The statistics for the time of ignition are also partially indicative
of the large MSFN uncertainties in altitude at this point, because
time of ignition is based on altitude ..

The LOI-2 maneuver is a relatively short spacecraft burn. As a
result, the PGNCS digital autopilot does not have sufficient time to
steer out all of the thrust vector mistrim. This error causes cross
axis velocity errors which can be detect~d as V and V residuals.

gy gz
The 30 V

gy
and Vgz residuals are 7.88 fps and 8.42 fps, respectively.

Transearth Injection Maneuver - TEl

The differences in the actual trajectory from the nominal trajec-
tory at the TEl update time, when compounded by errors in the MSFN
update, can cause large deviations in the TEl time of ignition. The
maneuver can be almost 20 minutes later than nominally planned (table III).
However, there is very little impact upon the 6V requirement for this
maneuver. A 13.23-fps 30 dispersion exists in the total 6V gained for
this maneuver. Both targeting and spacecraft sensing errors contribute
to this dispersion.

The V residual shows that a 3.05-fps dispersion can occur. This
gx

dispersion results from SPS thrust tailoff uncertainty.

APS Burn to Depletion Maneuver

Results of the dispersion analysis of the APS burn to depletion
maneuver are presented in table IV. The V residuals show that the

g
targets are sufficiently biased to insure propellant depletion prior
to a guided cutoff.

The large errors in the velocity parameters are caused primarily
by initial misalinement of the AGS at ignition. This initial mis
alinement results primarily from 4 hours of PGNCS drift prior to aline
ment of the AGS with the PGNCS .
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CONCLUSIONS

Based upon the dispersion analyses for the LOI-l, LOI-2, TEl, and
the APS burn to depletion maneuvers, the following conclusions have
been made.

1. No major problems were uncovered in the dispersion analysis.

2. MSFN inaccuracies in the pre-LOI-2 update are the primary
contributors to the increase in ~V cost for LOI-2. The required 6V
can be as much as 50 fps more than nominal.

3. Differences in the actual trajectory from the nominal trajec
tory combined with pre-TEl update errors can cause large deviations
(20 min) in the time of ignition for TEl.

4. TEl can be retargeted with no significant increase in ~V cost.

5. The ~V targets for the APS burn to depletion maneuver are
sufficiently biased to insure APS propellant depletion.

•
•

•

•
•
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APPENDIX A

COORDINATE SYSTEMS

In tables I through III, the statistics for inertial right ascen
sion of the ascending node and orbital inclination are based on an
initially rotating selenographic coorainate system which was made

inertial at a ground elapsed time of 76hSm17.55s , that is, LOI-l
ignition time.

The actual velocity gained, ~V , ~V , and ~V , presented in
x y z

tables I through IV are in the local vertical/local horizontal coordi
nate system.

x = (r x v) x r

y = Z x X

Z = -r

where r = position vector in inertial coordinates at ignition time

v = velocity vector in inertial coordinates at ignition time

The ~V residuals, V ,V ,V ,are in spacecraft control axisgx gy gz
coordinates. The X, Y, and Z refer to the spacecraft axes rotated
7° 15' to the RCS thrust axes in the spacecraft Y-Z plane .
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APPENDIX B

ERROR SOURCE MAGNITUDES (30 DEVIATIONS)

••
"

•

Source

Platform misalinement, deg

Static gyro drifts, deg/sec

Input axis g-sensitive gyro
drift, deg/sec/ft/sec 2

Spin reference axis g-sensitive
gyro drift, deg/sec/ft/sec 2

Gyro scale factor, ppm

Accelerometer misalinements,
deg

Accelerometer biases, ft/sec 2

Accelerometer nonlinearity
coefficient, sec 2 /ft

Attitude misalinement, deg

Thrust tailoff uncertainty,
sec

Weight uncertainty, Ib

Thrust uncertainty, Ib

I uncertainty, secsp
Thrust vector mistrim, deg

CSM PGNCSa 1M PGNCSa 1M AGSa

0.033 N/A 0.063b

0.251x lO- 6 cO.251XIO-6 0.168xIO- 3

0.312XIO- s N/A 0.193xlO-s

0.195xlO-7 N/.A N/A

N/A N/A N/A

0.018 N/A N/A

0.021 N/A 0.019

348.0 N/A 300.0

0.939xlO- 6 N/A 0.939xlO- 6

0.5 0.5

0.12 0.09

218.7 36.00

441.9 121.2 (APS)

3.57 0.357 (APS)

1.00 N/A

•

•
•

aN/ A indicates these errors were not modeled in this analysis .

bpGNCS inflight alinement error transmitted to the AGS .

cPGNCS drift rate prior to alinement of AGS to PGNCS .


